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ABSTRACT

Performance of any sensor in a nuclear reactor involves reliable operation under a
harsh environment (i.e., high temperature, neutron irradiation, and a high dose of ionizing
radiation). In this environment, accurate and continuous monitoring of temperature is
critical for the reactor's stability and proper functionality. Furthermore, during the
development and testing stages of new materials and structural components for these
systems, it is imperative to collect in-situ measurement data about the exact test
conditions for real-time analysis of their performance. To meet the compelling need of
such sensing devices, we propose radiation-hard temperature sensors based on the phase
change phenomenon of chalcogenide glasses. The primary goal is to resolve the
monitoring of the cladding temperature of light water and metallic or ceramic sodium-
cooled fast reactors within a temperature range of 400°C to 600°C. This work is focused
on studies of Ge-Se(S) chalcogenide glasses that have crystallization temperatures in this
range. Each chalcogenide glass transforms and becomes crystalline at a specific heating
rate at a definite temperature. As a result of this, both the electrical resistance and optical
properties of the materials change. As this is the first time such devices have been
fabricated, this work submits new data regarding materials research, various device
structures, fabrication, performance, and testing under irradiation. The application of
these materials in devices usually involves the formation of a thin film that works as an
active layer. Traditionally, thin films are prepared by thermal evaporation, sputtering or

chemical vapor deposition and they require high vacuum machinery and patterning
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applying photolithography. To avoid using such heavy machinery and costly fabrication
processes, we investigate the formulation of nanoparticle inks of chalcogenide glasses,
the formation of printed thin films using the inks, low-cost sintering and demonstrate
their application in electronic and photonic sensors utilizing their phase transition effects.
The printed chalcogenide glass films showed similar structural, electronic and optical
properties as the thermally evaporated films. The newly developed process steps reported
in this work describe chalcogenide glasses nanoparticle inks formulation, their
application by inkjet printing and dip-coating methods and sintering to fabricate phase
change temperature sensors. To interpret and predict the printed films' performance,
Raman spectroscopy, X-ray Diffraction Spectroscopy, Energy Dispersion Spectroscopy,
Atom Force Microscopy, temperature dependent Ellipsometry, and other methods are
used. An essential part of materials' behavior is related to the materials' and devices'
response to ion beam irradiation. Both experimental data and simulation are analyzed to
study the effect of irradiation. Based on the different working principles, electrical,
optical and plasmonic temperature sensors are investigated. An array of optical fiber
devices fabricated with different chalcogenide glasses is shown to perform a real-time
temperature reading. This work could be used as a paradigm for sensor fabrication and
testing for high radiation environments and nanoparticle inks of chalcogenide glasses
formulation and their application by inkjet printing and dip-coating. The most novel
outcome of this work adds chalcogenide glasses to the list of inkjet printable materials,
thus opening up an opportunity to achieve arbitrary structures for optical and electronic

applications without photolithography.
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CHAPTER ONE: INTRODUCTION

Nuclear technology has developed and become an integral part of the world
economy at a staggering rate in the last decade. According to the International Atomic
Energy Agency (IAEA) statistics, 438 power reactors were operating globally in 2015.
The US alone had 99 of them, and 19.5% of electricity in the US is generated from
nuclear reactors [1]. Though accidents like in Fukushima caused reduced investment in
this sector, with low-cost production and low carbon emission, the essentiality of the
nuclear reactors in the power sector has been increased.

New technologies have been developed to sense and control systems with
precision to ensure the safety and reliability of the reactors. The reactors and the entire
operation of the plant are controlled and monitored by the instrumentation and control
(I&C) systems. According to IAEA, the 1&C has three significant roles [2].

a. They construct the nervous system of the plant and decisions are taken by
the operator based on their reading.

b. The precision and reliability of sensors are the center point for automatic
control. An accurate and fast response from the sensors is essential for the
operator to make a decision.

c. The I&C safety systems work as a safety lock to prevent any undesired
conditions from the outcomes of any slip-ups made by both the operator

and the automatic control system. During any abnormal conditions, they



provide instant automatic action to prevent reactor melting or other
environmental hazards.

To maintain uninterrupted operation and safety of a plant, pressure and
temperature sensors are two of the essential instruments [3]. This project is focused on
the development of novel in-situ, reusable temperature sensors. The idea is to integrate
temperature monitoring using a combination of electronic and photonic properties of
radiation hard devices and heat-induced crystallization of chalcogenide glasses (ChGs).

Despite various advancements in sensing technology, the primary mechanism of
temperature measurement has not changed significantly since the first-generation power
plants. To work in a high radiation and temperature environment, sensors must be
radiation hard and maintain their micro and macroscopic integrity under high
temperatures. They also must withstand high neutron flux (10'" - 10'* ¢m3s™). These
conditions make it very difficult to build an electronic sensor that is impervious to
radiation. Some of the most widely used sensors in high radiation environments are
described next.

Current Technologies

Resistance Temperature Detectors (RTDs)

RTDs are based on the phenomena that the electrical resistance of metals rises
with temperature because of the random motion of electrons and lattice vibration increase
with the temperature inside the metal. There are two types of RTDs used in nuclear
plants, direct immersion and thermowell mounted [3]. Their use is prolific in CANada
Deuterium Uranium (CANDU) reactors [3], [4]. Platinum is typically used to build

RTDs, and nickel or copper are also used. Most RTDs are coiled wire wrapped around a



ceramic or glass core. The relation between temperature and resistance change is very

close to linear but non-linearity is observed in high temperature [5].

Resistance
\

Temperature
Figure 1.1  RTD Resistance vs. Temperature. The dashed line is reference [5].

RTDs need external current to measure the resistance change. Thus, with
measuring current I, I’R heating inside the RTD device presents itself as a problem
known as “self-heating” [4], which gives an erroneous rise to the reading. Also, gamma
heating due to radiation absorption and heat loss through thermowell (known as “stem
loss” [6]), used to isolate RTDs causes error in reading [4]. The thermal neutron cross-
section of the most widely used metal in RTDs, platinum (Pt), is relatively low 10.3 [7],
making it a good choice for nuclear-related application.

Thermocouple:

In 1821, Thomas Seebeck discovered that when two different metals were joined
at both ends and one end is at a different temperature than the other, an electromotive
force (EMF) is induced, thus current flows. If metal is heated, the electrons inside the
metal gain kinetic energy and move from the hot to the cold end [8]. This is called the
Seebeck effect. The induced voltage is determined by the Seebeck coefficient (unit

V/°C), which is unique for each material [8]. When two metals with different Seebeck



coefficients are joined together, there is a net voltage difference between the junctions
and current flows. Since the Seebeck coefficient is unique for each material, heating leads
to a change in the generation of induced voltage per unit temperature change [9].

Thermocouples are temperature sensors based on the Seebeck effect.
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Figure 1.2 The Seebeck effect [9].

Cold

For more than 50 years, the most typical in-pile temperature measurement has been
done by thermocouples [9]. Below is a list of the most common types of thermocouples
used in reactors.

Thermocouples with metal sheath and mineral insulation [9]:

Below 1100°C: - Ni-Cr / Ni-Al (K-type)

- Ni-Cr-Si/ Ni-Si (N-type)

Above 1100°C: - W-Re alloys (C-type)

One of the main problems that occurs in thermocouples is drift due to
transmutation (effect of neutron absorption) or because of the material degradation at
high temperature (above 1100°C) [10]. It is also determined that the wire diameter plays

a vital role in Type-K and N thermocouples reliability [8], [11]. With heat treatment,



thermocouples’ reliability can be improved but heat treatment temperature has a more
significant effect than the duration [10].

Melt Wire Sensors

Melt wires do precisely what their name suggests. Wires of various metals which
melt at various temperatures are kept and allowed to melt and thus, the peak temperature
reached is measured. Melt wires are included in non-instrumented tests to measure the peak
temperature.

Theoretically, good melt wires are pure materials with a single melting
temperature or alloys with well-defined eutectics [12]. They also should have low cross-
sections to reduce the effect of transmutation and high geometry change should be
observed. The density of the wire, local gamma flux and thermal resistance between
surroundings and the wire affect its performance. The higher the precision is needed, the
higher the number of wires are needed. Some materials and corresponding melting
temperatures could be found in a library that Idaho National Lab has published [12].

Surface Acoustic Wave Sensors (SAWs):

These are various microelectromechanical systems (MEMS) whose working
principle depends on the modulation of surface acoustic waves to determine a change in a
physical property. They transduce an electrical signal into a mechanical wave which is
perturbed by a physical phenomenon.

The rudimentary SAWs consist of a piezoelectric substrate, an interdigitated
transducer (IDT) on one side of the surface of the substrate, and another IDT on the other
side. The IDTs are an array of interleaved metal strips that can be excited by an external

source. The distance between the IDTs is the path the acoustic wave propagates through



and is known as the delay-line. The basic idea is to generate a mechanical wave into the
substrate whose temperature is to be measured and then measure the signal delay by the
output transducer. The output transducer converts the vibration into the electrical signal
and completes the measurement. Another way of preparation of SAWs is by keeping the
output IDT open circuit and the reflected waves from the open circuit IDT are then
converted to an electrical signal. The most important factor is that temperature influences
the round-trip delay [13]. Four effects that may cause the ultrasonic wave velocity to
change have been used in these sensors [13]:

a. Mass loading of the surface

b. Change of material stiffness

c. Change of electrical conductivity at the surface

d. Change of permittivity at the surface
With the increase of temperature, the vibration of the atoms increases and reduces
Young’s modulus. So, the materials become stiffer. This change of stiffness influences

the wave propagation velocity.
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Figure 1.3  Integrated Transducers [14].
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The performance of piezoelectric materials is influenced by radiation, high
temperatures, and pressure. A study showed that Bismuth Titanate is capable of

transduction up to 5 x10** n/cm?, Zinc Oxide is capable of transduction up to at least 6.27



x10?°n/cm?, and Aluminum Nitride is capable of transduction up to at least 8.65 x10*°
n/em? [15].

For their stability in ultra-high temperature, Langasite (LGS), LiNbO; (LN), AIN
and YCasO(BO3)3(YCOB) are the most common piezoelectric materials. HT YCOB
devices show higher stability and reliability even at temperatures over 1,000°C [16].

Fiber Bragge Grating Sensors (FBG)

Among optical sensors, the FBG, which reflect a wavelength of light that shifts in
response to variations in temperature (and strain) because of change in periodicity and
shape, are widely used. However, there is a requirement that the Radiation-Induced
Absorption (RIA) of light in the fiber should be within a specified limit [16], [17].

FBGs are made by holographic interference or phase mask to expose a short
length of photosensitive fiber to a periodic distribution of light intensity. The refractive
index of the fiber is permanently altered as a function of the light intensity to which it is
exposed. The resulting periodic variation in the refractive index is called a fiber Bragg
grating and both temperature and strain induce an effect on the refractive index [18]. So,
the reflected wavelength changes with the temperature variation.

FBGs go through decay in reflectivity with elevated temperature and the decay
decreases with time in a quasi-stable value [19]. Thermal annealing is a handy procedure
to reduce this decay. They can measure up to 800°C with type II gratings [19]. The
hollow-core photonic fibers are found to be radiation hard. They are found to withstand a
fast neutron fluence of 10°° n/cm? and an ionizing dose of 16 GGy for both single and

multimode fibers. When considered that RIA measurements losses < 10 dB are



acceptable for Optical Fiber Sensors (OFS) in reactors, OFS can be used if the spectral
range is 800 to 1100/1200 nm [20].

One-centimeter resolution temperature measurements in a high radiation
environment using Rayleigh scatter in single-mode fibers over various coatings and
dopant concentrations were successfully achieved [21]. The result of this study is shown
in Figure 1.4. The fibers used in this experiment are

a) SMF28 — Polyamide coated,

b) 1550 nm Silica core — Acrylate coated,

c) 1550 nm 20 wt% GeO doped — Acrylate coated

d) 1300 nm — Copper coated. The SMF-28 fiber and 1300nm copper-coated
fiber both have Germania-doped cores, approximately 5 wt% GeO.

The noncontact fiber-optic temperature sensor is also a useful device for
temperature monitoring. It demonstrated high effectivity in sensing spent fuel water pool
temperature. AgCl: AgBr polycrystalline fiber - an infrared optical fiber, was used in the
experiment to operate between 30-70°C.

Johnson Noise Thermometers (JNT)

Noise thermometry has been newly employed in temperature measurements in
nuclear plants. Using these sensors, temperatures in the range of 1000-2000°C can be
measured [22]. The JNTs measure the Johnson noise, which is a physical phenomenon
that due to a temperature change, a thermal agitation of charge carriers occurs inside a
conductor even with zero electrical excitation [23]. Johnson noise is a fundamental
representation of temperature rather than a response to temperature, they are invariant to

chemical and mechanical changes in the sensor material property [24].
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Figure 1.4  Spectral shift at high neutron fluence area (lowest values are found

when the reactor was shut off). In all four cases, evidence of linear correlation

to temperature is found. The nonlinearity between 40-50°C can be explained as a
result of the rapid temperature increase during reactor startup [21].

Due to the small-signal measurement requirement, JNTs are challenging to
implement but they can be applied to the parallel of RTDs without altering the
configurations [24]. A JNT developed at Oak-Ridge National Lab (ORNL) is proposed to
employ in a SP-100 space reactor, which requires 1% measurement uncertainty at 1375K
and 8 seconds’ response time without maintenance for 7 years [25].

All these temperature sensors have their own merits and demerits. Indeed, based
on the physics and fabrication, different types of materials are needed for each type of
sensor and the fabrication of such devices requires various types of machinery. On the
other hand, the phase change in ChG can be utilized to fabricate electrical, optical and
plasmonic temperature sensors. The idea about phase change devices has been applied in
the year 2012, by a group of researchers from International Business Machines (IBM) for

creation of a phase change temperature sensor [26]. It was proposed to measure the
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internal temperature of a chip when it reaches a specific temperature. The phase change
material (PCM) proposed for this device uses a ternary chalcogenide glass, Ge>Sb,Tes
(GST-225). GST-225 crystallizes at around 160°C and can be re-amorphized by melting
it at 600°C. The material shows lower resistivity in the crystal phase than in amorphous.
By supplying a constant voltage across it and measuring the current, the temperature can
be monitored to see if it has reached 160°C. The structure of the device is shown in

Figure 1.5.

10 20 10

Figure 1.5 A typical phase change temperature sensor (PCT) element structure
[26].

The sensor has a dielectric layer 10, a heating element 20, and a PCM element 30.
The PCT comprises a phase changing portion 32 and a crystalline portion 34. The phase-
changing portion 32 is hemispherical. Although both 32 and 34 are made from the same
PCM, only the phase-changing portion 32 switches between an amorphous state and a
crystalline state, while the crystalline portion stays crystalline. The schematic here shows
the measuring unit. The top electrode (on top of 30) and bottom electrode (beneath 10
and 20) are omitted here.

The structure, material and operation of this sensor are the same as any phase

change memory device, with only one exception. Instead of electrical pulsing (PC
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Memory), the sensor crystallizes when the ambient temperature reaches its crystallization
temperature. Amorphous to crystalline phase transition changes the electrical resistance
and optical properties (refractive index » and extinction coefficient k).

There are a large number of chalcogenide glasses from different systems (e.g., Ge-
Se, Ge-S, Ge-Sb-Te), each crystallizes at different temperatures based on their composition
and the heating rate. Moreover, due to a large number of defects in their molecular
structure, these materials show high tolerance for both ionizing and non-ionizing radiation.

Since both optical and electrical properties of materials stem from the molecular
structure, arrangement of structural units and bandgap, it is imperative to study these
materials experimentally. Moreover, crystallization kinetics plays a crucial role in the
performance of the devices. Before going further into the detail of the experiments and
collected data analysis, a theoretical analysis based on the literature review is necessary.
Next, the chemistry of chalcogenide glass, glass formation, crystallization kinetics and the
underlying reason behind their radiation hardness are discussed.

To our best understanding, among the chalcogenide glasses, Germanium (Ge)-
Selenium (Se) and Germanium (Ge)-Sulphur (S) systems are the perfect candidates. The
reasons for choosing compositions from these systems are radiation hardness, expectation
for high crystallization temperature, based on their glass transition temperature data, their
stable glass formation in quite a wide compositional region and high electrical and optical
contrast between amorphous and crystalline phase. We will explain these properties of the
Ge-Se and Ge-S systems. We will begin with a general description of S, Se and Te as they
are suitable glass formers with moderate bonding strength, which allows for high flexibility

of the structures built with these elements.
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Introduction to Chalcogenide Glass and Crystallization

Electronic Structure and Bond Formation Chalcogenide Glasses

Chalcogens are group 16 elements. The chalcogen elements have 2s and 4p
electrons in their outer shell. The p electrons are the main reasons behind chalcogens’
optical and electrical properties. Two of these electrons participate in covalent bonding
with other atoms and the remaining two p electrons form a pair —the so-called “lone pair”
(LP) because both electrons belong to the same atom. During bond formation, the s
electrons do not participate because they are in a low energy condition and paired.

Properties of Chalcogenide Glasses

The use of thin films of a particular ChG, which have unique properties of high
thermal stability and high radiation stability, is needed for the proposed devices. These
glasses contain a chalcogen element — sulfur, selenium, or tellurium combined with other
elements and are amorphous. Since for this particular study, only the most temperature
stable ChGs are of interest, we will regard the properties of Ge- containing ChG and in a
broader aspect, ChG containing elements from group 4 of the Periodic table. The reason
for this is that the thermal stability of the ChG is a function of the strength of the
chemical bonds between the elements forming the glass and the coordination in the
structure of the glasses. In the case of Ge-containing ChG, covalent bonding forms
between Ge and the chalcogen elements. Ge has 2s and 2p electrons in its outer shell,
which, like in carbon, undergo sp3 hybridization forming four equally strong covalent
bonds under an angle of 103°. They connect to the two p-electrons of chalcogen elements
which participate in chemical bonds, making the chalcogen elements two-fold

coordinated. At these valent conditions, tetrahedral structural units form with the Ge atom
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in the center of a tetrahedral pyramid with the chalcogen elements in its corners. Since
the glasses are amorphous materials, which have a short-range order satisfying their
valent states but lack a long-range order, the elements building them can be combined in
many different combinations within the glass forming regions. This allows the structural
units to be arranged in different configurations. Sulfur atoms create chains with other
sulfur atoms where the bond angle is 105°. Within a chain, there are two specific
locations where each of the sulfur atoms can be located. These locations are known as

eclipsed (cis) or staggered (trans) configurations, as shown in Figure 1.6 [27].

Figure 1.6  Sulfur atoms within a sulfur chain.

Sulfur also forms orthorhombic rings with 8 sulfur atoms with a trans
configuration at bond angles of 105°. This orthorhombic structure is shown in Figure 1.7

[27].

Figure 1.7  Orthorhombic sulfur rings Sg a) side view b) front view.
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In sulfur-rich glasses, the sulfur rings can phase separate from the remainder of the
glass network, which is the main reason for the smaller glass formation region compared
to the selenium-containing system. Additionally, sulfur has a significantly higher partial
pressure, which is an attribute that is unique to sulfur-containing glass in contrast to the
other two chalcogen-containing glasses.

On the other hand, Selenium forms only hexagonal chains held together by Van der
Waals forces acting between them. Unlike Sulfur orthorhombic rings, these chains are
parallel to each other, and each atom has a bond angle of approximately 103.1° [28].

Like Selenium, Tellurium also forms long spiraling hexagonal chains held together
by Van der Waals forces [29]. Tellurium is considered a semi-metal and has characteristics
like metals, such as a very narrow bandgap, high conductivity, and lustrous appearance.
Additionally, because of the weak strength of the Ge-Te bonds, the glasses from the Ge-
Te system have very low characteristic temperatures, because of which we are not

considering them in this project.

Figure 1.8  Selenium chains a) configuration of the chains b) top view of the
chains.
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The inclusion of Ge leads to the formation of a variety of tetrahedral configurations
in which the tetrahedrons can be connected with their corners — forming corner-sharing
(CS) building blocks and their edges, forming edge-sharing (ES) building blocks. When
the Ge content is very high and there are not enough chalcogen atoms to satisfy its fourfold
coordination, Ge-Ge bond formation is possible which leads to occurrence of ethane-like

structure or distorted rock salt structure, as shown in Figure 1.9.

Glass Formation

Based on entropy and structural order, materials are classified into four types —
solids, liquids, gases, and plasma. Solids have the lowest entropy while gases and plasma
have the highest and liquids lie in between. The structural order is another factor for the
solids, which classifies the solids into single crystalline, polycrystalline, and amorphous.
Amorphous materials have short-range order but no long-range order. Single crystalline
materials have long-range orders and polycrystalline consists of several single-crystalline
clusters with grain boundaries between the different types of crystals. Theoretically, it is
possible to create glass from most of the materials by cooling their melts at an
appropriate rate, but they may not be stable. Most glasses are made from a specific
composition that needs specific cooling rates. The compositional region in which the

materials can vitrify is called the glass-forming region and is of various extent.
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Figure 1.9  Structural building blocks of Ge containing chalcogenide glasses
(Red=Se, Grey=Ge).

Bond constraint theory explains glass-forming capability [30]. To quantify the
ability of'a composition to become glass, Mean Coordination Number (MCN) is used. Any
composition with an MCN of 2.4 can easily be transformed into a glass because this MCN
indicates a situation where the number of constraints per atom is equal to the degrees of
freedom of each atom. MCN, r is expressed by

X 100 — x
r=ZA—100+ ZB—100 (1.1)

Here Z is the number of additional valence electrons; it is required to satisfy the 8N
rule of bonding. Subscripts A and B refer to elements A and B. M. F. Thorpe further
developed the relation between glass quality and MCN. According to him, r = 2.4 is the
transition point from floppy (r < 2.4) to rigid (r >2.4) structure of glasses [31]-[35].
Chalcogen-rich glasses are floppy, which means they have more flexibility in their bonds

because of their low coordination. In between the floppy and rigid states, an intermediate
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phase was discovered by P. Boolchand [36]-[39]. In this phase, glasses are non-stressed
rigid and they do not display aging effect.

The usual way to produce chalcogenide glasses is by melt quenching technique.
Elements are measured precisely to match the composition and then placed inside an
ampule. Then the pressure inside the ampule is reduced to a vacuum (10 torr) and sealed.
The sealed ampoule is then placed inside a furnace and the furnace is programmed to assure
the needed temperature regime to produce glass. For the binary chalcogenide glasses, it
normally takes 5 — 10 days to produce glass. The furnace heats up the ampule above the
melting temperature of the elements in it, so that the materials melt completely and mix
and homogenize uniformly. The mixing process can be improved by rocking the furnace
with the chalcogenide material.

When the synthesis is complete, the ampules are taken out of the furnace and
quenched in water. While cooling, when the material reaches the glass transition
temperature (Tg), it starts becoming solid. During the transition, the viscosity of the
material goes so high that it cannot flow and can be identified as solid. The quenching must
be fast to freeze the order characteristic for the liquid material around the glass transition
temperature and keep the material glassy (amorphous). If the material is cooled rather
slowly, the liquid then solidifies by becoming crystalline. So, the cooling rate is a crucial
factor in the formation of glasses [40], [41]. Finding the T, for any material can be done
by differential scanning calorimetry (DSC). It is an exothermic step change in the DSC
curve. During the glass transition, the heat capacity of the material increases and thus more

heat is needed to change per unit temperature. GexSeioo-x system shows a wide glass-
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forming region. Below are phase diagrams of Ge-Se, Ge-S and Ge-Te systems, indicating

the glass-forming region [27].
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Figure 1.10 Phase diagram of Ge containing chalcogenide systems and glass
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Molecular Structure of Ge-Se (S) Glass Systems

The systems of interest are mainly built by Ge-Ch heteropolar and homopolar Ch-
Ch or Ge-Ge bonds. The heteropolar bonding has priority to form. In the binary
chalcogenide glass GexSe(S)100x System, at the stoichiometric composition (x =33), the
system contains only heteropolar Ge-Se(S) bonds (if we consider it defect-free). For x <

33 and x > 33, the system contains not only heteropolar bonds but also homopolar Se-Se

(S-S) and Ge-Ge bonds, respectively [42].
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It has been proposed that GexSe(S)100x alloys can be described by chemically
ordered clusters that are planted in a continuous network, such as corner-sharing
tetrahedra Ge(Sei12)4, (Se)n chains and Gex(Se1/2)s ethane-like structural units. It is also
suggested that the first two types dominate for x<=33 and the third type (which is much
less deformable) is expected to occur on the Ge-rich side (x>33) [42].

Crystallization of Glasses

The crystallization process depends on internal energy and entropy of crystalline
and amorphous states by Gibbs equation, G= H-TS [43]. Amorphous materials have no
geometrical order, so the internal energy and enthalpy are larger than crystalline
materials. The lower the Gibbs energy, the more spontaneous the crystallization process
is. The glassy or amorphous state is metastable because the free energy of the system is
above the minimum. The crystalline state has the lowest free energy and thus is a more
stable state of the materials. In 1897, Ostwald explained the “step rule” [43]. Ostwald’s
rule of stages or Ostwald step rule states:

“When leaving a given state and in transforming to another state, the state which
is sought out is not the thermodynamically stable one, but the state nearest in stability to
the original state.” [43]

The rule implies that the amorphous system changes gradually from lesser stable
to most stable through intermediate steps. Depending on the composition of the material
it is possible to get one or more crystalline structures through this process [44].
Crystallization is an exothermic process and in the DSC curve, it is presented through an
exothermic peak. A typical DSC curve is shown in Figure 1.11. The y-axis heat flow is

plotted as mW/mg and the exothermic peaks are presented in the down direction. This
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mW/mg is a measurement of heat needed to increase per unit temperature of per mg of
material. So, this curve is a measurement of the heat capacity of the sample at different
temperatures. At Tg, the curve shows an endothermic step. At glass transition
temperature, a transition from hard solid to more viscous material occurs. In this high
viscous liquid, interatomic distance increases, which in turn makes the material softer.

So, heat capacity increases, and more heat is needed to increase the temperature of the

material with higher viscosity.
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Figure 1.11 A typical DSC curve of GezoSeso (temperature vs. heat flow) showing
glass transition Ty, crystallization temperature T., melting point Tn. Exothermic is
downwards. This was done at BSU.

At onset T, the curve shows an exothermic peak. This is when the material starts
to crystallize and transforms to its condition with the lowest entropy. Depending on the
composition, bond reordering and new band formation can take place inside the material.

This amorphous to crystalline phase transition thus releases energy in the system
and the signature of this effect is an exothermic peak. At Tn, the curve shows an
endothermic peak. The supplied heat to the sample at that temperature goes to melting the

material rather than increasing the temperature.
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Crystallization happens in two-step processes; first, nucleation occurs, followed
by a growth of the nuclei. The nucleation can be homogeneous or heterogeneous.
Spontaneous nuclei formation in the melt is called Homogeneous nucleation. Nuclei
formation on a pre-existing surface or interface of the material is called Heterogeneous
nucleation [45], [46]. Nuclei formation depends upon whether the system can overcome
the kinetic and thermodynamic barrier. To form a stable nucleus, the formation of that
nucleus must reduce the system's free energy. This ensures overcoming the
thermodynamic barrier. The size of the nucleus also plays a vital role. For a given
temperature, the spontaneous formation of the nucleus has to be of a certain size called
the “critical radius”. This reduces the free energy and maintains stability. At lower
temperatures, the critical radius reduces and makes stable nuclei formation more probable
[45]. For homogenous nucleation, the change in Gibbs free energy is given by

AG = -V(AG,) + Ay (1.2)
V= Volume of crystal
A= Crystal/amorphous interfacial area
v= Crystal/amorphous interfacial energy per area
AGy= the difference between free energies per unit volume of crystal & amorphous

So, in the occurrence of small crystals, the positive surface energy term dominates
and crystals dissolve again. For crystals having the critical radius and larger, the first term
dominates, making the nuclei stable and growth happens. For homogeneous nucleation, A
represents the interfacial area of crystals and amorphous materials. Crystal forms on an
existing surface or interface (walls of the container, impurity particles) in the case of

heterogeneous nucleation. Here, due to the formation of crystals on the surface, the
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volume V could be the same, but the surface area A is less as the crystals are not

perfectly spherical. So, the free energy is reduced.
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Figure 1.12 Heterogeneous crystallization [47]

As the nucleation rate is related to Gibbs free energy by the equation

Iz ::Izce(:£¥2)

(1.3)
R= Rate of nucleation
K= Boltzmann constant
T= Temperature
R~ Rate constant

So, for the same critical radius heterogeneous nucleation can be exponentially
faster than homogeneous nucleation. After nucleation comes growth, where the nucleus
grows. More atoms are accumulating with the crystal. Considering v is the atomic jump

frequency, the growth is calculated by the rate of atoms moving from amorphous to

crystalline phases,
Ger)
Voo =vetur (1.4)

and the rate of atoms moving from crystalline to amorphous phases,

(—AE—AG)
Veg =vel i (1.5)
So, the net crystal growth rate is,

U= a(Va—c - Vc—a) (1.6)

a= The interatomic distance
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Figure 1.13  Crystal growth and energy diagram [45].

In the proposed devices, ChGs will be in contact with the waveguides, metal
electrodes and probably an oxide layer on the surfaces. So, on the surface heterogeneous
crystallization will occur. With a faster rate of nucleation, the crystallization process will
be dominated by heterogeneous nucleation.

Radiation Hardness

Since the discovery of the semiconducting properties of chalcogenide glasses by
Goryunova and Kolomiets [48], it was theorized that these glassy materials, owing to
positional (topological) and compositional (chemical) disorders frozen near a glass
transition temperature (Tg) during melt-quenching, would not incur any additional
structural defects by the irradiation treatment that would change their physical properties
[49]. This can be understood by studying their bond formation, structure and
consequently band gap.

In Ge — containing glasses, the inclusion of Ge leads to the formation of variety of
tetrahedral configurations in which the tetrahedra can be connected with their corners —
forming corner-sharing (CS) building block. They can be connected through their edges,
forming edge-sharing (ES) building blocks. When the Ge content is very high and there

are not enough chalcogen atoms to satisfy its fourfold coordination, the occurrence of the
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Ge-Ge bond is possible in the formation of an ethane-like structure or distorted rock salt
structure. In addition to that, due to their amorphous nature, ChGs have numerous defects
(dangling bonds) in their network.

Because of the amorphous structure of the material, these defects manifest
themselves as “gap states” in the bandgap of ChGs [50], [51]. Near the center of the gap,
the states are highly localized, so the electron exchange or hopping probability is low. It
was proposed [52], [53] that in ChGs, these defect states are at dangling bonds D°, and
the lattice (not in the crystalline sense but the network) distortion is powerful enough to
produce charged centers D" and D~ out of D°. Moreover, the LPs form the upper portion
of the valence band and D" interacts with the neighboring LPs and the interaction distorts
the environment. Figure 1.14 represents the relation between network structure and band
gap. Figure 1.15 demonstrates the relation between electronic states, carrier mobility and
conductivity.

The localized states play a vital role in making the ChGs radiation hard and
indifferent to doping up to some extent. These states behave like recombination centers
and traps in the band gap. A high number of these traps contribute significantly to capture
free carriers produced by ionizing radiation. So, it is difficult to move Fermi level (Er)
either by doping or by irradiation. This is the so-called “Fermi level pinning”
phenomenon and is the main reason for all properties’ stability of these materials by

introducing impurity atoms in them.
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Figure 1.14 Electron wave functions and band structures in (a) an ideal crystal,
(b) a disordered network with a dangling bond, and (c¢) a fully connected strained
network [53].

In addition to that, the thermal neutron cross sections of naturally abundant Ge, Se
and S are quite low (Ge 0.4, Se 0.61 and S 0.54 barn [7]). With the Fermi level locked at
the center and low thermal neutron cross-section, it is expected that change in
composition up to some extent produced by neutron capture and nuclear transmutation
will not change the optical properties of the ChGs.

Besides the band gap argument, K. Tanaka developed a model according to which
flipping of atoms can be achieved due to the interaction of the glass structure with the
electromagnetic waves and the formation of electron-hole pairs. This, however, does not
change the structure and consequently, the properties of the material stay the same [54].
According to this model, if two chalcogen atoms A and B belong to two neighboring
chains between which Van der Waals force is acting, under irradiation, electron-hole pair
forms. By this, atom A becomes charged and the force acting between atom A and B
becomes Coulombic in nature and it forces atom A to a new position A’. At the

availability of high density of the charged defects around the electron-hole pair, they
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recombine and atom A remains in its new position A’. This, however, does not change

the structure substantially and so the properties of the material stay unchanged.
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Figure 1.15 Model of an amorphous semiconducting alloy (e.g. ChGs).
Schematically drawn as (a) function of electron energy are in a. the density of states
N(E), (b) the mobility n(E) of holes and electrons, respectively, and (c) the
differential conductivity o(E) [51].
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Figure 1.16 Bond twisting model [54].

As the number of e-h pairs increases, i.e., defect density increases, the
recombination is faster. In other words, under radiation, at lower doses, there should be
some measurable effects. However, with an increase of radiation, fluence/dose, there

should be a region where the change of properties with radiation reaches saturation until
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radiation-induced oxidation/ chemical change (gamma radiation), erosion (high DPA)
and transmutation (high flux of thermal neutron) become dominant factors and change

material property.
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Figure 1.17 Dose vs. change in property in ChGs (sketch).

One other evidence of radiation hardness of ChGs has been reported by studying
their thermal properties in DSC. DSC of the gamma-irradiated (gamma-quanta mean
energy 1.25MeV, °Co source, temperature at 303 K, accumulated dose ~4, 8, 12, 24,
33kGy) SeosSns showed that the onset of crystallization does not change [55]. It has also
been demonstrated that the refractive index of Gex2Asz2oSess glass changes less than 1%
after irradiation of up to 3 Mrad of gamma radiation dose [56]. Shpotyuk et al. reported
that the transmission goes down in glassy As»S; after gamma irradiation (dose 10MGy)
and the change is partially reversible by annealing near the glass transition temperature
[57]. Furthermore, Macko et al. reported (+3%) change in transmission in GeSg glass [58]
after fast neutron irradiation (10'%-10" n/cm?) in the wavelength range 250-800 nm. As
most of the chalcogenide glasses are transparent from 600 nm and beyond, further
research is needed to elucidate the change in longer wavelengths, like 1310 or 1550 nm.
Ovshinsky et al. reported that neutrons of 14 MeV, with a fluence of 10'* n/cm? do not
change the threshold voltage of Ge-Ch based S-50 Ovonic Threshold Switches (OTS)

[51]. Edmond, Male and Chester studied the influence of reactor irradiation, created by a
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gamma-ray flux of 5x10" MeV cm™ s, as well as fast and thermal neutron fluxes of
3x10" ecm™ s, on electrical properties of liquid semiconductors in the mixed As—S—Se—
Te—Ge system. They report that no changes were detected even at the fast neutron doses
up to 1.8x10*° cm™. But it remained unclear whether this irradiation did not produce
significant damage or that high-temperature thermal heating (at more than 470 K) was
enough to anneal any damage [59]. One of the most interesting revelations comes from the
works of Sarsembinov and his group [60]. They irradiated thermally evaporated thin films
of Ge2S3 with 2MeV electrons and an integrated flux of 10'’e/cm?. The thin films showed
a reduction in transmission and a shift in the short wavelength edge of the transmission
spectrum (wavelength: 600nm-800nm) after irradiation. But after annealing the thin film
for 10 hours at 433K in a vacuum 107 torr, the change was completely reversible. One of
the reasons behind the radiation hardness of Ge-containing glasses compared to arsenic is
that Ge has higher coordination than arsenic. Ge forms 4 bonds with neighboring
chalcogen elements, whereas As forms 3 bonds, it requires less energy to displace As
atoms than Ge.

The study also found that As>Se; is the least responsive to neutron radiation and
only a small (<5nm) shift towards a higher wavelength was reported. Self-restoration,
annealing to reverse radiation impact and Fermi level pinning are the major properties
making the ChG family an important candidate for devices working in a radiation
environment. All mentioned data lead to conclusion that one could expect stable device

performance while individual films could undergo some structural changes.



29

v

TCE5)
10

i g I
SO0 TOO 800

A4 (o)
Figure 1.20 Spectral dependencies of %transmission in Ge:S3 before (1) and after
(2) Irradiation and after annealing the (3) [60].

From the theories and literature review, it seems non-stochiometric Ge-S and Ge-
Se glasses are good starting compositions to study for temperature sensing material for
our specific application.

Dissertation Outline
Chapter 1: This chapter describes the motivation for this work along with the
introduction to chalcogenide glasses and crystallization kinetics.
Chapter 2: This chapter describes the experimental methods that are used in this work.
Chapter 3: A study of crystallization kinetics and its relationship with the optical
properties of Ge-Se chalcogenide glasses are presented in chapter 3. This chapter is a
crucial step towards selecting compatible materials for the specific applications. This is a
comprehensive study to understand the performance and limitation of the materials. This
chapter is based on the following published papers
a. Sakaguchi, Y., Hanashima, T., Ohara, K., Simon, AlI-Amin A., Mitkova,
M., Structural transformation in GexSi100-x (10<x<40) network glasses:

Structural varieties in short-range, medium-range, and nanoscopic scale.
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Chapter 4: Since the fabricated devices must perform under irradiation, an extensive
study of the materials under Xe ion irradiation is performed. This study is essential
towards understanding the reliability of the devices under irradiation. Chapter 4
elucidates effect of ion irradiation on the crystalline structure of Ge-Se glasses and
provides a complete guideline on how to test materials and devices for radiation hardness.
It is based on the following publication:
Ahmed Simon, A., Jones, L., Sakaguchi, Y., Kunold, H., van Rooyen, I. and
Mitkova, M. (2021), Effect of Ion Irradiation on Amorphous and Crystalline Ge—Se
and Their Application as Phase Change Temperature Sensor. Phys. Status Solidi B
2000429. https://doi.org/10.1002/pssb.202000429
Chapter 5: This chapter deals with the additive manufacturing of chalcogenide glass.
Nanoparticles formation, inks preparation, characterization of the ink, inkjet printing and
dip coating of chalcogenide glasses are described in this chapter. Raman spectroscopy,
XRD and EDS data of the printed films are compared with the respective data of the
thermally evaporated films. This chapter is based on the below mentioned papers
a) Ahmed Simon, A., B. Badamchi, Jones, L., Kunold, H., van Rooyen, 1.,

Sakaguchi, Y., H. Subbaraman and Mitkova, M. (2021), Introduction of
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b) Ahmed Simon, A., Rahmot Ullah, S., Badamchi, B., Subbaraman, H., &
Mitkova, M. (2019). Materials Characterization of Thin Films Printed with
Ge20Se80 Ink. Microscopy and Microanalysis, 25(S2), 2606-2607.
doi:10.1017/S143192761901376X

Chapter 6: This chapter describes the devices and their performance. Thermally
evaporated, printed and dip-coated devices are tested. An array of fiber devices is tested
to show the real-time performance of the devices. Parts of this chapter are based on
below-mentioned papers

a. Ahmed Simon, A., Jones, L., Sakaguchi, Y., Kunold, H., van Rooyen, I. and
Mitkova, M. (2021), Effect of Ion Irradiation on Amorphous and Crystalline Ge—
Se and Their Application as Phase Change Temperature Sensor. Phys. Status
Solidi B 2000429. https://doi.org/10.1002/pssb.202000429

b. B. Badamchi, A.-A. A. Simon, M. Mitkova, and H. Subbaraman, “Chalcogenide
Glass-Capped Fiber-Optic Sensor for Real-Time Temperature Monitoring in
Extreme Environments,” Sensors, vol. 21, no. 5, p. 1616, Feb. 2021.

Chapter 7: A summary and conclusion of the work is presented in this chapter.
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CHAPTER TWO: EXPERIMENTAL

Glass Synthesis

The bulk chalcogenide glasses were synthesized by the standard melt quenching
technique. Pure 5N elements were weighed accurately and the required amount was
loaded into a fused silica ampule and then sealed under vacuum (~10"* mbar). The glass
synthesis was carried out in a programmable tube furnace for 168 hours (one week) at the
peak temperature of 750°C. The furnace was programmed (at different rates, depending
upon the composition) to reach 750°C within the first 24 hours of synthesis. The ampules
were kept at the highest temperature for 144 hours. There was an important reason for the
long duration of the synthesis — good glass homogenization. Usually, it is assumed that
holding the glass melt at a temperature 20-50°C above the highest melting phase
temperature for several hours would homogenize the melt. However, at equilibrium
presented in the phase diagrams, glass-forming compositions are usually bordered by
congruently melting crystalline phases [61], which can nucleate as melts are quenched to
produce microscopic heterogeneities [62]. The continued reaction leads to these
crystalline phases to dissolve and local structures characteristic of melts/glasses to
emerge [62]. Avoiding the formation of microscopic heterogeneities leads to slow aging
of the glasses, which is a warranty for the stability of their parameters, the
structure/composition of the films produced from them, and particularly their

crystallization temperature.
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Thin Film Preparation-Thermal Evaporation

The ChGs and Aluminum were evaporated on silicon substrates in a Cressington
308R thermal evaporation system at 10"® mbar pressure, using a semi Knudsen cell
crucible. The thickness of the films was in the range of 100-200 nm. A quartz crystal
microbalance was used to estimate the thickness of the films in situ. For device
preparation, the evaporation was done on oxidized (SiO2 thickness 100-150 nm) Si wafer
or optical fiber tip. For material characterization, evaporation was done on single
crystalline Si (100) substrate. A hard mask was used during Aluminum evaporation for
electrodes.

Ball Milling

The ink formation starts with wet milling of ChG. Before milling, the bulk glasses
were crushed into smaller particles by agate mortar. For wet milling, 14g of ChG, 3g of
ethylcellulose and 50ml of cyclohexanone were mixed and were introduced into the
milling jar. The ball mill is not built for continuous production, so it was programmed to
mill for 30 min, then a 30 min pause and repeat. It has the provision to control the
temperature during milling. Using that, temperature was kept below 50°C. Milling of
ChG was done with 2 mm stainless milling balls. Retsch High Energy Ball Mill Emax
was used for ball milling. It is a state-of-the-art milling system that can mill at 300-2000
rpm and produce nanoparticles < 80 nm. It is programmable, and at a time, two different
materials can be milled. The milling rpm was set at 1100 rpm after optimizing by trial

and error.
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Ultrasonication

For ultrasonication, a QSONICA ultrasonicator (500W) was used. The
ultrasonicator's electronic generator transforms AC line power to a 20kHz signal that
drives a piezoelectric transducer. The vibration is then amplified, which transmits down
the length of a probe. The tip submerged into the sample expands and contracts. Due to
the rapid vibration of the tip, it causes cavitation, the formation and collapse of minuscule
bubbles in the liquid. The breakdown of thousands of bubbles releases tremendous
energy in the liquid. Objects and surfaces within the liquid are thus "processed". The
probe tip diameter dictates the amount of sample that can be effectively processed.
Smaller tip diameters (Microtip probes) deliver high-intensity sonication, but the energy
is focused within a small, concentrated area. Larger tip diameters can process larger
volumes. The ink test tube was put in an ice bath during ultrasonication to prevent
heating of the sample. The sonicator parameters were ON/OFF time = 2 sec/4 sec at 50%
power.

Centrifugation

For centrifugation, a Thermofisher centrifuge system was used at 4500 rpm
(maximum) for 1-2 hours. It should be stated that when a mixture is placed inside the
centrifuge slot, an approximately equally weighted test tube filled with water or any inert
material must be placed in precisely the opposite slot of the mixture. It is required to keep
balance and stable centrifugation.

DLS
NanoBrook Omni DLS utilizes light scattering to measure particle size. For the

experiment, pure cyclohexanone was poured in a vendor-recommended glass cuvette.
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Then only a tiny drop of ink was dropped and mixed with the cyclohexanone. DLS needs
the light to pass through the cuvette, so it is necessary to use a dust-free cuvette and the
amount of ink should be as low as possible.
Viscosity

A Brookfield AMETEK DV3T Rheometer was used to measure the viscosity of
the inks. For final adjustment of the ink viscosity, cyclohexanone and ethylcellulose were
added to the milled mixture to prepare a compatible ink. The optimal concentration was
found to be 0.15-0.3 g/ml chalcogenide glass and 0.03-0.05g/ml ethylcellulose in
cyclohexanone. The viscosity of the prepared inks was measured and was found to be 10-
12 cP, which satisfies the requirements of the DMP-2850 printer.
Contact Angle

The contact angle of the ink on oxidized silicon was measured using an Attention
tensiometer. All three ChG compositions showed contact angle 10-15°, which is suitable
for surface wettability. For improvement of the adhesion, the substrate was plasma
cleaned.
Dip-coating

The fiber-tips were dipped in ink under vacuum at room temperature. After 24
hours, the tips were carefully taken out of the ink. Then the tips were further cured using
a hot chuck in a two-step process: (1) the coated fiber was heated at 50 °C for 2 h to
slowly dry the solvent, cyclohexanone, without creating cracks in the film, and (2) the
fiber tips were placed in a tube furnace heated at 350 °C for 1 hour to decompose the
surfactants in ink, ethylcellulose. Once cooled, the fiber tip was dip-coated with spin-on-

glass for isolation of the tip from an oxygen-containing ambient. After drying at room
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temperature for 24 hours, the coated fiber was heated at 300 °C for 3 hours to cure the
spin-on-glass.

Thin Film Preparation- Inkjet Printing

ChG layer was printed using a Fujifilm DMP-2800 Dimatix inkjet printer.
AutoCAD and LibreCAD were used to design printing patterns. The cartridge parameters
had to be optimized to have uniform drop speed from the enabled nozzles. In the DMP-
2850 printer, the printing was done using 3-5 nozzles. Nozzle voltage was between 20-30
volts. The drop separation was set at 20um. Under such conditions, 100um resolution
was achieved. For characterization, 10 layers of Scm x Scm thin films were printed.

Electrode Printing- Screen Printing

Nickel electrodes were printed on top of oxidized films and ChG layer using an
SPM 7189 screen-printer.

Thin Film Sintering

After printing, the printed films are wet, and the nanoparticles are mixed with the
surfactant. The printed films were dried for two days in a vacuum chamber at room
temperature for the initial slow solvent evaporation to avoid crack formation. Once dry,
the thin films were annealed in an inert atmosphere at 350°C (the decomposition
temperature of ethylcellulose) for 2-3 hours. During this time, the particles are sintered
and the features are hardened to form solid printed films.

Annealing of the Thin Films & Ellipsometry

The evaporated thin films were heated in a specially designed hot stage
THMSELG600 by Linkam Scientific, which is compatible with J. A. Wollam’s M-2000

Ellipsometer for in situ measurement. The stage was purged with nitrogen gas to create
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an inert environment. The thin films were heated at a rate of 10 K/min and while they are
being heated, ellipsometric data (psi, ¥ and delta, 4 at wavelength: 600 nm to 1688 nm)
were obtained at an incident angle of 70°. Then the thin films were cooled in the same
system under nitrogen flow. Measured data were analyzed and modeled in
CompleteEASE, a modeling tool that comes with M-2000 to get refractive indices (n) and
extinction coefficients (k).

Differential Scanning Calorimetry (DSC) of the Bulk Glasses

The crystallization temperatures of the bulk glasses were obtained by differential
scanning calorimetry (DSC) on a Netzsch STA 449 F5 Jupiter® DSC/TG machine in
alumina (Al,O3) crucibles under 20ml/min nitrogen flow at the following heating rates:
10K/min; 15K/min; 20K/min; 25K/min; 30K/min.

High Energy XRD

The high-energy x-ray diffraction experiments were carried out at the bending
magnet beamline BLO4B2 [63] of SPring-8 with a two-axis diffractometer for disordered
materials [63]. The incident photon energy of 61.7 keV, obtained from a bent Si (220)
crystal, was used for the experiment. The measurements were performed in transmission
geometry. The intensity of the incident x-ray was monitored by an ionization chamber
filled with Ar gas and the scattered x rays were detected by a CdTe solid-state detector.
The collected data sets were corrected for the absorption, the background, and the
polarization. Details of the data correction and the normalization procedures are given in

[64].
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X-ray Diffraction (XRD)

XRD was employed to investigate the crystalline phases of the annealed thin
films, and the measurement was conducted on a Rigaku MiniFlex600 (A=1.5406A) at 40
kV and 15 mA. The data were collected in a range of 20 = 10-90° by a scanning rate of
10°/min at room temperature.

Raman Spectroscopy

Raman analysis was performed to identify any changes in the bonding and
physical structure of the materials occurring during crystallization. Raman studies were
performed with Horiba Jobin Yvon T64000 Raman Spectroscopic System in
backscattering mode, using a parallel-polarized 442 nm He-Cd laser, focused to a spot of
100 um, with a power of 85 mW. The samples were placed in a chamber and brought to a
1073 mTorr vacuum and temperature of 100 K. The low power, vacuum and temperature
prevent the occurrence of photoinduced effects caused by the laser light, which is within
the absorption edge of some of the materials.

Energy Dispersive Spectroscopy (EDS)

Energy Dispersive Spectroscopy (EDS), used to confirm the exact composition of
the produced films, was conducted using an FEI Teneo Scanning Electron Microscope
(SEM) with an Oxford Instruments Energy + EDS system. A line scan of each sample
was done at a length of 1500pum for the collection of an accurate average value and the
standard deviation.

Atomic Force Microscopy

Surface roughness was characterized via atomic force microscopy (AFM) using a

Bruker Dimension FastScan system operating in PeakForce Tapping mode. A ScanAsyst-
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Air probe with a nominal 2 nm radius of curvature and a 0.4 N/m spring constant was
used to capture a pair of 5 um x 5 pm topography images at two different locations on
each sample surface. The raw images were then processed with a first-order XY plane fit
to remove sample tip and tilt using Bruker's NanoScope Analysis software package
(Version 2.0) before calculating the root mean square (RMS) surface roughness data
presented here.

Electronic Device Characterization

The devices were characterized with a semiconductor parametric analyzer
(Agilent 4155B). I-V characteristics were measured from 0-3 V at a resolution of
30mV/step. To achieve phase change of initially amorphous active material, the devices
were kept for 15 sec at each temperature, including the onset of crystallization
temperature. Crystallized devices were pulsed with a Pulse Generating Unit (PGU) at
different duration for amorphization with square wave amplitude 10-15V, period 7us, and
ON time: 50-80ns.

Thin Film Fiber Tip Temperature Sensors Preparation and Characterization

The ChG thin films on the tip of the fibers were prepared by thermal evaporation
in a Cressington 308R coating system at 10 mbar vacuum at evaporation rate 0.3A/s.
The fibers were not specifically heated during the film preparation. The thickness of the
deposition on the fiber tips was estimated using the output from a quartz crystal
microbalance. Their composition was studied with Energy Dispersive Spectroscopy.

Onptical Fiber Device Characterization

The fabricated sensor devices' performance was characterized by injecting a 1550

nm wavelength light from a tunable laser source into the fiber sensor through a circulator.
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The light power reflected from the fiber sensor was analyzed using an optical spectrum
analyzer (Anritsu MS9740A). The ChG-capped fiber tip itself was placed inside a high
temperature-controlled tube furnace (Eurotherm 2116 controller). The furnace
temperature was increased from room temperature (~25 °C) and 650 °C in 10 °C/min
steps. For evaluation of the sensor's real-time response, the temperature inside the furnace
as a function of the time was tracked as well.

Port 2: Sensor is
connected here.

Port 1: i/p laser Che

Fiber ﬁ

Port 3: Reflected power to OSA

Figure 2.1  Schematic of fiber-tip based sensor testing.

Heater

Circulator

Figure 2.2  Experimental setup for fiber-tip based sensor testing.

The reflected data was normalized with a blank fiber data at the same

temperatures to extract the effect of the ChG alone.
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Ion Irradiation

ChG thin films were irradiated with xenon (Xe") with three different energies
100, 200, 600, 500, 700, 1000 keV and fluence 10'*cm™. The total effect of the non-
ionizing radiation is 5 and 10 displacement per atom (DPA). A detailed calculation is
added in Appendix B.

Plasmonic Device Characterization

The lensed optical fiber focuses the incoming light to the waveguide end-facet.
The lensed fiber reduces the beam spot size to 2-3 pm at which the mode field size of the
SMF is about 8um. Another lensed fiber is used as a detector fiber at output stage to
collect the transmitted power at the output. The output power can be measured using
power meter or OSA. Fiber tip and waveguide edge under microscope are precisely
aligned using piezo controller and stepper motors. The waveguides are placed in a hot

stage to measure real time effect of the temperature.

i Tunable IR | Broadband Power [
alignment i meter

Hot stage with sample

\

Figure 2.3  a) Plasmonic sensor testing schematic, b) Experimental setup and c)
Device testing.
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CHAPTER THREE: STRUCTURE, OPTICAL PROPERTIES AND
CRYSTALLIZATION KINETICS OF CHALCOGENIDE GLASSES
The application of chalcogenide glasses for phase change memory devices was

the first sign of the vast functionality potential which these materials offer [65]. Later
chalcogenide glasses were applied for phase change optical media storage [28], inorganic
photoresists [66], and programmable metallization cell memory, also called CBRAM
[67], to name a few. The studies related to these applications revealed that the significant
flexibility of the chalcogenide glass structure is based on the availability of lone pair
electrons [68] on the chalcogen atoms and their low coordination [69]. The chalcogenide
glasses can be formed with stoichiometric compositions and a continuous variety of
compositions maintaining the short-range order and the chemical valence states
requirements of the participating atoms [70] without the existence of the medium and
long-range order. This leads to the formation of several structural building blocks,
including the chalcogen elements and the other participating atoms [71], which makes the
structure three-dimensional. All structural units have well-established and extensively
studied Raman signatures [72], [73], which allow detailed structural characterization of
the investigated materials. The other methods used to characterize the structure of the
studied materials are high energy x-ray diffraction, x-ray diffraction spectroscopy and the
crystallization kinetics of the studied glasses have been investigated using Differential
Scanning Calorimetry (DSC). The results of these studies are presented in this chapter,

starting with details of the molecular structure, followed by the data related to the
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crystallization kinetics and the structural characterization of the initial amorphous phases
and the crystals formed after they have been crystallized.

Selenium-rich GesoSe7o, stoichiometric GeszSeq7 and Ge-rich GesoSeso are studied
since, to the best of our knowledge, we could not find well-established data for their
crystallization kinetics and glass crystallization temperature. Non-isothermal glass
crystallization analysis has been conducted in which the bulk sample is heated from room
temperature at a fixed rate and the heat flow is recorded as a function of temperature. For
sensor calibration purposes using Differential Scanning Calorimetry (DSC), T, T, and T.
were obtained at five different heating rates and the data have been used to calculate the
crystallization activation energy. The dependence of the refractive index and the
extinction coefficients as a function of temperature are measured using hot stage assisted
ellipsometry. Raman spectroscopy revealed the crystal formation out of the disordered
glass matrices, and the molecular composition and structure of the crystalline phases are
studied with X-ray diffraction (XRD).

To understand the molecular structure of the chalcogenide glass, precise x-ray
diffraction measurements using high-energy x-rays of synchrotron radiation were carried
out for GexSi00-—x (10 <x < 40) network glasses. An excerpt from our peer-reviewed
journal discussing the results is presented here to describe the molecular structure of Ge-
S glasses, which is analogous to the structure of Ge-Se glasses. Moreover, the collection
and modeling of ellipsometry data from thin film ellipsometry of ChGs are also described

in Appendix A.
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Structure of Ge-S(Se) Chalcogenide Glass

Among various amorphous chalcogenides, Ge-S (Se) glassy binary alloy is one of
the most studied materials because of its simplicity, in which the system is composed of
only two elements and its structural variations. The Ge-S (Se) system has a good glass-
forming ability in a wide composition range [74], [75]. The network structure is built up
by fourfold-coordinated Ge atoms and twofold-coordinated S (Se) atoms. The nature of
the network is considered to change with increasing Ge or S (Se) content. Phillips [30]
regarded the number of constraints per atom, NCO, and provided the optimum
concentration for glass-forming ability in the GexSe1— system as x = 1/6. The network is
under constraint for x < 1/6, while it is over constraint for x > 1/6. At x = 1/6, the mean
coordination r should be r, = 2.33. Thorpe [33] referred to x < 1/6 as a “floppy” region in
which the network is like a polymeric glass, while he referred to x > 1/6 as “rigid,” in
which the network is like an amorphous solid. There should be a rigidity percolation (RP)
transition in the system. After 17 years from their suggestions, Thorpe and Phillips and
their related researchers, more specifically Boolchand, pointed out that there can also be a
narrow third region around RP, what they call the “intermediate phase,” where the
network is rigid, but stress-free [34], [36], [76]-[78]. Overall, these possibilities indicate
varieties in the network system in Ge-S(Se) alloys.

So far, the microscopic “molecular-like” structure in the glassy Ge-S(Se) system
has been mainly investigated by Raman spectroscopy. At x = 0.33 [GeS(Se):], there are
GeS(Se)an tetrahedral units which also exist in GeS(Se): crystal. The presence of the
units is confirmed by the Raman peak, assigned to the breathing mode of methanelike

GeS(Se)s2 molecules (for corner-sharing tetrahedra) [79], [80]. SiO- glasses have only
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such corner-sharing tetrahedra SiO4». However, Ge-S(Se) glasses also have edge-sharing
tetrahedra. Furthermore, Ge-S(Se) glasses can have homopolar Ge-Ge and S-S (Se-Se)
bonds, whereas SiO» glasses have only Si-O heteropolar bonds. In the Raman spectra, the
Ge-Ge bonds can be found from the vibrational mode of S(Se);-Ge-Ge-S(Se)s ethane-like
unit [81]. The diffraction study can provide important information on the local and the
medium-range structure. Systematic x-ray diffraction measurements were performed by
Fueki et al. for 10<x< 40 [82]. However, the measured Q range was limited up to 13.5
A~ because of the used x-ray source generated by the Mo target. Detailed discussion on
the pair distribution functions would be difficult due to the limitation of the Q range. In
recent years, excellent works have been done on the structure of Ge-S binary glasses
using synchrotron radiations and neutron sources for the S-rich glasses by Bychkov et al.
[83] and for the Ge-rich glasses by Bytchkov et al. [84]. However, the analysis has not
been done in a unified way through the whole glass-forming range, including S-rich and
Ge-rich regions. For this, we performed precise measurements of x-ray diffraction of Ge-
S binary glasses for a wide Ge-composition region, 10<x< 40, using the synchrotron
radiation at SPring-8 and compare the result with systematically measured Raman
spectra. Based on the results, we have discussed the structural variations in the glasses in
terms of the shortrange, medium-range, and nanoscopic orders, and explain the
composition dependence of the physical properties of Ge-S glasses. In these glasses, Sg
ring molecules are embedded in the network and can assemble to form crystals. This
would be the biggest difference compared to the Ge-Se system.

Figure 3.1 shows the pair distribution functions of Ge.Si00-x (x = 10, 20, 30, 33,

40) glasses. The peaks in the pair distribution functions are compared to the interatomic
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distances in the crystals with the stoichiometric compositions (x = 0, 33, and 50): a-sulfur
[85], the high-temperature phase of GeS: crystal [86], and GeS crystal [87]-[90]. The S-S
bond length in an Ss ring in a-sulfur is 2.06 A [85]. The Ge-S bond length in the GeS4
tetrahedral unit in the high-temperature phase of GeS; crystal is 2.22 A [86]. The Ge-S
bond length in the GeS crystal is 2.44 A [88], [90]. The first peaks, ranging from 1.8 to
2.8 A, are attributed to these bonds. In Ge30S70 and Ges3Se7, there is a small peak at 2.9 A.

This indicates the Ge-Ge distance in the edge-sharing tetrahedra (2.91 A) [91].
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Figure 3.1 Pair distribution functions of GexS100-x (x = 10, 20, 30, 33, 40) glasses.
The broken line, indicated by “ES,” shows the position where the peak associated
with the Ge-Ge distance between two neighboring edge-sharing GeS, tetrahedra, at
2.9 A [92].

The second peak, ranging from 3.1 to 4.0 A, can be related to several types of
inter-atomic distances. The second-neighbor S-S distance in Sg ring molecules is
estimated to be 3.34 A, according to the bond length and the bond angle [85]. Even when
an Sg ring molecule opens to a helical chain, the second neighbor distance can be

preserved. The atomic correlations can contribute to the second peak in S-rich Ge-S
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glasses. The distance between neighboring S atoms in GeS4 tetrahedron is estimated to be
3.62 A, according to the bond length and the bond angle [86]. The Ge-Ge distance in
corner-sharing tetrahedra is 3.41 A, according to the simulations of glassy GeS, [91].
These atomic correlations impact on the second peak for all Ge compositions. Overall,
the local structure obtained from the pair distribution functions is consistent with the
previous picture on the structural transformation of molecular-like units, established by
Raman spectroscopy [79], [93].

Next, we will discuss the crystallization of the glasses with their optical
properties. A description of ellipsometry modeling and data collection to obtain optical
properties are described in Appendix A. Our contribution in this aspect is establishing the
changes of the optical properties caused by increasing the temperature of the materials
and their crystallization.

Crystallization Kinetics, Crystalline Phase and Optical Properties of Chalcogenide

Glasses

A detailed study was done to study the crystallization kinetics of Ge-Se glasses,
their crystalline phase, and optical properties. Two major characteristics of chalcogenide
glasses are their glass transition temperature (Tg) and the peak crystallization temperature
(T¢). Tg is related to the onset of fluidity, i.e., by reaching this temperature, the glass
overcomes the cohesive forces, which give the glass its solid-state condition. In other
words, at this temperature, the network is destroyed up to some extent and the building
blocks are macroscopically mobile. Consequently, while searching for material with high
Tg one must look for materials with high coordination number and high bond or cohesive

energy between the elements of the glass. Based on the Vogel-Fulcher correlation related
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to viscosity, De Neufville et al. [94] gave a mathematical equation of these dependencies

accordingly to which

8(<CN>-2)E,

=T
o+ 32.2kp

@3.1)

Where 32.2 = In(m(Tg)/mo). The To and o are system-related parameters and m is
the viscosity for which the authors assume that it has a fixed value of m(T,) ~10'® Poise
[95]. Although T, usually shows proportional dependence upon the coordination of the
glasses and covalent bond strength, other factors like connectivity and degree of
polymerization relate to the formation of flexible or rigid phases, which are involved in
the process of glass transition and crystallization. With the increase of coordination with
enriching the composition with Ge, Ty rises and goes very close to the crystallization
temperature of the material. Hence, a decrease in glass-forming ability (Kg) and thermal
stability of the glasses is seen since they depend upon the onset of crystallization To, Tg

and glass melting temperature T [96].

k, = (3.2)

Results

The DSC curves of the three studied compositions are shown in Figure 3.2 (a-c).
In these graphs, the Ty is defined as the first point of inflection of the low-temperature
endotherms. T. is the exothermic peak and T, is the onset of crystallization. For further
considerations, the heating rate of 10°C/min is accepted as a standard heating rate and all
individual data like Raman spectra, XRD data, etc., are obtained from samples heated at
10°C/min. As can be seen, the Ty, Toand T of the three compositions are pretty much

different. The maximum value of Ty, Toand T. is found for the stoichiometric



49

composition and lower values were obtained for GeszoSe7o and GesoSeeo. All these data are

presented in Appendix A, Table A.1.
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Figure 3.2  DSC curves for GesSeoo-x at different heating rates; a) GesoSez; b)

Ges3Seq7; ¢) GesoSeso

The data summarizing the characteristic temperatures of the materials as a

function of the heating rate are presented in Figure 3.3. They demonstrate that in general,

all these data are depending upon the heating rate, excluding T, of the GesoSeso samples,

which is less reliant on the heating rate compared to the T, of the two other compositions.

The structural data for the synthesized glasses and their crystalline counterparts,

obtained through Raman spectroscopy, are shown in Figure 3.4 (a-c). As expected, the

GesoSero glass is built predominantly by CS and ES tetrahedra, which possess high-
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frequency bands A4; and 4, at 200 cm™ (CS) and 219 cm™ (ES) respectively, as well as
Se chains with vibration spectra at 230-250 cm™ [97], [98]. These modes for the Ges3Sesr
composition have a very weak redshift due to the small compositional difference [99].
The Raman spectra of the Ges3Ses7 and GesoSeqo vibrational band 4 at 180 cm’!
demonstrate the Ge-Ge bond belonging to the ETH Gez(Sei12)s building blocks, which
dominates the structure of the GesoSeso films [100]. The vibrational band in the range of
270cm ' to 310cm™ has been fitted with one Gaussian, which implies one type of
structural unit. There are several options for the interpretation of vibrational bands around
270cm™. Usually, they are described as asymmetric vibrations of (GeSei2)s ES
tetrahedral units, but they could also be asymmetric vibrational mode T2 of ETH units
and probably Se—Se stretching vibrations in Se chains [30, 31]. Indeed, the appearance of
Se-Se stretching vibrations in the area of 270 cm™ has been confirmed in the zeolite
matrix containing chalcogenide glasses [101], [102] and ab initio calculations proved that
Se-Se vibrations could extend even to 287 cm™ [103]. Bearing that in mind, along with
the composition and the size of the vibrational mode, we suggest that it is unrealistic to
connect it to the vibrations of Se-Se chains. It is more likely that this vibration is related
to asymmetric vibrations of tetrahedral structures containing Ge and Se.

The formation of some Se-Se wrong bonds is not completely excluded, although
their appearance is energetically not preferable [104]. Based on these hypotheses, there is
an expectation that the Ge-rich glasses are quite phase-separated due to the dominating
presence of ETH structures in them, which can form stable clusters in the tetrahedral

matrix of this composition [98].



51

Heating up to the crystallization temperature of GesoSe7o glasses leads to the
appearance of the 4; band near 199 cm™ (low-temperature phase, LT) and near 212 cm’!

(high-temperature phase, HT), representing vibrations of CS GeSe; tetrahedra.
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Figure 3.3 Ty, T, and T. variation with composition GexSe100x and heating rate.

In the HT phase, very close to this mode near 218 cm™, there appears an A4,¢
mode representing an in-phase vibration of ES GeSe; tetrahedra [105]. Raman spectra
confirmed that a mixture of LT and HT GeSe: is present in the crystallized thin films of
GesoSero.

In the amorphous thin films, there are also vibrational modes at 190 cm™ and 275
cm! which could be related to the appearance of the so-called “wrong bond” Ge-Ge and
Se-Se, modes arising due to the disordered organization of the materials which are not
completely arranged in crystalline structure since no annealing has been conducted to

allow crystal growth and further organization of the crystalline structure.



52

The Raman spectrum of the crystallized phases of Ges3Ses7 shows the formation
of the low-temperature form of GeSe: because of the strong dominance of the CS peak.
Increasing the amount of Ge in the glass composition to 40% leads to the formation of a
crystalline phase at which, simultaneously with the 4 vibrational band, an additional
peak is well established and is related to the formation of a new type of crystal structure.
The site of the asymmetric tetrahedral units has quite high areal intensity without strong

organization in crystalline structures.
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Figure 3.4  Raman spectra of amorphous and crystalline GexSeioo-x of 2) xa = 30,
b) xp =33 ¢) xc =40

The XRD spectra of the crystallized phases are presented in Figure 3.5. There is a
well-established dependency of the crystalline phases upon the composition of the glass
from which they appear. On the XRD patterns of Ges3oSe7o, in agreement with the Raman
spectra showing a mixture of HT (o) and LT () phase of GeSez, XRD confirms the
presence of monoclinic GeSe; (LT) and orthorhombic GeSe, (HT) [106], as well as a

small size Se crystallites, which are identified at 20 0f 46.16° and 61.92°. Analysis of the
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XRD data reveals predominantly orthorhombic GeSe», appearing after crystallization of
the Ges3Ses7 samples. The XRD spectra confirm this type of crystal as the only
crystallized phase. The XRD pattern of the crystallized GesoSeso samples shows the
dominance of low-temperature orthorhombic a-GeSe [107] with quite small
orthorhombic and monoclinic GeSe; crystals and a trace of Se at 61.52°. The plurality of
crystalline structures appearing from the Ge-rich glasses indicates their phase-separated
structure from which different types of crystals are formed. From the normalized data,
Ges3Ses7 has the least amount of Se crystals (0.02219), then GesoSeeo (0.03236) and as
expected, the Se-rich composition GesoSe7o has the highest amount of Se crystals
(0.06221). Since the stoichiometric composition Ges3Seg7 consists mostly of GeSe»
tetrahedra, it doesn’t have much free Se hence the lowest Se crystalline phase. From
Raman, it has been deduced that GesoSeeo is the most phase-separated among the three,
but since GesoSero is a Se-rich composition, it has more Se crystals than Ge4oSeso which
supports our interpretation of the Raman band in the area of 270 cm™ and the suggestion

that phase separation is occurring in this composition.
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Figure 3.5  X-ray diffraction pattern of crystalline GexSe1go-x thin films.
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The microscopic images of the obtained crystals are shown in Figure 3.6 (a-c).
The Se-rich phases are characterized by two phases - filamentary type of crystals — this is
the major phase and a low amount square-shaped darker in color crystals. To be in
agreement with the XRD data, we suggest that the filamentary type of crystals is related
to Se chains crystallites and the others are the crystallized GeSe> compositions. This
comes in a good accord with the crystallization occurring in the stoichiometric
compositions where the crystalline GeSe: obtains shape and position in the space. The
microscopic image shows a homogeneous distribution of similar types of crystalline
formations with a well-developed shape, which is a sign of a fast-growth process. In Ge-
rich glasses, crystallization starts with the formation of small GeSe or GeSe> spheroids
whose subsequent growth enriches the surrounding material in Se or Ge, respectively
[108]. So, in GesoSeso, the result is spheroids formed by a mixture of the two phases, as
shown in Figure 3.6.

Figure 3.7 (a-c) shows data about the refractive index of the studied samples
obtained at different temperatures. For the Se and Ge-rich samples, the refractive index
decreases gradually with temperature until phase change occurs. The refractive index of
the crystalline phases is much higher. During heating, defects are removed and as a result
of'this, scattering inside the thin films is reduced. This makes them more transparent.
Also, the thermal expansion would decrease the density, which would lower the
refractive index further, as shown in Figure 3.7 (a). When the phase change occurs, due
to the presence of long-range order and higher density, the refractive index increases. The
data from films with stoichiometric composition Ges3Ses7 infer a lack of difference in the

refractive index for crystalline phases because of the absence of structural changes
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between the amorphous and crystalline phases — Figure 3.4 (b), while the Ge-rich films

GesoSeso show anomalous dispersion within the relevant wavelength range — Figure 3.7

(©).

Figure 3.6  Microscopic images of crystallized Ge.Se1oo« thin films a) x=30, b)
x=33, ¢) x=40.

The crystallization of GesoSeeo leads to a substantial increase of the refractive
index and can easily be utilized for temperature threshold monitoring, although not
following the tendency presented in the previous cases. We suggest that a reason for this
is the structural specifics in Ge-rich glasses, which contain ETH structural units,
including Ge-Ge bonds. The introduction of external energy to such structure leads to
dissociation of these bonds and structural rearrangement — forming new ES building

blocks with some of the Se-Se wrong bonds. Such structural rearrangement and opening
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of the structure have also been reported after irradiation with y rays of Ge-rich
compositions [109]. Indeed, our Raman spectroscopy results support such a hypothesis,
showing significant structural reorganization at crystallization — reduction of the areal
intensity of the ETH structures and formation of new ES building blocks.
Discussion

The obtained results are a good foundation for further explanation of the
crystallization process in the studied materials. On the other hand, understanding the
effects is of vital importance for the photonic temperature sensor relying on phase
change. One of the important factors to get stable results from the sensor is the glass
stability which is defined as the resistance of glasses towards devitrification upon
reheating (especially near or somewhat above the Tg) [110]. A quantitative measure of
glass stability is the difference between the onset of crystallization/peak crystallization
temperatures and glass transition temperature [111].

Here, both the onset (ATo= T, - Tg) and peak crystallization temperature (AT.= Te¢
- Ty) were used to study the stability of the studied glasses. From Figure 3.8, it is seen
that AT is decreasing with Ge introduction in the glassy alloys. This is mainly initiated
by the increase of T, which follows such dependence upon the rise of the coordination in
the glass. Such an effect can also occur due to changes in the dihedral angle between the
Se atoms by the increase of cross-linking and rigidity [112]. This indicates that the
stability of the stoichiometric glass is expected to be lower due to the relatively high Ge
concentration [113], [114]. AT,, on the other hand, shows a different pattern by being
minimum for Ges3Ses7 and having almost equal values for GesoSe7o and GesoSeso. AT,

could signify how easy it is to form nuclei in the material during melt quenching.
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Ges3Seq7 being the stoichiometric composition, has the highest tendency to crystallize

during melt quenching [115], [116].
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Figure 3.7  Refractive index of GexSeioox thin films at different temperatures a)
x=30, b) x=33, ¢) x=40.

Having the lowest AT, indicates that during melt quenching, the probability of
forming a crystallized fraction in Ges3Ses7 is higher. This is related to the existence of
bigger structural formations indicating crystals clustering, because of the expected
homogeneity of the structural organization of this composition, although the formation of
homopolar bonds has been established as well [117]. Based on the data, it is assumed that

initiating crystallization would be the easiest in the stoichiometric composition, Gesz3Ses7.
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But the probability of forming stable crystalline forms grows with increasing
concentration of Ge starting from the Se-rich glass. In this aspect, it is important to go
further into more details to understand the major driving force in the crystallization
process — the nucleation or the crystal growth.

The result about the glass-forming ability should be closely related to the
crystallization energy for different compositions, which was calculated applying the

Kissinger (3.3) [118], Ozawa (3.4) [119] and Augis-Bennett (3.5) [120] equations

() = — £y tant 3.3

nB iy constan 3.3)

In(p) = —RETC + constant (3.9
E¢

In (T"—z) = —pe+Ink, (3.5)

Here, B = Heating rate, Ec = Activation energy of crystallization, K,= Frequency

factor.
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*
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Figure 3.8  Glass formation stability of the Ge-Se studied compositions.
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Applying the Augis-Bennett equation (3.5), one more factor — the frequency
factor K, can be calculated. These equations show the dependence of the activation
energy upon the peak/onset of crystallization temperature as they change with the heating
rate. Figure 3.9 shows the plots of the Kissinger, Ozawa and Augis-Bennett equations.
The data about the activation energy obtained by these methods for the studied glasses
are presented in Appendix A, Table A.2.

Activation energy calculated using T. decreases with increasing Ge at%, which
contradicts the initial assumption that Ges3Ses7; would be easiest to crystallize (Figure
3.9). Although there are some small differences in the calculated activation energy due to
different initial conditions, the activation energy for the onset of crystallization is the
highest for the stoichiometric composition, which is the stark opposite of the expectation.
The explanation of such discrepancy was found from Raman spectroscopic data. It is
known [97] that in the range 15<x<31, the number of Ge and Se containing tetrahedra
increases with x. The tetrahedra are connected by either ES or CS structural
organizations. As the network becomes increasingly saturated with ES and CS tetrahedra,
the nanoscale phase separation between them and Se-Se bonds decreases. A new ETH
phase initiates near x>31 and the ETH units are chemically decoupled from the
tetrahedral network. ETH structures are characterized by the formation of the Ge-Ge
bond. The Ge-Ge bond has the lowest energy and easily dissociates, making it an
important factor for the crystallization process.

So, the dissociation of the Ge-Ge bond helps to form new tetrahedral units by
reaction with Se from the Se-Se chains, which crystallize as GeSe». As a result, the

intensity of the Se-Se vibrations reduces to some extent. At x=33, the nanoscale phase
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separation between tetrahedra and ETH becomes a dominating factor [98] (Figure 3.4
(b)). However, because of the presence of some Se-Se bonds and the availability of ETH,
the formation of tetrahedral clusters is possible, which later crystallize as GeSe>. Indeed,
as shown in Figure 3.4 (b), the structural reorganization of Ges3Ses7 is very small upon
crystallization. And the Raman spectra in amorphous and the crystalline condition reveal
similar structure with the only difference — lack of ETH structural units in the crystalline
phase. Because of the homogeneity of the amorphous and crystalline phases, the
nucleation process is easy to start, but it is not leading to further fast growth due to a lack
of defects or other specific places where the crystals can grow. This explains the results
of the glass stability, as shown in Figure 3.8.

The role of the Ge-Ge bonding existing in the ETH structures for Ge-rich glasses
due to their high population contributes to the formation of a new nanophase even at a
temperature below the Tg, as demonstrated by Wang et al. [98]. The fact that the
structural reorganization starts in this case at a temperature below Tg is why the low
variability of T upon the heating rate is presented in Figure 3.3. Here is the moment to
recall the new phase, occurring on the Raman spectrum of the crystalline phase of the Ge-
rich glass (Figure 3.4 (¢)), which is indeed crystallized GeSe, as shown in the XRD data
(Figure 3.5).

The phase separation [98] in the structure of chalcogenide glass manifested in the
Raman data has an important effect on crystallization. Crystallization develops in two
steps, the initial nucleation of the crystal and the growth of the nuclei by the addition of

atoms.
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Figure 3.9  Calculation of E.c and E., using Kissinger, Ozawa and Augis-Bennett
methods a) With peak Crystallization Temperature T., Kissinger: x =30: R> =
0.9858 Slope =-98.7 £ 6.8 kJmol” , x =33: R>=0.9730 Slope = -152.6 + 14.7
kJmol?, x = 40: R? = 0.9621 Slope =-174.5+20 kJmol!, Ozawa: x =30: R? =

0.989 Slope = -111.4 £ 6.8 kJmol”, x = 33: R> = 0.977 Slope = -166.6 + 14.7 kJmol™,
x =40: R* = 0.967 Slope = -187.2 + 20.0 kJmol , b) With peak Crystallization
Temperature T, x = 30: R = 0.9875 Slope =-105.1 £ 6.8 kJmol!, x=33: R*=
0.9751 Slope = -159.4 + 14.7 kJmol, x = 40: R* = 0.9647 Slope = -180.8 + 20.0

kJmol! , With Onset of Crystallization T,, x =30: R* = 0.9563 Slope = -98.9 + 12.2

kJmol?, x = 33: R? = 0.9449 Slope = -234.1 + 32.6 kJmol! , x = 40: R? = (.8845 Slope

=-101.1 £ 21.1 kJmol'', ¢) With Onset of Crystallization T,, Kissinger: x = 30: R* =
0.9505 Slope =-92.8 £ 12.2 kJmol!, x = 33: R*=0.9419 Slope = -227.7 + 32.6
kJmol™ , x = 40: R* = 0.8709 Slope =-95.0 £ 21.1 kJmol’, Ozawa: x =30: R> =
0.9611 Slope = -105.0 + 12.2 kJmol ', x =33: R*=0.9477 Slope = -240.5 + 32.6
kJmol? , x = 40: R* = 0.8962 Slope =-107.3 £+ 21.1 kJmol .

The nucleation can occur by a spontaneous nucleus formation in a melt or glass,
this process is called “homogeneous nucleation”. If the nucleus appears on a preexisting
surface or an interface, the nucleation is heterogeneous [52, 53]. In essence, the

crystalline phase is the one with the lowest enthalpy, compared to the amorphous one, so
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that the systems tend to reduce their free energy when crystallizing. The change of free
energy during homogeneous nucleation depends on several factors.
AG =VAG, + Ay 3.6)
V is the volume of the crystal nucleus, AGV is the bulk free energy change, AS is
the particle's surface area, and vy is the surface energy of unit area [46], [121]. Obviously,
to achieve stable nucleation and growth, the size of the nuclei has to be larger than a
critical value by which the surface energy-related factor is suppressed and requires high
bulk energy Gy. In heterogeneous nucleation, because of the preexisting interface in the
form of phase separation or other structural units where the crystals can nucleate and
grow, the surface factor is reduced and the process requires much lower energy for
crystallization. Because of this, heterogeneous nucleation requires less energy than
homogeneous nucleation[46], [121] and can result in relatively fast growth, as
specifically demonstrated in the case of GesoSeso composition.

In Ges3Ses7, the major building block are the CS Ge-Se tetrahedra. Although
there is evidence of wrong bonds in this composition [97], [122] the chemical bonding in
it is pretty well organized. The Raman spectra of the crystallized phase are much similar
to those of the amorphous phase, i.e., there is not a heterogeneous transition for the
formation of a new type of structural organization during the crystallization process.
Hence, the homogeneous type of crystallization in the Ges3Ses7 material is the main
reason for the highest energy for the onset of crystallization. This result is also supported
by the XRD data (Figure 3.5), which demonstrates the formation of only one type of
crystalline phase for this material- the orthorhombic GeSe;. It is the homogeneous type of

crystallization that governs the crystal formation in this case. In this process, the
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structural organization of crystals is to a great extent formed in the amorphous condition
and its three-dimensionality is preserved in the crystals as demonstrated by the Raman
spectra. Indeed, homogeneous crystallization seems to be the reason behind the stability
of the refractive index during the crystallization process of Ges33Ses7. The chemical order
before and after crystallization is pretty much the same, due to which the optical
properties do not change (Figure 3.7 b). This is not the case for Se-rich and Ge-rich
compositions, where phase separation in the glass leads to heterogeneous crystallization
and formation of new crystallization products - Se and GeSe, respectively, along with the
GeSe». The formation of completely new phases after crystallization is demonstrated by
the XRD data (Figure 3.5 (a, ¢)). Consequently, there is a substantial change in the
refractive index after crystallization (Figure 3.7 (a, c)).

In the case of GeszoSero, the crystallization temperature is very close to the a-to-3
transition of the GeSe> crystals, due to which both phases do exist after crystallization.
The monoclinic phase dominates due to the relatively higher crystallization temperature
of this material.

To further understand the crystallization mechanism, the local Avrami exponent
n(X) is calculated since the nucleation and growth do not always remain the same during
the crystallization process. The Avrami exponent # is calculated using Matusita (3.7,3.8)
[123] and Blazquez (3.9) [124] equations. Both equations are for non-isothermal
processes derived from the Johnson-Mehl-Avrami (JMA) equation [125]-[127], which
gives the relation for a process similar to the subject of this study. Figure 3.10 shows the

calculation of n(0), which is the value of n at the onset of crystallization.
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The overall non-isothermal crystallization activation energy E can be obtained

using the Matusita equation [123].
In[(—In(1-X)] = —-Inp — 1. 052:';—;5 + constant 3.7
Where m is an integer that depends on the dimensionality of the crystals. At

constant temperature T, equation (7) reduces to

In[(—In(1 — X)] = —InB + constant (3.9
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Figure 3.10 Blazquez plots of the GexSel00-x at different heating rates. a)
10°C/min: Slope, n =3.8 + 0.0 R%=0.9999 15°C/min: Slope, n =3.9+ 0.0 R*=
0.9999 20°C/min: Slope, n = 3.4 + 0.0 R?=0.9999 25°C/min: Slope, n = 3.4 + 0.1 R?
=0.9981 30°C/min: Slope, n =3.2 £ 0.1 R*=0.9993 b) 10°C/min: Slope, n = 2.7 + 0.1
R? = 0.9989 15°C/min: Slope, n = 3.8 = 0.1 R*=0.9998 20°C/min: Slope, n = 3.2 +
0.1 R?=0.9930 25°C/min: Slope, n = 3.8 £ 0.1 R* =0.9981 30°C/min: Slope, n = 4.3
£0.2 R*=0.9955 ¢) 10°C/min: Slope, n =3.2 £ 0.1 R*=0.9999 15°C/min: Slope, n =
3.7+ 0.1 R*>=0.9978 20°C/min: Slope, n = 3.3+ 0.0 R?=0.9999 25°C/min: Slope, n
=3.5+0.1 R*=0.9988 30°C/min: Slope, n=3.2+ 0.1 R*=0.9995.
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X is the volume fraction of crystal precipitated in the glasses at uniform heating
rates, while n and m are the order parameters, which depend on nucleation and growth
mechanisms.

To determine how the value of n changes during crystallization, the Blazquez

[124] equation, which assumes isokinetic crystallization, has been applied.

1 d In[(- In(1-X)]

n(X) = 1+£_(;(1_T?0) dln[T_ﬁT"] (3'9)
The Avrami exponent n can be expressed as [128].
n=a+ bc 3.10)

where a is the nucleation index (a = 0 for zero nucleation rate; 0 <a <1 for
decreasing nucleation rate; a =1 for constant nucleation rate and a > 1 for increasing
nucleation rate), b is the dimensionality of the growth (b =1, 2, and 3 for one, two and
three-dimensional growth, respectively), ¢ is the growth index (¢ = 0.5 for diffusion and ¢
= 1 for interface-controlled growth). Avrami exponent calculation plots for the studied
glasses at different heating rates is shown in Figure 3.11.

It is seen that all n(X) vs. X curves show a similar tendency. n(X) gradually
decreases as the crystallization fraction increases. In Gess3Ses7 at the beginning,
1.5<n331(X)<2.25, which means that the crystallization is initiated by diffusion-controlled
one-dimensional growth with a decreasing nucleation rate. With further crystallization,
the local exponent decreases and n(X) stays below 1.5 during almost the entire

crystallization process.
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Figure 3.11 Local Avrami exponent calculation plots of the GexSe1o0x at different
heating rates.

This indicates that the nucleation is saturated and there are lots of crystal nuclei
growing in any one dimension. However, the initial expansion in nuclei formation
suggests homogeneous crystallization. The microscopic image — Figure 12 (b),
demonstrates a large number of relatively small crystals, also confirmed by calculating
their intensity from the XRD data (Figure 3.5 (b)), which do not introduce a considerable
change to the refractive index (Figure 3.7 (b)).

For GesoSeso and GesoSero, the starting values of n(X) are larger than the value for
Ges3Seq7. But still smaller than 2.5 for all cases under the same conditions. It can be
inferred that the crystallization mechanism is dominated by the growth of primary crystal
type and the nucleation rate decreases with time. Further crystallization drops n(X) below
1.5, indicating that the concentration of preexisting nuclei has saturated and the three-
dimensional growth dominates. These data also confirm the heterogeneous character of

the crystallization. It is known that during heterogeneous crystallization, once the nuclei
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are formed on a preexisting specific position, their number stays almost constant and the
crystal growth is the dominant process. This effect is strongly pronounced for the
GesoSeso glass, where the big size of the formed crystals — Figure 3.5 and Figure 3.6 (c),
contributes to a substantial change in the refractive index (Figure 3.7 (¢)).

From Matusita’s equation, the calculated » values (Figure 3.12) are larger than
those calculated by the previous method 739, = 4.27, n33m = 2.39 and n4, = 3.98 (average
of the calculated values). We can round the numbers to n3pm = 4, n33» = 2 and n4om = 4.
For Ges3See7, the mechanism behind the crystallization cannot be different, so Matusita’s
equation gives a higher rate of nucleation. It means that at the beginning, a>1 for a very
short time. From Matusita’s equation, n values clearly show that Ges3Ses7 has the lowest
nucleation rate by calculating one parameter. However, it does not explain how »n changes
during crystallization.

In[-In(7-X)] vs 1000/(R*T) plot gives the total activation energy of crystallization
in the form of slope = -1.052*m*E, (kJmol ™) — Figure 3.13. Here, n=m+1 when the
quenched glasses are nuclei free and n=m for preheated glass, which contains a large
number of nuclei [123]. In other words, n=m for isothermal crystallization and n=m+1
for non-isothermal crystallization. But for this analysis, » must be an integer. So,
considering n3om =4 , n33m = 2 and nsom =4, gives mso = mqo = 3 and m33 = 1. This means
that for x=30 and x=40, the growth of the crystals develops three-dimensionally, whereas

in Ges3Seq7 the growth is in one dimension, which agrees with the Blazquez equation.
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Figure 3.12 In[-In(1- X)] vs In(p) plots for n value of the GexSeioox at different
temperatures a) 492°C: R? = 0.9703 Slope = -4.9 £ 0.6 507°C: R* = 0.8999 Slope = -
4.2 £ 1.0 510°C: R* = 0.9257 Slope = -3.7 + 0.8 b) 538°C: R* = 0.9452 Slope = -2.3 +
0.4 544°C: R* = 0.9629 Slope = -2.6 + 0.3 550°C: R* = 0.9728 Slope = -2.3 £0.2 ¢)
490°C: R? = 0.8338 Slope = -3.9 + 1.7 493°C: R* = 0.8940 Slope = -4.0 £ 1.0 495°C:

R?=0.9170 Slope = -3.8 & 0.8 497°C: R* = 0.9786 Slope = -4.2 + 0.4 .

The results from Matusita’s equation are tabulated in Table A.3. It is seen that the
activation energies for different compositions calculated from the Matusita equation are
not close to the average activation energy calculated using Kissinger, Ozawa and Augis-
Bennett equations. The difference between the values could be attributed to various
assumptions each theory is based upon. However, activation energy calculated from
Matusita’s equation shows a similar pattern — Figure 3.13, like, the activation energy of
GessSes7 is much higher than the rest of the two compositions. So, the effect of phase-

homogeneity is best observed in Matusita’s equation.
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Figure 3.13 In[-In(1-X)] vs 1000/(R*T) plots for Ec calculation using Matusita
equation of the GexSeioo at different rate. a) 10°C/min: R? = 0.9821 Slope = -564.9
+27.0 kJmol! Intercept =91.1 £ 4.4 15°C/min: R* = 0.9540 Slope = -518.5 + 40.3
kJmol! Intercept = 81.8 + 6.4 20°C/min: R? = 0.9807 Slope = -536.8 + 26.6 kJmol’!
Intercept = 83.0 = 4.1 25°C/min: R? = 0.9665 Slope = -467.6 + 32.9 kJmol! Intercept
=71.6 = 5.1 30°C/min: R?>= 0.9704 Slope = -489.3 + 32.3 kJmol! Intercept =73.7 +
4.9 b) 10°C/min: R? = 0.9894 Slope = -391.5 + 14.3 kJmol! Intercept = 58.6 + 2.2
15°C/min: R* = 0.9896 Slope = -396.0 + 14.3 kJmol ! Intercept = 57.7 + 2.1
20°C/min: R? = 0.9558 Slope = -360.0 + 29.3 kJmol! Intercept = 52.0 + 4.2
25°C/min: R? = 0.9957 Slope =-358.7 £ 9.0 kJmol! Intercept = 51.5 + 1.3 30°C/min:
R? =0.9764 Slope = -406.6 + 23.9 kJmol ' Intercept = 57.8 + 3.4 ¢) 10°C/min: R* =
0.9830 Slope = -646.7 + 30.1 kJmol! Intercept=104.2 + 4.9 15°C/min: R* = 0.9902
Slope = -560.8 + 19.7 kJmol! Intercept = 89.0 + 3.1 20°C/min: R* = 0.9826 Slope = -
544.2 + 25.6 kJmol ™ Intercept = 84.1 4.0 25°C/min: R? = 0.9664 Slope = -487.2 +
34.3 kJmol! Intercept = 74.6 + 5.3 30°C/min: R? = 0.9816 Slope = -573.0 + 29.6
kJmol ! Intercept = 86.4 +4.5.
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Conclusion

The collected data revealed significant information in understanding the nature of
the effects occurring and what to expect if different compositions are embedded as active
films of a temperature sensor based on optical monitoring of phase change. The Se-rich

materials crystallize in a hetero-crystallization process with many phases occurring,
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which requires relatively low crystallization energy. Their XRD patterns have
demonstrated the presence of a variety of crystals. This crystallization variability also
brings a significant change in the optical properties at the crystallization temperature,
which can be used for reading the effect, applying optical methods. The stoichiometric
glasses show incredibly similar Raman spectra of the amorphous and crystalline phases,
which is an indication that the glassy phase has a good structural organization with a very
low number of defect configurations. It is for this reason that the stoichiometric material
crystallizes in only one phase by homogeneous crystallization. Homogeneous
crystallization requires higher energy than heterogeneous and Ges3Ses7 shows no changes
in the optical parameters because of limited differences in the structure of the amorphous
and crystalline phases. The Ge-rich phases crystallize in heterogeneous crystallization
due to the high number of structural defects demonstrated on the Raman spectra and most
importantly, due to the presence of ETH units. They release Ge atoms, capable of
reacting with the wrong Se-Se bonds. Therefore, a substantial non-linear change of the
optical properties of these films as a function of temperature at the phase change point
provides the basis for monitoring phase change effects as a function of temperature by

optical methods.
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CHAPTER FOUR: RADIATION HARDNESS OF CHALCOGENIDE GLASSES

This chapter describes the study of the radiation hardness of ChGs. Gamma,

neutron and Xe ion irradiated thin films were characterized using various methods.
Radiation Hardness of Chalcogenide Glasses

Due to the lack of order, a high number of defects and availability of lone-pair
electrons on chalcogenide atoms, the chalcogenide glasses are radiation hard. This is
because the intrinsic defects and the defects caused by irradiation [127] populate in very
close proximity and recombine rapidly. More details in this aspect are given in the
Introduction chapter, where the reasons for the stability of the electrical properties of the
material are explained. This effect is manifested at the performance of many types of
devices based on chalcogenide glasses which demonstrate stable operation under
irradiation with visible light [ 129], high-intensity X-rays [130], gamma irradiation [131],
as well as irradiation with 50 MeV protons [132] and low-intensity Ar" [133]. We studied
the interaction of the thin films of glasses with neutrons, a combination of neutrons and
gamma rays, and Xe ions. The Xe ion's choice is based on the fact that Xe is chemically
inert, non-radioactive and one of the typical fission products, offering a cost-effective and
safer alternative to neutron irradiation. Moreover, since the thermal neutron cross
sections of naturally abundant Ge, Se, Al and Ni isotopes used in the sensor are quite low
(Ge 0.4, Se 0.61, A10.231 and Ni4.6) [7], the possibility of nuclear transmutation is low

and so this study is focused on ion-induced damage only. The other advantages of ion
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irradiation are: higher damage rate (10* times) compared to reactor irradiation reducing
the experimental duration to days instead of decades; the irradiated samples are not
radioactive, so post-irradiation characterization cost is reduced; ion irradiation
experiments can be controlled better to some extent (e.g., temperature, damage rate,
damage level) than reactor irradiation and there's the provision to observe the damage in-
situ. However, emulation of neutron irradiation using ion is a new idea and the
experiments must be tailored according to the materials and higher control of parameters
is needed. This chapter could be used as a guideline for material testing by emulating
reactor irradiation with well-controlled ion irradiation.
Results

To study neutron and gamma-induced change in the amorphous ChG, thermally
evaporated thin films were irradiated with neutron and gamma-ray and their structure

studied.
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The thin films were irradiated with 100, 200 and 1400 Gigarad dose of radiation.
In Figures 4.2 and 4.4, changes in structural units are analyzed. Structural areal intensity
are calculated from the data in Figures 4.1 and 4.3, respectively, by Gaussian
deconvolution. Here, CS/ES is the ratio of the areal intensity of corner-sharing to edge-
sharing, Se-Se is the selenium-selenium bond and ETH is the ethane-like structure. Under
irradiation in the presence of y rays, all the structures except for ETH (which is absent at
x = 20) for all compositions show significant changes for low dose radiation, but the
changes become less responsive to radiation as the dose increases. After prolonged
exposure without a filter, i.e., in the presence of y rays, the number of structural units is
found to be very close to that of the unexposed thin films. It is seen that with neutron
only irradiation, the CS/ES ratio goes higher for GesoSeso and GezoSeso. Except for ETH
units, GesoSero (closest to stoichiometry with less homopolar bonds) does not show much
change in structures. As GesoSero has the lowest density, this behavior was expected.
Even though neutron irradiation induces some change at a lower dosage, the number of
each unit has been found to be close to the initial value after longer exposure.

For the reliable operation of the sensors, the devices must maintain the SET status
under irradiation. The crystalline structure has long-range order, which could get
disrupted by neutron-induced damage. Since neutron-irradiated samples have residual
radiation, they are difficult to characterize. To emulate neutron-induced damage, ion
irradiation is a cheaper and safer alternative [134]. To have a qualitative idea, crystallized
thin films were irradiated with Xe ions of 200, 600 and 1000 keV, fluence 10'*cm™. This
estimates to 5 displacements per atom (DPA). All calculations are presented in Appendix

B.
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As mentioned before, it is expected that during irradiation, microstructural
deformation and defects will recombine up to some extent. Raman spectroscopy of the
amorphous thin films confirms this hypothesis. It is seen that the GesoSe7o glass in Figure
4.5 (a), is built predominantly by CS and ES tetrahedra and Se chains (CH). The presence
of such structural units is proved by the high-frequency bands 4; and 4,€ at 200 cm’!
(CS) and 219 cm! (ES), respectively. The occurrence of Se chains is demonstrated by the
vibration spectra at 230-280 cm™ [97], [98]. After irradiation with 200 keV, the Raman
spectra demonstrate an increased areal intensity of the Se-Se chain mode and breaking of
the ES building blocks, which at higher irradiation are restored and at irradiation with
1000 keV their aerial intensity related to the areal intensity of the CS units is close to the
initial one before irradiation although their absolute values are smaller - Figure 4.5 (a).
The crystalline structure- Figure 4.5 (b), firmly demonstrates phase change and
crystalline structure characteristic for the low temperature (LT) polymorph form of GeSe»
[135]. However, this crystal structure loses stability after irradiation, the Raman modes
undergo a low energy shift, which is characteristic of the modes arising from a more
disordered structure. With the increase of the irradiation energy, the formation of ES
breathing mode becomes more prominent, which indicates crystallization of the high
temperature (LT) polymorph form of GeSe.

In addition to CS, ES and Se-Se peak, Ges3Ses7 thin films exhibit a distinct peak
in Figure 4.6 (a), around 178cm™, which indicates vibrations of Ge-Ge bonds
representing the formation of ethane-like structure Gex(Sei2)s (ETH) [100]. After
irradiation, a reduction of both Ge-Ge and Se-Se aerial peak intensity is seen along with

an increase in ES peak intensity, suggesting structural reorganization and consuming the
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wrong bonds to form ES structures. The Raman spectra of as-prepared crystallized films

in Figure 4.6 (b) exhibit only well-expressed CS vibrations, characteristic for the HT

GeSe; polymorph form.
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Figure 4.5  Raman spectra of Ges3Se7o under different irradiation. a) Amorphous
b) Crystalline.

After irradiation, structural transformation occurs by which the formation of ES
vibrations is well shaped on the Raman spectra, indicating crystallization of LT GeSe.
This effect is accompanied by a decrease in the areal intensity of the Se-Se chain mode.

As expected, the ETH structure dominates in the Raman spectra of the GesoSeso
films in Figure 4.7 (a). Moreover, the vibrational band in the range of 270 cm™ to 310
cm’! can be fitted with one Gaussian, which implies the presence of only one type of
structural unit. The size of the vibrational mode and the composition suggest that it is
unrealistic to consider that this vibrational band is occurring from Se-Se chains which are
energetically not favorable [104]. It is more logical to consider this vibration related to
asymmetric vibrations of tetrahedral structures containing Ge and Se. So, we suggest that
these vibrations are related to asymmetric ES breathing mode. Based on this hypothesis,

the Ge-rich glasses are anticipated to be quite phase-separated. Up to 1000 keV energy,



78

these films keep their basic structure. However, at irradiation with 1000 keV, the
structure is destroyed, representing only CS and ES vibrations simultaneously with a

substantial decrease of the areal intensity around 267 cm’'.
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Figure 4.6  Raman spectra of Ges3Seq7 under different irradiation. a) Amorphous
b) Crystalline.

The non-irradiated crystals suggest the formation of the LT GeSe: in Figure 4.7
(b). After irradiation, there is a growth of the areal intensity at lower energy, which

suggests a strong development of CS and ES structural units, leading to the formation of

the LT GeSe.
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Figure 4.7  Raman spectra of GesoSeeo under different irradiation. a) Amorphous
b) Crystalline.



The XRD spectra of the crystallized thin films are presented in Figure 4.8 (a-c).
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Figure 4.8  XRD of irradiated and as-prepared crystallized thin films. a) GezoSe7o
b) Ges3Ses7 ¢) GesoSeso .

The XRD data confirm the Raman results in this that they demonstrate a presence
of the LT GeSe: phase at the initial crystallization, which then is transformed into an LT
GeSe phase. Hexagonal Se is present in all thin films and its crystal size is related to the
availability to form wrong bonds after irradiation. In many cases, GeSe crystals are also
present and although their appearance seems to be very sporadic, it needs in-depth
discussion. In GezoSe7o, GeSe is not present in the as-prepared film. It only emerges after
200 keV irradiation and after 600 and 1000 keV, the GeSe peak is missing - Figure 4.8
(a). In Ge33Ses7, the GeSe peak emerges after 200 keV irradiation and is missing only for
600keV — Figure 4.8 (b). In GesoSeso, all three peaks are present for each condition —
Figure 4.8 (c). But for 600keV, the GeSe peak suggests the formation of crystals with the

smallest size.
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Discussion

Regarding the interaction of the films with a mixture of neutrons and y rays, we
suggest that the sensitivity of the material is a function of the creation of some electron-
hole pairs by electromagnetic irradiation, which affects the material’s structure. This
effect is accelerated when neutrons are present, which contributes to a very close
proximity of all formed defects that recombine fast and the structure of the films relaxes
in a condition close to the initial one. Traveling through solids, ions interact/collide with
stationary atoms and change their initial trajectory. While traveling, they also lose energy
in radiative processes. Since the radiative processes like bremsstrahlung and Cherenkov
radiation are very limited for ions, they can be neglected. In addition, ions can pick up
electrons from various shells and become a very slow-moving ion going through cascade
collisions and ultimately stop. So, there are two types of energy transfer mechanisms
involved 1) elastic scattering: collision of nuclei, and ii) inelastic collision: excitation and
ionization of atoms. Typically, when ion energy is below 10keV/amu, elastic scattering
dominates [136].

TRIM simulation showed the penetration range of the Xe ions in different
compositions. The TRIM simulation of the Xe ions interaction, an example of which is
shown in Figure 4.9 for GesoSeso, demonstrates that at the chosen fluence, ions with
energy 200 keV (1.53 keV/amu) penetrate only in the chalcogenide glass film, the ions
with energy 600 keV (4.58 keV/amu) reach the SiO; film and stop close to the interface
ChG/Si0; and those with 1000 keV (7.65 keV/amu) energy penetrate the SiO> substrate.
It should be noted here that Figure 4.9 shows both the range of the ions (d) and actual

depths (a-c).
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This is characteristic for all studied compositions with small variations in the
particular penetration depth, which depends upon the density of the chalcogenide glass
(Figure 4.10 [137]) which is one other factor to be considered.

The simulation shows that the longitudinal penetration range increases with ion
energy and decreases with the density of the material. The peak damage rate calculated
from TRIM shows an opposite to the penetration pattern in Figure 4.11. Damage goes
lower with energy and is proportional to the density. We suggest that with more energy,
the ions penetrate further and more interaction happens at the interface or in the substrate.
Also, ions interact more with denser materials, since they come in contact with a higher
number of atoms, hence higher damage rate in GesoSeso. Another important factor here is
the size of the atoms compared to the ions. The Xe* ion (1.08 A) is smaller than Ge atoms
(1.25 A) but similar to Se atoms (1.03 A) [138]. The effect is clear from the simulation
in Figure 4.12, which shows that only for Ge-rich glass GesoSeso, Ge target vacancy was
higher than for Se. This phenomenon plays an important role in irradiated crystalline
films. Due to the amorphous nature of the glassy films, the effect of irradiation is not so
prominent. But the crystalline films showed the effect of the irradiation clearly. Since Se
can be displaced more than Ge due to the ion/atom size equality, it was expected that the
Se-rich composition Ge3oSe7o would be most affected by the irradiation. For this
composition, two important factors interplay during the interaction with ions. On one
hand, the structural stability of the Se-rich GesoSe70 amorphous films — Figure 4.5 (a,b).
This is mainly based on their floppiness [31], which allows an easy arrangement of the
structural units during external stimuli by changing the angles under which the tetrahedra

are organized without affecting the basic ratio of the structural units. On the other hand,
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the cation-cation distance, in this case, is smaller than in the stoichiometric composition
as revealed by XPS studies [139] and so the interaction with the Xe ions will be much
stronger compared to the one with smaller ions, like Kr ions for example [140].

Figure 4.8 (a) shows that a very dominant peak of orthorhombic GeSe is present
after irradiation with 200 keV ions. This is an indication of the formation of Se deficient
structure. However, the GeSe peak is missing at irradiation with 600 and 1000 keV. In
addition to having the smallest size of GeSe crystals compared to the other two
compositions, this could also mean that the GeSe crystals form near the glass-substrate
interface, and since higher energy ions penetrate further, these crystals are affected. The
Raman spectra at these conditions exhibit well expressed ES structure formation. This
indicates the presence of crystals with structure combining CS and ES building blocks,
which is characteristic of the LT polymorph form of GeSe [135], [141]. It indeed has
been registered on the XRD spectra (Figure 4.8 (a)) with growing crystal size as a

function of the irradiation energy.
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Regarding the Ges33Ses7 composition, the interaction with the Xe ion affects
mainly the Ge-Ge bonds (bond enthalpy 263.6 kJ/mol) [142] in the ETH structure and
facilitates the reaction of the newly formed Ge dangling bonds with Se atoms from the Se
chains. The irradiation with higher energy leads to phase separation and redshift of the
tetrahedral breathing modes, giving rise to the appearance of the A; breathing mode at
200 cm’!, characteristic for the LT phase of GeSe,, [141] and well expressed Se-chain
mode. It is important to note that in the crystalline phase, the A;“ mode appearing at 218
cm’!. Figure 4.6 (a) indicates the presence of ES tetrahedra and this structure is preserved
during the irradiation. The predominant formation of hetero-bonding in the network
explains the structural stability of this composition after irradiation, as presented in the
Raman data — Figure 4.6 (b). Indeed, due to the Ge/Se ratio, which in the ideal case
would lead to the formation of a particular number of only CS and ES tetrahedra, the
structure of both — the amorphous and crystalline phases remain very stable during the

irradiation with Xe ions after the Ge-Ge bonds collapse. This new structure occurring



87

after irradiation brings about formation after crystallization of LT GeSe — Figure 4.8 (b).
We suggest that the formation is due to the interaction of the Ge-Se network with the Xe
ions. Xe replaces some of the Se atoms and depletes the Ge-Se matrix of selenium as
discussed for the Se-rich composition. A similar effect has been registered in [143] with
increasing Ge concentration in the films. Here one more phenomenon needs explanation
— the lack of formation of GeSe at irradiation with 600 keV. We suggest this is due to the
reasons already explained about the Ge3oSe7o composition, but in this case, there is a clear
appearance of GeSe crystals at 1,000keV irradiation. The stoichiometric composition
Ges3Ses7 is the least dense among all the studied glasses - Figure 4.10. Nevertheless, its
density is still higher than that of SiO, (2.27g/cm™) and Si (2.33 g/cm™) [144], [145]. So,
there would be massive penetration of Xe ions which reach the Si substrate where
repulsion of charged species can occur. It is for this reason that the Raman spectrum at
the highest irradiation energy shows biggest damage of the amorphous structure — Figure
4.6 (b) and consequently forms Se-depleted GeSe crystals - Figure 4.8 (b).

The amorphous Ge-rich composition GesoSeso displays big structural stability,
although the expectation was that the interaction with the Xe ions would be the strongest
due to its closest packaging and highest density. However, Wang et al. [146] gave
evidence that the Ge-rich structure is quite phase separated. As revealed by TRIM
simulation — Figure 4.12, in Ge-Ge bonding, the interaction with the incoming ions would
be limited because of the bigger size of Ge atoms and hence the lower density seen by the
Xe ions. The networks beyond the chalcogenide film (the SiO; film and the Si substrate)
reached by the ions with the energy of 600 keV and 1000 keV, respectively, provide

channels for these ions because of their lower density. Hence, Xe ions interact only with
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the higher density clusters in the chalcogenide glass matrix and escape to the lower
density regions (SiOz and Si), affecting the chalcogenide network only at the highest
energy used. Similarly, in the crystalline phase, unstable crystalline organization before
irradiation is seen. But after irradiation, the structural organization is left unbroken even
at the highest irradiation energy giving rise to LT GeSe crystalline in accordance with the
results reported by Wang et al. [98]. Figure 4.12 shows that for this composition, the
number of the Ge vacancies is much higher than the number of Se-vacancies which is an
exception compared to the other compositions. Although from the chemical point of
view, we consider GesoSeeo as Ge-rich, from the atomistic point of view, there are more
Se than Ge atoms in all regarded compositions. Moreover, Se is heavier than Ge, and it
would have been more intuitive if Ge showed more vacancies at even GesszSeg7. We
propose that for x < 33, the damage/vacancy is "size-dependent" and for x > 33, the
damage is "mass-dependent". From - Figure 4.12, it is also evident that with higher
density, we get higher damage. So, the whole ion-matter interaction is a multivariate,
multiphysics problem that becomes much more complex when it comes to irradiating
crystalline materials. In addition to all of these phenomena, surprisingly, the crystalline
materials have been known to change to a different crystal phase after irradiation [147]-
[149], and such transition is observed in our case. Experiments suggest that ion
irradiation is also a stabilizing process for such a phase transition [150]. In this case, the
main reason for this stability is that the ES structure requires less energy to form and their
formation opens the structure [ 151], which reduces the opportunity for crystal damage by

the incoming Xe ions.
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Conclusion

Combined interaction with neutrons and y rays creates some defects at low
energies, which are not noticeable at high energies since due to fast recombination, the
material keeps its initial structure. The effect of neutrons-only irradiation is subtle due to
the reduced defects formation. The collected data presented here draw a complete picture
of the application of Ge-Se chalcogenide glasses in a high-radiation environment as a
temperature sensing material. From TRIM simulation, ion irradiation parameters are
chosen to study the effect of chalcogenide glass, glass/insulator interface and Si substrate.
This study reveals that irradiation with Xe ions, although introducing some small changes
in the structure of the studied amorphous phases, they remain stable even at high
irradiation energies. More expressed structural changes occur in the crystalline phases,
which in the course of irradiation change their structure from LT GeSe: to LT GeSe. This
stabilizes it and opens up the structure reducing the damaging effects in it. From XRD
data, evidence of ion-irradiation induced crystal-crystal phase change in crystalline Ge-Se
thin films is found. The emergence of Se-depleted orthorhombic-GeSe transition has

been attributed to a complex interaction of Xe ion size, energy, density and temperature.
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CHAPTER FIVE: ADDITIVE MANUFACTURING OF CHALCOGENIDE GLASSES

Additive manufacturing is one of the fastest developing industries since it offers
compelling technology and an efficient device production process [152], [153], enabling
roll-to-roll fabrication, which does not require cleanroom, photolithography and vacuum
machinery. Moreover, the ability to print on any substrate type, including flexible
substrates [154], [155], increases its application across electronics like the internet-of-
things (IoT), wearables, sensing, and energy market. One other advantage of printing is
that it can produce any arbitrary shape from a design file and the fabrication process is
digitally controlled. So, printing is especially applicable to fabricate glass structures at a
scale and complexity that were never possible before. However, most works utilizing
such an advantage are focused on printing fused silica glass [156]—-[158]. There are other
types of glasses, like chalcogenide glasses (ChGs), used as optical components and for
their electronic properties. Among the published works on printing ChG, the most studied
are filament molding type printing and dissolution-based inks [159]-[161].

Inkjet printing is one of the most widely used technologies in the field of printed
electronics and it usually requires nanoparticle ink preparation that is compatible with a
specific printer. We studied the complete ChG printing process from glass synthesis to
nanoparticle ink formulation and printing using a DMP-2850 Dimatix inkjet printer. Due
to the lack of order, the atoms can be connected in many different configurations without

stoichiometric restrictions.
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So far, conventional deposition techniques like thermal evaporation, sputtering, or
chemical vapor deposition have been used to fabricate the ChG thin films. There are
reports in the literature on solution-based ChG film deposition techniques, such as spin-
coating [162]-[165]. However, this method does not allow the formation of devices with
specific dimensions and shapes without expensive and complex photolithography.
Furthermore, the solvents used in ChG solutions are usually amines [166]-[168], which
are highly toxic, corrosive and reactive. Usually, traces of these compounds remain in the
deposited films and affect their properties. Considering digital printing of patterns using
these solutions is not convenient since the amines react with the polymer housing inside
printheads. This limits the application of so-produced inks due to the need to modify
printers and the requirement of a controlled environment for safe handling of the
material. Nevertheless, some publications report devices printing with amine-based
chalcogenide solutions [161] using custom-made printers or syringe dispensation. New
avenues must be explored to discover a better solution for applying additive technology
for producing a wide range of electronic and optical devices based on ChG. Additive
manufacturing would open enormous opportunities for device production in space or
other prospects like direct devices printing over particular surfaces. In this respect, inks
containing nanoparticles of ChGs are an unrivaled solution. While there are some reports
in that field [169], [170], these inks have not been used in printers so far, and there are no
reports regarding their capabilities for the production of electronic/photonic devices by
printing.

This chapter investigates nanoparticle ink formulation of three glasses, the Se-rich

GesoSero, the stoichiometric GeszSes7 and the Ge-rich composition GesoSeso of the Ge-Se
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system, demonstrate the formation of thin printed films produced from the ink and
determine their use in the fabrication of electronic and photonic temperature sensors. We
report data regarding the dependence of the size of the nanoparticles from the milling
process and the essential characteristics of the formed inks, like contact angle and
viscosity. The properties and crystallization processes of the printed films are compared
to thermally evaporated thin films and discussed based on their compositional specifics.
The change in material properties due to phase transition is measured by collecting
electronic or optical signals and interpreted as a function of the printed films' specifics.
Chalcogenide Glass Nanoparticle Ink Formulation

Nanoparticle inks are prepared by crushing bulk glasses into nanoscale particles.
GexSeioo-x (x= 30, 33, 40), bulk glasses are synthesized by the process described in our
previous work [171]. Bulk glassy material is crushed into smaller pieces using wet
milling and ultrasonication, respectively, to make nanoparticles. The ink is essentially
built by ChG nanoparticles suspended in a liquid. Here the liquid medium is
cyclohexanone. In addition, a surfactant, here ethylcellulose, is added into the mixture to
prevent particle agglomeration. Ethylcellulose readily dissolves in cyclohexanone, and
the boiling point of cyclohexanone is high enough (155.6°C) to avoid drying nozzle
during printing. So, to form an ink, a mixture of cyclohexanone, ethylcellulose and ChG
powder is milled, ultrasonicated and centrifuged, respectively. The milled mixture comes
out as a highly viscous liquid. Cyclohexanone is added before ultrasonication to make it
less viscous. Once the process is finished, the concentration of the cyclohexanone and
ethylcellulose is adjusted to make the mixture viscosity compatible with Fujifilm Dimatix

Material Ink-Jet Printer (DMP-2850) and then the mixture becomes an ink. Moreover, the
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ink drop's contact angle on oxidized-silicon substrate is measured to estimate the
resolution.

Particle size is an essential characteristic, closely controlled during ink
preparation. A dynamic light scattering (DLS) system was used to measure the particle
size distribution. The inks and printed film quality were characterized by their viscosity,
i.e., their potential to be ejected by the printer, the ink surface tension, and the surface
energy of the substrate the inks are deposited on. Figure 5.1 shows a flow chart that
describes the nanoparticle ink formulation process.

Results

The process starts with ball milling. It has the provision to control the temperature
during milling. Using that temperature was kept below 50°C. Temperature control is
imperative during milling as it prevents undesired crystallization of the nanoparticles.
Figure 5.2 demonstrates that about 80 hours of milling at 1100 rpm provides the optimum
particle size (~ 200nm) out of the ball mill. Further milling increases the particle size (~
250nm) as the milling and coalescence co-occur during extended milling. During
milling, ethylcellulose reduces particle agglomeration rate and wastage of material by
precluding particle adhesion to the milling jar and milling balls.

Increasing the ball milling's rotational speed might pin down the balls, reducing
the effect of milling over particles. Also, high speed yields a high temperature that might
crystallize the nanoparticles [172]. Although the ball mill temperature control is a helpful
option, it controls the milling jar temperature rather than the temperature of the local
nanoparticles. Moreover, milling balls might break, and the residues might contaminate

the sample [173]. The trial-and-error studies demonstrated that for GexSeioox, an 1100
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rpm rotation speed produces the best result. The final particle size was about 200 nm.
After ball milling, the mixture comes out with paste-like viscosity. Another 50ml of

cyclohexanone is added to the paste to prepare a less viscous solution.

( 1.Chalcogenide Glass Synthesis )
¥
2.Crush the ChGs into < 2mm powder using mortar]
and pestle.

3.Wet ball milling of the ChG powder +

4.Run DLS every 24 hours.
Is the particle size around 250nm?

Yes

5. Take out the ChG paste and mix it with
appropriate solvent.

6.Ultrasonicate the solution.

]

7.Centrifuge the solution

8.Check if the
particle size <= 100 nm

Yes

.

( Ink is ready for characterization! )

Figure 5.1  ChG nanoparticle ink formulation.

Ultrasonication is performed for 2.5 hours to reduce the particle size further and
disperse chalcogenide glass in the mixture. As a result of ultrasonication, the DLS
measurements demonstrated a considerable reduction in diameter to about 145 + 20 nm.

Particle size uniformity in the mixture is achieved through centrifugation at 4500
rpm for 1.5 hours, leading to the segregation of particles with a diameter of about 100

nm.
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Figure 5.2  Particle size reduction of ChGs by combining Ball-Milling,
Ultrasonication, and Centrifugation, respectively.

Once the particle size is around 100 nm, the viscosity of the mixture is measured.
The viscosity of the mixture needs to be within 8-12cP to be compatible with the DMP-
2850 printer. For final adjustment of the mixture viscosity, cyclohexanone and
ethylcellulose were added to the milled mixture to prepare a compatible ink of viscosity
10-12cP.

After viscosity, the ink's contact angle with the substrate (oxidized Si) is
measured, which is an indicator of the adhesion and the resolution that can be achieved
with the ink. All three ChG compositions showed contact angle 10-15°, suitable for good
surface wettability. The inks' final concentration was 0.15-0.3 g/ml ChG and 0.03-
0.05g/ml ethylcellulose in cyclohexanone.

In the DMP-2850 printer, the printing was done using 3-5 nozzles. Nozzle voltage

was between 20-30 volts. The drop separation was set at 20um. Under such conditions,
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100pm resolution was achieved. For characterization, 10 layers of Scm x Scm thin films
were printed.

After printing, the printed films are wet and the nanoparticles are mixed with the
surfactant. The printed films were dried for two days in a vacuum chamber at room
temperature for the initial slow evaporation of cyclohexanone to avoid cracks formation.
Once dry, the thin films were annealed at 350°C (the decomposition temperature of
ethylcellulose) for 2-3 hours under nitrogen. Annealing sinters the particles and hardens
the features forming solid printed films. After sintering, the printed films were
characterized.

Printed Films Characterization

Surface roughness: The sintering duration and temperature causes
macrostructural changes in the films and affects the films' surface roughness. The
development of surface roughness as a function of the sintering time is presented in
Figure 5.3. The surface roughness increases during the initial phase of sintering (30min
of heating). However, further annealing does not influence the roughness much, and the
curves display saturation, indicating that the sintering conditions are well satisfied. The
curves in Figure 5.3 are produced by non-linear fit. R? values are for x=33 - 0.7551, x=30

- 0.74774 and x=40 - 0.7396.
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Figure 5.3  Average arithmetic roughness of the printed films as a function of

Compositional analysis: Since the ink contains two components (Ge and Se)
with different hardness, there is a concern about the films' composition and structural
stability. Characterization of printed thin films by Energy Dispersion Spectroscopy

(EDS) shows that, on average, the composition of 5 — 6pum thick films obtained by ten

sintering time.

layers of printing is close to the source bulk glass compositions. Figure 5.4 presents EDS

line scans data of the printed films. Although point EDS shows a 3-5% difference in
composition compared to the bulk glass, the average of 500-1000 pum line scan has less
than 1% difference in composition from the bulk material. The film's composition

checked by line scans is close to the bulk material composition, which assures a good

printed film composition control.
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Figure 5.4  Line scan EDS of Ge3oSe7o, Ges3Ses7 and GesoSeso printed films.

X-ray Diffraction Spectroscopy: Further film characterization has been done by
X-ray diffraction spectroscopy (XRD). Although, films with 30 at.% and 40 at.% Ge
were amorphous in nature before and after sintering, the stoichiometric films with 33
at.% Ge were crystalline before sintering.

After heating to their crystallization temperatures, the crystalline GeSe: phases
appearing in printed films with x= 30 and 33 are difficult to distinguish. The strongest
peaks are from either orthorhombic-GeSe, or monoclinic-GeSe;. According to the
JCPDS card 32-0410, orthorhombic-GeSe; shows the strongest peak near 14.93°,
whereas the JCPDS card 30-0595 states that monoclinic-GeSe, shows the strongest peak
at 14.99°. So, the orthorhombic peak is seen at a slightly lower angle than the monoclinic.
In the printed films, in samples with x=30, the strongest peak was found at 14.96° and in
those with x=33, at 15°. From the experimental results, it can be inferred that unlike
thermally evaporated films [171], the x=30 thin films crystallize, forming orthorhombic-

GeSe; and such with x=33 forms monoclinic-GeSe;. However, a 0.04° difference in the



99

peak position could also be attributed to experimental error. Later the analysis of Raman
data further enlightens the crystalline structure.

In addition, the samples with x=30 show the presence of GeSe crystals in the
printed films, which could be due to phase separation occurrence since XRD also shows a
well-documented presence of hexagonal Se crystals, as seen in Figure 5.5. On the other
hand, the samples with x=40 display orthorhombic-GeSe, which agrees with the previous
study [171]. As in the case for samples with x=30, for both printed and thermally
evaporated films, for x= 33, 40 compositions, hexagonal-Se is present. XRD shows no
evidence of GeO: or SeO». The latter is very volatile and if formed, it should evaporate
during sintering which was carried out at a temperature higher than its melting
temperature (315°C) [174].

Raman Spectroscopy: The molecular structure of the films was studied by
Raman spectroscopy — Figure 5.6 (a-c). The spectra of the printed films are compared to
those of thermally evaporated (TE) films since it is known that the evaporated films
closely resemble the Raman spectra of the bulk materials with the particular composition
[175]. In essence, all electronic and photonic devices reported so far are based on thin
films and in this aspect, comparison of TE and printed thin films data is a reasonable
justification. Although all specific selenium and germanium containing tetrahedral
structural groups (corner-sharing CS, edge-sharing ES, ethane-like ETH, and Se-Se chain)
are present [97], [98], the Raman spectroscopy shows the difference in the structure of
the printed, compared to thermally evaporated films. Since the samples with x=33

crystallized during milling-ultrasonication, they are discussed separately.
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Figure 5.5  XRD of Crystalline phases appearing after annealing of the films to
the glass crystallization temperature.

Printed films with x=30 show an increase in the ES structure, compared to the TE
films— Figure 5.6 (a). Once they are sintered at 350°C for 30 min, printed films display
similar structures as amorphous TE (a-TE) films. Further heating does not seem to affect
their structural organization.

Compared to films with x=30, those with x=40 have shown better stability in
terms of structural units — Figure 5.6 (¢). As expected, printed films exhibit a lower
number of ETH structures than TE films, and there is a considerable red-shift of the CS
and ETH peaks. A critical aspect of the films with x=40 is that even the "as printed" films

before further annealing have similar structures as a-TE film.
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Ges3Sesr C) Ge40Sego.

Discussion

Surfactant-assisted ball milling has been studied in-depth to prevent particle
agglomeration during milling [176]-[178]. Surfactants lower the surface energy of the
fine particles during milling by forming a thin organic layer. The long organic tail of the
surfactant prevents particles from coming in contact with each other. In this manner, it
prevents the particles from agglomeration and cold welding that would substantially
increase particle size during high-energy ball milling [179]. Concertation of the surfactant

is an essential factor. For the ChG ink, 5% surfactant produces the best result. Although
adding surfactant helps the milling, more than 5% concentration makes the thin films

polymer-like and it reduces the adhesion to the substrate. Initially, the increasing of the
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milling time reduces the particle size, as presented in Figure 5.2, any milling beyond 80
hours tends to increase it. These nanoscale particles have a high surface/volume ratio.
The bigger surface area creates a high number of dangling bonds. The particles become
highly chemically active. Such reactivity contributes to their interaction and formation of
agglomerates. We suggest two additional reasons for the formation of larger particles
after a longer milling process. First, the high collision frequency between particles and
grinding media reduces the surfactant's molecular chain to an average shorter length, thus
decreasing the steric hindrance. Second, the high collision activity of the particles induces
cold welding during the high-energy milling. These two steps produce a large mean
agglomerate size in long-time milling [180].

One of the significant challenges during the ink preparation-printing-sintering is
the likelihood of oxides formation. However, their presence was not detected by the
Raman and XRD studies, and they did not affect the performance of the device based on
printed films. One can expect that the milling process as described could lead to particle
crystallization. The temperature control of the ball mill can be better maintained by
reducing milling speed and by intermittent milling. Since reducing milling speed will
produce larger particles, intermittent milling was done (30min ON — 30min OFF). There
are data [181], [182] that milling might further amorphize the material due to the
mechanical stress over the crystalline structure. Besides, since the heat generation occurs
fast and is localized, it might dissipate at an equal rate. Such a phenomenon emulates the
"melt-quenching technique" that is used for glass formation. So, milling at the described
conditions is expected to result in crystal-free glass nanoparticles as revealed by the

Raman and XRD studies for the Ge3oSe7o and GesoSeso samples. However, the crystalline
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structure has been found in the as-printed films of stoichiometric composition Ges3Se7.
Interestingly, as we found out in our earlier study [173], this material undergoes
homogeneous crystallization, which requires more energy than the heterogeneous process
characteristic for the non-stoichiometric compositions. The milling introduces enough
energy for the crystallization to occur. Since, in this case, the number of the wrong Ge-Ge
and Se-Se bonds is minimal, and the requirement for the lower enthalpy for this
composition is critical, crystallization dominates. For this composition the lowest glass
forming ability has been formulated as well [173].

Moreover, printed crystallized x=33 thin films show similar Raman spectra of
thermally evaporated crystallized x=30 thin films. Ball-milling introduces phase
separation in the nanoparticle, which in turn changes the crystallization kinetics of x=33
from homogenous to heterogeneous. In addition, Figure 5.4 shows x=33 thin films are
slightly Se-rich. We suggest that both Se-rich nature and phase separation dominates the
crystallization of printed x=33. As a result, the crystal phases are different than for TE
thin films of x=33.

As pointed out in the XRD results — Figure 5.5, it is not easy to decide which
polymorph form of GeSe; has crystallized. The Raman studies of the material with x=33
CS at 208-212 cm indicate the formation of orthorhombic-GeSe, [98] and CS at 192-200
cm’! suggests the formation of monoclinic-GeSe,. So, from Raman spectroscopy, we can
infer that the peak at 15° in samples with x=33 Figure 5.5 is from monoclinic-GeSe:.

From an application point of view, printed features with a similar material
structure as the bulk glass or thermally evaporated films are essential. The scope of this

dissertation is confined to the study and comparison of printed and TE films. Although all
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specific germanium-containing tetrahedral structural groups (CS, ES, and ETH) are
present [171], the Raman spectroscopy shows two significant differences between printed
and TE films. The first is related to the reduction or absence of ETH structural units
around 178 cm™ [97] in printed films before temperature annealing. ChGs are chemically
disordered [183] materials, which means there is a presence of wrong bonds like Ge-Ge
and Se-Se. Ideally, in samples with x=30, Se-Se bonds are expected since they are Se-
rich. But the presence of Ge-Ge bonds is widely accepted for this composition as well
due to the disordered character. However, Ge-Ge bonds are weakest compared to Ge-Se
and Se-Se bonds. So, we suggest Ge-Ge bonds break during the milling.

Second, there is a red-shift of the CS and Se-Se peaks in the printed films. The
effect is much more prominent in the Se-Se peak (almost 15cm™). CS peaks seem to
undergo red-shift with sintering duration. Although ultrasonication uses sound waves of
wavelength in cm scale, such stress causes change at A scale. Adding mechanical stress
and high pressure during milling introduces additional distortion of the bonding [184].
Compared to the TE films, in all printed films, all the peaks demonstrate a red-shift,
which should be related to the material being Ge deficient [97] except ES in samples with
x=30. As Figure 5.3 shows, samples with x=30 and 40 are a bit Ge-rich than
corresponding bulk materials. However, we suggest that there could also be another
mechanism dominating the peak position other than the composition. It has been reported
that when a material undergoes tensile stress, the chemical bonds might get elongated
relative to their unstressed state [184]. As the bond length increases and the force
constant remains the same, it is expected that the vibrational frequency will decrease.

During nanoparticle formation from bulk, printing and sintering, the material is subjected
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to various mechanical stresses. Stress in the material and composition effectively
influences the Raman peak positions, causing a red-shift and is the reason for the
difference in the crystalline phases occurring after annealing of printed films. This effect
also demonstrates the multifaceted character of the mechanical interactions in ink
formation during milling and printing, unlike the one-directional pressure effect, which
compresses interatomic bonds and causes a blue-shift to the vibrational modes due to
anharmonic effects [37].

The sintering time is also a factor influencing the films' structure. For example,
the missing ETH structure, especially in the Se-rich films, stabilizes with increasing the
sintering time. A similar effect is characteristic of the edge-sharing structures and
selenium chains. The Ge-Ge bond has the lowest bond strength in the studied system, and
its presence is mainly affected by the milling process. For this reason, the Ge-Ge bonds
have a relatively limited appearance on the Raman spectra of the printed chalcogen-rich
films. Regarding the stoichiometric composition, which initial crystalline structure is
based mainly on monoclinic GeSez, the long-term annealing relaxes the material through
phase separation by which wrong bonds Ge-Ge and Se-Se dominate the structure. The
Raman spectra improve and manifest structure closer to one of the TE films with the
increase in sintering time due to decomposition of all additives used to form the ink and
structural relaxation. This brings the material to its equilibrium condition and stable
structure. A similar result has been submitted by Slang et al. [185] for As-S films
obtained through the dissolution of ChG. It should be noted here that the post-processing
mechanism of spin-coated films, prepared using dissolved glass and nanoparticle ink

printed films, is different, although they both involve annealing. Spin-coated films
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require low-temperature annealing to evaporate the solvent, which has a low boiling
temperature. In nanoparticle films, the sintering must be carried out at a higher
temperature to decompose surfactants and, in some cases, to melt the nanoparticles.
These specifics of the sintering have been reported for dissolved As-S glasses [164] and
As-Se glasses [186], [187]. However, the sintering process negatively affects the films'
surface roughness, as shown in Figure 5.3. We suggest that this results from particles'
agglomeration and reduction of film thickness after evaporation of the solvents and
decomposition of surfactant [188].
Conclusion

In summary, we describe a nanoparticle ink formulation method of chalcogenide
glasses that is compatible with the DMP-2850 printer and can also be applied by dip-
coating. The process has been successfully applied to produce 100 nm GexSe100-x
nanoparticles and by modifying additives concentration, DMP-2850 compatible inks
were prepared, which have been able to print as low as 100um features. The printed thin
films were characterized and it was found that Ges;3Ses7 nanoparticles crystallized during
milling. GesoSe7o and GesoSeso printed films have molecular structure and composition,
like these of the thermally evaporated films. XRD showed, once crystallized, printed
films with x=30 and x=40 form orthorhombic structures. The printed thin films will be
used to fabricate temperature sensors, proving that the printed films' crystallization

temperature is the same as the thermally evaporated films.
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CHAPTER SIX: DEVICE FABRICATION AND CHARACTERIZATION

The previous chapters reported how Ge-Se ChG material properties change because
of crystallization and their behavior under irradiation. Change in resistance due to
crystallization/phase change is the basic mechanism of phase change memory devices
(PCM). There are established SET/RESET using different electrical pulses. In the SET
state, the devices exhibit higher conductivity and in the amorphous or RESET state, their
conductivity is lower. The same change in conductivity can be utilized to measure
temperature. In the sensor mode, the device will be SET by heating/ambient temperature,
and using electrical pulses, the device will be RESET. Next are presented the device
structure, operation and performance of such devices.

Electronic Devices

Thin Film Temperature Sensor-Lateral Structure

A schematic of an electrical temperature sensor is shown in Figure 6.1. The device
has a very simple structure where an aluminum or nickel electrode is thermally
deposited/printed over a thermally deposited/printed layer of ChG. The effective current
path (~1mm) is exposed in this structure, so this structure is better suited to study the effect
of irradiation on the electrical properties of the ChG. Once the devices are in SET

condition, they can be RESET by using electrical pulses.



108

Figure 6.1  Temperature Sensor-Lateral Structure.

Operation

When T < T¢: Electrical resistance will be high since the material is in an
amorphous state. So, when measured, the current will be low in this state.

When T > T.: At this temperature, a drastic change in resistance will be observed.
So, the device will go to the SET condition. Using electrical pulses, the device could be

RESET.

1mm

AI/Ni  p Al/Ni
Chalcogenide Glass (200-250nm)

Si Substrate (0.5mm)

Al/Ni Al/Ni

Chalcogenide Crystalline Phase

Si Substrate (0.5mm)

2

Electrical Pulse L AA
A
AA
Amorphous Crystalline

Figure 6.2  Lateral Structure Device Operation.

Thermally Evaporated Device

Device Characterization

Ge-Se devices were heated up to their crystallization onset temperatures to trigger

the occurrence of a measurable current change at the onset. GeszoSez Device was heated up
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to its crystallization onset 441°C and SET state was achieved. Up to 430°C, the amorphous
devices didn’t show any distinctive changes in current. In the amorphous state, the current
is in 10'? A and at the SET state current is in the 10 A range. With a 12 V voltage pulse

for 10min, the device was RESET (Period 8us, ON time 45ns).
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Figure 6.3  Performance of GesoSe7 chalcogenide glass electrical sensor heated at
different temperatures.

TEM studies confirmed the reversibility achieved by the pulsing. FIB lamella was
prepared the ChG in between the electrodes. Small Area Electron Diffraction (SAED)
demonstrates the presence of a crystalline structure. Figure 6.4 shows the amorphous nature
of the as-prepared device, which is amorphous. Next, Figure 6.5 represents the SAED

pattern of crystalline structure since the device was thermally crystallized.
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The thermally crystallized device is considered to have completely crystallized
material. For a such device, after electrical pulsing SAED, shows no existence of

crystallinity (Figure 6.6).

GeyySe,, Amorphous

Figure 6.4  Ge3oSe7 chalcogenide glass SAED in amorphous phase.

GespSey Thermally SET

Figure 6.5  Ge3zoSer chalcogenide glass SAED after thermal crystallization.
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GeypSeqy Electrically RESET

i

Figure 6.6  Ge3oSe7 chalcogenide glass SAED after pulsing.

GessSes7 is the stoichiometric composition, so it has the least number of defects.
This process also requires high energy for nucleation and growth since, in this case, a
homogeneous crystallization occurs. So, when heated up to its onset temperature, the
device didn’t show much change in current. When it was heated to its peak crystallization
temperature, the device was in the SET state and displayed a high current. Avrami exponent
indicates that the crystallization process is much slower in this composition due to the
homogenous crystallization. In the amorphous state, the current is in 10° nA and at the SET
state current is in the 10 nA range.

After 20min of pulsing with different pulse-width and up to 20V, we failed to
achieve reversibility. Among the three compositions, Ges3Ses7 confirms the lowest current
at the SET state. Since amorphization is based on the Joule heating of the material, due to

its high resistivity even in the crystalline state, the material is difficult to amorphize.
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Figure 6.7  Performance of Ges3Seq7 chalcogenide glass electrical sensor heated at

different temperatures.

GesoSeso devices were heated up to their crystallization onset 447°C and low
resistive state was achieved. Avrami exponent indicates that the crystallization process is
fastest in this composition and heterogeneous crystallization occurs. In the amorphous
state, the current is in 10"'? A and at the SET state current is in the 10”7 A range.

Unlike Ge3oSe7o and GesszSes7, GesoSeso devices exhibit a bit of crystallinity after
pulsing, although after pulsing at 15V (Period 8us, ON time 45ns) for 20 min, the I-V
characteristic reveals that current has come down. As Ge4oSego crystallizes in various Ge-
Se phases, each phase may have a different thermal coefficient and melting temperature.

So some form of crystallinity might be there even though the resistance has gone up.
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Figure 6.8  Performance of GesoSeso chalcogenide glass electrical sensor heated at
different temperatures.

GeypSes; Amorphous

Figure 6.9  GesoSego chalcogenide glass SAED in amorphous phase.
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Geyp5es, Thermally SET

Figure 6.10 Ge4oSeso chalcogenide glass SAED after thermal crystallization.

GeySe;;, Electrically RESET

Figure 6.11 Geq4oSeso chalcogenide glass SAED after electrical pulsing.

Thermally Evaporated Device- Under irradiation

To study the effect of irradiation on the device performance, devices with GexSeio-
x and GexS100-x (x=30,33,40) compositions were irradiated with Xe ions, similarly to the
thin films irradiation to compare the devices response to iradiation. The effect of structural
damage on the electrical properties of the devices in their amorphous phase and their SET

state. After irradiation, amorphous devices were heated up to their corresponding SET
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temperatures to see the effect of crystallization. Once they are SET, electrical pulses were

used to RESET the devices.

Device Characterization
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Figure 6.12 Performance of Ge-Se chalcogenide glass electrical sensors after
different irradiation energy (200, 600 and 1000 keV).
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Figure 6.13 Performance of Ge-S chalcogenide glass electrical sensors after
different irradiation energy (200, 600 and 1000 keV).

The devices were characterized by sweeping voltage from -0.5V to 3V, back and
forth. The graphs show that the ChGs can be considered insulator/dielectric when they are
in the amorphous phase, so the devices can be considered capacitors. The current is in the
order of pA. For both Ge-Se and Ge-S systems, when x=40, the devices are fully charged

under 1V. Variation of current due to irradiation is negligible when the devices are in the
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amorphous phase. So, it can be deduced that 5 DPA does not have a distinctive effect on

the devices.
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Figure 6.14 Performance of Ges3oSe7o Device Characterization after irradiation a)
200keV b) 600keV ¢)1000keV.

To ensure reliable operation of the devices, SET devices were irradiated with Xe
ions of 100, 400 and 700keV (damage 10 DPA). The energies are chosen so that the
interaction of the ions mostly takes place in the ChG thin film and film-substrate interface,
according to our research presented in chapter 4. Figure 6.17 (a) and (b), x=30,33 showed

that the Lon/Iofris of the same order magnitude before and after irradiation. Our previous
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study showed that these two compositions are not affected by the Xe ions due to low

density.
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In Figure 6.17 (c), x= 40 presents a reduction in current after irradiation. Although
100 and 400keV ions are found to be impacting the device negatively, 700keV ions don’t
seem to affect the IV characteristics. We suggest this is because the 100 and 400 keV ions
interact the most with the surface of the ChG thin film, on the other hand, 700keV ions

easily pass through the ChG layer and interact at the interface.
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Inkjet Printed Devices
These devices have a similar structure as the TE devices, but the ChG is fabricated
by printing rather than thermal evaporation. As electrode Ni is used instead of Al, a Ni
electrode was screen printed on top of the ChG layer. Then the top electrode was screen-
printed. The device showed a similar response as the TE device. The threshold voltage is
shifted to a higher value and the current level is lower than the TE devices at the SET state.
This is expected as the printed thin films did not go through complete melting, so there are

much more voids and defects in the printed ChG layer than TE thin films.
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Device Fabrication

The device was fabricated by printing 10 layers (thickness Spm) of Ges3oSe7o and
the Ni electrodes were placed Imm apart by screen printing. The crystallization onset
temperature of GezoSe7o is 441°C [171].

Device Characterization

The devices were heated gradually up to the onset of crystallization temperature.
At each temperature, the devices were kept for 15sec. Before reaching the crystallization
temperature, the amorphous material is highly resistive, and there is a pA level current
flowing through the film. Once the temperature reaches the crystallization onset, a drastic

change in [-V characteristic occurs since the material becomes conductive and high current
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flows through the film. Building an array of devices with different compositions makes
possible real-time monitoring of temperature since the crystallization temperature is
composition-dependent. It is also heating rate dependent, which adds one more level of
information by the application of these sensors.

The devices were reversed using an electrical pulse, after which the cycle can be
repeated, as demonstrated in Figure 6.18. Reversibility was achieved after voltage pulsing
by which a Joule heating is produced, that partially melts the film. The final step of the
reversing process is a fast cooling of the melted film in contact with the wafer held at room
temperature. This solidifies the melt in amorphous condition. After 10 minutes of pulsing,

the printed device was RESET (10V square wave, 8us period, and 45ns ON time).
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Mutli-Temperature Sensing

To demonstrate more than one temperature sensing using one device, we
synthesized Sn>GesSis, a chalcogenide glass with two crystallization temperatures (peaks
at 440°C and 478 °C). The device was heated up to its peak crystallization temperatures
440°C, 478 °C and Low resistive states were achieved. In the crystalline phase, TE devices
exhibit nearly ohmic conduction mechanism. This device can measure two different
crystallization temperatures. The voltage range for this device is 6-10V which is higher
than the other devices. In the printed device, the difference between the two crystalline
states is not prominent. On the other hand, TE devices show approximately, 1nA difference

at 10V.
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Figure 6.19 Performance of Sn2GesS1s printed chalcogenide glass vertical sensor
heated at different temperatures.
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Optical and Plasmonic Devices

Ge-Se glasses change their optical properties because of phase change. Traditional
CD/DVDs operate utilizing this mechanism. In CD/DVDs, crystallization/amorphization
is done by localized heating using different laser pulses. With various waveguides and
ChGs, such changes in properties can be used to measure temperature. In the sensor mode,
the device will be crystallized by heating/ambient temperature. Next are presented the
device structure, operation and performance of such devices based on both Ge-Se and Ge-
S glasses.

Chalcogenide Coated Rad Hard Fiber Tip based Temperature Sensor

The optical fiber architecture shown in Figure 6.20 could sense a certain
temperature. On the tip of a fiber core, a ChG layer is fabricated by thermal evaporation or
dip-coating. The outer gold layer works as a protective sheath to ensure operation in high
temperature and radiation environments.

The sensor will consist of an array of these fibers with different ChG layers on the
tips, which have different crystallization temperatures, showing the time development of
the temperature increase. Alternatively, we worked to find materials with several
crystallization temperatures to monitor these characteristic temperatures with an array of
devices. Since the fiber diameter is 125 pum, the total diameter of such an array with 10
different fibers will be about 2 mm.

Operation

When Temperature (T) < Crystallization Temperature (T): Refractive index

and extinction coefficient will be low since the material is in an amorphous state and light

will propagate through the fiber with very low losses and some part of it will reflect.
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When T > T.: Refractive index and extinction coefficient will change, since the
material is in the crystalline state so the light will propagate through the fiber with higher

losses and the reflected power will change.

S0OG Passivation Layer

_ Gold Coating

Chalcogenide Glass

Figure 6.20 Top view of the chalcogenide coated rad-hard fiber-tip based
temperature sensor (Left). A more simplified schematic of the device cross-section
(Right).

ChG layer was deposited on fiber-tip (fiber dimension- Total diameter 125um and
core 8um) by thermal evaporation (ChG thickness around 250 nm) or dip-coating with
nano-particle ink. For simulation, thin film refractive index »n and extinction coefficient &
was used in Fimmwave or COMSOL Spectraphysics to simulate percent reflected power
from the ChG-optical fiber interface. Dip-coated and evaporated fiber results are compared.

The proposed optical fiber-based temperature sensor architecture is shown in
Figure 6.20. The design is modeled using PhotonDesign software modules (FIMMWAVE
and FIMMPROP) and COMSOL. The optical properties of single-mode silica optical fiber
with a core refractive index of 1.45 and cladding refractive index of 1.44 at 1550 nm
wavelength are used to represent the fiber. The measured complex refractive indices of in-

house synthesized Ge-Se and Ge-S compositions in amorphous and crystalline phases are
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imported into the simulation models. Table. 6.1 summarizes the Tg, T, and T. for all
synthesized and studied compositions. As mentioned in the previous chapters, we focused
our studies on the representatives of the Se(S) rich members of the Ge-Se(S) systems
Ges0Se(S)70, the stoichiometric compositions GessSe(S)s7 and Ge-rich members
GesoSe(S)so.

Fiber Sensor Modeling

In the amorphous phase, ChG behaves like a dielectric material with a lower
absorption coefficient than in the crystalline phase. From Table C.1, it is evident that
compared to the amorphous phase, the complex refractive index of the crystalline phase
is vastly different. Thus, the intensity of the reflected light back into the fiber from the
ChG-fiber tip interface is also expected to be different. This forms the basis of our
sensor’s operating mechanism. For example, the simulated result in Figure 6.21 shows
the reflected power in GesoSeso capped fiber device over various temperatures. Due to a
low absorption coefficient and a modest difference in the refractive index between ChG
and fiber mode, most of the light transmits through the ChG. When the temperature is
higher than the crystallization temperature of ChG (T> T¢), the material crystallizes. In
this phase, the GesoSeso has a higher refractive index and a higher extinction ratio
coefficient (behaves like a metal). Thus, a higher fraction of light is reflected back
into the fiber, as shown in Figure 6.21. This change in the reflected power level occurs at
very well-defined temperatures (~T=T.), monitoring of which provides information
regarding the node temperature. Similarly, the effect of all the other ChG composition’s
refractive index profiles in their amorphous and crystalline phases on the reflected power

level can be explained.
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The devices were modeled using optical fiber parameters along with refractive
index and extinction coefficient extracted from thin film ellipsometry. Both COMSOL and
Fimmwave models show a similar result. The simulation does not account for the fiber
bending effect and loss in the circulator. This could be why small deviations in the
amorphous phase compared to experimental data. Evaporation and crystallization physics
were not considered in this model.

Next, the parametric effect of ChG material cap thickness on the reflected powers
in the device was studied. Figure 6.22 (a) shows the normalized reflected power back into
the fiber for Ge-S (left)- and Ge-Se (right)-capped fiber devices, respectively, as a function
of ChG cap thickness. The reflected power into the fiber displays different power levels in
the crystalline phase and amorphous phases due to the different extinction coefficients of
the material, as shown in Figure 6.22 (b). For most of the studied compositions, selecting
an end cap thickness less than 10 pm provides a relatively high extinction ratio that can be
easily detected.

From the simulation results, it is observed that all compositions except Ges3Se7,
GessSeq7, and GespS7o show a considerable difference in extinction coefficient; examples
are Ge40Se0, GesoSeso, and GezpSero. All compositions (except GesszSe7, GessSeesr)
crystallize by a heterogeneous process by which several different crystalline phases
appear and the structure becomes much denser, which leads to an increase in the
refractive index. The stoichiometric compositions, Ges3Ss7 and Ges3Seg7, have similar
total reflected power in both phases, indicating that small changes occur in the material
structure and band gap during the crystallization process homogeneous in its nature

[171].
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Figure 6.21 Geq4oSeeo fiber-tip based sensor simulation at different temperatures.

Fiber Sensor Fabrication

Gold-coated radiation-hard optical fiber was used for the device fabrication. The
fibers were 1m in length. The gold coating was etched at both ends using aqua-regia. After
that, both ends were cleaved. At one end of the fiber, ChG was deposited by thermal
evaporation. This end is the actual sensor.

The proposed sensor is fabricated using a radiation-hardened pure fused silica
core gold-coated fiber (FiberGuide AFS50/125/155G). The length of the employed fiber
is about 50 cm. The fabrication process involves two steps. In the first step, to ensure a
cleaved fiber tip, about 3—4 cm of gold from the fiber end was stripped by immersing the
tip in Aqua Regia solution for 5-10 min [189]. In the second step, the exposed fiber tip

was cleaved using a standard fiber cleaver and the cleaved tip was coated with ChG. The
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effects of two coating methods to fabricate the sensors were studied: (a) dip coating and

(b) thermal evaporation.
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Figure 6.22 (a) Normalized reflected power of the fibers capped with in-house
synthesized Ge-S (left) and Ge-Se (right) compositions. The solid curve indicates
crystalline phase and the dashed-dotted curve indicates amorphous phase. (b)
Normalized reflected power of Ge-Se- and Ge-S-capped fiber tips in amorphous and
crystalline phases.

While dip-coating relies on forming a ChG ink, the thermal evaporation method is
a standard process and provides a baseline for comparison. The fabrication process is

shown in Figure 6.23.
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Schematic Sample
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Figure 6.23 Thermally evaporated fiber-based device fabrication.

(a) Thermal evaporation: The ChGs on the tip of the fibers were also coated using
thermal evaporation in a Cressington 308R coating system at 10~® mbar vacuum with an
evaporation rate of 0.35 A/s. The fiber was not heated during the film preparation. The
thickness of the deposited film was estimated using the output from a quartz crystal
microbalance. To check the composition of the deposited coating, ChG was also deposited
on a single crystalline silicon substrate along with the fiber. Compared to the composition
of the source material, the thin film had +1.5% compositional deviation as measured by the
EDS study. Once the deposition was completed, the fiber tip was dip-coated with spin-on-
glass. After drying at room temperature for 24 hours, the coated fibers were heated at 300
°C for 3 hours to cure the spin-on-glass completely. This vapor phase deposition process
to form a ChG layer on the fiber tip is a standard process that leads to a highly conformal
and uniform thickness coating. The thermally deposited sensors were used to benchmark
the performance of the dip-coated devices.

(b) Dip-coating method: The sensor devices were made by dip coating the fiber in

ChG nanoparticle ink [173], [190]. The fibers were dipped into the ink under vacuum at
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40°C. Then, the fiber tip was heated on a hot plate at 350 °C for 1hour to decompose the
surfactants in ink, ethyl cellulose. Once cooled, the fiber tip was dip-coated with spin-on-
glass for isolation of the sensor from oxygen-containing ambient. After drying at room
temperature for 24 h, the coated fiber was heated at 300 °C for 3 hours to cure the spin-on-

glass. A device is shown in Figure 6.24.

Figure 6.24 Dip coated fiber tip (dark) and blank fiber tip (transparent).

The measurement method is described in chapter 2, in the experimental section.

Results and Discussion

The normalized measured reflected power as a function of time for two
compositions - GesoSeso and GeszoS70 are shown in Figure 6.25 and Figure 6.26,
respectively. The normalized simulated reflected power with extracted refractive index
profile from studying the particular ChGs as a function of time is also plotted. It can be
seen from the figures that the measured and the simulated results match very well. Since
the proposed sensor works on the principle of the phase change of ChG material, which is
highly temperature-dependent, abrupt changes in the reflected power are observed, as

predicted by the device simulation.
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Two different methods were applied to efficiently extract the sensor data by plotting
the slope as a function of time. (1) absolute slope of the reflected power, and (2) normalized
reflected power. The first is a powerful tool to see an increase of slope regardless of the
optical constants. The second shows data as it is and shows a direct change in optical power,
which can be used to measure temperature without further calculation.

For example, from the data regarding the GesoSeso composition shown in Figure
6.25, a plot of the slope of the measured reflected power as a function of time is shown in
Figure 6.27. Two peaks stand out at 2,462 seconds and 2,627 seconds, corresponding to
the onset and peak crystallization temperatures of 447°C and 472°C obtained from
monitoring the temperature inside the furnace, which is close to the predicted temperatures
of 446.6 °C and 472.3°C. The data relating to the onset and peak crystallization
temperatures calculated using the slope method for all studied compositions are shown in
Table C.3. According to the measured refractive index data presented in Table C.1, two
crystallization temperatures for Ges4oSeo are expected. However, the experimental data only
provide one of the crystallization temperatures (485°C), as shown in Table C.3. This is
because at the lower crystallization temperature, the material's structure is not strongly
organized and thus, no strong optical changes are observable. Table C.3 also provides the
expected temperature error in the measured and the expected Te. It can be seen that except
from the evaporated Ges3Ses; sample, all other samples are in good agreement within
+10°C.

Based on our preliminary study of these materials and the collected Raman

spectroscopy data, we suggest that this is a result of the fact that the stoichiometric
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composition has a very homogeneous structure in the amorphous condition with a low

number of wrong bonds and this structure is maintained upon crystallization as well [171].
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temperature sensor.

Similarly, the glasses with composition GeszoSe7, which have a very close
structure to the stoichiometric composition Ges3Seg7, perform with a small difference of
the optical properties after crystallization due to the lack of strong structural
reorganization. This is not the case for the Ge30S70 compositions, in which the 8-member
S rings open up at higher temperatures to become a part of the tetrahedral backbone of
the crystalline material, thus leading to an observable change in the refractive index of
this material. The crystallization kinetics and the formation of different structural units in
these glasses are discussed in detail in [92], [171], [191].

In addition to the change in density, it has been argued [73] that the optical and
electrical property contrast due to phase change originates mostly from the
transformation in the structural medium-range order after crystallization. The crystalline
GeSe(S): that appears after the phase change has a predominantly corner-shared structure
and is pseudo-two-dimensional when the low-temperature forms of these materials

crystallize [192], [193]. In the high-temperature dichalcogenides, the corner-sharing units
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are connected with edge-sharing building blocks [105]. Although the kinetics and
materials are studied extensively, the change in optical properties due to crystallization is
not well understood in these compositions. For example, except for x = 40, Ge-S
compositions show a decrease in the refractive index after crystallization. We suggest
that this is due to one more detail related to the GesoSe(S)so studied compositions—in
accordance with the XRD studies besides GeSe(S)2, the crystalline form occurring after
the phase change contains also GeSe [171], which has orthorhombic structure [194]. In
this structure, both atoms (Ge and Se or S) are threefold coordinated due to the
occurrence of dative bonds. It is for this reason that the Ge-rich compositions react with
bigger changes in optical properties after crystallization. In Ges3Se¢7, the change in
optical properties due to crystallization is not distinct owing to the lack of medium-range
structural changes. For Ge3oSe7, some previous studies [195] reported a reduction in
refractive index, which is also the case for the examined thin films until their temperature
reaches the crystallization temperature. These data are from ellipsometric studies of thin
films on flat substrates, but the fiber devices showed an increase in reflected power after
crystallization, which is direct evidence of the fact that the refractive index increases after
crystallization of GesoSez. We assume that there are additional interference effects
occurring in the case of fiber, which influence the results measured from the fiber
devices.

Temperature Profile Estimation Using Array Sensor

Arranging the single ChG tip-coated fibers in an array structure and monitoring
the reflected power from each fiber will help with the real-time detection of several

temperatures inside extreme environments, thus allowing mapping out of the temperature
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profile. As mentioned before, each of the synthesized ChG compositions has a specific
crystallization temperature which allows for accurate monitoring and recording of real-
time temperature profiles within the desired environment. For example, the slope of the
reflected power data from the array structure comprises four optical fibers capped with
four different ChGs (GesoSeso, GezoS70, GeaoSeo, and Ges3Seq7) within a temperature
range of 472°C to 600°C is shown in Figure 6.28 (a). At lower temperatures below T,
there are structural fluctuations in the solid-state, due to the initial stages of crystalline
organization of the material. For a better reading, the measurements presented at
temperatures above T, are demonstrated at higher resolution. The proposed array sensor
is arranged from ChG dip-coated devices, which show lower error in temperature
response. Correlating the peak slope and times provides a temperature evolution chart as
shown in Figure 6.28 (b), while four distinct temperatures, 472°C, 485°C, 528°C, and
600°C are recorded with this array structure. Increasing the array size to accommodate
several other compositions of ChGs will enable real-time and precise monitoring of
temperature with higher temperature resolution.

Silicon-Chalcogenide Hybrid Integrated Plasmonic Waveguide Based Temperature

Sensor

A schematic cross-section of the device shows that a device consists of a silicon
waveguide, with a chalcogenide glass layer on top. The waveguides in the array will be
coated with different chalcogenide glasses using ink-jet printing to form the top cladding.
The waveguides are fabricated in a silicon-on-insulator (SOI) wafer using a complementary

metal-oxide-semiconductor (CMOS) process to keep the cost low. Waveguide fabrication
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and device testing was done as part of a separate dissertation so only the results are

described here as proof-of-concept.

02 Array device
FGe,,Seg, T=42'C —
01f /\
g o
H
3
o 01
o
2 0.04r
% _{ Ge 40560
5 T=485C —
2 0.02F
s
»n
2
5 | : : | |
o
2 o0ap
< : FaeySe N 650 T 1 T : ' : :
33”767 =
TS e GeqyS7g
0.05}
5600
0 L n L L Il Q
5
0.051 s £550
FGeySy, T=528'C — g
& Ge, S, GeyySeg,
0 500+
e403660

-0.05

450 . . . . . .
2600 2700 2800 2900 3000 3100 3200 3300 3400 3500
Time (sec)

() ®)

Figure 6.28 a) Temperature response of array temperature sensor, b) Monitored
temperature trend as a function of time using array structure.

. . \ )
0 500 1000 1500 2000 2500 3000 3500
Time (sec)

TeT, T

L] elarimodds =

'lhkrz;&' Tl
Dnelectric | k. Conductor —, {hdeopmady (asi

L] N i o T::'.m ¥ Sitaon
Wirccpade I Wiriopode

e (a) ida fc)

A LR

2]} {d)

Figure 6.29 (a) Schematic cross-section of the silicon-chalcogenide hybrid
integrated plasmonic waveguide-based temperature sensor. ChG forms the top
cladding for the silicon waveguide. At T <T., chalcogenide is a transparent,
dielectric and has low optical loss (b) fundamental mode profile for low loss when T
<T.. (¢c) when T > T, ChG becomes crystalline conductor like and the extinction is
higher. (d) at the interface between silicon and ChG, the distribution of the mode of
the very glossy surface plasmon mode excited.



136

Device Fabrication and Characterization

Fabrication of the waveguides is beyond the scope of this work. A shadow mask
of Kapton was used to deposit ChG on Si waveguides. In each set, there are three
waveguides. The idea is to cover each of them with different ChGs and use them as an
array to measure several temperatures. The mask was aligned manually.

The light was coupled with the WG using optical fibers. From Table C.1, it is
clearly seen that, although the refractive index could go higher or lower due to
crystallization, the extinction coefficient always goes up. Such change confines the wave
propagation in the ChG-Si interface and the transmitted power goes down. Figure 6.30
shows, Ge40Seo covered WG fabrication and its performance. A sharp reduction of the

transmitted power is seen near the peak crystallization temperature of Ge4oSeo.
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Figure 6.30 a) Kapton shadow mask alignment over WG, b) ChG over WG, ¢)
Performance of a WG covered with Ge4oSeo.
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Conclusion

This chapter presented data regarding application of phase change materials for
temperature measurement using electrical or waveguide-based devices. SET devices under
irradiation demonstrated that the reliability of the device is high even under 10DPA
damage. Moreover, TE devices and printed devices both exhibited equally good
performance. Using six different compositions of synthesized ChGs, different types of the
sensor array can effectively track temperature from 440-600°C. As an example, optical
fiber array performance was presented. Electrical devices demonstrated reversibility,

which is a promising aspect for a multiple use of the devices.
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CHAPTER SEVEN: CONCLUSION
This dissertation focuses on developing nanoparticle ink and printing of ChGs to
fabricate phase change temperature sensors (440°C-600°C) for high-radiation
environments. Due to the unique properties of Ge-Se and Ge-S ChGs, such a family of
glasses was chosen to demonstrate their applicability as optical, electrical and plasmonic
sensors. To analyze the performance of printed layers and devices, thermally evaporated
thin films and devices were also prepared and their performance was compared. Since the
devices must perform in high radiation environments, thin films and devices were tested
under irradiation and the data were analyzed. The outcome of this work is summarized
below
1. New structural data with more precise evaluation and interpretation of the
bond lengths in the studied materials using high energy XRD have been
reported.
2. New data regarding the crystallization temperatures have been created for
materials from the Ge-S and Ge-Se chalcogenide glass systems.
3. The crystallization process is well documented using Raman spectroscopy,
XRD, and microscopic analysis and interpreted based on Kissinger, Ozawa
and Augis-Bennett methods. Evaluation of the glass-forming ability in the
studied systems has been performed, based on the analysis of the measured

characteristics of the studied materials.
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4. The crystallization kinetics study revealed that the stoichiometric composition
of Ge-Se and Ge-S require more energy to crystallize since their
crystallization process is homogeneous in nature. Regardless of the
composition, the glasses can be used to fabricate electrical sensors, but their
performance as optical sensors depend on the composition due to the
structural dependence of the ChGs optical properties. Amorphous ChGs are
stable at high irradiation but are affected by low doses of ion irradiation
because of the low number of electron-hole pairs generation and thus limited
defects proximity and recombination, while crystalline structures can change
considerably under irradiation over 10 DPA.

5. The studies of the IV characteristic of the temperature sensing devices proved
that they are stable independently of the irradiation intensity due to the
pinning of the Fermi level, which contributes to a stable electronic
performance.

6. For the first time, nanoparticle inks based on chalcogenide glasses from the
Ge-S and Ge-Se systems have been formulated; the process of the
nanoparticles and inks formation are optimized and the inks are characterized
with their viscosity and contact angle; compositional dependence of these
characteristics has been extracted based on materials analysis.

7. For the first time, inkjet printing of ChGs has been performed and the
sintering process is optimized. The composition and structure of the printed

thin films closely resemble the corresponding thermally evaporated films.
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8. Three types of devices have been created—based on the electronic effect, fiber-
based devices and performance depending upon plasmons' formation.

9. Printed, dip-coated and thermally evaporated device performance is
comparable and an array of devices were set up for real-time temperature
monitoring.

10. The electrical devices were RESET by electrical pulsing and it has been

proved by SAED pattern.
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Optical Properties of Chalcogenide glasses
As mentioned earlier, the data was collected in situ and modeling needed to be
done to extract n and . In this portion, the modeling is discussed with an example of
GesoSero thin films. To extract n and k, Psi and Delta spectra obtained by variable angle
spectroscopic ellipsometry (VASE) were modeled with Cauchy equation.
Ellipsometric data was collected while the thin films are being heated in a heat

stage. Figure A.1 shows the measurement setup. The data was collected at 70° angle.

Figure A.1 In situ Ellipsometry of thin film.

The Cauchy equation is one of the most used equations to determine »n and k of
thin films from raw VASE data. The equation is specifically applicable to transparent or
partially transparent films. The Cauchy equation is an empirical relationship between the
n and wavelength ().
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Here, A, B, C are coefficients that are determined for material by fitting the
equation to measured refractive indices at known wavelengths. And kamp and exp are fit
parameters for determining the shape of absorption.

Other equations can also be used to model the ChG layer like General Oscillator
and B-spline. Both of these are used to model comparatively absorbing thin films. For the
most part, Ge-Se thin films can be successfully modeled using the Cauchy equation. The
result of the modeling further verifies the selection of the equation.

Model Description

ChGs on single crystalline silicon is modeled as shown in Figure A.2. Si JAW
and NTVE JAW are inbuilt models of crystalline silicon and native oxide, respectively.
Layer 2 is the Cauchy equation that represents the ChG. The values of A, B, C, kamp and

exponent are Cauchy fitting parameters.

Include Surface Roughness = Wlda
Layer # 2 = Cauchy Film Thickness # 2 = 0.00 nm (fit)
A = 1.500 (fit) B = 0.0000 (fit) C = 0.0000 (fit)
kK Amplitude = 0.0000 Exponent = 1.500
Band Edge = 400.0 nm
Layer# 1 =NTVE_JAW Thickness # 1 =0.00 nm
Substrate = 51 JAW

Figure A.2  ChG on Silicon model.

In addition to that, a surface roughness layer is added on top of layer 1.
Modeling

The native oxide layer was fixed at a value of 2 A. Initially, absorption parameters
kamp, exp and surface roughness were turned off. The model was fitted with 4

parameters, A, B, C and thickness.
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Model Result

Include Surface Roughness = QFF

-[Layer # 2 = Cauchy Thickness # 2 = 0.1025 pm (fit)| MSE =3.724
A=2.380 (fit) B =0.06637 (fit) C=0.01780 (fif)| Thickness# 2 =0.1025+0.00003 pm
k Amplitude = 0.0000 Exponent = 0.00 A =2.380+0.001426
Band Edge = 400.0 nm B = 0.06637+0.002019

Layer # 1 = NTVE_JAW Thickness # 1 = 0.0002 ym| ©C = 0.01760+0.00064541

Substrate = 51 JAW n of Cauchy @ 1550.0 nm = 2.41092

Spectroscopic Ellipsometric (SE) Data

20 |
) " bt Model
E / \ i
16 b
B E "'\\ ) |
| - [0
: (m)
YV
e |
12 / : -------
7 -
10 L _100
600 800 1000 1200 1400 — |,

Wavelength (nm)
Figure A.3  Ellipsometry modeling (simplified).

Figure A.3 shows that the model satisfactorily fits the data. Near 600 nm, there is
a deviation between the model and experimental psi. But overall mean squared error
(MSE) is around 3, which indicates good fitting. The simplified modeling is useful to
have a good starting point for thickness estimation. Once this is achieved with low MSE,
both absorption and surface roughness were introduced in the model.

Figure A.4 shows the result of the model with absorption and surface roughness.
This model shows a bit higher thickness (~0.006pm), A, C and lower B. So the MSE is
not reduced significantly after introducing absorption and surface roughness, but the
fitting has improved near 600 nm. From this model, the n and & values are extracted and
shown in Figure A.5. This method was applied to collect n and k values at 1550nm

wavelength, which is further used in device modeling.
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Model Result

Include Surface Roughness = @l Roughness = 0.0006 ym
Layer # 2 = Cauchy Thickness # 2 = 0.1031 pm (fit)

MSE = 3 520
Thickness # 2 = 0.1031+0.00041 pm

A= 2.388 (fit) B = 0.05616 (fit) C =0.01853 (fit) A= 2388+0.002387

k Amplitude = 0.00292 (fit) Exponent = 0.00 (fif) B =0.05616:0.005384

Band Edge = 400.0 am  Ampltice = 00028240, 003153
Layer # 1= NTVE_JAW Thickness # 1 = 0.0002 pm Exponent = 0.0041.3219
Subsirate = SI_JAW n of Cauchy @ 1550.0 nm = 2 41506

Spectroscopic Ellipsometric (SE) Data
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Figure A.4  Ellipsometry modeling with absorption and surface roughness.

Opt. Const. of Cauchy vs. nm
2.70 1.2

H

\ K

2.65 \ 1.0
2.60 \ 0.8
c 2.55 0.6 x

2.50 \\ 0.4
2.45 ~ 0.2
\\\
2.40 0.0
600 800 1000 1200 1400 1600 1800
nm

Figure A.5 n and k of amorphous Ge30Se70.
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Table A.1 DSC Data for GexSeioo-x at Different Heating Rates
Peak End of
. Glass . .
. Crystalliza- o Crystalliza | Crystalliza
Heating o . Transition . . _
Composition tion Onset ~tion -tion ATe=Te-Tg
Rate Temperatu
o . x) Temperature, Temperat | Temperat ©0O)
(°C/min) ° re,Tg
To (°C) ©C) ure, Te¢ ure, Tec end
°C) °C)

10 30 4409 +0.1 3348+0.1 | 470.3+0.1 | 495.1+0.1 | 135.6+0.1
15 30 450.7+0.1 346.1£0.1 | 485.0+0.1 | 515.2+0.1 | 138.9+0.1
20 30 469.3+0.1 350.5+£0.1 | 501.2+0.1 | 527.9+0.1 | 150.7+0.1
25 30 472.2+0.1 363.8+0.1 | 506.4+0.1 | 541.3+0.1 | 142.6+0.1
30 30 486.9+0.1 364.4+£0.1 | 5188+0.1 | 550.7+0.1 | 154.4=+0.1
10 33 485.5+0.1 396.3+£0.1 | 527.7+0.1 | 563.6+0.1 | 131.4=+0.1
15 33 492.1+0.1 401.1£0.1 | 545.1+£0.1 | 589.2+0.1 | 144.0=+0.1
20 33 498.7+0.1 412.8+0.1 | 553.6+0.1 | 593.1+0.1 | 140.8=+0.1
25 33 499.5+0.1 4109+0.1 | 557.0+0.1 | 598.8+0.1 | 146.1£0.1
30 33 508.6 £ 0.1 429.7+£0.1 | 565.6+0.1 | 612.0+£0.1 | 135.9+0.1
10 40 446.6 £ 0.1 343.7+£0.1 | 472.3+0.1 | 498.0+0.1 | 128.6+0.1
15 40 449.7+0.1 347.0+£0.1 | 482.0+0.1 | 511.5+0.1 | 135.0£0.1
20 40 470.2+0.1 349.7+£0.1 | 485.6+0.1 | 498.7+0.1 | 135.9+0.1
25 40 472.1+0.1 3509+0.1 | 493.1+0.1 | 535.9+0.1 | 142.2+0.1
30 40 488.7+0.1 353.4+0.1 | 501.1+0.1 | 537.9+0.1 | 147.7+0.1
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Table A.2 Calculation of Activation Energy of Crystallization
Equation Composition Eac (kJmol™) Eao (kJmol™!)
Kissinger 30 98.7+ 6.8 92.8+12.2
Kissinger 33 152.6 £ 14.7 227.7+32.6
Kissinger 40 174.5 20 95 +21.1
Ozawa 30 111.4+£6.8 105.1 £12.2
Ozawa 33 166.2 £ 14.7 240.5 +32.6
Ozawa 40 187.2 £20 107.3 £21.1
Augis-Bennett 30 105.1 £6.8 08.9+ 12.2
Augis-Bennett 33 159.4+ 14.7 234.1+ 32.6
Augis-Bennett 40 180.8+ 20 101.1+£21.1

Table A.3 Calculation of Activation Energy from Matusita’s Equation
Composition Slope E, Ec Matusita
(x) Matusita | Constant | E.(kJmol") | (kJmol") | m (kJmol'")
98.9 +
30 -564.9+£27 | 91.1+44 105.1+£6.8 12.2 3 179 + 8.6
-518.5+ 98.9 +
30 40.3 81.8+6.4 105.1+£6.8 12.2 3 164.3 £12.8
-536.8 £ 98.9 +
30 26.6 83+4.1 105.1+£6.8 12.2 3 170.1 £ 84
-467.6 £ 98.9 +
30 32.9 71.6 £5.1 105.1+£6.8 12.2 3 148.2 £10.4
-489.3 £ 98.9 +
30 32.3 73.7+4.9 105.1+£6.8 12.2 3 155 +10.2
-391.5+ 234.1 +
33 14.3 58.6+£2.2 | 159.4+14.7 32.6 1 334.1+12.2
2341 +
33 396 +14.3 | 57.7+£2.1 | 159.4+14.7 32.6 1 376.4+13.6
2341 +
33 -360 + 29.3 52+42 159.4 £ 14.7 32.6 1 3422 +£27.9
2341 +
33 -358.7+9 | 51.5+1.3 | 1594+14.7 32.6 1 341 £8.6
-406.6 £ 2341 +
33 23.9 57.8+3.4 | 159.4+14.7 32.6 1 386.5 +22.7
-646.7 £ 180.8 +20 101.1 +
40 30.1 104.2 £4.9 21.1 3 204.9+9.5
-560.8 £ 180.8 +20 101.1 +
40 19.7 89 + 3.1 21.1 3 177.7+£6.2
-544.2 + 180.8 +20 101.1 +
40 25.6 84.1+4 21.1 3 172.4 £8.1
-487.2 180.8 +20 101.1 +
40 34.3 74.6 5.3 21.1 3 154.4 £10.9
180.8 +20 101.1 +
40 -573+£29.6 | 86.4+4.5 21.1 3 181.6+£94
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APPENDIX B



Calculation of Atomic Density from SRIM Stopping/Range Table

Range

et Lt T

. Gs Germanium |32
X[ PT[se [Selenium ]34

K —
e

Figure B.1  Calculation of atomic density from SRIM.

=

Main Menu
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In this window put in the composition by adding elements and their stoichiometry

on a scale from 0 to 1. Unless we are interested in the stopping power and range the ion,

its energy etc. does not need to be changed.

Now we have the atomic density.
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‘SR Calculation: SRIM Outputs\Xenon in Ge-Se.txt.

SRIM version —> SRIM-2013.00 M
Calc. date —> July 15, 2019

Disk File Name = SRIM Outputs\Xenon in Ge-Se txt

lon = Xenon (54] , Mass = 131.904 amu

Target Density = 4. 4000E+00 gicm3 = 3.4387E+22 atomsicm3 ||

Atom Atom Atomic  Mass
MName Numb Percent Percent
Ge 32 03000 02827
Se 34 07000 07173

Bragg Comection = 0.00%
Stopping Units = MeV / (mg/em2)
See bottom of Table for other Stopping units

lon dEfdx  dE/dx  Projected Longitudinal Lateral
Energy  Elsc  MNuclear Range Siraggling Straggling

10.00 kev 1625E-01 2.957E+00 BBA  46A  33A
11.00 keV 1.705E-01 3.060E+00 93A  48A  35A
1200keV 17B1E-01 3.155E+00 98A  50A  3TA
1300 keV 1B853E-01 3244E+00 102A 52A 3BA
14 00 keV 1923E-01 3326E+00 10T A 54 A 39A
1500 keV 1991E-01 3403E+00 111A  S6A 1A

Figure B.2  Atomic density from SRIM.

Calculation of the Damage Rate (DR)
After selecting TRIM calculation on the home window of SRIM. Design the
layers with corresponding composition, density and thickness can be elaborated. Ion
element, number of ions, energy, and angle of incidence are also need to be selected

here. After setting up everything click “Save Input & Run TRIM”.

Me
_ TRMDemo | |
Restore Lost TRIM Data | 7|

TARGET DATA ?

E‘m ] mmmmlmmmm
oz 1 wfm  Cfhaeli B [x|eifse [Selenium — <[54 [ro.56 0.7 J700]

Figure B.3  Simulation seup in TRIM.

This will open several windows, each showing ions moving inside the layers

from different planes.
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After around 2000 incident ions, select “Damage Events” from the left-hand side

Damage Rate, Time, Fluence and DPA Calculation:

DR = 3.25 il

(Angstorm.ion)

[For maximum damage rate from the plot]

must be read at the interface of the plot, which is around 2.

Atomic Density, N = 3.4 * 10%2¢cm™3

Current = 0.201pA [From experimental setup]

Charge of the ion, g= +1 for +1 ions, and e= 1.6 * 1071°C

Q=q*e

| 1= - recoils] Tile
1 a Jiew [YZ]  Clear
Back color White/Black |

File Plot DISTRIBUTIONS

[ lon Distribution
™" lon/Recoil Distribution

v lon/Recoils [XY) All
> I lon/Recoils [XZ) None

I Lateral Range
™" lonization
[ Phonons

Neld 0 Ne l
Iv Damage Events

edra puttered
[~ Differential lons

Number/(Angstrom—Ion)

0A

COLLISION EVENTS

Vacancies Produced (K-P)

b

3.0
25
20
1.5
1.0
S

- Target Denth -

Area, A = 4cm? (From experimental setup)

3urr(1'

a) Menu to get Damage Events and b) Damage Rate.

menu (Figure B.4 (a)). The best would be to run it for at least 10000 ions. This will open
a window with a plot like as shown in Figure B.4 (b). From this plot we get the “damage
rate” at different depth which will be used for DPA* calculation. This is also function of
penetration depth. For this calculation we have chosen the peak value of collision events

which is somewhere in the middle of the ChG thin film. To check the interface the DR
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So, to induce (for example) 5 DPA of damage at the interface of 250 nm GesoSe7o/

lum Si with 600keV Xe'* ions, where the beam/sample area, A is going to take

. DPA+Q+N+A
Time = ——  sec
(Current+DR)
=3108 sec
=52 min
TimexCurrent —
Fluence = ——cm™?

Q+A
=4.86 « 10 cm ™2
*DPA (Displacements per atom) is the number of times that an atom is

displaced for a given fluence.
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Appendix C includes the crystallization temperature and optical properties of ChG

materials in both amorphous and crystalline phases.

Table C.1 Summary of the measured complex refractive indices of synthesized
glasses in amorphous and crystalline phases at 1550 nm wavelength.
Composition Refractive index Temperature (°C)
Amorphous Crystalline Tg (°C) | To (°C) | Te (°C)
Ge30S570 2.17406+i0 1.77269+10.11865 402 572 605
Ges0Se60 2.6768+i10 2.72309+10.17664 355 32(8) 3;3
Ges3Se7 2.31779+18.28° | 1.92455+i0.02458 435 644 694
Geso0Sero 2.37646+i4.06° | 3.12455+i0.25837 | 334.8 | 440.9 | 470.4
GesoSeqo 2.63104+10.00575 | 3.1099+10.2211 343.7 | 446.6 | 4723
Ges3Seer 2.38753+10.00402 | 2.30756+10.02011 | 396.3 | 485.4 | 527.7
Table C.2 Measured complex refractive index of Ge40Se60 at different
temperatures at 1550 nm wavelength.
Temperature (°C) | Refractive index | Temperature (°C) | Refractive index
25 2.717+10.00547 400 2.70088+10.01636
100 2.171516+10.00575 450 3.35909+10.25735
150 2.695050+10.00547 472 3.29764+10.09341
200 2.66978+10.00513 479 3.1099+10.2211
250 2.63104+10.00575 484 3.14107+10.22572
300 2.59792+i0.00563 500 3.2688+10.21606
350 2.70057+10.00938

Table C.3 Temperature response of Ge-S and Ge-Se tip coated optical fiber-
based temperature sensor

T, .
Composition | Fabrication T T Time | 1° Te Te Time | T
(Expected) | (measured) (sec) (expected) | (measured) (sec) error
GeaSees Dip-coated | 446.6 460 2589 | 472.3 472 2627 0.3
Evaporated | 446.6 447 2462 | 472.3 472 2627 0.3
GessSeqr Dip-coated | 485.5 485 2646 | 527.7 528 2950 0.3
Evaporated | 485.5 450 2527 | 527.7 485 2646 42.7
GesoSero Dip-coated | 440.9 400 2241 | 4704 450 2527 20.5
Evaporated | 440.9 447 2462 | 470.4 460 2589 10.4
Ge40Se60 Dip-coated 480 450 2527 | 489 485 2646 4
Ge30S570 Dip-coated 572 574 2830 | 605 600 3399 5
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