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Annotation

This doctoral thesis presents a detailed charaetesn of thermal and structural
properties of the selected tellurium-based chalemigeglasses. These glassy materials belong
among very promising but only rarely explored miatsr potentially suitable for the far-
infrared optics and glass-ceramics applicationg ftermal behavior of investigated glassy
systems is characterized by means of differentiensing calorimetry (DSC) and
thermomechanical analysis (TMA; selected systenis).the presented doctoral thesis
a systematic approach to the description of complgstallization (and relaxation) kinetics
by means of the commonly used and state-of-art edelbgies and models is adopted in
order to achieve full description of the observatenqmpmena and provide the possibility
of accurate kinetic predictions. The observed cexipl of crystallization processes of all
investigated systems is solved by means of twoagmbes, i.e. the mathematic deconvolution
and kinetic deconvolution of the crystallization ©8ata. The advantages and disadvantages
of both tested methods are discussed. In addittempbserved thermal behavior of studied
systems is correlated with the structural infororatprovided by XRD analysis, Raman
spectroscopy and infrared (IR) microscopy, so thateffects of the present structural units
can be better understood. Thermal stability offtepared glasses is thoroughly analyzed,
offering an insight into the problematic associateith inconsistent evaluations of glass-
stability criteria. Combination of the calorimetand thermo-mechanical data allows precise
and reliable determination of the true glass teltpee workability window. Since thermal
stability and workability are the key factors fqupdication of the far-infrared chalcogenide
glasses (and most glassy materials in general)sihggested methodology of glass-stability
evaluations may be of high value for both the mailtescientists and application specialists.
The presented doctoral thesis is composed of 1érpafhe theoretical overview of main
solved topics (glass formation, crystallizationedly of kinetic analysis, etc.) is presented
first. The summary of main achievements and commhgsof this thesis can be found at

the end of this thesis.

Keywords: crystallization kinetics; chalcogenide glass; glasgability; DSC; TMA; XRD;
Raman spectroscopy; infrared microscopy



Annotation in Czech

Predkladana dizertai prace pedstavuje detailni studii termickych a strukturnich
vlastnosti vybranych teluridovych chalkogenidovygitel. Tyto skelné materidly gatmezi
slibné ale pouze vyjime¢ zkoumané materialy, jeZ mohou potendialpiedstavovat
materialy vhodné pro optické aplikace operujicivedalené oblasti infkerveného spektra a
sklokeramiku. Termické chovani studovanych systgrcharakterizovano pomoci difecer
skenovaci kalorimetrie (DSC) a termomechanické yawyal(TMA; vybrané systémy).
V piedloZzené dizertmi praci je osvojen systematickyiigtup k popisu komplexni
krystaliza&ni (a relaxani) kinetiky prostednictvim Kzn¢ uZivanych i nejmodesjsich
metodologii a modélza (telem dosazeni Uplného popisu pozorovanycli gposkytnuti
moznosti pesnych kinetickych predikci. Pozorovand kompleXtsstalizaniho procesu
vSech zkoumanych systéne reSena s vyuzitim dvouigtupi, a to matematické a kinetické
dekonvoluce krystalizanich DSC dat. Vyhody a nevyhody obou metod jsokud/any.
Kromé¢ toho je termické chovani studovanych sysiékorelovano se strukturni informaci
ziskané z rentgenové difriali analyzy, Ramanovy spektroskopie a itéraené mikroskopie,
tudiZz je mozné lépe porozuimpasobeni pitomnych strukturnich jednotek. Tepelna stabilita
piipravenych skel je ikladne analyzovana a nabizi vhled do problematiky spojené
s nekonzistentnim  zhodnocenim  kritérii  stability. onkbinace kalorimetrickych a
termomechanickych dat umiafe presné a spolehlivé &eni skuténého teplotniho okna
pro zpracovani skla. Vzhledem k tomu, Ze tepelahiliia a zpracovatelnost jsou ddvymi
faktory pro optické aplikace chalkogenidovych skelobect vétSiny skelnych materi)
operujicich ve vzdalené oblasti infemveného spektra, tudiz navrzeny postup vyhodnaedova
tepelné stability skel @Ze mit vysokou hodnotu jak pro materidlovy vyzkutak i
pro odborniky se za#kenim na aplikovatelnost danych matetrial

PredloZzena dizertmi prace se sklada z T&ankd, jimz predchazi teoretickyiphled
hlavnich feSenych témat (tvorba skla, krystalizace, teorieetitké analyzy, atd.). Souhrn

hlavnich citi a z&¥ru prace lze nalézt na konci této dizéniprace.

Kli¢ovéa slovakinetika krystalizace; chalkogenidové sklo; skaltebilita; DSC; TMA; XRD;
Ramanova spektroskopie; infiervend mikroskopie
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First
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Kix

Ksp

Kw

Kzw
K(T)
Last
lonset,psc
| max

Imin

M

preexponential factor of universal DSC kinetiuation (crystallization kinetics)
preexponential factor of TNM model (relaxation dics)

parameter of Fraser-Suzuki function correspondibg the amplitude
of deconvoluted curve

parameter of Fraser-Suzuki function corresponditg the position
of deconvoluted curve

parameter of Fraser-Suzuki function corresponding the half-width
of deconvoluted curve

parameter of Fraser-Suzuki function correspondity the asymmetry
of deconvoluted curve

isobaric heat capacity

average particle size

apparent activation energy of crystallization

relaxation function of given property

index of the first point of given curve (MKA)

kinetic model

differential form of kinetic model

enthalpy

index of given measurement (MKA)

Hruby criterion

Lu and Liu criterion

Long criterion

Saad and Poulain criterion

Weinberg criterion

Zhang criterion

temperature-dependent rate constant

index of last point of the given curve (MKA)

sample height atofset, bsc

maximum sample height during the TMA crystallipatmeasurement

minimum sample height during the TMA crystallizatimeasurement

kinetic exponent of autocatalytic (Sestak-Bergymodel
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t

T

Te

Ty

Thow, TMA
Tg

Tic

Tm
Tonset, bsc
Tp

To

kinetic exponent of Johnson-Mehl-Avrami model
kinetic exponent of autocatalytic (Sestak-Bergyraodel
number of measurements (MKA)

refractive index

property

index representing the initial state of glass

index representing the equilibrium state of glass
heating rate

cooling rate

universal gas constant

sum of squared residua (MKA)

time

temperature

crystallization temperature

fictive temperature

temperature corresponding to the first samplehialgcrease
glass-transition temperature

initial crystallization temperature (TMA)

melting temperature

temperature corresponding to the true crystalbnabnset
temperature of the maximum of crystallization peak
temperature corresponding to the initial statglass
temperature corresponding to the chosen valuermfarsion
volume

weighting factor for curve j (MKA)

non-linearity parameter

calculated value of the point k of the curve |
experimental value of the point k of the curve |
conversion

coefficient of thermal expansion

conversion corresponding to the maximum of) y(gnction
conversion corresponding to the maximum e Zgnction
non-exponentiality factor

compressibility
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AH enthalpy change
AR’ apparent activation energy of structural relaxatio
AT temperature difference betweepnand T,

ATpsc temperature difference between sample and refertemeperature in DSC

® heat flow

@ so-called reduced heat flow

d(T) measured temperature dependence of heat flow

Dy(T) temperature dependence of heat flow extrapoletethe glassy region

@(T) temperature dependence of heat flow extrapdldte the undercooled liquid
region

D, heat flow corresponding to the chosen value of/etsion
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DSC
DTA
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D4
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MKA
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RSC
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R3
TMA
TNM
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XRD
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1 GLASS

Glass belongs to a group of materials with nontetlyse structure. From
the macroscopic point of view, these materialscaresidered as solid matters, but the atomic
arrangements correspond rather to the arrangenmetits melt/liquid — the glass is a stiffened
melt/liquid with a rigid structure. This non-eqbilium state can be achieved by a sufficiently
fast cooling of a melt/liquid. The acquired systéntherefore metastable and the high
energy/kinetic barriers prevent the material fréwa transition to the equilibrium state.

The history of glass itself comes up to thousaridgears B.C. The earliest man-made
glass objects are dated around 3500 B.C. and weralfin Egypt and Mesopotamia, but as
far as the place of the first finding, the disputese been still dragged. The glass production
has undergone a revolutionary change around 100, Bi@en the glass-blowing has been
discovered by the glassmakers of Syria. It candseiraed that the discovery of glass took
place at about the same time, in various civil@&i all over the world. Before glass became
really useable, a lot of time has passed. Nowattayslevelopment of glass technology has
been continuing and has not been limited to thieasd glasses, but the non-oxide glasses
(such as fluoride, borate or chalcogenide glagslag)an important role in many applications
from various fields. [1-3]

In particular, the chalcogenide glasses belongheotechnologically important and
interesting materials due to their unique propsr{e.g. high transmittance in the infrared
region of the electromagnetic spectrum, semicomagqgbroperties, high refractive index —
higher than Si@based glass, etc.), thus these materials are wigs#d as large capacity
data-storage media (CDs, DVDs, BlueRay Discs or-vaatile PCRAMS), elements for
infrared optics (fibers, lenses, etc.), optoeleutt®, memory switches or various electronic
thresholds. [4,5]

-15-



1.1 Glassformation

The reversible transition, when the undercooleditiqduring further cooling) passes
into a thermodynamically non-equilibrium glassytstas called the glass transition. A liquid
above its melting point represents the initial estathen the cooling begins, most materials
start to solidify, crystallization occurs and thgsecesses are connected with discontinuous
change of volume, enthalpy, Gibbs energy, etc. This be avoided by a sufficiently rapid
cooling of the melt/liquid, when the material doest have enough time for the nucleation
and subsequent crystal growth, leaves the liquatesand changes to a mechanically rigid
system — the glass. The viscosity of the systerhiwihe cooling process gradually increases
until the value equals approx.f@Pa.s — at this moment the glass is formed. Noteste
the glassy structure still remains disordered agpk the liquid-like structure. This process is
characterized by continuous change of the volunethadpy, Gibbs energy, while
the discontinuity in the second derivative of Gildrsergy occurs, i.e. in the temperature
dependence of heat capacity coefficient of thermal expansiomy, compressibilitypc.
The Gibbs energy values representing the systerglassy state are higher than values
corresponding to the crystalline state.

In Fig. 1, the temperature dependence of given gitgp(enthalpy, volume) in
the glass transition area is displayed. As candem,sabove the melting point only the melt
occurs. As the temperature of melt gradually desmsaat the melting point the crystalline
phase arises. This phenomenon is accompanied byergiamed discontinuous change
of given property (enthalpy, volume, etc.). Howewiérthe cooling is fast enough, firstly
the undercooled liquid emerges and then duringattditional cooling, the glass is formed.
This phenomenon on temperature dependence of gpreperty is demonstrated as
a departure from the equilibrium with the decreafsgroperty-temperature dependence slope.
The temperature corresponding to this departurefésred to as a glass transition temperature
T4 The glass transition temperature is a very inggdrparameter determining the properties
and behavior of the resulting glass. Above thisperature, the system behaves like a melt,
becomes more formable; under this temperatureytsiers behaves like a solid with a rigid
structure. The glass transition temperature isantitermodynamic quantity. This means that
this value is influenced, for example, by the mdtlud glass preparation (cooling rat§.q
At higher cooling rate, the curve correspondingthe glassy state on the temperature
dependence of the given property deviates earlerat a higher temperature, compared to

-16 -



a slower cooling rate. The red-labeled curve in. Eigorresponds to the process, when
the glass is heated by applied heating rafy @bove the g the structure of glass is more
loosened, and at the crystallization temperature tie crystallization occurs and
the crystalline network is formed. With the incriegstemperature the melting of crystalline
structure occurs, which is characterized by a mglemperature .J. [5-8]

Aelt

)

Undercooled liquid

Property (H, V,

Tm

Tc Crystal

Temperature

Figure 1: The temperature dependence of given propy (H, V, ...) in the glass
transition area; corresponding temperatures are diplayed; g represents
the cooling rate, d represents the heating rate;

the red curve indicates the path for heating of thglass.

1.1.1 Structural relaxation in glasses

In regard to the above-mentioned facts, the glassition is not a thermodynamically
controlled process due to its dependence on aetga¢rimental conditions. Therefore it
means that the glass transition process is kirticantrolled. If the undercooled liquid is
sufficiently cooled and the glass is formed, then-equilibrium glassy state endeavors to
reach the equilibrium. This process is known agwctiral relaxation and is associated with
slow molecular rearrangement. In a consequencehefstructural relaxation processes,
the glassy structure becomes more and more comfaetstate to which the glassy structure

relaxes is the state of the undercooled liquidrépdlated to a given temperature range),
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which represents the “equilibrium state” when thh@sges and glass-forming processes are
under consideration. Here, the system is in theadled kinetic equilibrium, i.e. the high
energy/kinetic barriers hinder the further decremse transformation to the crystalline state.
Certainly, these structural changes lead to sewb@iges in physical properties, for example
optical transmittance or density. The capabilitypoédiction or monitoring these changes
plays an important role for the potential glasshtetogy. The classification of relaxation
process is based on the property, which is mordtofée two most common properties are

the volume and enthalpy. [6-10]

undercooled liquid

Property (H, V)

Temperature

Figure 2: The temperature dependence of relaxing gén property (H, V, ...) in the glass
transition area; To, po corresponds to an initial state of the formed glas

P corresponds to the equilibrium state of glassy matal.

Fig. 2 illustrates the change of given propertytlfalpy, volume) of a formed glass in
the metastable equilibrium within the relaxatiomgass. The solid line indicates a change
of property due to applied cooling until the glasdormed and reaches the temperature T.
If the glassy material undergoes the annealinpiatreached temperature, the relaxation goes
on, the glassy structure changes and tries to Igeerctowards equilibrium. A symbol T
denotes the fictive temperature [11] and with udimg parameter the structure of relaxing
glassy material can be characterized. The ficte@perature T defines the temperature

of undercooled liquid with the same structure &srtaxing glass acquires. [10,12]

-18 -



The two common ways exist to examine the relaxgbimtess - the dilatometric and
the calorimetric measurements of structural relaratThe volume relaxation experiments
can be realized by using the mercury dilatometer tae vast study on amorphous polymers
using this method was accomplished by Kovacs [WBifortunately, this method is rather
limited due to e.g. its volume change sensitivsige and fragility of dilatometer, the possible
reaction of certain amorphous glasses with mercAinpther dilatometric method used for
the examination of relaxation process can be théhaodeof thermomechanical analysis
(TMA). These experiments proceed from the plainetelence of glass transition temperature
on cooling rate and their series with various aggplicooling rates. [79,82] Next,
for the enthalpy relaxation experiments the caletim methods may be used (such as DSC).
The great advantage of DSC method is the compiébennation about whole thermal history
of the sample, with no data loss. Also, the sensitof this method is better in contrast to
the mercury dilatometry method due to the much tothhermal gradients within and outside
of the DSC sample. [14,15]

1.2 Crystallization

The crystallization process belongs among the-@irder phase transitions (according
to Ehrenfest), and is characterized by a discontisuchange in temperature dependence
of volume, enthalpy, entropy, etc. The atomic raaigation into a periodical crystal structure
goes on, the Gibbs energy value decreases to thienmin and the crystalline system reaches
the thermodynamically equilibrium state. The crifsta system may be obtained by a slow
cooling of a melt, when the melt material has emotigme (within the cooling) to create
a periodically organized system — a crystal; or dmether way to acquire the crystalline
products is the so-called cold crystallization uttthg a heating of the amorphous/glassy
material to its crystallization temperature. [5,7]

The crystallization could be described by two sgogeat processes — the nucleation
and the crystal growth. Firstly, the new-phase @iudre created, the amount and size
of nuclei steadily increases simultaneously. Thacpss is called nucleation and may proceed
with two different mechanisms — homogeneous orrbgeneous nucleation. In the first case,
the nuclei emerge randomly throughout the volumeneft, solid or crystal; in the second

case, the nuclei originate at energy-efficient/pnefd locations (such as defects, inclusions,
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dislocations, additive atoms), which function agstallization centers; the magnitude
of the energy barrier is in most cases several rerdiess than in case of homogenous
nucleation. [5,7,9,10,16]

20

1.5 1
EXO

1.0

0.5 1
melting

@/ W.g'1

glass transition

0.0+

0.5+

-1.0 T Y T Y T y T v T r T T
200 250 300 350 400 450 500

T/°C

Figure 3. The example of DSC curve observed for neisothermal measurement;

the corresponding thermal effects are denoted.

Secondly, the crystal growth follows and includes important processes — the mass
transport to and through the newly-emerged phaserface. The studies focused on
a description of crystal growth may be performethwitilization of two approaches — the
direct microscopic observation with using the msoapic methods (optical, electron
microscopy) and three basic phenomenological mofiesmal growth, screw dislocation
growth, two-dimensional surface nucleated growthdet® [19,20]); or the usage of indirect
macroscopic observation of crystallization. Thistimoe is based on thermal analysis, which
can be realized by means of differential thermahlysis (DTA), differential scanning
calorimetry (DSC) and also by means of thermomechamanalysis (TMA) — more on this
option will be discussed in Chapter 3. [5-10,16-18]

-20-



1.3 Theprediction of glass stability (the glass-stability criteria)

The glass-stability (GS) criteria are widely useatgmeters in scientific practice to
characterize and predict the behavior of amorplgtasgy materials. Further, with their
knowledge, it can be estimated whether the requstdx$tance is capable of forming a stable
glass or not. The noticeable effort has been deatictp the search of the most suitable GS
criteria in regard to the potential real-life ajpplions of the given glassy material.

The glass-forming criterion introduced by Zachasem[21] represents the oldest way
to assess the ability to form a glass. This cotervorks on the assumption of the structural
preconditions of studied systems. However, thera trtain limitation. It is necessary to
know the structure of the emerging glass, whicmas always possible, primarily in case
of the newly studied systems.

The thermodynamic approach to glass-stability eatadans is based on e.g. the bond
energy determinations, the differences in the mleepativity of constituent elements,
the relations between the characteristic tempeatur glass transition temperaturg, T
crystallization temperature. Tonset vs. maximum of the signal) and melting terajure T,
and their ratios. [5,22] The last mentioned GSedat based on relations between
the characteristic temperatures have an advantagkeir relative simplicity (due to their
evaluation) and good functionality in series of meally resembling glasses. The most
common used GS criteria include the criteria defibg Hruby K, [23], Saad and Poulaingk
[24], Weinberg Ky [25], Lu and Liu K, [26], Long Kx [27], and Zhang Kw [28]. With
using these criteria, it is possible to determime ability of the material to form glass and its
subsequent stability. As the most suitable criterffor chalcogenide materials) was found
the Hruby criterion (see Ref. [29]) that manifesteeé lowest normalized variability with
the experimental conditions in contrary tg, KK, , K.x and K. As was mentioned, these
criteria function in series of structurally similglasses, but the great disadvantage of their
usage exists, the large influence of experimerdatitions (such as a sample form, heating
rate, the way of determination of each characterisgmperature, i.e. onset vs. signal
maximum) is obvious. Nonetheless, the differendevéen the glass transition temperatuge T
and the crystallization temperaturghias still remained crucial. The wider the differer; —

T4, the more stable the glass is. In scientific pcacthe so-calledT criterion AT = T¢ - Ty)
[30-32] is used to consider the thermal stabilityhe given glassy system. In addition, a new

approach has been recently suggested [33] congaitie@ combination of crystallization
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temperature value (obtained from DSC crystallizatneasurements) and the information
about glass-softening and viscous flow effects doied from TMA crystallization
measurements), which becomes more apparent andrtanpon the crucial temperature
region between the glass transition temperatureceyxlallization. More on these issues will
be discussed in Chapter 5.3.

The last (but not least) way to characterize tresglability or stability represents
the kinetic models. This alternative approach (wébard to thermodynamic approach) takes
into account the fact, that each material is ablfotm a glass, if the adequate cooling rate is
applied. The initial point of considering the glasility or stability represents
the construction of T-T-T (Temperature-Time-Tramsfation) curves. Unfortunately, a huge
amount of information is required and not all of theeded parameters are often available.

That is a great limitation of applicability the kitic models. [5,22]

Figure 4: The illustration of T-T-T curve; the temperature and the corresponding time

needed to the crystallization of given portion of lass are depicted.
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2 TELLURIUM-BASED CHALCOGENIDE GLASSES

Chalcogenide glasses belong to a section of inazgamorphous materials having
chalcogens as main matrix elements. The chalcogenshe elements from the "Lgroup
of the periodic system of elements (except oxyges)sulfur, selenium, tellurium. Polonium
also ranks among chalcogens, but its strong rativitgchinders the usage in this application

area.

Tellurium Sulfur

Selenium

Figure 5: Chalcogens - tellurium, sulfur, selenium

One of the promising chalcogenide materials aretéhHarium-based glasses. These
systems are well-known for their excellent transmnice in the infrared (IR) region.
The transmittance window can range from 2 up to 1@8; it depends on the exact
composition. This feature can be successfully a¢di in various hi-tech IR applications
including biosensors with usage in medicine or emmental sphere [34], GQletectors
fighting the global warming [35], space optics d#iteg the biological life markers (such as
absorption bands of GOO;3, H,O) on exoplanets [36-38]. The great disadvantagelhifride
glasses is their high tendency towards crystalbmatwhich results in complications in
the further processing of the glassy material. E#cdll processing steps must then be strictly
controlled to prevent the possible crystallizatiblowadays, the great emphasis is placed to
the search of the material with appropriate therrogtical and compositional properties.
The main goal is then to achieve the highest thestability of telluride glasses, while
the best optical properties will be kept. Therefottee doping of telluride matrix with
stabilizing components (e.g. selenium, galliumaatime) proceeds. Currently, these materials
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undergo in-depth testing, because the detailediestudf the thermal properties of these
materials have yet been missing; except the baasianmeters such as the characteristic
temperatures @ Te, Tm). As is apparent, it is necessary to carry oub\arall detailed study

involving the thermal characterization of materigtdetermination of the GS criteria),

the development of the kinetic processes associatgtd the glass formation and

the crystallization (across the compositional lirEfsthe studied glasses), the structural
arrangement of glassy and crystallization prodacid the influence of various experimental
conditions, which may affect the applicability ofagsy materials for practical usage.
The subsequent knowledge of ongoing kinetic prasesthermal properties and structural
arrangement may serve to predict the behavioreohthterial for arbitrary conditions that can
be used in finding the new hi-tech materials, tedbgy for the glass-preparation or usage

of these glasses in commercial applications. [33822]

2.1 Doped Ge-Teglasses

The aforesaid problem associated with relativeghtiendency towards crystallization
of tellurium-based glasses can be solved by stafgjithe fully telluride matrix using some
added elements. Nowadays, main advance is beiigadsaund the GeTematrix, which is
further doped by stabilizing elements - Se, Ga. &adch of these elements plays a different
role in a resulting glassy structure. These opematimprove then the qualities of given

glassy material for its later processing, e.g/fither-drawing or molding.

2.1.1 Ge-Se-Tesystem

The doping of Ge-Te matrix by adding a slight amooinselenium shows certain
benefits in contrary to the other two competingtays (Ge-Ga-Te and Ge-I-Te). In case
of Ga-doped systems, the studied glasses have inaireed towards crystallization than the
Se-doped glasses, this fact plays a crucial rola jotential glass-processing (e.g. fiber-
drawing). The preparation of Ge-I-Te glasses is endifficult due to the considerable
volatility of iodine. So the glasses based on G&&e&omposition stand for the promising
materials operating in the far-IR region. A smaltiion of selenium to the telluride matrix
functions as a stabilizer of resulting glassy systerhile the transmittance is influenced only

weakly. The main goal of studies dealing with theesges with possible utilization in the area
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of IR applications has been an improvement of tlaérmstability while keeping
the transmittance window as wide as possible. B3/342-45] Therefore, as was reported in
Refs. [32,35,42], the percentage amount of addedoStent must be kept under 5 at. % due
to its influence on the final width of transmitt@window.

The glass-forming ability of the Ge-Se-Te systendiscussed in Refs. [42,46,47]
including the supported information with regardthe phase diagrams. It was found that
the ternary Ge-Se-Te system contains the two dtassing regions represented by Se-rich
and Ge- or Te-rich glasses. In Fig. 6A, the illastn of Ge-Se-Te ternary diagram including
the two mentioned glass-forming regions is dispiiaye Fig. 6B, the obtained phase diagram
corresponding to Ge-Se-Te system is demonstratduesel results originate from
the systematic study of about hundred samples dviferent compositions along the Ge-Se-
Te system. The samples were prepared by a classalalquench technique with quenching

in air and their thermal behavior was explored l®ans of DTA. [46,47]

A
) Ge
GeSe GeTe
GeSe;
I
Se Te

Figure 6: Ternary phase diagrams corresponding tolte Ge-Se-Te system;
A) Ge-Se-Te phase diagram with marked two glass-foring regions
[46]: 1. The first region of glass-forming (Se-rid glasses)
. The second region of glass-forming (Ge- and Tdeh
glasses).
B) Phase diagram of Ge-Se-Te system with marked foglass-forming
regions [47]: the colour-filled area - glasses withut recrystallization
I. the dashed area - glasses with recrystallization
ii. the dotted area - partially crystalline

iii. the hemmed area - crystalline.
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Several calorimetric studies of the Ge-Te systdoped with various representations
of selenium were performed using DSC. [32,35,428UThe mutual feature of these studies
(regarding the potential IR applications of thedstigated glasses) was an attempt to find
the glass composition with optimum thermal and ifitgb properties, i.e. extending
the highest difference between the temperaturegsimonding to the glass transitiog dand
crystallization T, which determines the processability of glassyemalt The paper [35] deals
with the thermal study of GeSgTesox (X = 1 - 5 and 10 at. %) systems (including
the GegTego system). It was found that the most suitable casitjpms in regard to future IR
applications are the compositions containing 3 at5 % of selenium, which represent
the systems with the highest values around 106 - 112 °C, while for the pure,G&o glass
the AT value equals ~ 79 °C (due to a metallic naturéetdfirium). The glassy composition
with 10 at. % of Se is probably near to the noningxzone and on that account its thermal
stability decreases. The suitability of selectednpositions for the possible processing
of glassy material to obtain the optical devices baen confirmed by the next supported
studies based on measurements of IR transmissiectrap where the width of IR
transmission window has not been affected by atsutisn of tellurium compound by low
percentage amount of selenium. The other studizg4234] work with similar compositions
of Ge-Se-Te systems, with more or less changingeseptation of Ge-content (from 15 to 21
at. %), while the amount of selenium has been keger 5 at. % due to the holding the best

thermal stability without compromising the width I8 transmittance window.

Table 1: The AT values of selected compositions of Ge-Se-Te systeSe content kept
at 3 at. %; for illustration the information about AT value of non-doped

GeyoTegy system added.

Composition AT (°C)
Gexlego [42] 79
GeisSeTeg, [42] 90
GexoSeTer7 [32,42] 119 or 106
GexnSeTers[32,42] 115o0r 123

The further experiments with these glassy systesush as measurements of IR
transmission spectra or fiber-drawing experimentithaut any apparent crystallization
confirmed that the best choice with regard to trerstability and optical properties for future
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IR applications is the composition with 3 at. %setenium. [32,35,42,44,48] TheT values

of selected compositions are listed in Table 1.

2.1.2 Ge-Ga-Te system

The chalcogenide germanium-tellurium glasses ddped slight amount of gallium
introduce another possible way to get the matemals potential utilization as IR optical
devices. The poor glass stability of Ge-Te systesolved by incorporating the Ga content in
the resulting structure. In comparison to the GeF8esystem, the Ge-Ga-Te system is more
susceptible towards crystallization (within the p@hg process), but the transparency
capability is significantly higher than in case &-doped systems, where the presence
of selenium narrows the transmittance window otiltesy IR glass. [30,37,43,45,49-51] It
was demonstrated (see Ref. [30]) that Ga-dope@mgstre able to extend the transmittance
window up to 28&um.

In Fig. 7, the scheme of Ge-Ga-Te ternary phasgraia is illustrated. As can be seen,
the region in which the glassy matters in this esystan be obtained is quite small and is
centered along the pseudo-binary line Ge®aTe. This statement has been supported by
the investigations of some glass-forming studiesetinrium-based glasses. [30,45,49,51]

This glassy system belongs to the relatively neseaiered group of chalcogenide
glasses, therefore not so many studies concerrtedivermal behavior have been carried out.
The interesting systematic research of Ge-Ga-Teesybas been introduced in Ref. [30] - 13
glassy compositions along the pseudo-binary lindes&aTe were investigated. With
regard to the thermal stability, the DSC experimewere performed and on the basis
of characteristic temperatures (such gsTE, Tn) the values oAAT criterion were estimated.
The highestAT values were obtained for the {gBaglers (AT = 113 °C) and for
the GeGasTers (AT = 100 °C) glassy compositions, which determineséh reported
compositions as the thermally stable leaders is tha-doped system. In consequence,
the optical properties of the studied compositisrese tested by means of IR transmission
spectra measurements. It was found that the tregrsparanges from 1.99 up to g& with

the maximum transmission of about 55 %.
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Figure 7: The schema of ternary phase diagram corsponding to the Ge-Ga-Te system;
i. the red line represents the pseudo-binary line GeTlgGaTes,

ii.  the colour-filled area stands for the glass-formingegion.

Another study focused on thermal behavior of Gel®asystem [51], namely
the (GeTg)1xGa and (GeTg1xGa (x = 0; 5; 10; 15 at. %) compositions, discusses
the improving impact of Ga on the thermal behawibGa-doped Ge-Te matrix. In this work,
the AT values of studied glassy compositions are evetuaihe required value AT
criterion representing the thermally stable glagesmated aaT > 100 °C) was not reached

in any studied composition.

2.1.3 Gel-Tesystem

The alternative way to stabilize the Ge-Te matmaiast devitrification represents
the doping of tellurium matrix with iodine. The watlity of iodine may make the glass
synthesis a little bit more difficult, but the faets of resulting glassy material are interesting
due to the thermal stability and large transmitéawmdow in far-IR region of prepared glass.

The iodine plays a role of terminating atom of theee-dimensional network, the iodine
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atoms are not bridging and also have propensitirapping the electrons from Te. These
properties of iodine in glassy matrix prevent thetenial from crystallization. [45,49,52-56]
The scheme of glass-forming region in case of Ge-bystem is illustrated in Fig. 8.
As can be seen, the glass-forming area is veryirwhf(similar to the Ge-Ga-Te system).
This conclusion emerges from few glass-formatiamists [45,54,55], which were performed
by means of DTA and DSC. One of the first DTA sasdiof glass-formation ability
documented the glass compositions up to 12 at. %dofie [54], the follow-up DTA study
[55] is concerned with five compositions also up 18 at. % of iodine and various
representations of gallium content (from 13 to 21%). The further exploration of the Ge-I-
Te system was carried out by the DSC study of 263yl compositions [56]. The glass-

forming area ranges around the Ged@mposition. [54-56]

80,85

85 80

95 70

100 65
Te 15 20 25 30 35 (Ge

Figure 8: The schema of ternary phase diagram corsponding to the Ge-I-Te system;

the color-filled area stands for the glass-formingegion.

With regard to the thermal behavior of the tern@erl-Te system, not many studies
are available [54-56]. In Ref. [56] the informati@ibout calorimetric properties (such as
characteristic temperature and values) of five iodine-doped Ge-Te systems carfobed.

It was estimated that the glassy composition withat.7% of iodine is the most thermally
stable glassy system due to its high differencevéen the glass transition temperature and

crystallization temperature, which equals to 124 RC contrary to the Ge-Ga-Te system
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the difference IM\T values is more than 100 °C. The suitability of tBegl;Te;3 system for
the potential far-IR applications was verified algothe transmission spectra measurements,
where the wide transmittance range (from 2 tu22 was estimated. [56]

Naturally, the values of other physical propertigls doped Ge-Te systems are
available in literature, for example the valuesedfactive index, electrical resistivity or bond
strength. [30,32,44,50,56,57] Several studies [3@850,56] reported the refractive index
value equals ~ 3.3 for Te-rich glasses (the lovaduer of n ~ 2.5 for Se-rich glasses). With
respect to a semi-conductor behavior of chalcogegidsses, in case of doped Ge-Te systems
this property was also confirmed by the resistiahd electrical conductivity measurements
[30,32].

2.2 As-Se-Tesystem

The As-Se-Te system belongs to the other (besidesGeTg glasses) known
tellurium-based materials with potential utilization far-IR optical application area. This
ternary system profits from the advantages arifioign the combination of As-Se and As-Te
binary systems. The binary As-Se system ranks antbagwell-known very good glass-
formers and has been extensively tested for decables studies focused on thermal,
relaxation, crystallization and viscosity behavafrAs,Se glass are available, e.g. in Refs.
[58-63]. The vast systematic study [58] has beasymd on crystallization kinetics, viscosity
behavior, thermal expansion coefficient of,8g system with using various methods, e.g.
DSC, the parallel-plate viscometer, microscopichuods (optical, scanning and transmission
microscopy), etc.

The AsSe-As,Tes system pertains to the comparatively newly emeggedp of IR
tellurium-based glassy materials, where the fudutium AsTe; matrix is supplied by
certain amount of ASe;. This allows combining the advantage of tellurigtass (such as a
large transmittance window in far-IR region of étemagnetic spectrum) and the advantage
of selenium glass, which is known as a dependaldesdgormer. Thus, the ASe part
functions as a stabilizing factor for further impemnent of the thermal stability against
crystallization of the resulting glass. This systisntherefore assumed to be an alternative to
the Ge-Te glasses. [31,34,38,40,43-45,49]
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As is apparent, the glassy matters in the pseudarpiAsSe-As,;Te; system can be
created almost in the whole compositional range; ghass-forming region of As-Se-Te
system is depicted in Fig. 9. [49,64]

As
0 A100
25 75
50 50
75 25
100 0
Se o 25 50 75 100 Te

Figure 9: The scheme of ternary phase diagram corgponding to the As-Se-Te system;

the color-filled area stands for the glass-formingegion.

Several studies, e.g. Refs. [31,34,38,40,43-45/469%, focused on the As-Se-Te
system from the structural or thermal points ofwviexist, but they do not deal with
the tellurium-based As-Se-Te glassy matrix. Asadlst glassy composition was found to be
the AsTe,Se; [65,66] glass, which is positioned in the middfdhe glassy area. This system
was investigated in terms ofy Tneasurements, dependence of viscosity on temperatur
(usable in process of the fiber diameter modifaatiand transmission spectra measurements.
The transmittance window in IR optical region ramggifrom 2 to 18um was estimated.
[49,70-72] As is obvious, the detailed studies ewned with thermal behavior of these Te-
based glassy systems is absent.
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3 MACROSCOPIC MEASURING METHODS
OF CRYSTALLIZATION

The scientific research attaches importance tosthdy of crystallization processes
occurring in glassy materials as a consequencei@é-ranging usage of these materials.
If the crystallization kinetics is well-known, tharedictions of the preparation conditions,
potential real-life applicability and so on can bene, which enable a better control
of the experimental conditions and properties stittng glassy material.

The crystallization processes in various matermatsy be monitored by two basic
methods, namely by the direct (microscopic) andréud (thermal analysis) observations.
The usage of indirect macroscopic procedures irdutde methods of thermal analysis (e. g.
DTA, DSC, TMA) and is a favorite and widespread wayw to obtain the valuable data
about crystallization process, which are furthezdufor e.g. an evaluation of crystallization

kinetics.

3.1 Differential scanning calorimetry (DSC)

Differential scanning calorimetry belongs to a grand thermal-analysis methods used
in particular to study of thermal manifestations physical processes occurring in
the materials (e. g. phase transitions, chemicattiens, decomposition processes). These
thermal processes can be studied in dependencengpetature or time during a defined
temperature program. [5,73-80]

Many phase changes in materials are accompanid¢erelly the heat release
(exothermic reaction) or by the heat consumptio@thermic reaction). This type of process
is called a first-order phase transition and isedetd as a peak in the DSC experiment.
The second-order transitions are not associated nglease or consumption of the heat, but
the thermal capacity of the material changes, widah be seen in the DSC record as
a sudden step-change of the baseline. Thus, theie of DSC is a measuring of the heat
amount, which is needed to increase the samplegetyse and the reference as a function of

temperature. As a reference material some inertematuch as alumina, may be used, but
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nowadays an empty aluminum crucible is usually ugextording to the detecting method
of the calorimetric signal, the differential scampicalorimeters are divided into two groups,
namely the heat flux and power compensation typ&SEs. In the case of the heat flux DSC
instrument, the temperature difference between stmaple and the referenc€lpsc is

measured in dependence of the sample temperathis. signal is then converted and

registered as a heat flow)

dH
P = pr (1)

where H is an enthalpy, T is a temperature. In HiQ, the temperature dependence
of enthalpy (A) and the derivated temperature ddpece of enthalpy (B), which corresponds
to the temperature dependence of isobaric heaftcitppz and is proportional to the DSC

record, are displayed.
A)

Undercooled liquid

Property (H, V, ...)

Te

Crystal

B) Temperature

Temperature

Figure 10 A) The temperature dependence of given property (HV, ...) in the glass
transition area; the red curve indicates the pathdr heating of the glass.
B) Schematic derivation of sketched red-labeled la¢ing curve from graph

A - the obtained temperature dependence of,c
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The power compensation DSC calorimeters work orriaciple of compensation
of each temperature change between the samplehandceterence temperatures by means
of an electric heating-up. Here, this is the héa fthat was needed to the compensation
of the temperature difference as a function of teragure or time. [73-80]

The actual process rate is directly proportionahtomeasured heat flow. The constant
of proportionality is then the overall enthalpy nga AH (for the calibrated devices).

The kinetic equation is then determined as:

d
® = AH - (—“) )
dt
wherea stands for a degree of conversion and t is a timtéhe case of non-isothermal DSC

measurements, the Equation (2) changes its fotimet&quation (3):

» = (%) (4) 3)

ar dt
If the kinetic analysis is required, a kinetic daineeds to be prepared. The kinetic dataset
contains points and each of these points is cheniaet by the values of temperature (T), heat
flow related to the sample weighb,(W.g") and degree of conversion)((see the Equation
(4)). [76-79]

1 T;
=g fyo-dr @

Note that all measurements performed within thenéaork of the present doctoral
thesis were performed using the TA Instruments D00, with the T-zero technology,
which accounts for the so-called heat inertia @§fd83]. Hence the simplified base DSC

equation (Eqg. 3) could be employed for all relevardaluations of the DSC data.
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3.2 Thermomechanical analysis(TMA)

Thermomechanical analysis is based on the measnteshéhe sample deformation
under defined loading as a function of temperatoretime), while the measured sample is
subjected to a controlled temperature regime. Téferthation of given sample is registered
by the change in the height of the sample, thencér&in glass properties such as length
expansion, glass transition temperature, viscosityundercooled liquid, crystallization
temperature or melting point can be determinets #lso possible to observe the penetration
of the needle into a compact sample that allowstfening temperature of the sample to be
evaluated. For films or fibers, this method enalitepursue the applied force changes at
a constant length (relaxation). Thus the TMA is timversal thermal-analysis method that
allows the observation of crystallization proceas, well as the softening and melting
processes, volume and linear expansion. The stlidyystallization by means of TMA is
based on the viscosity behavior of glass-forminglemoooled liquids. The behavior
of crystallization curve is illustrated in Fig. 11A&vhich exhibits a typical behavior during
the non-isothermal measurement, the height chahgfgesample is monitored in relation to

the temperature.

A) B)
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Figure 11: A) The example of the TMA curve and thesvaluation of Ty is depicted.
B) The example of the TMA curve and the evaluatiownf T;. is demonstrated.

The glass transition temperaturg presents itself as a departure from the curve
representing the glassy state to the state of tidkergooled liquid. The glass-softening and
viscous flow effects play an important role in putal processing of glassy materials (such as
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moulding, fiber drawing, etc.) and with the knowgedof these phenomena the conditions
within fabrication of glassy products (lenses, féestc.) can be properly controlled. [77-82]
As the temperature rises, the viscosity of the natelecreases causing the spread
of sample, which is connected with the sample heitgtrease. The viscosity decreases to
an initial crystallization temperature {)l when the crystals begin to form in the underedol
liquid. The crystallization of the sample causesagparent increase of viscosity, due to
the crystal formation and their growth, the samg#ases flow and thus the decrease of its

height stops. The evaluation of the initial crylstation temperature;Jis suggested. [77-82]

-36-



4 THEORY OF KINETIC ANALYSIS

This thesis is primarily focused on the study ofstallization kinetics of tellurium-
based chalcogenide glasses with following appraisihthe processability of investigated
glassy materials. The knowledge of crystallizatiprocess kinetics is important for
the preparation and further processing of glassienads due to possibility of monitoring
the individual steps, experimental conditions o&sgl processing and the opportunity to
predict the glassy material's behavior under varioptional experimental conditions. In this
thesis, also the structural relaxation kineticsl Wwé described (rather as a side-note) with
respect to the completion of predictions of thesglatability, crystallization and structural

processes occurring in the studied chalcogenidersgs

4.1 Theproceduresof crystallization kinetics assessments

The crystallization kinetics is commonly studied means of DSC. The kinetic
analysis of DSC data is based on the search ahtig suitable kinetic model that facilitates
an appropriate description of a given kinetic psscdf the separation of thermal and rate
component of the kinetic equation is possible, rédation characterizing the actual process

rate is estimated as:
d
— =K f(@) (5)

where‘;—‘z stands for reaction/transformation rate, K(T) israde constant (depends on

temperature) and df denotes an expression of suitable kinetic modek (a conversion).
The rate constant can be expressed by using therkAorhenius equation:

Ea

K(T)=A-e " (6)

where A is a preexponential factor, i§ an apparent activation energy of the studiedgss,
R is an universal gas constant, T is a temperafime kinetic analysis of DSC data is realized
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by means of the DSC universal kinetic equation (Beg (7)), which has arisen by
the conjunction of above-mentioned equations @), (6). Thus, the DSC universal kinetic

equation is determined as:

Eq

®=AH A e 7 f(a) 7)

The common kinetic models, which can serve as &rigion of crystallization
kinetics of data provided by DSC, are for examie tucleation-growth Johnson-Mehl-
Avrami (JMA(m)), autocatalytic Sesték-Berggren (AGK)), reaction order (RO(n)),
diffusion (D1-3), Ginstling-Brounshtein (D4), coatting area (R2) or contracting volume
(R3) models. The kinetic models represent a theale(mathematical) characterization
of studied processes, which experimentally occugiven materials. The Table 2 offers
the summary of chosen kinetic models, their lalgeland corresponding forms ofaj(
functions. [76,77,79,84,85]

Table 2: Kinetic models

Model Symbol f(a)
Johnson-Mehl-Avrami JMA(m) m(1 — a)[-In(1 — a)]l‘%
Autocatalytic Sestak-Berggren  AC(M,N) a1 - a)V
Reaction order RO(n) 1-a)"
1-D diffusion D1 i
2a
2-D diffusion D2 —[1/In(1 — a)]
2 1
3-D diffusion (Jander) D3 [3(1 - a)§] / [2(1 (- a)§)]
1
Ginstling-Brounshtein D4 3/ [2((1 —a) 3-— 1)]
Contracting area R2 2(1-— a)%
Contracting volume R3 3(1 - a)%
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4.1.1 The activation energy determination

The first step of kinetic analysis of experimer8C crystallization data represents
the determination of the activation energy of aistation. [76,85,86,90] The knowledge
of this parameter is necessary, as it can thensbd tor the evaluation of the basic kinetic
model and the crystallization processes in studnederial can be appropriately described.
Nowadays, there are several methods developedi®mpurpose, firstly the Kissinger [87]
method, further the Friedman [88] and Kissinger-ikaSunose (KAS) [89] methods.

The Kissinger method is simple and is based ontehgerature shift of the DSC
signal maximum, which is associated with differapplied heating rates. The usage of this
method therefore consists in case of non-isothem&asurements. The Equation (8) depicts
the principle of Kissinger method, wheré stands for heating rate ang i§ the temperature
corresponding to the maximum of the crystallizai@ak. The value of the activation energy

. . . + 103
is derived from the slope of the linear dependdn({é;;) VS.——.
14 p

In (i—:) = const.— 24 (8)

RTp

Some limitations of usage this method for evaluatize activation energy of crystallization
exist. For example, the Kissinger method providek/ ahe En single value (representing
the dominant crystallization process), which cankenghe difficulties in an assessment
of complex processes, which contain more than oystallization process. [76,85-87,90]

The Friedman and KAS methods belong to a groupafanversional methods. These
procedures are based on the assumption that tbioreaate in the constant conversion range
is only temperature dependent. The degree of cemreremains constant, so the reaction or
phase transformations do not vary with changingihgaate. Thus, the values of Eare
estimated as an average of ¥alues determined for chosen degrees of converdibis
procedure leads to the minimization of the influenaf experimental conditions. These
methods are usable for non-isothermal and alssédnermal measurements. [85,88-90]

The Friedman method is a differential isoconveraionethod of kg evaluation and is
expressed by the Equation (9):

In(®,) = const. — % 9)
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where ®,, T, are a heat flow and temperature corresponding hto ¢hosen values
of conversion; the interval af values is defined as 08a < 0.7. In thisa value interval
the values are stabilized and are not affectedhéyrtaccuracies associated with the ascending
and descending part of the crystallization peale ®hgin of imprecisions in determination
of Ea using the Friedman method may be the dependenbetbfparameters (heat flow and
temperature) on the degree of conversion. Furthervialue ofa is estimated on basis
of Equation (4), where the value &fH can be influenced by several factors. With
the increasing applied heating rate, hence thedestyre, at which the phase transition takes
place, increases, the specific heat value assdciatéh this process also increases.
Furthermore, the effect of heat dissipation at loeyeplied heating rates influences thid
value and also indirectly theevalue, which is most likely related to the constian of DSC
cell itself, when the sensor registers only a pérthe developed heat, which may slightly
differ for the smaller heat flows in comparisontwihe case for which the DSC cell has been
calibrated. [85,86]

The integral isoconversional methods are based be #fpplication of
the isoconversional principles to the equationsthe integral form. The modified KAS

method is expressed by means of the Equation (10):

In (TZI%W) = const.—1.0008 -+ (10)

Ta

Starink [88] has showed, that some changes in KQ&aton parameters lead to a better
accuracy of the Evalues. [85,86,89]

-40 -



4.1.2 Thekinetic model and kinetic parameters determination

The second step of kinetic analysis of DSC cryigttibn data is the search of
a suitable kinetic model, which is able to descti®estudied crystallization kinetics. This can
be achieved by using algorithms based on the cteaistoc functions y) and z) [76,84,85]
derived by using a simple transformation of expenital DSC data. In case of isothermal
measurements, these functions can be expressed as:
y(a) =@ (11a)
z(a) =®-t (11b)
If the DSC crystallization data were obtained atHsmthermal conditions, the functionsxy(
and z@) are determined as:

y@)=o: et (12a)
z(a) = @ - T? (12b)

The values of y) and zf) functions are usually subjected to normalizaggyocedure in
the interval<0,1>. It helps to an easier data interpretation anditifleence of different
experimental conditions can be eliminated. Thaonkthé transformation of experimental data
using characteristic g§ and z§) functions, the determination of convenient kiaetiodel is
easier in regard to the actual kinetic processég Maximum of z{) function equals to
the degree of conversiamax, ; and corresponds to the maximum process rate,efuttbes
not depend on the activation energy value, in @optto the maximum of w) function
(amax,y), Which is strongly affected by the value of tlatiaation energy. The certain kinetic
model (suitable to DSC data) can be estimated ubi@galues of the degree of conversion
corresponding to the maxima of the characterisife) yand z{) functions and from
the resulting shape of their dependency on the ede@f conversionThis statement is
supported by the fact that the maximum o#)zfunction does not depend on the value
of the activation energy. [76,84-86,90-92]

In general practice, the most common kinetic modeded for the description
of crystallization kinetics are the nucleation-gtowdJMA (m) [93-95] and autocatalytic
AC(M,N) [95] models.

If the value of the degree of conversion corresgdodhe maxima of the @ function

and ranges from 0.62 to 0.64 (the theoretical vabfieanax , equals to 0.632) the
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crystallization kinetics can be described by theAJWh) model. Mathematically, the JMA

(m) model can be expressed using this Equation (13)

f(@) = m(1 - @)[-In(1 — &)]* (13)

where m stands for the kinetic exponent of JMA (mddel reflecting the respective

nucleation-growth mechanisms. [85,86,93-95]

A) B)
1.0 IMA (m =3) 1.2
0.8 1.0 JMA (m = 3)
0.84
0.6 i
3 3 0.64
> JMA (m=1) o
0.4 T
0.44
02 0.2
D2, D3, D4 1
0.0 | 0.0 T T T T T
. . ' . 0.0 0.2 0.4 0.6 0.8 1.0

0.2 0.4 0.6 0.8 1.0

Figure 12: A), B) Schema of wf) and z() plots corresponding to chosen depicted kinetic

models.

The JMA (m) model is a one-parameter kinetic maahel the value of kinetic

parameter m can be determined from the followingdEgn (14) [97]:

1
m= 1+In(1-@mazx,y) (14)

The function y§) has to provide the maximum value ranging in titerval 0< dmax, y< tmax, z
with respect to fulfil the condition of m 1. Another alternative way to determine the value

of the parameter m represents the determination fre linear dependende[—In(1 — a)]
vs. Int or In . [85,86,93-95,97]

The autocatalytic AC(M,N) model represents the ralive way for description

of crystallization kinetics, if the JMA (m) modehrnot be used. This semi-empirical kinetic
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model has two parameters and the parameters haphysical meaning, nevertheless this
model is widely used not only due to its highexilbdity to experimental data. The AC(M,N)

model is mathematically expressed as:
fl@)=a"(1-a)" (15)

The kinetic parameters M and N can be determinesh&gns of two consecutive evaluations;
firstly the value of% ratio used to be assigned (see the Equation &) secondly the value

of parameter N can be estimated with using the #muél7), where the N parameter value is
determined from the value of the slope of the balepicted dependence. [85,86,96,98]

M_ Zmaxy (16)
N 1—ama%y
Eg M

In [cb : eRT] =In(AH-A)+ N -In [aN(l — a)] a7

4.1.3 The preexponential factor determination

The value of the preexponential factor A can benmeded with the knowledge
of above-mentioned kinetic parameters, i.e. thvaiodbn energy value and the kinetic model
and its parameters. If the crystallization kinetissdescribed by means of autocatalytic
AC(M,N) model, the preexponential factor can beleai®d by using the above-quoted
Equation (17). Another way how to obtain the A wataepresents the Equation (18):

+.E_A Ep

_ __ 9 %®r . A4
A= aman € (18)

wheref’(amax,z) stands for the differential form of kinetic modft). [85,86]
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4.2 Kinetic deconvolution - Multivariate kinetic analysis (MK A)

The multivariate kinetic analysis (MKA) represeatgiroup of model-fitting methods
and many ways of model fitting exist. In generalqtice, the linear or non-linear regression
methods can be used. The linear model-fitting naghare based on the linear regression,
which means that the conversion and rearrangeniehe gate equation to a linear form need
to be assigned. The main problem connected withaquiations linearization can arise due to
the magnification of the sensitivity of kinetic pameters to points with "small value" and then
the distortion of these parameters can deviate frdtme most important section
of the investigated reaction/transformation. In panison to the usage of linear model-fitting
methods, the non-linear techniques can offer aebetliability, an easier optimization
of reaction rates, the degrees of conversion oh bagether; and moreover the non-linear
methods are able to include the sets of differeetimations of numerical integration. These
model-fitting techniques are based on the assumpmiiathe minimization of the difference
between the data, which were obtained from experiaheneasurements, and the calculated
data. [85,99-102] The famous method of non-liné#ing techniques represents the method

of least squares evaluating the data differend¢beasesidual sum of squares (RSS) [103]:

, 2
Last
RSS = 2?:1 Zkispiistj Wik (Yexpj,k - Ycalj‘k) (19)
1
W] =
|[da/dt]maxlj"'l[da/dt]minlj

(20)

where RSS is a sum of squared residua, n is a nuofb@measurements, j is an index of
the given measurement, Fifss an index of the first point of the given cuniast; is an
index of the last point of the given curveey j« is an experimental value of the point k
of curve j, Yea jkis a calculated value of the point k of curve j,isva weighting factor for
curve j. The series of several measurements peefbiah different heating rates are the initial
datasets, then the full-scale non-linear optimmatby means of MKA proceeds and
the search of the minimum of RSS by the variatiohghe kinetic parameters values for
the individual reaction steps processes. The stdn#@netic models and their mutual
dependences (e.g. the parallel, consecutive, cangpetversible, independent etc. models)
are usuallyexamined and based on the best value of the cboreleoefficient the suitable
kinetic model can be determined. [99-103]
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4.3 Mathematic deconvolution — Fraser-Suzuki function

Before the development of methodologies for emplgpythe kinetic analysis
equations into the complex non-linear optimizat@bgorithms, the mathematic deconvolution
was used to approximate the complex kinetics. Beaaf complex crystallization behavior
(scenario where the crystallization peaks overl#m),beginning and the end of each single
peak cannot be easily determined. The point isttietet of experimental data are separated
to particular components. For this purpose, sevaahematical functions exist and can be
used, e.g. the Gauss [104], Lorentz [105], WeiplLi6] and Fraser-Suzuki (FS) [107-110]
functions. The last mentioned Fraser-Suzuki fumctias a great advantage consisting in it
being thoroughly tested in the past — the testéircoed that (contrary to all the other above-
mentioned possibilities) the FS function can déscrall kinetics readily occurring for
the solid-state reactions. [107-110] The FS fumstioan be expressed via the Equation (21):

(21)

as

1n(1+2a3- x;zl)r]

Yy =ag-exp [—an [

where g, a, &, & are parameters of FS function corresponding t@raplitude, position,
half-width and asymmetry of curve. The PC softw&eakFit (Systat Software Inc.) is
instrumental in the processing of experimental dbyja means of this deconvolution
procedure. [107-110]

Figure 13: The illustration of deconvolution (FS) pocedure with using the PC software
program PeakFit 4.2.
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The Fig. 13 illustrates the processing of experit@eDSC crystallization data within
the deconvolution procedure using the PC softwaogram PeakFit 4.2 (Systat Software

Inc.) and in the Fig. 14 the example of deconvau@SC curve as a result from
deconvolution procedure can be seen.

04

20 - 50 um
1g’=1°C.min"
0.3
‘o
=
Z 024
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[=]
=
©
2 014
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T ¥ T ¥ T T T ¥ T ¥ T ]
170 180 190 200 210 220 230
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Figure 14: The example of experimental DSC curve &dr the deconvolution procedure;
circles - the experimental data, solid line - thewerall fit of the experimental

signal, two dashed lines - the two deconvoluted @tallization mechanisms.
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4.4 Thestructural relaxation kinetics

As was mentioned in Chapter 1.1.1, the glass tiansis dependent on actual
experimental conditions and therefore the glasssitian processes are kinetically-controlled.
The non-equilibrium glassy state tries to reachdbeilibrium state and relaxes to the state
of the undercooled liquid, which stands for the tramhievable equilibrium state - the system
is located in the so-called kinetic equilibrium gtlnigh energy/kinetic barriers prevent
the further decrease and transformation to thetallyse state) [6-13]. For the description
of these relaxation processes several kinetic rsodet available. Nowadays, the most
common kinetic model determined for this purposéhis Tool-Narayanaswamy-Moynihan
(TNM) [11,111,112] model. This phenomenological &kin model is characterized by four
parameters: the apparent activation enexbyof the structural relaxation, the non-linearity
parameter X, the non-exponentiality param@tend the preexponential factorsy, which
serve to interpret the main relaxation featureghsas hysteresis, non-linearity and non-
exponentiality. The TNM model can be expresseddipwing Equation (22) and the next
acting parameter - the fictive temperaturesthnds for the temperature of undercooled liquid
with the same structure as the relaxing glass aehi@and the structure of relaxing glassy

material can be characterized by means of thispetex:

_ x-Ah*  (1-x)-An*
T =Arnm RT + RT

(22)

The parameter x representing the non-linearitytroficgural relaxation determines the intensity
of structure and temperature influence on relarapioocess. The distribution of relaxation
times is formulated by means of the Equation (28) with using this stretched exponential

function F(t) the TNM model can be implemented.

t t 'B
F(t) = exp l— ( Ji- (T‘fo)) l 23)

where F(t) is the relaxation function of given pedy with § value being in the interval0f
< 1. The non-exponentiality factgf represents the inverse proportionality to the lidt

of distribution relaxation times. [11,111-113] Thalidity of this TNM model has been
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extensively explored during years, see exampl&eis. [114-118], where the good eligibility
of this model with regard to the description ofistural relaxation processes was confirmed.
In regard to DSC data, the so-called reduced Heat ®™ (see Equation (24)) was
proposed as a substitution of the relaxation famctF(t) due to the requirement of
the normalization of DSC data in the glass traositiegion, because the difference between
the temperature dependences of heat capacity igléassy and undercooled liquid regions

ocCcurs.

_o(T)-0y(T)

red
¢ = ®y(T)~Dy4(T)

(24)

where @(T) are the measured DSC dada(T) and ®|(T) are the temperature dependences
extrapolated from the glassy and undercooled ligeggons. [119]

Naturally, other kinetic models solving the struaturelaxation kinetics are available,
see for example Refs. [120-124]. The alternativel&M model can be the model called
KAHR introduced by Kovacs, Aklonis, Hutchinson aRdmos [120]. This KAHR model is
also phenomenological with parameters, which amglai to parameters of TNM model.
The next used model to description of relaxationelics is RSC model, which was
investigated by Robertson, Simha and Curro [121 #ms model is based on molecular

theory of relaxation kinetics occurring in glassgterials.
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5 SUMMARY OF PAPERS

As is well known, the chalcogenide materials haeerb studied during the past
decades and have been found as valuable materntidsbvoad utilization in many areas
of technical, industrial, medical, environmentalorentific interests. The large capacity data-
storage media (CDs, DVDs, BlueRay Discs or nontiel#CRAMS), elements for infrared
optics (fibers, lenses, etc.), optoelectronics, msnswitches or various electronic thresholds

can serve as the examples of the usage of theseiahat

large capacity data-storage media
(e.g. CDs,DVDs,BlueRay Discs)

photonics
(e.g.phase-change switches)

Chalcogenide

optoelectronics

glasses (e-.a. IR lasers)

IR fiber optics
(e.g. biosensaors, space optics)

glass-ceramics :
(e.g. cookwares, telescope mirrors, solid, electrolytes)

Figure 15: An illustration of broad utilization of chalcogenide glasses.

Nowadays, the special interest is focused on aloewent of optical chalcogenide
materials operating in the far-infrared region lgic'omagnetic spectrum and the emphasis is
put on their following applicability as devices agsted for space optics, environmental and
medical biosensors, etc. One family of materialfiiclv comply these assumptions, is
the tellurium-based chalcogenide glasses. [1-5830-4

This doctoral thesis primarily pursues the detailsgistematic study and
characterization of crystallization behavior ofluslim-based chalcogenide glassy systems
with respect to the kinetic processes and theetigrdescription by means of commonly used
kinetic models, the structural arrangements ocegrin studied systems, and thppraisal
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of potential real-life applicability of these matds. Also the structural relaxation kinetics has
to be described (rather as a side-note) due tméleel of the completion of crystallization
results for the next predictions of processabdityl stability of studied materials.

The crystallization process of tellurium-based sgmsoften shows a certain degree
of complexity, which means that the individual ¢ajszation peaks overlap, the beginning
and the end of each single peak cannot be eadyndimed and the crystallization kinetic
analysis cannot be properly performed. This isssecommonly solved by means
of deconvolution procedure. It means that the deexperimental data are separated to
particular components via the various methods obdeolution. In this thesis, the two ways
of deconvolution procedure were used, namely theetld deconvolution with usage
of multivariate kinetic analysis (which belongstte group of model-fitting methods) and
the mathematic deconvolution, which is based orersévmathematical functions, in case
of this thesis, the Fraser-Suzuki function was usedarticular with following kinetic
analysis of individual crystallization processes.

The last area of interest of this doctoral thesatd$ the potential practical usage
of studied chalcogenide tellurium-based glassyesyst This issue is considered by means
of glass stability criteria, which are the usefbls for this purpose. The typical commonly
used glass-stability criteria (such as Hruby [23jtedon or the difference between
the crystallization and glass transition tempeeglmostly provide a good information about
material's glass-stability, but rather qualitatij29-32] Regarding this limitation, the newly
developed criteria for the evaluation of glass ifitslare suggested [33], described and tested.
These new-developed criteria come out from the ipibi$g of the combination of results
provided by DSC and TMA; due to the missing infotima from DSC about glass-softening
processes, viscous flow effects and so on. Theshaa® with which the presented thesis
works, belong to the thermo-analytic methods, whacé based on an indirect observation
of e.g. crystallization processes by means of cemaacroscopic property (heat flow and
sample deformation in case of the presented th§gdB2]. The opportunity to combine
the results from DSC and TMA offers a certain bémveith regard to the assessment of glass
stability of glassy materials.

More on above-mentioned facts, main goals and asraris of this doctoral thesis
will be discussed in following chapter divided intlaree sections (basic thermal behavior
of the investigated systems, theory and practiceoaiplex crystallization kinetics, and glass
stability). All studies presented in this thesi® grublished as the articles in impacted

international journals.
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5.1 PAPER DISCUSSION - Part |

The primary aim of the presented doctoral thesis thi® characterization
of crystallization behavior occurring in the telum-based chalcogenide glasses and
the description of ongoing crystallization kinepimcesses with respect to the determination
of the thermal properties of the given studied eayst This is necessary
for the characterization and usage of amorphoutcapenides, the knowledge of ongoing
processes allows the predictions of the behavicexaimined glasses under any conditions,
also their stability can be evaluated and the $eafcmew promising hi - tech materials is
facilitated.

As has been specified earlier, this thesis dedls thie thermal, kinetic and structural
characterization of tellurium-based chalcogenidassgs. It was mentioned in Chapter 2 that
the Te-based glasses show a strong tendency toweysksllization. This problem may be
solved e.g. by adding of various dopants into #lkiium matrix due to the stabilization
of glassy system against devitrification [30-32;42}. The dopants used for the following
studies in case of Ge-Te glasses were seleniutiyrgadnd iodine; these dopants were added
into Ge-Te matrix in various amounts along the stgg@ted compositional lines due
to the effort to uncover the most suitable compmsiin regard to potential practical usage.
The next studied system, the As-As,Tes glass, belongs also to Te-based glasses and was
explored with various representations of,Pey part along the investigated compositional
line. Thus, the systematic detailed study of thérnetavior of GeySeTegox (X = 2; 4; 6; 8
%), Ge1SeTernx (X = 2; 4; 6; 8 %), (GeTs(GaTe)ioox (X = 40; 50; 60; 67; 75; 86; 100 %),
GexplxTegox (X = 2; 5; 8; 12; 15 %) and (ASey)100-{AS2Tes)x (X = 0; 17; 34; 50; 67; 84; 100
%) chalcogenide systems was performed by meansS& [primarily and for the kinetic
analysis purposes), the experiments were carriedirmaer non-isothermal conditions, which
means that the monitored property (heat flow) wiaseoved in dependence on temperature,
and various sample forms (powders, bulks) were @x@mnwith regard to the predicative

potential of the realized kinetic calculations.
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Figure 16:

The illustration of procedures used to lcaracterization of thermokinetic

behavior of investigated chalcogenide systems.
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The characterization of thermal behavior of invgetied glassy systems may be done
with usage of the simple scheme illustrated in E&y.Firstly, the raw DSC curves are needed
to be investigated with respect to a presence absence of expected thermal effects (e.g.
glass transition, crystallization, melting), thetura of crystallization effect (e.g. single-
peak/multiple-peak behavior) and its behavior ungmious experimental conditions (e.g.
sample form, applied heating rate). Thereafter, #tauctural analysis of obtained
crystallization products needs to be done duedw Hiructural characterization (e.g. XRD, IR
microscopy, Raman spectroscopy) and this step egmtb identify the ongoing processes in
the studied materials. Afterwards, the kinetic gsial is carried out and the complete
information about the given system is acquired liga combined knowledge about thermal,

structural and kinetic properties.

5.1.1 Ge-Se-Tesystem

As the first researched material for this thesigedive the selenium-doped GeTe
glass was selected, the thermal behavior of whies wvestigated along two selected
compositional lines, namely the £8gTegox (X = 2; 4; 6; 8 %) Paper |) and Ge;S&Terqx
(x = 2; 4; 6; 8 %) Paper 1) glassy compositions. The amount of added seletadto be
held under 10 at. % due to its influence on thalfiwidth of transmittance window.
In addition, the glassy composition with 10 at. %Se is probably near to the non-mixing
zone and on that account its thermal stability el@ses [32,35,37,42-45].

In Fig. 17, the obtained DSC curves representiegGk:SgTerngx (X = 2; 4; 6; 8 %)
compositions are displayed. As is apparent, thstallyzation behavior of the studied systems
is greatly influenced by the added amount of sal@ninto Ge-Te matrix, which is reflected
in the separation of the primal surface telluriunegpitation from the subsequent volume-
located GeTe and GeTe(Se) (phase contains all éheegents) crystal growth (see the results
from XRD analysis — Table 3). Also, the new phas®r{oclinic GeSg emerges under
certain conditions, which are close to the equilitor conditions (such as very low,darge
bulk-to-surface ratio); and as was found, this mdase substitutes the rhombohedral GeTe.
The evolution of the crystallization peaks with re&sing amount of Se indicates that
the selenium functions as an inhibitor of crystaltion process shifting the crystallization to

higher temperatures (in comparison with the purg Taey).
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Figure 17: Example DSC curves obtained for appliedheating rates 1 and 10 °C.mif
and the 125180 pm powders (graphs A and B) and bulk samples (graph€
and D) of the studied Ge;SgTerqx glasses. Each curve is marked according

to the Se at. % content. Exothermic effects evolva the “upwards” direction.

It can be concluded, that the occurrence of setenieads to inhibition of both
crystallization mechanisms (Te surface precipitaticand volume-located GeTe
crystallization). Selenium integrates into GeTenwk and, as well, into Te-chains; that can
be the reason for the obvious separation of ciiatibn peaks with increasing amount
of selenium in Ge-Te matrix. As can be seen in R2§B, where the dependence
of crystallization onset on composition is displayée blue-labeled points correspond to Se-
doped glass), the rising Se content does not infle@ehe position of the initial surface Te
precipitation (it means within the compositionaldiof the Se-doped glasses; the thermal
properties of pure Geleglass are greatly improved by the addition of rsel® into
the matrix). However, the crystallization of GeTe iextensively influenced. This
phenomenom can be caused by the arising restimdi(taken by presence of Se) of GeTe

units interconnections (Se incorporates directly GeTe network).
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The characterization of crystallization behawan be realized by means of kinetic
analysis including the determination of each of @drameters occurring in the universal
kinetic DSC equation (7); this means the evaluattdnapparent activation energya,E
crystallization enthalpyAH and lastly the most suitable kinetic model) fiwhich can be used
for the description of crystallization behavior thie studied material. The methods how to
obtain these parameters have been defined in Ghép¥ith using the Kissinger method
[87] the apparent activation energy of crystali@matwas determined and the obtainegd E
values can be found in Fig. 27A. As can be seenstbnificant decrease in the Kalues
representing the compositions with added seleniugomparison with pure G e;9 system
is observable. This change in i caused by the first addition of selenium intogpGeTe
matrix, which is accompanied by the change of tlannorystal growth mechanism. While in
case of GeTg glass, only the surface crystallization was fouisee Paper 1l1) and
the accelerating influence of mechanically induakdects on the primary crystallization
process was confirmed, the Se-doped glass showstwioe types of crystallization
mechanisms, namely the surface Te precipitationsante volume-located crystals form (see
Fig. 18); the addition of Se leads to a changeaystallization mechanism. These findings are
also in good correspondence with the study focusedhe influence of the Se> Te
substitution on crystallization mechanismBaper VI), where it was also shown, that
the smaller number of large crystallites occurshvitie addition of Se into Gejenatrix.

These crystallites exhibit a three-dimensional ghow

Figure 18: Selected infrared micrographs corresponithg to the cross-section views
of the partially DSC-crystallized pure GeTe (A) and GecSeTers (B)

materials.
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The occurrence of two types of crystallization nmeubms was confirmed also by
a huge IR microscopy studiPgper XVI), which was also used, for the first time, to dilg
confirm the crystallization originating from the of@nically induced defects. The partially-
crystallized (in DSC) samples were prepared; thecssd grains were carefully cracked and
observed by IR microscope. Each piece of testeshg@ntained a large number of small
crystallites, the presence of which confirmed thmedmated defects-based crystallization.
Also a large number of fragments were on theirazg$ covered by a crystalline layer.

It was found that the fine alteration in amountGé in Ge-Te matrix (Gglegy —
Paper | vs. Ge;Te;g — Paper Il) has not been critical, has not had any markddante on
thermal behavior and the results have been mostlifas, thus allowing making the same
conclusions and the crucial influence on thermdlalver of the Se-doped glasses has been
caused by the added amount of selenium.

The study dealing with the influence of particleesion crystallization processes
of chosen GgSeTe;s glassy composition and the combined dilatometrid aalorimetric
study of kinetic processes occurring in this,SeTess bulk glass can be found FPaper 1V
and Paper V. The question, why just this certain compositiavill be answered later
in Chapter 5.3. InPaper IV the full-scale kinetic analysis of prepared. & Tess glass
in dependence on particle size was performed irerotd reveal the degree of reliance
on experimental conditions (sample form, appliedting rate). Eight following particle size
fractions: 0 — 20; 20 — 50; 50 — 125; 125 — 18@M 4&50; 250 — 300; 300 — 50én and bulk
sample with assigned averaged particle size equilnim, and ten following applied heating
rates (0,5; 1; 2; 3; 5; 7; 10; 15; 20; 30 °C.t)imere tested. This approach was chosen due to
the promising usability in potential real-life amaitions (such as far-IR optics) and
consequently due to the need for the detailed kedgéd of the ongoing process in the given
material. The GgSeTes,s glass crystallization behavior was found largelgpendent
on experimental conditions, which is crucial foe thext processing of glassy material, when
the individual processing steps must be criticatigntrolled to avoid the undesirable
crystallization. The two well resolved crystallimat peaks occurred for fine powders, with
increasing particle size these peaks started tdagvand exhibited an apparent JMA kinetics
(see Fig. 19C). The Fig. 19depicts the deconvoluted complex crystallizatioakpebtained
for fine powder fraction and high applied heatiager The two differentiated crystallization
peaks are signed by the two dashed lines, theesibrrespond to experimental DSC data
and solid line denotes the overall fit. The decduation procedure was performed by means

of Fraser-Suzuki (FS) function (Eq. 21). The sigaiftly higher activation energies observed
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for the finest powders could be explained on thsidaf the influence of mechanically
induced defects on crystallization behavior. Thistexce of a larger energy barrier that needs

to be overcome in order for the sample to cryzalis probable.
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Figure 19: A) Example of deconvoluted complex cryatlization peak for the powder
fraction with particle size 20-50um of the GeSe;Tess glass;
B) The particle-size dependence of £values determined by the Kissinger

method;
C) The dependence of the maxima of characteristiauhctions y(@), z(e) on

the averaged particle size.
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As the values of activation energy decrease witarsar fractions, the two kinetic peaks
converge and cannot be distinguished from one anottence, the reliable deconvolution
could not be performed for the coarser powder isast In Table 3, the estimated values
of kinetic parameters for both deconvoluted cryigtaion peaks representing the finest
powder fractions are summarized. The kinetic amalgsdeconvoluted DSC data provided
the similar trends in values of kinetic parametéss both fractions, which points to

the uniformity of crystallization mechanisms.

Table 3: Summary of average values of parameters ifdoth peaks of the deconvoluted

fractions with particle size 0 - 20um and 20 - 50um.

particle size
parameters
AH, J.g 18.2+1.1 20.3+2.2 21.5+45 17.2 £ 3.7
Ea, kJ.mol™* 235+0.8 223.8+1.7 2025+1.1 206.4 £ 0.43
Omax, 7 0.570+£0.037 0.461+0.061 0.529+0.083 0.480066
Cmax, y 0.267 +0.044 0.355+0.054 0.282+0.071 0.373 +0.056
M 0.41 +0.06 0.56 +0.08 0.43 £0.06 0.59 £ 0.08
N 1.14+0.14 1.04+£0.2 1.17+£0.35 1+0.17

However, it was also found, if the large as-prepasamples with minimum
mechanical defects will be used and the appliedtifgarate will be 10 °C.min
(corresponding to the standard heating rate fortnmastruments and their calibration),
the kinetic processes will be unified and the cleangth experimental conditions has
a descending character.

The combination of dilatometric and calorimetricpegaches used for the study
of kinetic processes in GSeTess glass is shown iPaper V. The crystallization behavior
was examined by means of DSC and TMA. The comhinati these two techniques offers
an interesting sight into ongoing processes in niasein further detail, because the DSC
experiments do not give the appropriate informaéibaut processes connected with softening
of glassy material and viscous flow effects, whyglay an important role in the overall
crystallization process. Also these processes llaigBuence the stability of glassy materials
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and their potential usage (more in Chapter 5.3 fouthese motives, the correlation between
these two techniques was searched for and a gooekeragnt was found. Therefore,
the crystallization kinetics was described by usafjSC and also by usage of TMA data,
whereas regarding the TMA data thevalue (corresponding to the maxima of crystalimat
DSC peak) was replaced by thg. The initial crystallization temperature; Dbtained from
the crystallization TMA measurements correspondantantersection of extrapolations from
the inflexion point and final stabilized sample digi As was shown in Refs. [125-127],
the dependence ofi;.Ton temperature follows on the Arrhenian kinetisuasptions, thus this
parameter can be used for the kinetic analysisrystallization. The evaluated apparent
activation energies of GgSe Tesq crystallization obtained from the DSC and TMA datare
very close, which was fairly startling due to tlaetf that the k values provided by TMA
used to be higher than thg Ealues provided by DSC, because the DSC measutemgse
values corresponding to the overall crystallizagpoocess, while the FEvalues determined by
means of TMA usually correspond to the initial staf crystallization process. This fact can
be explained on the basis of significantly higheroant of crystallites, which is needed for
the formation of firm crystalline network and coqaently for stopping the strong viscous

flow in the GeoSeTess glass.
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Figure 20: Kissinger plots constructed for the sedf crystallization DSC (A) and
TMA (B) measurements performed for the GegTe;sSe bulk glass.

To conclude the problematics of crystallizationdtia behavior of studied Se-doped
GeTe glass, it must be noted that this materiallofd the JMA/AC Kkinetics.

The characteristic af and y¢) functions were utilized in order to determine #ppropriate
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kinetic model f{). The appropriate kinetic model can then be chogeam the value of degree
of conversior corresponding to the maximum of this function. idally, the crystallization
processes occurring in chalcogenide materials tesbd described by means of JMA (m) and
AC(M,N) models.

As can be seen in Fig. 21A, the basic requiremedMA (m) model ¢max, z€quals to
0.62 — 0.64; this value is indicated by red dashwee in Fig. 21A) is fulfilled for most
measurements performed at different heating rabelsthe most of kinetic data could be
described by JMA (m) model, except the borderlirpegimental conditions (the lowest and
the highest applied heating rates). In this cdmentore flexible AC(M,N) model was used for

description of the crystallization kinetics.
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Figure 21: An illustration of set of characteristic functions z@) (A) and y(a) (B)

calculated for the set of crystallization DSC measements performed

for Ges1SeTess.

The values of maxima of g function (see Fig. 21B) serve for the determurati
of the parameters (m, M, N) of the previously folkngetic models (based on Equations 14,
16 and 17). The parameter m reflects the informatibout the dimensionality of formed
crystallites. It was determined (based on the H.that the crystallites formed as a 3-
dimensional crystals under the lower heating ratbde as the applied heating rate increased,
the crystal dimensionality decreased (to ~ 2) dred glanar/surface crystals were formed.
The change of crystal growth dimensionality occwigh increasing heating rate. Lastly,
the value of preexponential factor A was determifd- 1.1+ 10*) and the crystallization

peaks could be described by the most suitableikinetdel.
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5.1.2 Ge-Ga-Te system

The other promising materials for far-infrared optapplications can be the Ga-doped
GeTe glasses. As was mentioned above, the great adyaonfachoice of gallium as a dopant
lies in the fact, that the presence of gallium utlyf telluride matrix does not influence so
much the width of transmittance window (can reaphta 28 um [30]), therefore the Ga-
doped GeTgsystems can introduce the good compromise bettreethermal stability and
optical properties of resulting glass. The undeditagy to the thermal and crystallization
processes ongoing in various e.g. chalcogenidesheacrucial not only for the processing
of glassy material for the optical application psps (such as fiber-drawing, molding), but
the other possibilities how to utilize these matisrexist. One of the feasible ways represents
the glass-ceramics application area. The preparatib glass-ceramics with improved
mechanical properties (determined by the crys&lphase fraction and its quality) requires
the precise knowledge of thermal behavior of theemiinvolved material, for example
the Ga-doped glass. [30,37,43,45,49-51] This dattbesis includes several studi€agers
VII — X) focused on a detailed characterization of thermsimlictural and kinetic behavior
of (GeTa)x(GaTe)100x (X = 40; 50; 60; 67; 75; 86; 100 %) chalcogenigstams due to
the limited knowledge about the thermo-kinetic atrdctural properties of this system.

Paper VIl works with the crystallization behavior of (GaJ€GaTe)100x (X = 40; 50;
60; 67; 75; 86; 100 %) glasses in dependence ditleasize in order to reveal the processes
connected with a function of gallium as a stahiligfactor of GeTgglass against undesirable
devitrification and also to account of different ygahow to obtain the Ga-doped glass
with the best possible properties. In Fig. 22A, the@SC curves obtained for
(GeTea)x(GaTe)i00x (X = 40; 50; 60; 67; 75; 86; 100 %) systems foosdn experimental
conditions are displayed. The impact of the Gatamldiis obvious, the uniform single peak
representing the pure Geleplits into two crystallization sub-peaks, whicancbe best
noticed for the powder fractions. The importantesisable fact is that the crystallization onset
remains invariable, whereas the second crystabizapeak shifts to higher temperatures
as the GaTe content increases. The relative invariability pfstallization onset with
composition can be explained as the fact that lonouwnts of gallium is needed to
the saturation of centers intended for Te predipiba So, it can be stated that gallium
functions not only as astabilizing factor of GeTeetwork, but also influences
the precipitation of tellurium by preferentially @gying the crystallization centers primarily
intended for the tellurium precipitation. It is Wiy of notice, that the evolution of the shape
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of melting peaks (see Fig. 22A) points out to thxstence of eutectic (at ca. 357 °C);

the exact eutectic composition appears to be ¢twgBeTq)s/(GaTe)ss.
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Figure 22: A) Example DSC curves obtained for appéid heating rate 10°C.mif* and
the 125180 pm powders of the studied (GeTgx(GaTes)io0-x glasses.

Each curve

iIs marked according

to the GaT¢ at. % content.

Exothermic effects evolve in the “upwards” directian.

B) Zoomed crystallization effects obtained for 12 - 180um powders heated

at 10 °C.min™.

The akin crystalline phases as for Ge-Se-Te sygiapers I, Il, IV, V, VI) were

identified (hexagonal tellurium and rhombohedralT&e- see Table 4) with using XRD

analysis, which indicates that the similar crystation mechanisms are involved in Ge-Ga-

Te system as well as in Ge-Se-Te system. The XR&lysis of (GeT@«(GaTe&)ioo-x

crystallization products, besides the hexagonadlirtem and rhombohedral GeTe, offered

the other crystalline phases, which were identifiedtier certain experimental conditions.

For example, at high applied heating rates someegaiiibrium crystalline phases arose for

the 40/60 composition (tetragonal £bes), which are kinetically preferred and thus staieidl.

Also the hexagonal Gaes phase form was found, however its strongest difiva lines

overlapped with those corresponding to Te. Thegmes of hexagonal GBes has manifested

itself as some weaker diffraction lines.
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Figure 23: A) Infrared micrographs corresponding tothe cross-section views of the partially
DSC-crystallized pure GeTe (the left-side  micrograph) and
(GeTe)so(GaTes)q (the right-side micrograph) materials.

B) Raman spectra obtained for all investigated (GBEes)«(GaTes)i00x glassy
compositions (top) and Raman spectrum of chosen ndte-positioned
(GeTe)so(GaTes)so glassy composition (below); dashed lines correspding to
the deconvoluted Gauss profile peaks, solid line mesponding to the overall
fit, the circles corresponding to the experimentaDSC data.

C) XRD records of crystallized (GeTg)«(GaTes)100-x materials.
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The first and very important difference in the ¢ajlization mechanism and role
of gallium (as dopant) in GeTematrix compared to Se-doped glasses emerges from
the findings based on XRD analysis to which the tigiy-crystallized (heated
to the maximum of the first peak) selected compmsit (rich in gallium) were subjected.
The presence of G&es phase was confirmed already during this first tatligation peak
(besides the Te phase), and this is completeleraifit behavior in contrary to previously
mentioned Ge-Se-Tdapersl, Il, IV, V, VI) and afterwards discussed Ge-I-RapersXI,
XIl') systems, where the crystal growth of the GeSefi@ @el phases is centered in
the second crystallization mechanism, while in paatially-crystallized products (heated
to the maximum of the first peak) only the hexadotalurium was present. This
phenomenon can be explained on the basis of tiveopeestructural study [50], that Ga atoms
do not incorporate into the GeTe network and bomlgt to tellurium; as the Te precipitation
begins, the G es phase forms too. These conclusions can be suppalte by the results
from IR microscopy (see Fig. 23A), where lower n@mbf nuclei (for the higher amounts
of Ga) can be seen in contrary to the pure sudaneth.

The Raman spectroscopy provided the informatioruastructural arrangements in
(GeTa)x(GaTe)100x Systems. The impact of gallium on structural ageanents in Ge-Ga-Te
system could not be assigned so simply. The idtistt Raman spectra in Fig. 23B denote that
the present Ga content in GqTaatrix induces the partial segregation of tellomjuvhich
manifests as a larger signal corresponding to thehins (label C: 140 ¢t The presence
of Ga content in GeT,ematrix probably leads to some strengthening ofGbe&a network,
which manifests as a higher signal of the edgeeshetrahedra (label D: 154 &jn The most
pronounced peak (label B: 125 ¢nwas foundto be representing the symmetric stretching
mode of corner-sharing Te-rich GaTe ,Geg, (n = 0, 1, 2) tetrahedra and the subtle peak
(label A: 106 cm') was found to be corresponding to the corner-sgateTe4 (n = 0)
tetrahedral. [132-138]

Papers VII — X also deal with the description of crystallizatidkinetics
of (GeTe)x(GaTeg)i00x (X = 40; 50; 60; 67; 75; 86; 100 %) system. Thdtivariate kinetics
analysis (MKA) was applied on DSC data to do theglete enumeration of the universal
kinetic DSC equation (Eq. 7) for each dataset deoto describe the complex crystallization
processes. The MKA optimization offers a testingted standard available 21 models and
their possible mutual dependences (e.g. paral@hpeting, consecutive, reversible, etc.
reactions) and on this basis the combination of itvdependent crystallization sub-processes

were found (based on the best correlation coefftyieco be following the JMA (m) and
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AC(M,N) kinetics. The JMA (m) model describes wdle first (low-temperature)
crystallization process, the AC(M,N) describes sleeond (high-temperature) crystallization
process. The first process corresponds to the @etation and formation of hexagonal
GaTes phase; the following second process representfotheation of rhombohedral GeTe
and remaining Ga'e; phase. Naturally, the MKA method provides valuéalbof involved
kinetic parameters; for example see Figs. 24B anA. ZThe E values correspond to
the three chosen patrticle size and each of aliedutbmpositions. The crystallization process
was found to be complex (see Fig. 24A). As is appiarthe K values representing
the second crystallization sub-process are lowedris Tiinding can be interesting for
the following applications, such as glass-ceramitsegard to possible better checking
of crystal growth. If the difference between, Ealues of both sub-processes is larger,
the system can be better controlled via applicabbrdifferent heating rates. This offers
an advantage through enlarged portfolio of corgrbltrystal growth options in e.g. glass-
ceramics applications. The Fig. 24C provides themasitional and particle size dependences
of kinetic parameters obtained from MKA. The unifisty of most trends is obvious, which
can ensure the reliable predictions of crystal ghofer e.g. glass-ceramics applications.

In Fig 27A, the estimated sEvalues for bulk samples can be seen (the chogen E
values corresponding to the dominant crystallizapoocess). The relative consistent trend is
observable, which plays an important role in elgsgrceramics or infrared optics application
areas, where the crystal growth needs to be ctedrorhe studies of crystallization kinetics
of these systems in dependence on particle size werformed due to the confirmation
of the influence of mechanically induced defectscoystallization behavior. It was found in
PapersVIl, IX andX that the presence of mechanically induced defatiglifies the initial
precipitation of Te and the first formation of a5 phase (the magnitude of the first
crystallization peak increases) with increasing €adontent and decreasing particle size.
The study included iRaper X, focused on the effect of powder coarseness atatligation
kinetics of Ge;Ga1Tess glass (middle-positioned composition inside thedstd pseudo-
binary line), briefly supports these findings. Tvedues of apparent activation energy were
found to have a descending character with parSe for both sub-processes, which also

points out on the growth from mechanically indudedects.

-65-



Figure

24

A)

O experimental data
0.8 overall fit
— — deconvoluted peaks
06 (GeTe,), (GaTe,),,
300 - 500 um ; 20 “C.min’'; r* = 0.998 :
o
= 0.4
L=
0.2 4
004
T T T T T T
225 240 255 270 285 300
B) T # g
500
the first process: the second process:
O  20-50um O 20-50um
& 125180 ym @ 125-180 um
@ 300 - 500 ym @ 300 - 500 ym
400 1
- ®
S 3004 o
E e e
S ° o 8 o © o)
" 8 -
—~ 2004 3 i
< @
(i1}
100 -
0 T T T T T T T T T T
0 10 20 30 40 50 60
C) at. % of GaTe,
3
powder fraction: kinetic exponents:
- O 20-50um o,
@ 125-180 um oM,
@ @ 300 - 500 ym N,
2 27
&
= e}
9] @ 3 % 8
3 0 e 8
g g 88 ¢
= [ ] o
8 14 & @ L] L ] L ] o
= o o o o & e
=] 3 ® . L]
- ) .
L]
0 T T T T T T T
0 10 20 30 40 50 60
at. % of GaTe,
A) Example of deconvoluted DSC

(GeTe)so(GaTes)sg) by means of MKA.
B) Compositional and particle size dependence of AEobtained from

MKA for both deconvoluted crystallization processes

curve

(coesponding  to

C) Compositional and particle size dependence of k@tic parameters

of JMA (m) and AC(M,N) models obtained from MKA.

-66 -



The Ge:Ga;1Terg glass was also subjected to the combined thernmadysis Paper
X), which was performed by means of DSC and TMAastlie case of Se-doped glasses,
the same presumptions were approved. The resulis MKA analysis were in a perfect
agreement with those from TMA, only the relativelgrge errors associated with
the evaluations of e.g..Hrom TMA measurements can be observed. This effeptobably
caused by the worse reproducibility of determimatad initial crystallization temperature,
however the similar trend occurs. The results ftbermal, structural and kinetic study of this

glassy composition correlate very well with thosetgd above.

5.1.3 Ge-I-Tesystem

The doping of GeTgglass by iodine introduces the third (and lastarppresented in
this doctoral thesis) possible way how to stabiltre fully telluride matrix against
crystallization and improve the thermal propertedsthis glassy material with respect to
the potential applicability in area of any practingaage. The function of iodine as stabilizing
factor lies firstly in its terminating role in thikree-dimensional GeTe network, and secondly,
the iodine atoms are capable to trap the elecfrons tellurium. [45,49,52-56]

In the following section of this thesis, the resutriginating from the detailed study
dealing with the thermal and structural charactiin of the GglxTegox (X = 2; 5; 8; 12;
15 %) system, included iRapers XI and Xl , will be introduced.Paper XI works with
the study of whole investigated compositional lofeGeyglxTegox (X = 2; 5; 8; 12; 15 %)
system with emphasis put on the comparison of tistallization behavior and its kinetic
description among the selected compositions withang to predicative potential and
quantification of the effect of mechanical inducgefects on the crystallization (and also
relaxation) behavioPaper XlIl deals with one selected composition, namely thglge;s
glass, where the influence of experimental cond#i¢wide range of applied heating rates,
particle size fractions) was extensively testednaer to kinetically and structurally describe
the crystallization (and relaxation) behavior itaile

The selected DSC curves (heating rate of 10 °C'npowdered samples with particle
size 125 - 18Qum) are for the GglxTegox (X = 2; 5; 8; 12; 15 %) system shown in Fig. 25A.
The position of § changes minimally as the iodine content increaseisthis applies also for

Se- and Ga-doped GeJgystems (see Fig. 28A).

-67 -



.
=

125 - 180 um: 10 °C.min"* I 7 — 2at%1gass
.

—— B8at. % |, glass

&
o
1

——15at. % | glass

| —— 2at. % |; DSC-crystallized
8at. % I: DSC-crystalized
——15 at. % |; DSC-crystallized

o
)
1

o
)
1

heat flow / W.g"

o
)
1

Normalized Raman intensity / arb.u.
5
1

o
o
1

150 200 250 300 350 400 " 90 105 120 135 150 165 180 195
T/°C Raman shift / cm™
Figure 25: A) Example DSC curves obtained for appiid heating rate 10°C.mif* and
the 125180 um powders of the studied Gg) xTego-x glasses. Each curve is
marked according to the | at. % content. Exothermiceffects evolve in
the “upwards” direction.
B) Raman spectra of the selected glassy and DSC-stallized Geplegodx

materials.

On the other hand, the behavior of crystallizatipeaks is more diverse.
The crystallization process shows a certain degfeemplexity (as for the Se- and Ga-doped
systems), the occurring crystallization mechanigwarlap or compete against each other.
From the overall shift of melting peaks with iodicentent it can be inferred that the iodine
incorporates into Ge-Te-| crystalline matrix atde@a some degree, and as an impurity.
The structural information achieved by means of X&falysis revealed (see Table 4) that
the hexagonal tellurium, rhombohedral GeTe and mamounts of cubic Ggform during
the crystallization process in case of all investeggl compositions. The Raman spectroscopy
analysis (Fig. 25B) was applied on freshly fractuteulk glasses and DSC-crystallized
powders and structural units occurring in invesedasystem were identified (see Table 5).
The impact of increasing amount of iodine in glasgtrix manifested probably in decreasing
trend of intensity of vibrations of edge-sharingT@&g(or Ge-rich) tetrahedra or vibrations
of short, amorphous, distorted tellurium chains2f138].

With using the IR microscopy applied on partialtystallized bulk samples,
the crystallization mechanisms and morphology ofmied crystalline phases can be
investigated. The similar crystallization mecharssas (rather) for Se-doped systems were
uncovered. The formation of surface layer corredpoto the first crystallization peak,
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namely the initial precipitation of tellurium andiite soon complete layer is formed. With
further increase of temperature, the main cryg@ilon mechanism (the growth of GeTe
phase) manifests and volume-located crystallitest b form, however at high iodine
contents the volume-located crystals formed byatidn from the surface layer, which means
that some crystalline canals arose or the effeanethanically induced defects manifested
(see Fig. 26). The presence of iodine in Gefatrix leads to a slowdown of the volume-
located GeTe and Getrystal growth (the eminent shift of the bulk dafszation to higher
temperatures with rising applied heating rate).

Figure 26: Infrared micrographs corresponding to the surface and cross-section views
of the partially DSC-crystallized Gexql,Ters (A, B), GexlgTer, (C, D) and
Geyol 12Tees (E,F) materials (the scale is 5am).
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The typical kinetic behavior of crystallization pess was observed, which means that
the shift of crystallization to higher temperaturesgh higher heating rates and increasing
particle size occurs. After standard mathematicodeglution procedure (more about this
method in the following chapter) the dominant vo&ilacated crystal growth in case of bulk
samples was exposed (as was expected). In cassvdeped samples, the surface and volume
crystal growth appeared to be comparable. The gulesg kinetic analysis was realized by
the determination of all parameters of the uniMeB3C kinetic equation (Eq. 7). It was
found, that the k values were significantly influenced by experinartonditions and any
trend cannot be assigned (see Fig. 27A). This atdica large variability of initial phase
of crystallization with applied experimental comoiits and accelerating impact
of the presence of mechanically induced defects. fldgxible AC(M,N) model was found as

the best choice in order to kinetic characterizatibthe crystallization DSC data.
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Figure 26: The sets of non-isothermal DSC deconvdkd crystallization peaks obtained
for powdered and bulk samples of GglsTes;s composition. The fit by

the AC(M,N) model is represented by the lines.
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5.1.4 Thestructural relaxation behavior of doped Ge-Te systems

In the presented studieBdpersl, I, IV, V, VIII , X = XIl) the relaxation behavior of
doped GeTgglasses was characterized by means of relaxatmati¢s. This is a valuable
tool how to complete the thermal, kinetic and dwel knowledge about investigated
systems. However, in this doctoral thesis, the rigson of the relaxation behavior is not a
key topic and serves rather as a complementargesiutg the thermal (mainly crystallization)
and structural assessments of the inquired chattdgesystems. The relaxation kinetic
processes in the given systems were describedibyg ttee TNM [11,111,112] model. This
phenomenological model belongs to the commonly wsags how to reveal the relaxation
behavior of the various materials. Its basis antheraatic description was introduced above
in Chapter 4.4, where this model was expressedhéyget of mathematic equations (Eqgs. 22
and 23). The relaxation behavior can be charae@nsing the parameter called the apparent
activation energy of structural relaxatiatn’, the evolution of which with various studied
composition can be found in Fig. 27B. As can baexstee initial addition of selenium slightly
contributes to a decrease of the values in case of the Se-doped Geglass, which can
indicate the coincidental incorporation of seleniimo the GeTg,Ge, tetrahedra. These
processes probably correspond to the corner-/duged tetrahedra ratio change, which
means that the small amount of GeTe bonds woulce havbe broken to the change
of conformation will be reached. It was pointed dBaper V), that the main portion
of relaxation movements is carried by the GeTetrahedra. These conclusions were
supported by data from Raman spectroscopy (see Bladnd can be summarized as follows.
The addition of selenium into GeTe matrix doesinfitence the position of jJso much and
the main portion of relaxation movements is carbgdhe GeTgtetrahedra.

As was concluded irPapers VIII and X, the Ga atoms connects with the Te
electronic lone pairs and do not interact with Gelltwalent network. That is a great
difference as distinct from the previously reportedults representing the Se-doped GeTe
glassesPRapersl, Il , IV, V), where it was also established that the maingouf relaxation
movements is undertaken by GegTetrahedra. In contrary, in the case of Ga-doped&s
systems, the next dissimilarity arises, namely fiiesence of Ga-Te units influences
the processes of relaxation movements in Ga-dod@lasses. It was found, that the Ga-
Te units function as somehow diluting elements e Ge-Te tetrahedral network, which

leads to formation of small, partially sequesteB=ill g tetrahedral groups. These groups are
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separated by Te-chains and dimmers terminated byl & decrease of available relaxation
movements ensues from this dilution effect of Ga.

On the basis of structural relaxation study @dzTesox (X = 2; 5; 8; 12; 15 %)
system Papers Xl and XIl') it was found that the iodine solely connects wgdrmanium,
therefore the structure is formed by the Gedied GeTgyl, tetrahedra, which are linked by
Te-Te bonds, that implies the iodine atom termmadtee tetrahedral interconnections. This
can be the explanation of lower valuesAbf due to the less interconnection of matrix, which
results in a lower amount of bonds needing to @#esfiormed. In consequence of these effects
of iodine on GeTg matrix, the lower interconnectivity in glassy mwatis present (in
comparison with pure Geleand in this case perhaps the larger structuri inave to be
moved to spread the relaxation movement. With @sjperesults from Raman spectroscopy,
which do not indicate any major differences betwé®sn low I-doping (2 at. % of 1) and
higher I-doping (8 at. % of 1), can be supposed tha surplus Ge is more capable to bond
with iodine (forming the Ggl tetrahedra; the addition of iodine was at the agpe
of tellurium) and the terminating role of iodinettserefore narrowed. Also, a part of iodine
appeared to be not covalently bonded in the GeBTmtrix. The spontaneous condensation
on the walls of vessels, in which the preparedsylaw crystallized samples were stored,
occurred. However, the experimental characterigf@SC records, Raman spectra) did not

change after 3 months of storage.
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5.1.5 As-Se-Tesystem

An alternative to the investigated doped-Gegasses is the As-Se-Te glass, where
the As-Se content is added to As-Te fully tellurrdatrix in order to improve the thermal
properties. It is believed, that As-Se-Te glassesle comparable with doped-GgTéasses
and the thorough knowledge of crystallization, xateon and structural behavior is crucial for
the next processing of glassy material. The,S&s binary system is well-known as
an excellent glass-former and its addition t@TAs results in great improvement of thermal
properties of glass. [31,34,38,40,43-45,49,58-68B¢ré&fore, for the first time, thermal and
structural behavior of As-Se-Te glasses was ingatdd in detail in the present thesis.

Paper XIllII deals with the thermo-structural characterizatb(As;Ses)100-{AS2T€3)x
glasses along the whole compositional line, wheRsgser XIV is focused on the thermal
characterization of middle-positioned composition the promising pseudo-binary line,

namely the (AsS&)so(As, Tes)so System.
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Figure 29: Example DSC curves obtained for applietieating rates 1 and 10°C.mitt and
the 125180 um powders (graphs A and B) and bulk samples (graph€ and
D) of the studied (AsSe&)ioox(As:Tes)x glasses. Each curve is marked
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In Fig. 29, the DSC curves representing all of sewtndied compositions
of (As:S&)100{AS Tes)x (X = 0; 17; 34; 50; 67; 84; 100 %) chalcogenide system for
the selected sample forms and applied heating rates are depicted. The first thermal effec
the glass transition, occurring on DSC curve, shows a shift to higher temperatures with
increasing AsSe; content; the behavior of the glass transition associated with structural
relaxation phenomena will be shortly discussed below. The second observable thermal effec
on DSC curve is the crystallization peak. In case of investigated system, the temperature shil
towards higher temperatures with rising amount ofS&s units is evident, which is a good
correspondence with the strong resistance gb&gylasses against crystallization.

Typically, the XRD analysis was used (see Table 4) for identification of created
crystallization products and some complications with a definition of structure arose. It was
found, that monoclinic A§e; and AsSe units form (the pure ASe; and As2Se3
compositions), also the neighboring compositions (with 17 and 84 at. %, bé&Amanifest
the similar crystalline phases (only with slight shift of diffraction lines). However,
the intermediate compositions (34, 50, 67 at. % ofTAg showed that completely different
crystalline phases emerge. With using the temperature-resolved XRD analysis it was reveale
that at the beginning of crystallization process the cubigS&sTe s forms, however the re-
crystallization of this phase into more stable monoclinic As-Se-Te probably took place very
quickly.

From the results provided by Raman spectroscopy it can be read that the significant
changes in structure with addition of tellurium manifest up to 50 at. % dfsAbove this
percentage, the representation of,As the structure changes minimally with addition
of tellurium. The assignment of structural arrangements in investigated glassy systems can b
carried out on the basis of deconvolution of obtained Raman spectra (via Gauss function)
The identified structural units occurring in investigated system can be found in Table 5.

The IR microscopy analysis was performed in order Hetter recognize
the crystallization mechanisms and morphology of formed crystalline phases (see the exampl
of IR micrograph of As-Se-Te system in Fig. 31). The presence of two morphologically
different crystallites was observed. The spherulites, which form predominantly in case
of compositions with increasing amount of,8g&;, and needle-shapes crystals characteristic
for As,Tes-rich compositions.
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Figure 30: A) The diffraction patterns obtained from XRD analysis of all of investigated
DSC-crystallized (AsSe&)100-{AS2Te3)x COMpositions.
B) The Raman spectra for glassy (ASe)io0-{ASTes)x compositions;
the arrows show the evolution of Raman spectra witeomposition.

C) The illustration of deconvolution of Raman spect from Figure 30B.

All the samples crystallize on surface with subsequnward crystal growth. This
type of crystallization was also observed for poergiy studied GeTeglasses and it can be
supposed that the presence of surface crystatizatiechanism is associated with rising
amount of tellurium in the structure. For the 50&nposition Paper XIV), the structural
study (XRD analysis, Raman spectroscopy, IR miapggproved the complicated structural
arrangement. The physical dispositions ote and AsTe; phases permit to interchange
each other in the structure. The ;8¢ <« As,Te; substitution exists. The difficulties
of unambiguous determination of crystallization ptwlogy occurring in (A$5&s)100-
x(As,Tes)x system produce also the random incorporation ofnTthe structure. No strict
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structural morphology exists. This can explain dbserved complexity of the crystallization

processes.

Figure 31: Infrared micrographs corresponding to the cross-section views
of the partially DSC-crystallized AsTe; (A) and (As:S&)so(As,Tes)so (B)

materials.

The two crystallization sub-processes correspond tioee development
of morphologically different crystalline phaseshe ineedle-shaped vs. spherulitic crystallites.
The crystallization complexity occurs also in catgure AsTes, it canthen correspond to
the initial formation of cubic AsTe phase (the ffipeeak), which recrystallizes into stable
monoclinic AsTe;, and the second crystallization process then spomds to

the recrystallization of remaining cubic AsTe phase

1.0 ———— Il’l
[ ]

0.9 1 amx‘ X

OAB- max, y

0'7'_ JMA (m) region

064 7 e ==
0.5+ 1 T
. % o
3 044 A
0.3 1 %
0.2 %

0.14

max

0.0 - v T u T 7F T
0.0 0.2 0.4 1.0

d / mm

aver
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the averaged particle size representing the (ASe)so(As;Tes)so System.
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The crystallization kinetic analysis of (/&88)100{AS2T€3)x (X = 0; 17; 34; 50; 67; 84,
100 %) chalcogenide system was realized on thes haEfsdetermination of the universal
kinetic DSC equation (Eq. 7) similarly to the p@wsly studied doped-Ge7ealasses.
The large disinclination to crystallization was ked for AsSe-rich side of studied
compositional line; only the composition containiddy at. % of Asle; slightly crystallizes
under certain conditions (low heating rate, powdesample). This composition seems to be
very close to the eutectic point (see the complaps and changes of melting peak profile
with composition). On the basis of the possiblespnee of eutectic alloy (between 34 and 50
at. % of AsTe;) the extensive stability against crystallizati@am de clarified. In regard to the
choice of the suitable kinetic model, the JMA (mpaAC(M,N) models were tested. As is
apparent from Fig. 32, the only one (the coarsest) @f powder fractions is close to
the JMA(m) model usability condition. For the bekscription of crystallization kinetics
of (As:S&)100-{AS: Tes)x (X = 0; 17; 34; 50; 67; 84; 100 %) system the AQ{)Mmodel was
selected (also due to its flexibility to experim@ntdata). The significant influence
of experimental conditions (sample form, appliedthng rate) on crystallization kinetics was
found, thus the individual steps of potential pssirg of this glassy system must be critically
controlled.

The relaxation processes in g8®s)100-{AS2Tes)x (X = 0; 17; 34; 50; 67; 84; 100 %)
glass were described in terms of TNM model. It mibstnoticed that for compositions
containing more than 67 at. % of Ag; the signals were very weak and scattered, sdhbat
acquisition of reliable information was not possiblThe decreasing trend in values
of apparent activation energy of structural relinh” (see Fig. 27B) of ASer-rich part
of investigated compositional line appeared to ben towards the\h™ value equal to
258 kJ.mof (in the AsTes-rich part). The significant decrease ipvRlues was also marked.
As was said, the Raman spectra revealed the mihanges in structure occurring in
compositions containing more than 50 at. % ofTA&s with the further addition of ASes.
The rest of selenium was found to be primarily lbimthe combined AsTe(Sepyramids
and only part of selenium goes to form the pure édsfyramids, which is in good
correspondence with the compositional evolutionlof values and J- As the AsSe; content
decreases, th&h” values also decrease due to the weaker As-Te bprmmtrary to As-Se
bonds in AsSg pyramids, therefore the energy needed to strdcamrangements is also
smaller. The replacement of fully selenide pyraridaits (AsSe) by mixed AsTe(Se)

pyramids causes the cessation of Alhe value decrease at lower /8 amounts due to the
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dependence of these pyramids on distortion of tleaker As-Te bonds. The energy

of relaxation movements does not depend on seleoantent.

Table 4: The summary of identified crystalline phass by means of XRD analysis for all

investigated systems.

Composition Crystalline phases

GexcSeTegox
GepSeTers + GeSe(300 - 500um; 0.5 °C.mirt)

hexagonal Te
G T
SoSeTers rhombohedral GeTe

GexSeTer unidentified GeTeSe phase
GeoxSeTer

GeySeTersy
GexSeTer;
Ge;SeTers hexagonal Te
GesSeTes; rhombohedral GeTe
GexSeTen

(GeTeyx(GaTes)oex

(GeTa)(GaTe)so tetragonal Gal es
(GeTa)so(GaTe)so
(GeTe)so(GaTe)so hexagonal Te + Gaes
(GeTa)s/(GaTe)ss rhombohedral GeTe
(GeTea)s(GaTe)zs
(GETQ)gG(GaTQ)M
GeyclxTesex
GeyloTers
GexlsTers hexagonal Te
GexlgTer rhombohedral GeTe
GexlisTess cubic Gej
Geyl 15T €5
(As:S8)10cx(ASy TEs)x
(As:Se&)17/(AsyTes)ss
(AsS:Se)34(As2TEs)66
(As:Ses)s0(As2Tes)s0
(As:Se)s7(As2TEs)z3
(A Se)ss(AsyTes) 16

monoclinic AsSe;

monoclinic AsTe; + cubic AgoSesTezs
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Table 5: The summary of identified structural units occurring in all of investigated

glassy systems by means of Raman spectroscopy.

Composition

Structural units

GexSeTegox

GexSeTers

GexSeTers

GeoSeTern

GeoSeTer

GenSeTergx

GexSeTerr

GexSeTers

GenSeTers

GexSeTer

(GeTey)(GaTes)iocx

(GeTa)so(GaTe)so

(GeTea)so(GaTe)so

(G eTQ)Go(GaTQ)4o

(GeTea)s(GaTe)ss

(GeTa)/s(GaTe)ss

(GeTa)ss(GaTe)1s

Gexcl xTesox

GeyloTers

GeylsTers

GeylgTer

Geyl12Tess

Geyli5Tess

corner-sharing Te-rich GeTgGq, (n = 0; 1; 2) tetrahedra
edge-sharing GeTdor Ge-rich) tetrahedra

short, amorphous, distorted Te-chains

pure Te structures

(AS:S8)10cx(AsyTEs)x

(As2Se)17(As Tes)ss

(As2S&)34(As2Tes)66

(As2Se)s0(As Tes)so

(As2Se)s7(As Tes)s3

(As:S&)sa(AszTes)is

Se-As-Te chains

As,Tes, AsTe, AsSegunits

Se-Se chains

short, amorphous, distorted Te-chains
pure Te structures
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5.2 PAPER DISCUSSION —Part ||

In this section, the complex kinetics manifestingcase of crystallization of glasses
and the ways how to solve this phenomenon will Iéroduced. As was said,
the crystallization process of tellurium-based sgf@s often shows a certain degree
of complexity, which means that the individual ¢ayzation peaks overlap and at least two
kinetic mechanisms proceed simultaneously. The mbsblid-state processes are complex,
the revelation lies in an application of differeexperimental conditions (e.g. heating rate).
In practice, the thermoanalytical records can skitver only partial overlap or a pseudo-
single peak behavior.

In general, there are three approaches how to $tedt complex kinetics. The first
approach offers such a way of the methods suggegstethrily for single-process kinetic
analysis applied on whole complex data-set anddhewing interpretation of changes and
distortions of the obtained data. Usage of isocmigral methods for determination
of activation energy (e.g. KAS [89] method) canveeas an example. The second approach
uses the procedures of mathematic deconvolutictheftomplex kinetic signal using some
suitable mathematic functions. After that, eachddethese peaks is separately evaluated by
means of normal single-process analysis. As a daitanathematic function was found
the Fraser-Suzuki (FS) [107-110] function, whichswiaoroughly tested in the past and it was
confirmed that the FS function can describe alkkos readily occurring for the solid-state
reactions. [107-110] The FS function is expressidtie Eqg. (21) in the Chapter 4.3 and
offers a reliable description of crystallizationngplexity observed for non-isothermal data.
In case of isothermally obtained data, the Avrar@B-$5,128] dogma can serve for
the isothermally obtained complex data. The thpgraach includes a full reaction scheme
containing all the kinetic equations and their deieation proceeds by means of non-linear
optimization for all involved sub-processes simudtausly. This is called kinetic
deconvolution. The multivariate kinetic analysisKK) was found as a the most suitable
procedure, it represents a curve-fitting routineterms of full-scale complex kinetics and
model-free results (Eand A) obtained for overall signal are used asitiarameters [85,99-
103]. All these methodologies are established amdk wery well.

However, if the kinetic behavior of the involved bsprocesses changes with
the experimental conditions (temperature, heatatg)y these phenomena can be presented

by the change of intensity of involved sub-procestikewise the increase or decrease
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of the enthalpyAH in case of DSC measurements; or kinetic mechartsm change
for the given sub-process or simply the activatemergy of each sub-process can be
temperature or heating rate dependent. The abowtianed facts are summarizedRaper
XV, which is focused on solution of crystallizatiomdtics complexity of glassy materials.
It was found that the change of crystallization etios of particular sub-processes with
temperature or heating rate is real and can o@ucdmplex glassy matrices as well as for
single-element glasses (chalcogenide Ge-Ga-Te gfasselenium glass vs. vanadium-doped
ZrO, catalyst vs. ¥Als01, microspheres). The kinetics variability can besofonly matter

of the extent of applied experimental conditionke Ttonclusions resulting frofaper XV
can be interpreted as follows. The crystallizatadrthe germanium-gallium-tellurium far-
infrared glass can serve as the example of the ieeaimsystems. After the multivariate
kinetic analysis was applied on tested data, it fwaned, that the kinetic parameters change in
dependence on the range of considered heating valbésh means that the kinetics depends
on heating rate.

Table 6: The summary of Kkinetic parameters obtained via MKA for
the (GeTa)so(GaTes)so material (different sets with given ranges of appéd
heating rates). The errors associated with these &wations were lower
than 0.02 for A, 0.2 for B, 0.02 for nyua and M and 0.01 for N parameter.

419 5 2ecmint 7-30°C.min® 0.5 - 30 °C.mirt
parameters

log (A /S 18.06 17.00 18.60

Ea1, kJ.mol* 199.45 188.02 203.86
Mjma 1.68 1.49 1.44

log (A2 / sY) 22.32 17.55 17.70
Eao, kd.mol* 237.42 192.52 194.22
N 1.55 1.20 1.18
M 0.92 0.83 0.81
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Another example of presence of crystallization claxipy can be found in
Paper XVI, which deals with topic of crystal growth from rhaaically induced defects.
The pure GeTgglass was studied by means of DSC and IR micrgsc®pe typical
crystallization complex behavior was observed amel two sub-processes were revealed
for all eight tested particle size fractions (0-20-50; 50-125; 125-180; 180-250; 250-300;
300-500 um and bulk sample). The mathematic dedotiwn procedure via the Fraser-
Suzuki function was applied on crystallization datad the two present crystallization
mechanisms was described by JMA (m) and AC(M,N) efed

i 125 - 180 pm

10 °C.min"
r? = 0.999

O/ Wg'

T T
235 240

T/ °C

Figure 33: The deconvoluted DSC curve correspondingp the pure GeTq powdered
material; the dashed lines - the deconvoluted crysllization peaks,
solid line - the overall fit, the experimental data circles.

The vertical red lines represent the limits of temprature needed to
the partial crystallization to revelation of crysta growth originating from

mechanically induced defects.

The partially-crystallized samples (in DSC) werepgared by two ways - the GegTe
powder was heated to 229 and 233 °C (see the akered lines in Fig. 33). The lower
temperature (229 °C) corresponds to the state, wiwh crystallization sub-processes
manifest only moderately, whereas at the higheperature (233 °C) the manifestation of the
crystal growth following the AC(M,N) kinetics beces more noticeable. The selected grains
were then carefully cracked and observed by IR osmope. Each piece of tested grains

contained a large number of small crystallites, awhpresence confirmed the predicated
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defects-based crystallization. Also a large nundfdéragments were on their surfaces covered
by a crystalline layer.

The both deconvolution procedures (mathematic andtik) provided suitable and
consistent results (sdeapers | — IV, VI — XVI). The examples of selected deconvoluted
DSC curves representing all of investigated systées, Ga-, I-doped GeTand As-Se-Te
glasses), which this presented doctoral thesisided, are illustrated in Fig. 34. The number
of curves, on which the deconvolution proceduresevepplied (within the framework on this
doctoral thesis) exceeds one thousand, exceptm@GtiGa-Te system (MKA was applied),

the mathematic deconvolution was applied on alheéstigated data.
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Figure 34: The examples of deconvoluted DSC curvespresenting the studied systems:
A) GeyoSgTer, system; B) (GeTg)so(GaTes)so system; C) Geol 2Tess system;
D) (As;Se&)16(As2Tes)ss System.

The usage of MKA method is easy and fast and inred an effective method
at distinguishing of subtle changes and trendsvolugion of kinetic parameters. However,
this method requires the more-or-less constantegati &, across the whole explored range

of experimental conditions. This condition was iflddl only for the explored
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(GeTa)x(GaTe)ioox (X = 40; 50; 60; 67; 75; 86, 100 %) systeRapers VII — X). In
contrary, the mathematic deconvolution procedurbiclv is followed by kinetic analysis
of each of determined single processes, can be amatinely difficult and time consuming
(Papers | — IV, VI, XI — XIV , XVI ). Nevertheless, this method represents a valuabldor
deconvolution purposes, when the kinetic deconumutannot be performed - for example
in case, when data exhibit great changes pfv&ues with experimental conditions. If the
potential mutual inter-dependences of the fundaatenib-processes exist, the mathematic
deconvolution is not able to properly account foistphenomenon (in comparison with
MKA). For the physically meaningful interpretationthere is only the way of the
deconvolution of each separate curve followed Ispldying various trends in dependence on
the temperature or heating rate ranges. The majpopea of this branch of this doctoral thesis
was to draw an attention to this problematic arahefully, start off a research leading to

some advancements or at least some activity regathis issue.
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5.3 PAPER DISCUSSION —Part |11

The third section of this doctoral thesis will bec@ised on detailed characterization
of thermal behavior of investigated glassy systemith regard to the assessment of glass
ability and glass stability of the examined maleriarhis field of the characterization
of glassy matters belongs to a very important alea to the appraisal of the potential
usability of studied chalcogenide tellurium-basddsgy systems in far-IR optics or glass-
ceramics application areas. The various well-knglass-stability (GS) criteria are used for
the consideration, whether the given material Is &lbform a stable glass. It has been pointed
out above that the most suitable criterion (for lobgenide materials) was found to be
the Hruby criterion (see Ref. [29]), which unfortdely strongly depends on experimental
conditions. The thermal stability of glassy systetas be considered also by using the so-
called AT criterion AT = T. - Tg) [30-32], which takes into account only the diffiece
between the glass transition temperatugeald the crystallization temperaturg However,
this temperature difference has still remained ietuche wider the difference (;T— Ty,
the more stable the glass is. Nonetheless, the ionedt GS criteria work only with
the characteristic temperatures and do not take excount the other facts, which
fundamentally influence the resulting thermal digbibf glass. Therefore, a new approach
has been recently suggested [33]. The combinatiocrystallization temperature value
(obtained from DSC crystallization measurements) e information about glass-softening
and viscous flow effects (obtained from TMA cry8ttion measurements) is applied.
The glass-softening and viscous flow effects becam@re apparent and important in
the crucial temperature region between the glassition temperature and crystallization.

The direct correlation of thermo-kinetic and thermechanical properties of Se- and
Ga-doped GeTe systems is one of the contents ©fithgtoral thesis. The PapérsV, VI
andX deal with the combined DSC and TMA study, which paovide an information about
the true nature of the crystal growth process ingitthe fiber-drawing procedures.
The emphasis is put on getting as much informad®possible from the combined DSC and
TMA measurements, and also on the estimation ofitflaence of glass transition and
crystallization kinetics on glass stability and emtal kinetic predictions regarding
the formation of far-IR optical elements and glassamics.

Papers Il andV, for the first time, introduce the possibility tombine the DSC and
TMA techniques with regard to obtaining the dethileformation about ongoing processes

-86-



connected with crystallization (which restrict thglass preparation and processing)
for the whole compositional line of @G&gTe;q (for x up to 8 at. % of selenium) glasses
(Paper Il) and one selected composition, namely the &®Te;s glass Paper V).
The crystallization process and its kinetics 0f{SgTe;qx and GeySeTegox glasses was
found (and described in Chapter 5.1.1) to be lgrgdluenced by the added amount of Se.
The addition of selenium increased a tendencyHergradual separation of initial tellurium
precipitation and subsequent volume-located growth GeTe crystalline phases.
The selenium was found to be an inhibitor of criyig@tion process. The above-mentioned
conclusions are based on DSC data.Phpers Il and V can be also found the results
from crystallization measurements performed by TM¥ illustration of results obtained
from both thermo-analytical techniques (DSC, TMApresenting the selected compositions
offers the Fig. 35, where the A-part correspondsh pure GgTerg without any addition
of Se; the B-part then corresponds to the adddfohat. % of selenium.

A) B)
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Figure 35: Comparison of DSC and TMA measurementsof bulk samples of Ge;Tes
(A) and GexSeTess (B) compositions and applied heating rates 1 (bl&c
curves) and 10 (red curves) °C.mif\.

In Fig. 35 the two vertical dashed lines (black arel) can be seen, marking
the crystallization onsets for the DSC bulk samplés can be seen, the marked
crystallization onsets (DSC) well correspond to tessation point of the sample height
decrease in case of &€e;9 composition (0 at. % of Se). It is apparent the tnitial
tellurium precipitation stops the sample creep {lsimbehavior exhibited also the GeTe
material —Paper IlIl') and the strong surface layer of minuscule tellaricrystals formed.

This is also in a good agreement with the resubttsfIR microscopy (see Fig. 18). In Chapter
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5.1.1 it was also reported, that the addition ofeésketo a significant change of crystallization
mechanism. Selenium causes the inhibition of botistallization mechanisms and

the minuscule Te crystallites are substituted bygda crystallites, which grow inwards

separately from a lower amount of surface nucleithe DSC and TMA measurements
representing the composition with 4 at. % of Sel W& compared, the larger amount
of crystalline phase is required to cessation gtous flow. This is caused by a demand
of formation of larger crystallites (needed foratren of interconnected crystalline network)
due to the lower amount of surface crystallizatienters.

The crystallization and relaxation kinetics cancharacterized by usage of DSC and
also by usage of TMA data, whereas regarding the\Tddta the J value (corresponding
to the maxima of crystallization DSC peak) was aeptl by the §. The Fig. 36 offers
a comparison of EandAh” values of all studied GeSgTe;q., compositions obtained from
DSC (black-labeled points) and TMA (red-labeled np®i measurements. They Ezalues
determined with using the TMA crystallization dat@ considerably higher than those from
DSC data. This phenomenon can be interpreted ors lodispreviously reported results
[63,126] and can be ascribed to the larger seitgitof TMA method to the first stages
of crystallization. The\h™ values obtained from DSC and TMA show better spoadence,
which can validate the currenh” evaluations from the DSC and TMA data. Similadfimgs
were obtained also for G&SeTen (Paper V). The conclusions concerned with
crystallization and relaxation kinetics of 5586 Te;q.x (for x up to 8 at. % of selenium) and

GexnSeTegox (for x up to 8 at. % of selenium) glasses wermohiced in Chapter 5.1.1.
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Figure 36: The comparison of & (A) and Ah™ (B) values of studied GgSeTeso., (for x
up to 8 at. % of Se) glasses determined on basis@EC (black points) and

TMA (red points) experiments.
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Papers VIII and X deal with the combined DSC and TMA crystallizatistudy
of Ga-doped GeTle systems. Paper VIII works with whole compositional line,
l.e. (GeT@)«(GaTeg)ioox (X = 40; 50; 60; 67; 75; 86; 100 %) systems;Faper X the
combined thermo-kinetic and thermo-mechanical adiaraation of selected Gfay 1 Ters (it
corresponds to (Gelro(GaTe)so composition) glass can be then found, which isdheid
positioned composition on the promising GgGaTeg pseudo-binary line. The Fig. 37
illustrates the obtained DSC and TMA crystallizatiourves for the selected Ge-Ga-Te
compositions, where the black and red curves coores$ to the data representing the two
applied heating rates (1 and 10 °C.f)irand the vertical dashed lines then represent

the actual (not extrapolated) onsets of the DSGtalyzation peaks.

04 50 04
o
e —:—___:__:;\ Lo Fiéd
L -200
5 I-50 e
o 089 £ © 0.6 .
% F-100 = = F-400 =
- - - =
= _ 5 07 o
= Foiso © 3 800 )
il (GeTe ), (GaTe,) i (GeTe ), (GaTe,),,
’ -200 =
: - -800
09 . . — -250 0.8 : . :
150 200 250 300 150 200 250 300
T °C T/ °C

Figure 37: The comparison of DSC and TMA measuremdsa for bulk samples
of (GeTe)s(GaTes)so (A) and (GeTe)ss(GaTes)s (B) compositions and
applied heating rates 1 (black curves) and 10 (recurves) °C.min™.

The typical sample height decrease aboyediie to the rising viscous flow with
increasing temperature and constant compressinge fapplied by TMA is apparent.
The moment that crystallization occurs, the de@eas sample height stops, because
the crystalline network starts to form and hindées sample from further flow. As is evident
from the comparison of DSC and TMA crystallizatimeasurements, the cessation of TMA
curve corresponds to the formation of first crygtd (the Te-precipitation). The similar
findings were observed also for Se-doped GeTe ggaapersil andV).

The apparent activation energy of crystallization itas determined for all studied
systems (see Fig. 38) on basis of both measuringade (DSC, TMA). The results provided

by both techniques well agree together. Certaipafisation can be observed for pure GeTe

-89 -



In this case, it seems that the crystallizatiorspgeded up by applied force during TMA
measurement. This statement was confirmed usingnfn@ed microscopy procedure, the
fine tellurium crystals appeared, when the firdtesing of the sample passed. The presence

of early crystal formation then can influence thedwaluations.
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Figure 38: The comparison of i values of studied (GeTgx(GaTes)100x(X = 40; 50; 60;
67; 75; 86; 100 %) glasses determined on basis oSD (black points) and
TMA (red points) experiments.

The characterization of overall thermal behavior gfassy materials and
the consequent determination of glass stability plaimportant role in scientific practice due
to the ability to predict the thermal behavior aven glassy system for its potential
processing. The noticeable effort has been dedidate¢he search of the most suitable GS
criteria inregard to the potential real-life apgplions of the given glassy material. In
the presented doctoral thesis the Hruby [23] daterthe recently developeds129-131]
criterion and the next new-developed criteria chleorkability window and new viscous-
flow-related parameter [33P@per Vi) will be discussed with regard to studied systéms
reason they were used to determination of gladslisgaof all investigated glassy systems
included in this thesis. The mentioned Knd Ks criteria belong to the group of GS criteria,
which are based on characteristic temperaturgsT¢] T) and their relations. These criteria

are widely used and their evaluation is very simplefortunately, their outcomes are rather
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abstract and usually used for comparison purpokesrder to enhance this important
approach, the utilization of the combined DSC aMATcrystallization data is suggested.

The Fig. 39 offers a summary of results providedr®ans of K and K criteria for
all investigated systems. In case of,58Tegox and Ge;SgTerqx Systems Rapers |, I,
IV), the recently developedsKeriterion was applied to evaluation of glass siigbiThe data
in Fig. 39 show that the glass stability of bulkterals (relevant for real-life applications)
rises with the addition of selenium into GeTe maand get at a standstill above ~ 4 at. %
of Se.

The glass stability of GgSgTerqx System seems to be slightly better than that
of GeopSeTego.x System but not as much as was expected. Thelgligigher amount of Ge,
which was in case of Ge-Se-Te far-IR glasses usadlynto optimize the glass stability, did
not have much impact on glass stability. Howeviee, Ge@:SgTe;qx System was found as
more suitable (in comparison with £8gTego) for the potential processing; the higher
amount of germanium in the structure leads to slown of crystallization but without
the influence on the position of crystallizationsets. With regard to the actual utilization
of Ge-Se-Te glasses in the far-IR optics applicetiat is needed to make a compromise
between the width of the transmittance window, \whaclittle narrows with Se addition, and
the glass stability, which increases with additioh selenium. The compositions with
selenium content 4 at. % were found to be favorable considering dglass stability and
the potential manufacture (fiber-drawing, shapioighe glassy material. This conclusion can
be also confirmed by the results from TMA analysise Fig. 35). In case of the composition
with 4 at. % of Se, the workability window (Eq. 2®hich is defined as a temperature range
between the first softening of the sample and tisturrence of crystallites, was 75 — 80 °C
wide. As the selenium content increased, the walikgbwindow narrowed and for
the composition with 8 at. % of selenium was 606—°6 wide. These effects point to facts,
that the glass-softening, viscous flow effects aadurrence of first crystallites determine
the glass-stability of given materials and the elation of DSC and TMA data can help with
consideration of stability and processability odsgy materials. The @8eTess glass was
found as the most suitable for the further procesand applicability as a far-IR optical fibers
and mold-formed optic elements.

The Hruby criterion was used for determination laisg stability of Ge-I-TeRapers
XI, Xll), As-Se-Te Papers XlllI, XIV) and Ge-Ga-Te Rapers VII, VIII' ) systems.
The thermal stability of GelxTegox (X = 2; 5; 8; 12; 15 %) assessed on the basisroby
criterion was found to be fairly variable with regsp to the composition and experimental
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conditions. The K values range from 0.5 to 2.5. While the glasssitaon temperatures and
melting temperatures are invariant with regard he sample form and heating rate,
the crystallization of GglxTego-x glasses is largely influenced by experimental @wrt.
This causes the large variability of glass stabiliThe consideration of the influence
of experimental conditions on thermal (and glasshility of given systems is crucial. In this
instance, if the bulk samples and low heating ratidisbe taken, the macroscopic IR optics
applications (such as molded lenses) with util@atof GeglxTesox glasses are possible.
Unfortunately from this point of view, the Se- aBd-doped GeTe glasses are more suitable
for far- IR optics applications due to the unpréalde surface precipitation of tellurium and
complicated glass synthesis of I-doped Ge@kasses. Nonetheless, the,g8e;s glassy
composition seems to be suitable for the far-IRcspteramics and glass-ceramics due to
the most pronounced transition from the pure serfiacthe volume-located crystal growth

with the initial iodine addition.
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Figure 39: The compositional dependence of the ewalted GS criteria of all investigated

systems for bulk samples and selected heating raf&0 °C.min™).

In case of the investigated (A3)100-{AS2T€3)x glassy systemPapers XllI, XIV),
the eutectic-based character was observed. Thégoosif eutectic is probably between 34
and 50 at. % ASe;, this is claimed on basis of the evolution anditpms of the melting
peaks and sub-peaks. As can be seen in Fig. 3gldke stability for (AsSes)100-{AS2TEs)x
system decreases as the, e content increases. The absence of crystallizgirocess in
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case of 0, 17 and 34 at. % of /As; indicates the strong glass stability, but theization

of classic glass stability criteria (based on cbmastic temperatures) fails. However,
the rising glass stability with rising amount of,8g was expected due to the fact, that
the binary AsSe is well-known excellent glass-former [31,34,384845,49,58-63] and
also due to the presence of eutectic alloy betv@deand 50 at. % ASes.
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Fig. 40: The compositional dependence of the value$ Hruby criterion calculated for
the deconvoluted data and for the data, when only aingle crystallization peak
occurred on the DSC curve (or when the overall DS@sponse for the complex
crystallization peak was evaluated), the correspondg results are without peak

number denotation.

The compositions with 50 at. % of A%; (and more) exhibit the inclination towards
crystallization, which becomes stronger and mogaegnt with increasing amount of A®;.
For these compositions, the evaluation of glasbilgta by means of Hruby criterion is
possible. The complexity and variation of crystation behavior with applied experimental
conditions significantly affect the reliability afetermination of GS criteria. As was noted,
the Ty slightly shifts and 1} is invariable with experimental conditions, the/stallization
strongly depends on applied heating rate and exaisample form, which is reflected i K
values. The great differences iny Walues observed for the same material may denote
the potential unreliability of these glasses as dgoglass-formers and indicate that

the conditions of potential processing of this glasystem must be strictly controlled.
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Considering the advantage of present system, thwication of an excellent glass-former
As,Se and a novel telluride glass A%s with wide transmittance window operating in far-IR
region offers a chance to choose the compromisedest the glass stability and width
of transparency window. With respect to revealemirtial properties of (ASe)100-{AS2T€3)x
system, the (ASe&)ss(As,Tes)34 composition seems to be most suitable for far-fiics
applications.

The Hruby criterion was applied also on (GJ&aTe)100-x (X = 40; 50; 60; 67; 75;
86; 100 %) systemP@pers VII, VIII ) in order to evaluate the glass stability of irigegted
glasses. In Chapter 5.1, where the crystallizatemavior of this system was discussed, it was
found, that the crystallization onset (which detews the temperature corresponding to
the first formation of crystallites) did not changgéh various amounts of gallium. This fact
indicates the influence ofgTon resulting glass stability. As is shown in Fig8.and 41, on
basis of results provided by Hruby criterion, thghlest glass stability can be expected in case
of compositions with low Gagecontent (i.e. 15 — 25 at. % of GaJeand for
the (GeTg)so(GaTe)so compositions. Based on the findings from partgilee study RPaper
VII), it was found that the (GeZJ)es(GaTe)14 glassy composition seems to be the most stable
and impassive to the presence of structural defacid the most suitable for far-IR
applications using the fully glassy materials. A&s &s the potential usage of this material
for glass-ceramics purposes, the possible utiimatif this glass (containing the low GaTe
content) is feasible due to the invariable formataf all present crystalline phases with
experimental conditions, these compositions exédbitthe most uniform behavior
of crystallization processes. This allows the lwesitrol over the processes of crystal growth.
It was also found, that the kinetics only slightlgpends on applied heating rate, so that
the processing of corresponding ceramics can beraaghis regard.

The Fig. 41 offers an illustration of the compasial dependence of three parameters,
which can be used for the evaluation of glass ktal@nd was applied on all investigated
(GeTa)x(GaTe)100x Systems. The usual way how to evaluate the glagslist of given
glassy system represents the utilization of Hrufiteron (black points in Fig. 41). As was
said, this GS criterion introduces the simple wayobtain certain information about glass
stability. Its utilization in scientific practicesiquite limited due to the nature of this GS
criterion. The Hruby criterion is based only on m&teristic temperatures, provides rather
qualitative information about glass stability arsgd to be recommended only for comparison

purposes.
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With respect to this limitation, the newly develdpparameters ([33JPaper VIII)
based on the combined information provided by D8@ BMA can better serve for the GS
evaluations than the commonly used Hruby criteribhe parameter called “workability
window” (red points in Fig. 41) is formulated aseaperature range between the first sample
height decrease arising from the viscous flow ¢&gd@MA measurements) and the first
occurrence of crystallites (DSC measurements -trtleecrystallization onset). The Equation

25 is an expression of workability window (w.w.)rganeter:

W.W.= Tonset.nsc — Triow,rma (25)

As is the workability window wider, the more suialihe glass is for the next processing
(fiber-drawing, molding). The information about ggastability is more exact in contrary to
the standard J— Ty difference, where the information about the glssiening and viscous
flow effects is not included.

In Fig. 41, the next parameter occurs (the blumtpp This “new parameter” was
introduced as a supplementary parameter to w.wanpeter, which accounts also with
the rapidity of viscous flow linked to the givenntperature window. The Equation 26
expresses this “new parameter” associated withptbportional decrease of sample height

during the TMA crystallization measurement.

new parameter = (lonset,DSC - lmin)/(lmax - lmin) (26)

The bnset, pscrepresents the sample height gtsd pse Imax and hin represent the maximum

and minimum sample height during the TMA crystaltian measurement. The value of the
“new parameter” then corresponds to the degredeliscous flow, which can be achieved
until a moment, when the first crystallites occlihe smaller the value of this parameter,

the higher viscous flow can be reached withouidmeger of presence of crystallization.
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Figure 41: The compositional dependence of Hruby derion, workability window and
new-parameter for all studied (GeTeg)«(GaTes)100-x bulk glasses.

As was previously discussed, based on results gedviby Hruby criterion,
the compositions with 25 and 60 at. % of Ga$seem to be the most stable. Nonetheless,
if the next parameters (w.w. and new parametei)bgitaken into account, it is apparent, that
the width of workability window and the value oféw parameter” do not correspond to
the Ky prediction. The better results of these new-inicedl parameters are obtained for
the (GeTg)s7/(GaTe)ss glass. This composition is also close to the duatewhich confirms
the conclusion, that the (GeJg(GaTe)ss composition is probably the most suitable for
the far-IR optics applications with regard to thertmal stability. Thus, the Hruby criterion
was found to be less suitable for the glass-stghjiedictions in comparison to the new-

introduced parameters.
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5.4 CONCLUSIONS

The first goal of presented doctoral thesis wasdfaracterization of crystallization
behavior of tellurium-based chalcogenide glassdschwbelong to the promising materials
with potential applicability in the far-infrared tgs.

* The crystallization behavior of all investigatedstgns was characterized
by means of DSC (and TMA in selected cases).

 The crystallization (and relaxation) kinetics waescribed by utilization
of commonly used kinetic models in dependence greemental conditions
(sample form, particle size, heating rate) on antoaf the possibility
to acquire the complete detailed information abaurtgoing processes.
The good knowledge of crystallization (and relasafikinetics can help with
the predictions of preparation and further processf glassy materials due
to possibility of monitoring the individual stepgxperimental conditions
of glass processing and the opportunity to pretietglassy material's behavior
under various optional experimental conditions. Tngstallization kinetics
of all investigated systems (except the (Ggl6&aTe)100-x System) was found
to be strongly dependent on applied experimentalditions due to the
presence of a slightly unpredictable surface prtipn of tellurium, which
determines the potential usability of these malteria real-life applications.
The improvement of glass thermal properties witlpidg of pure Ge-Te
material by selenium, gallium, iodine or with theasch of optimum ratio
of As,Sg and AsTe; contents of As-Se-Te glasses was confirmed by
an extensive study of crystallization (and relaxati behavior of whole
compositional lines of all investigated systemshwiéspect to various tested
experimental conditions.

* The crystallization (and relaxation) kinetic fings were interpreted and
supported by the systematic detailed structuralyarsa which was performed
by means of XRD analysis, Raman spectroscopy draréa microscopy with
an effort to obtain the complete thermo-structurdrmation about the studied

systems.
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With regard to the observed complexity of crysraltion processes of all investigated

systems, this phenomenon needed to be addresse@fdre, the second aim of this doctoral

thesis was a solution of crystallization complexty means of two approaches, i.e. the

mathematic deconvolution and kinetic deconvolupoocedures.

The procedure of mathematic deconvolution of themex kinetic signal was
performed by means of Fraser-Suzuki function asntiost suitable function
for the non-isothermally obtained calorimetric data

The procedure of Kkinetic deconvolution was perfaiméy means
of multivariate kinetic analysis (MKA). The multiiate kinetic analysis was
found as the most suitable procedure representingree-fitting routine in
terms of full-scale complex kinetics. However, thmgethod has a certain
limitation, which lies in requirement of the moredess constant £values
across the whole explored range of experimentatlibons. This condition
was fulfilled only for the (GeTg«(GaTe)100x System.

Therefore, the mathematic deconvolution procedwae applied via the Fraser-
Suzuki function on the remaining investigated systeThe number of DSC
curves, on which the deconvolution procedures vapgied (within the work
on this doctoral thesis) exceeds one thousand. pHrge
the (GeTg)x(GaTe)i00x System, the mathematic deconvolution was applred o
all of investigated data. The mathematic deconwmiutvas found to be able
to successfully address the issue of the temperaiependent crystallization
kinetics.

The main purpose of this branch of this doctorakthwas to draw an attention
to this problematic and, hopefully, start off a emsh leading to some
advancements or at least some activity regardiisgsbue.

The third goal of the presented doctoral thesisresgnts the utilization

of the combined information obtained from crystadtion measurements performed by means

of DSC and TMA, results from crystallization kinetalculations and results from a classical

procedure of evaluation of glass stability of allestigated systems in order to the assessment

of the suitability of studied tellurium-based glessfor the potential usage in real-life

applications, such as far-IR optics, glass-ceramiesamics, from the thermo-kinetic point

of view.
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* On the basis of revealed insufficiency of classeadluation of glass stability
via Hruby criterion to correctly determine the trilermal stability of glassy
material, the new approach was suggested, whibhsed on the combination
of two thermo-analytical techniques (DSC and TMA).

* The combination of DSC and TMA crystallization m@&snents then offers
extended information about processes ongoing irssglamaterials until
the moment the crystallization occurs. This arewben the first softening
of glass and the occurrence of the first crysealits greatly important for
the processing of the glassy material (e.g. fibamwehg, molding, shaping) and
the detailed exploration (as much as possible) kalp with revelation
of the behavior of the processed glass and theaxperimental conditions can
be exactly adjusted.

» The improvement of predictions of glass stabilitgsaproposed via the new-
developed parameters (workability window and neacpssability parameter),
which introduce an easy, fast and more accurate @fagietermining and
tailoring the thermo-mechanical properties of gjasaterials. These
parameters can then serve to an effective estimatib the materials’

processability.

Applying the above-mentioned approaches, the G&€&a-system, namely
the (GeTg)s7/(GaTe)ss glass was found to be the most suitable systenth (vaspect to
the thermal behavior) for the far-IR optics appi@as from all of the investigated systems.
Also the Se-doped tellurium-based glasses weredftwibe suitable for the production of far-
IR optic elements, namely the composition{Se,Te;s. However, some limitations exist and
more attention in processing of this glassy systemst be paid. In case of Ge-I-Te system,
the rather unpredictable surface tellurium preaimn and complicated glassy synthesis led
to the Se- and Ga-doping being preferred. The swsible glassy composition from As-Se-
Te system for the far-IR optics purposes seeme tid (AsSes)ss(AS, Te3)34 glass. However,
this system also behaves slightly unpredictablyhwiespect to applied experimental
conditions; therefore the processing must be Btrantrolled. Nonetheless, all of detected
flaws can be an incentive for further deeper swdiéthese relatively new promising
materials.
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