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Abstract

The doctoral thesis presents a detailed charaatene of thermal and structural
properties of the selected tellurium-based chalcmige glasses. The thermal behavior
of investigated glassy systems is characterizethbégns of differential scanning calorimetry
(DSC) and thermomechanical analysis (TMA; seledgstems). In the presented doctoral
thesis a systematic approach to the descriptiocomiplex crystallization (and relaxation)
kinetics by means of the commonly used and statatomethodologies and models is
adopted in order to achieve full description of tfserved phenomena and provide
the possibility of accurate kinetic predictions.eTbbserved complexity of crystallization
processes of all investigated systems is solved niiyans of two approaches, i.e.
the mathematic deconvolution and kinetic deconvatutof the crystallization DSC data.
The advantages and disadvantages of both testethodsetare discussed. In addition,
the observed thermal behavior of studied systermeriglated with the structural information
provided by XRD analysis, Raman spectroscopy aticarigd (IR) microscopy. Thermal
stability of the prepared glasses is thoroughlylyaea. Combination of the calorimetric and
thermo-mechanical data allows precise and reliadltermination of the true glass
temperature workability window.

Abstrakt

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 operujicivzdalené oblasti infégerveného spektra a
sklokeramiku. Termické chovani studovanych systgrcharakterizovano pomoci difecer
skenovaci kalorimetrie (DSC) a termomechanické yayal(TMA; vybrané systémy).
V piedlozené dizertmi praci je osvojen systematickyfigtup k popisu komplexni
krystaliza&ni (a relaxani) kinetiky prostednictvim WZn¢ uZivanych i nejmodegjgich
metodologii a modélza (telem dosazeni Uplného popisu pozorovanyclhi gposkytnuti
moznosti pesnych kinetickych predikci. Pozorovand kompleXtsstalizaniho procesu
vSech zkoumanych systéne reSena s vyuzitim dvourigtupi, a to matematické a kinetické
dekonvoluce krystalizaich DSC dat. Vyhody a nevyhody obou metod jsokudis/any.
Kromé¢ toho je termické chovani studovanych sysiékorelovano se strukturni informaci
ziskané z rentgenové difriali analyzy, Ramanovy spektroskopie a itéraené mikroskopie.
Tepelna stabilita ffpravenych skel je ikladné analyzovana. Kombinace kalorimetrickych a
termomechanickych dat umiafe presné a spolehlivé &eni skuténého teplotniho okna
pro zpracovani skla.
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crystallization Kinetics; chalcogenide glass; glagability; DSC; TMA; XRD; Raman
spectroscopy; infrared microscopy
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Introduction

Chalcogenide glasses belong to the technologicalortant and interesting
materials due to their unique properties (e.g. iighsmittance in the infrared region
of the electromagnetic spectrum, semiconductingpgntees, high refractive index —
higher than Si@based glass, etc.), thus these materials are yiuastd as large
capacity data-storage media (CDs, DVDs, BlueRax® @ non-volatie PCRAMS),
elements for infrared optics (fibers, lenses, gtipjoelectronics, memory switches or
various electronic thresholds. [1,2]

One of the promising chalcogenide materials isutelm-based glass. These
systems are well-known for their excellent transamnite in the infrared (IR) region.
The transmittance window can range from 2 up tou#8 it depends on the exact
composition. This feature can be successfully agdi in various hi-tech IR
applications including biosensors with usage inigied or environmental sphere [3],
CO, detectors fighting the global warming [4], spag®iecs detecting the biological
life markers (such as absorption bands of,CO; H,O) on exoplanets [5-7].
The great disadvantage of telluride glasses isrthagh tendency towards
crystallization, which results in complicationstime further processing of the glassy
material. Each of all processing steps must therstbetly controlled to prevent
the possible crystallization. Nowadays, the greaplasis is placed to the search
of the material with appropriate thermal, opticaidacompositional properties.
The main goal is then to achieve the highest thestaility of telluride glasses while
the best optical properties will be kept. The rasglknowledge of ongoing kinetic
processes, thermal properties and structural asraegt may serve to predict
the behavior of the material for arbitrary condisahat can be used in finding the new
hi-tech materials, technology for the glass-pref@amaor usage of these glasses in
commercial applications. [3-14]

1 Theory
1.1 Glass formation

The reversible transition, when the undercooledidiqduring further cooling)
has been getting into a thermodynamically non-dgjuiim glassy state, is called
the glass transition. A liquid above its meltingrmiaepresents the initial state; when
the cooling begins, most materials start to soliddrystallization occurs and these
processes are connected with discontinuous chamgeolame, enthalpy, Gibbs
energy, etc. This can be avoided by a sufficiendlygid cooling of the melt/liquid,
the material does not have enough time for the easicdin and subsequent crystal
growth, leaves the liquid state and changes to éharacally rigid system — the glass.
The viscosity of the system within the cooling mss gradually increases until
the value equals approx. ‘f(Pa.s — at this moment the glass is formed. Nofesthe
the glassy structure has still remained disordaretihas kept the liquid-like structure.
This process is characterized by continuous charighe volume, enthalpy, Gibbs
energy, while the discontinuity in the second datiixe of Gibbs energy occurs, i.e. in
the temperature dependence of heat capagityoefficient of thermal expansianp,
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compressibilityB.. The Gibbs energy values representing the systagtassy state are
higher than values corresponding to the crystaliate.

Ae]t

)

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 displayed; grepresents the cooling rate,
q" represents the heating rate.

The glass formation is demonstrated as a depairtome the equilibrium with
the decrease of property-temperature dependenpe slo temperature dependence
of given property. The temperature correspondinghis departure is referred as
a glass transition temperaturg. The glass transition temperature is a very ingudrt
parameter determining the properties and behaviothe resulting glass. Above
this temperature, the system behaves like a mettprnes more formable; under this
temperature the system behaves like a solid withid structure. The glass transition
temperature is not a thermodynamic quantity. Themms that its value is influenced,
for example, by the method of glass preparatiomwl{og rate ¢). At higher cooling
rate, the curve corresponding to the glassy statehe temperature dependence
of the given property deviates earlier, i.e. atighér temperature, compared to a
slower cooling rate. The red-labeled curve in Bigorresponds to the so-called cold
crystallization process, when the glass is heateddplied heating rate {fj above
the T,, the structure of glass is more loosened andeattystallization temperature, T
the crystallization occurs, the crystalline netwdsk formed. With the increasing
temperature, the melting of crystalline structuealizes, which is characterized by
a melting temperature,,I' [2,15-17]

1.1.1 Structural relaxation in glasses

The glass transition is not a thermodynamicallytamled process due to its
dependence on actual experimental conditions. Ttverat means that the glass
transition process is kinetically controlled. Ifethundercooled liquid is sufficiently
cooled and the glass is formed, the non-equilibrglassy state endeavors to reach
the equilibrium. This process is known as a stmattrelaxation and is associated with
slow molecular rearrangement. In a consequendeeadttuctural relaxation processes,
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the glassy structure becomes more and more conmpaetstate to which the glassy
structure relaxes is the state of the undercoolgdid (extrapolated to a given
temperature range), which represents the “equilibristate” when the glasses and
glass-forming processes are under consideratiore, Hiee system is in the so-called
kinetic equilibrium, i.e. the high energy/kinetiarbers hinder the further decrease and
transformation to the crystalline state. Certairtlyese structural changes lead to
several changes in physical properties, for exaroplecal transmittance or density.
The capability of prediction or monitoring theseanges plays an important role for
the potential glass technology. The classificatbdrrelaxation process is based on
the property, which is monitored. The two most camnproperties are the volume
and enthalpy. [15-19]

1.2 Crystallization

The crystallization process belongs among the-éirder phase transitions
(according to Ehrenfest), and is characterized bydiscontinuous change in
temperature dependence of volume, enthalpy, entietpy The atomic reorganization
into a periodical crystal structure goes on, thdédbSienergy value decreases to
an absolute minimum and the crystalline system hescthe thermodynamically
equilibrium state. The crystalline system may btamed by a slow cooling of a melt,
when the melt material has enough time (within ¢beling) to create a periodically
organized system — a crystal; or the another wactpire the crystalline products is
the so-called cold crystallization including a hegtof the amorphous/glassy material
to its crystallization temperature. [2,16]

The crystallization could be described by two sgoeat processes —
the nucleation and the crystal growth. Firstly, thew-phase nuclei are created,
the amount and size of nuclei steadily increasasilsaneously. This process is called
nucleation and may proceed with two different mectras — homogeneous or
heterogeneous nucleation. In the first case, thenemerge randomly throughout
the volume of melt, solid or crystal; in the secaade, the nuclei originate at energy-
efficient/preferred locations (such as defectslusions, dislocations, additive atoms),
which function as crystallization centers; the miagie of the energy barrier is in
most cases several orders less than in case ofdgesmaos nucleation. [2,16,18,19,21]
Subsequently, the crystal growth follows and inelsidwo important processes —
the mass transport to and via the newly-emergedephmerface. The studies focused
on a description of crystal growth may be performe&idh utilization of two
approaches — the direct microscopic observatioh wsing the microscopic methods
(optical, electron microscopy) and three basic phenological models (normal
growth, screw dislocation growth, two-dimensionaiface nucleated growth models
[22,23]); or the usage of indirect macroscopic obston of crystallization. This
method is based on thermal analysis, which carebized by means of differential
thermal analysis (DTA), differential scanning caleetry (DSC) and also by means
of thermomechanical analysis (TMA). [2,15-19,2124,
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Figure 2: The example of DSC curve observed for neisothermal measurement;
the corresponding thermal effects are denoted.

1.3 The prediction of glass stability (the glass-stahtly criteria)

The glass-stability (GS) criteria are widely usedlgmeters in scientific practice
to characterize and predict the behavior of amanplgdassy materials. Further, with
their knowledge, it can be estimated whether tilgeired substance is capable to form
a stable glass or not. The noticeable effort has lokedicated to the search of the most
suitable GS criteria in regard to the potential-fiéa applications of the given glassy
material.

The glass-forming criterion introduced by Zachasem [26] represents
the oldest way to assess the ability to form a sglaBhis criterion works on
the assumption of the structural preconditionstaflied systems. However, there is
a certain limitation. It is necessary to know theicure of the emerging glass, which
Is not always possible, primarily in case of thevlyestudied systems.

The thermodynamic approach of glass-stability eatébms is based on e.g.
the bond energy determinations, the differenceheénelectronegativity of constituent
elements, the relations between the characteristicperatures - glass transition
temperature J, crystallization temperature; Tonset vs. maximum of the signal) and
melting temperature ;Jand their ratios. [2,27] The last mentioned G$eoa based
on relations between the characteristic temperatuage an advantage in their relative
simplicity (due to their evaluation) and good fuanality in series of chemically
resembling glasses. The most common used GS aritaelude the criteria defined
by Hruby K, [28], Saad and PoulaingK[29], Weinberg Ky [30], Lu and Liu K
[31], Long Kx [32], and Zhang Ky [33]. Asthe most suitable criterion
(for chalcogenide materials) was found the Hrubitedon (see Ref. [34]) that
manifested the lowest normalized variability withetexperimental conditions in
contrary to Ky, K., Kix and K. The large influence of experimental conditions
(such as a sample form, heating rate, the way w@rehénation of each characteristic
temperature, i.e. onset vs. signal maximum) onetloegeria is obvious. Nonetheless,
the difference between the glass transition tempexal, and the crystallization
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temperature J has still remained crucial. The wider the diffevenly - T, the more
stable the glass is. In scientific practice theealbedAT criterion AT = T, - T) [8-10]
Is used to consider the thermal stability of theegiglassy system.

The last (but not least) way to characterize thasglstability represents
the kinetic models. This alternative approach (witegard to thermodynamic
approach) takes into account the fact, that eacterrahis able to form a glass, if
the adequate cooling rate is applied. The init@ahpof considering the glass ability or
stability represents the construction of T-T-T (TpaErature-Time-Transformation)
curves. Unfortunately, a huge amount of informatimn required and not all
of the needed parameters are often available. iShegreat limitation of applicability
the kinetic models. [2,27]

T
m

Crystallization

t1 t/s tZ

Figure 3: The illustration of T-T-T curve; the temperature and the corresponding time needed
to the crystallization of given portion of glass ae depicted.

1.4 Theory of kinetic analysis

The scientific research attaches importance to dhugly of crystallization
processes occurring in glassy materials as a caeseq of wide-ranging usage
of these materials. If the crystallization kinetics well-known, the predictions
of the preparation conditions, potential real-l#pplicability and so on can be done,
which enable a better control of the experimentalditions and properties of resulting
glassy material. The crystallization processesanous materials may be monitored
by two basic methods, namely by the direct (mioopsx) and indirect (thermal
analysis) observations. The usage of indirect nsmopic procedures includes
the methods of thermal analysis (e. g. DTA, DSC, A)Mand is a favorite and
widespread way how to obtain the valuable data abiystallization process, which
are further used for e.g. an evaluation of cryziion kinetics.

The doctoral thesis is primarily focused on thedgtaf crystallization kinetics
of  tellurium-based chalcogenide glasses with  foilgv appraising
of the processability of investigated glassy matsriThe knowledge of crystallization
process kinetics is important for the preparationl &urther processing of glassy
materials due to possibility of monitoring the mdual steps, experimental conditions
of glass processing and the opportunity to prettietglassy material's behavior under
various optional experimental conditions. In thectdeoal thesis, also the structural
relaxation kinetics will be described (rather assiae-note) with respect to

-9-



the completion of predictions of the glass stapilitrystallization and structural
processes occurring in the studied chalcogenidesigs

1.4.1 The procedures of crystallization kinetics assessments

In glassy materials, the so-called cold crystdiiora including, a heating
of the amorphous/glassy material to its crystdilima temperature occurred.
The crystallization kinetics is commonly studied eans of DSC. In the case
of the heat flux DSC instrument, the temperatuféedince between the sample and
the referenc@aTpsc Is measured in dependence of the sample temperdtais signal
is then converted and registered as a heat flow (

_dH
Tdr

P 1)
where H is an enthalpy, T is a temperature. Theiahcprocess rate is directly
proportional to the measured heat flow. The constan proportionality is then
the overall enthalpy changeH (for the calibrated devices). The kinetic equatis
then determined as:
da
o= (5) )

wherea stands for a degree of conversion and t is a timthe case of non-isothermal
DSC measurements, the Equation (2) changes itsttothe Equation (3):

o =aH- (). () (3)

ar dt

If the kinetic analysis is required, a kinetic daaneeds to be prepared. The kinetic
dataset contains points and each of these pointshasacterized by the values
of temperature (T), heat flow related to the samplight (@, W.g') and degree
of conversiond) (see the Equation (4)). [35-38]

1 T
aj:A_.fTojé.dT (4)
The kinetic analysis of DSC data is based on tla&ckeof the most suitable
kinetic model that facilitates an appropriate diggian of a given kinetic process. If
the separation of thermal and rate component ofkihetic equation is possible,
the relation characterizing the actual processisaéstimated as:

da

= = K@ f(a) ®)

wherei—‘: stands for reaction/transformation rate, K(T) isaée constant (depends

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

E

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

where A is a preexponential factor, I§ an apparent activation energy of the studied
process, R is an universal gas constant, T is pgeature. The kinetic analysis of DSC
data is realized by means of the DSC universaltkirejuation (see Eq. (7)), which
has arisen by the conjunction of above-mentionedagons (2), (5), (6). Thus,
the DSC universal kinetic equation is determined as

E

®=AH-A e’ f() (7)

The common kinetic models, which can serve as erigti®n of crystallization
kinetics of data provided by DSC, are for examle hucleation-growth Johnson-
Mehl-Avrami (JMA(m)), autocatalytic Sestak-BerggréAC(M,N)), reaction order
(RO(n)), diffusion (D1-3), Ginstling-Brounshtein 4} contracting area (R2) or
contracting volume (R3) models. The kinetic modetpresent a theoretical
(mathematical) characterization of studied procgssich experimentally occur in
given materials. The Table 1 offers the summaryclbsen kinetic models, their
labeling and corresponding forms of¥functions. [20,26,27,39,40]

Table 1: 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 %
2-D diffusion D2 —[1/In(1 — a)]
3-D diffusion (Jander) D3 [3(1 - a)é] / [2(1 - a)%)]
Ginstling-Brounshtein D4 3/ [2((1 = a)"% - 1)]
Contracting area R2 2(1— a)%
Contracting volume R3 3(1— a)é

The activation energy determination

The first step of kinetic analysis of experimen$5C crystallization data
represents the determination of the activation ggnef crystallization. Nowadays,
there are several methods developed for this parpbsstly the Kissinger [41]
method, further the Friedman [42] and Kissinger-WkaSunose (KAS) [43]
methods.
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The Kissinger method is simple and is based on tdrmaperature shift
of the DSC signal maximum, which is associated wlifferent applied heating rates.
The usage of this method therefore consists in oas®n-isothermal measurements.
The Equation (8) depicts the principle of Kissingeethod, where g stands
for heating rate and ,Tis the temperature corresponding to the maximum
of the crystallization peak. The value of the aatiion energy is derived from the slope

of the linear dependende (‘;—:) vs.ﬁ.
p

at\ _ _Eaq
In (F) = const.—— (8)

p p

Some limitations of usage this method for evaluatithe activation energy
of crystallization exist. For example, the Kissingsethod provides only thesEsingle
value (representing the dominant crystallizationocpss), which can make
the difficulties in an assessment of complex prsesswhich contain more than one
crystallization process. [35,44-47]

The Friedman and KAS methods belong to a groupafanversional methods.
These procedures are based on the assumptionhthaedction rate in the constant
conversion range is only temperature dependent.ddgeee of conversion remains
constant, so the reaction or phase transformationsot vary with changing heating
rate. Thus, the values ofyEare estimated as an average @fvRlues determined for
chosen degrees of conversion. This procedure letdsthe minimization
of the influence of experimental conditions. Thesethods are usable for non-
isothermal and also for isothermal measuremen®s47450]

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

In(®,) = const. — LZ3 (9)

RT,

where ®,, T, are a heat flow and temperature correspondinghéochosen values
of conversion; the interval ef values is defined as 030 < 0.7.

The integral isoconversional methods are based bae application
of the isoconversional principles to the equationshe integral form. The modified
KAS method is expressed by means of the Equation (1

ln( a ) = const. —1.000857’* (10)

1.92
Ty a

Starink [43] has showed, that some changes in KA&aton parameters lead to
a better accuracy of the Kalues. [43,44,47]
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The kinetic 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 déserthe studied crystallization
kinetics. This can be achieved by using algorithb@sed on the characteristic
functions y¢) and z@) [35,44,47] derived by using a simple transformati
of experimental DSC data. In case of isothermalsueanents, these functions can be
expressed as:

y(a) =@ (11a)
za) = -t (11b)

If the DSC crystallization data were obtained atn-mmthermal conditions,
the functions y) and z{) are determined as:

y(a) =@ - e% (12a)
z(a) =@ -T? (12b)

The values of y) and z{) functions are usually subjected to normalizapoocedure
in the interval<0,1>. It helps to an easier data interpretation and itiileence
of different experimental conditions can be elinbgth In general practice, the most
common kinetic models using to the description rgstallization kinetics are
the nucleation-growth JMA (m) [48-50] and autocgial AC(M,N) [51] models.

If the value of the degree of conversion corresgaiadthe maxima of the @\
function and ranges from 0.62 to 0.64 (the preflerablue ofomay ,€quals to 0.632)
the crystallization kinetics can be described by IMA (m) model. Mathematically,
the JMA (m) model can be expressed using this kmuét3):

f(@) =m( - a)[-In(1 — )] (13)

where m stands for the kinetic exponent of JMA (ngdel reflecting the respective
nucleation-growth mechanisms. [44,45,48-50] The Jivb) model is a one-parameter
kinetic model and the value of kinetic parameter can be determined from
the following Equation (14) [52]:

m=——— (14)

o 1+In(1-amax,y)

The function y§) has to provide the maximum value ranging in titerval 0< omay, y
< omax, z With respect to fulfil the condition of m 1. Another alternative way to
determine the value of the parameter m represastslétermination from the linear

dependencén|[—In(1 — a)] vs.Int orln%. [44,45,48-52]

The autocatalytic AC(M,N) model represents theralidve way for description
of crystallization kinetics, if the JMA (m) modehmenot be used. This semi-empirical
kinetic model has two parameters and the paramditave no physical meaning,
nevertheless this model is widely used not only daeits higher flexibility
to experimental data.
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The AC(M,N) model is mathematically expressed as:
fl@)=a"(1—-a)" (15)

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

secondly the value of parameter N can be estimaidd using the Equation (17),
where the N parameter value is determined fromviiee of the slope of the below
depicted dependence. [44,45,51,53]

M _ Omaxy (16)
N 1-amax,y
Eq M
In|®-err|=In(AH-A)+ N-In [aN(l - a)] (17)
A) B)
1.0 IMA (m = 3) 12
08 } 1.0 JMA (m = 3)
0.84
0.6 ]
3 3 0.6
> JMA (m=1) ™
0.4 1
0.44
0.2 0.2
D2, D3, D4 :
0.0 | 1Y e —
L 0.0 0.2 0.4 0.6 0.8 1.0

0.2 0.4 0.6 0.8 1.0
a

Figure 4: A), B) Schema of ) and z(@) plots corresponding to chosen depicted kinetic nuels.

The preexponential factor determination

The value of the preexponential factor A can bareged with the knowledge
of above-mentioned kinetic parameters, i.e. thvaibbn energy value and the kinetic
model and its parameters. If the crystallizatiomekics is described by means
of autocatalytic AC(M,N) model, the preexponentedtor can be evaluated by using
the above-quoted Equation (17). Another way howlitain the A value represents
the Equation (18):

+Ea Eg

A=——T1 R ., %7 (18)

T'f/(amax,z)

wheref (aqax2) Stands for the differential form of kinetic modet). [44,45]
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1.4.2 Kinetic deconvolution - Multivariate kinetic analysis (MKA)

The multivariate kinetic analysis (MKA) represemtsgroup of model-fitting
methods and many ways of model fitting exist. Imeyal practice, the linear or non-
linear regression methods can be used. These rtiol-techniques are based on
the assumption of the minimization of the differertwetween the data, which were
obtained from experimental measurements, and tHeulated data. [44,54-58]
The famous method of non-linear fitting techniquepresents the method of least
squares evaluating the data difference as theuassdim of squares (RSS) [58]:

. 2
_ Last j
RSS = Z}Ll Zk=Firstj Wik (Yeij_k o Ycal,-,k) (19)
1
W] - |[da/dt]max|j+|[da/dt]min|j (20)

where RSS is a sum of squared residua, n is a nuoflmeeasurements, j is an index
of the given measurement, Firsd an index of the first point of the given curt@st;

is an index of the last point of the given curve,Yx is an experimental value of
the point k of curve j, ¥, j«is a calculated value of the point k of curve |, is

a weighting factor for curve j. The series of sevemeasurements performed
at different heating rates are the initial datgseten the full-scale non-linear
optimization by means of MKA proceeds and the deaifcthe minimum of RSS by
the variations of the kinetic parameters values tfog individual reaction steps
processes. The standard kinetic models and theuwahdependences (e.g. the parallel,
consecutive, competing, reversible, independentnetciels) are usually examined and
based on the best value of the correlation coefiicihe suitable kinetic model can be
determined. [54-58]

1.4.3 Mathematic deconvolution - Fraser-Suzuki function

Before the development of methodologies for emplgyihe kinetic analysis
equations into the complex non-linear optimizatialgorithms, the mathematic
deconvolution was used to approximate the compieetics. In case of complex
crystallization behavior (scenario where the cHligiion peaks overlap),
the beginning and the end of each single peak ¢dmeasily determined. The point
Is that the set of experimental data are sepatatqmhrticular components. For this
purpose, several mathematical functions exist and e used, e.g. the Gauss [59],
Lorentz [60], Weibull [61] and Fraser-Suzuki (FS§2{65] functions. The last
mentioned Fraser-Suzuki function has a great adgantconsisting in it being
thoroughly tested in the past — the tests confirthatl (contrary to all the other above-
mentioned possibilities) the FS function can déscrall kinetics readily occurring
for the solid-state reactions. [62-65] The FS fiomd can be expressed via

the Equation (21):
ln(1+2a3-x;a1) 2
—I[n2 a—z (21)
3

where @, &, &, & are parameters of FS function corresponding tcamuplitude,
position, half-width and asymmetry of curve. The RGftware PeakFit (Systat
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Software Inc.) is instrumental in the processingexjerimental data by means of this
deconvolution procedure. [62-65]

Figure 5: The illustration of deconvolution (FS) pocedure with using the PC software program
PeakFit 4.2 (Systat Software Inc.).

1.4.4 Thestructural relaxation kinetics

The glass transition is dependent on actual exmeriah conditions and
therefore the glass transition processes are kalticontrolled. To a description
of these relaxation processes, the several kimabdels are available. Nowadays,
the most common Kkinetic model determined for thiarppse is the Tool-
Narayanaswamy-Moynihan (TNM) [11,66,67] model. Thiseenomenological kinetic
model is characterized by four parameters: the rampa activation energy
Ah'of the structural relaxation, the non-linearity qraeter x, the non-exponentiality
parameterp and the preexponential factorry, which serve to interpretation
of the main relaxation features, such as hysteresisn-linearity and non-
exponentiality. The TNM model can be expressed dipwing Equation (22) and
the next acting parameter - the fictive temperatliyestands for the temperature
of undercooled liquid with the same structure as tklaxing glass achieves and
the structure of relaxing glassy material can baratterized by means of this
parameter:
x-Ah*  (1-x)-Ah*
RT RTf

(22)

T =Arnm

The parameter x representing the non-linearity tafictural relaxation determines
the intensity of structure and temperature infl@genon relaxation process.
The distribution of relaxation times is formulateg means of the Equation (23) and
with using this stretched exponential function F{je TNM model can be
implemented.

F(t) = exp [— (ft ae )B] (23)

0 T(T,Tf)
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where F(t) is the relaxation function of given pedy with 8 value being in
the interval 0< B < 1. The non-exponentiality factof represents the inverse
proportionality to the width of distribution relai@n times. [11,66,67] The validity
of this TNM model has been extensively exploredrduyears, see examples in Ref.
[69-72], where the good eligibility of this model order to a description of structural
relaxation processes was confirmed.

In regard to DSC data, the so-called reduced heat®™?(see Equation (24))
was estimated as a substitution of the relaxatimttion F(t) due to the requirement
of the normalization of DSC data in the glass titeors region, because the difference
between the temperature dependences of heat capatite glassy and undercooled

liquid regions occurs.
D(T)—Pg4(T)

pred —
PYT) =g (T)

(24)

where &(T) are the measured DSC dathy(T) and @(T) are the temperature
dependences extrapolated from the glassy and wualectliquid regions. [69]

2 Aims of Doctoral Dissertation

The doctoral thesis primarily pursues the detailagtematic study and
characterization of crystallization behavior ofluglm-based chalcogenide glassy
systems with respect to the kinetic processes k@i kinetic description by means
of commonly used kinetic models and state-of-arttho@ologies, the structural
arrangements occurring in studied systems, andapipraisal of potential real-life
applicability of these materials. Also the struaturelaxation kinetics has to be
described (rather as a side-note) due to the neéseccompletion of crystallization
results for the next predictions of processabdiyl stability of studied materials.

The crystallization process of tellurium-based ggs often shows a certain
degree of complexity, which means that the indiaidcrystallization peaks overlap,
the beginning and the end of each single peak ¢abheoeasily determined and
the crystallization kinetic analysis cannot be @y performed. This issue is
commonly solved by means of deconvolution procedutemeans that the set
of experimental data are separated to particularpoments via the various methods
of deconvolution. In the doctoral thesis, the tways of deconvolution procedure
were used, namely the kinetic deconvolution witrages of multivariate kinetic
analysis (which belongs to the group of modeldgtimethods) and the mathematic
deconvolution, which is based on several mathemdtimctions, in case of this thesis,
the Fraser-Suzuki function was used in particulaih viollowing kinetic analysis
of individual crystallization processes.

The last area of interest of the doctoral thesldshthe potential practical usage
of studied chalcogenide tellurium-based glassyesyst This issue is considered by
means of glass stability criteria, which are thefultools for this purpose. The typical
commonly used glass-stability criteria (such askiyr[28] criterion or the difference
between the crystallization and glass transitionperatures) mostly provide a good
information about material's glass-stability, buather qualitative. [18,63-65]
Regarding this limitation, the newly developed emi#t for the evaluation of glass
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stability are suggested [70], described and testedse new-developed criteria come
out from the possibility of the combination of résiprovided by DSC and TMA,; due
to the missing information from DSC about glassesuhg processes, viscous flow
effects and so on. These methods, with which tlesgmted thesis works, belong to
the thermo-analytic methods, which are based onindirect observation of e.g.
crystallization processes by means of certain nsaopic property (heat flow and
sample deformation in case of the presented thE%s20,72,73]. The opportunity to
combine the results from DSC and TMA offers a certhenefit with regard
to the assessment of glass stability of glassy madgte

More on above-mentioned aims and goals of the dalctthesis will be
discussed in following chapter. All studies presentin the doctoral thesis are
published as the articles in impacted internatigmainals.

3 Results and Discussion

3.1 Partl

As has been specified earlier, the doctoral thasads with the thermal, kinetic
and structural characterization of tellurium-basguhlcogenides glasses. It was
mentioned that the Te-based glasses show a stemulgricy towards crystallization.
This problem may be solved e.g. by adding of varidwpants into the tellurium
matrix due to the stabilization of glassy systemaiast devitrification [3-14].
The dopants used for the following studies in cals&e-Te glasses were selenium,
gallium and iodine; these dopants were added irgel & matrix in various amounts
along the investigated compositional lines duehwsdffort to uncover the most
suitable composition in regard to potential pradticsage. The next studied system,
the AsSe-As,Te; glass, belongs also to Te-based glasses and wdgrexk with
various representations of A®; part along the investigated compositional lineugh
the systematic detailed study of thermal behaviocG&,SgTegx (X = 2; 4; 6; 8 %)
[75-77], GenSeTergx (X = 2; 4; 6; 8 %) [78], (GeTg(GaTe)io0x (X = 40; 50; 60; 67;
75; 86; 100 %) [70,79-81], Gg«Tegox (X = 2; 5; 8; 12; 15 %) [82,83] and (£88)100-
«(As,Tes), (x = 0; 17; 34; 50; 67; 84; 100 %) [84,85] chalengle systems was
performed by means of DSC (primarily and for thenekic analysis purposes),
the experiments were carried out under non-isotakrnonditions, which means that
the monitored property (heat flow) was observediependence on temperature, and
various sample forms (powders, bulks) were examimitl regard to the predicative
potential of the realized kinetic calculations.

The characterization of thermal behavior of invgestiied glassy systems may be
done with usage of the simple scheme illustrateféign 6. Firstly, the raw DSC curves
are needed to be investigated with respect to sepoe or an absence of expected
thermal effects (e.g. glass transition, crystalima melting), the nature
of crystallization effect (e.g. single-peak/mulégbeak behavior) and its behavior
under various experimental conditions (e.g. samfplen, applied heating rate).
Thereatfter, the structural analysis of obtainedtedlization products needs to be done
due to their structural characterization (e.g. XRIR microscopy, Raman
spectroscopy) and this step can help to identiéydhgoing processes in the studied
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materials. Afterwards, the kinetic analysis is grout and the complete information

about the given system is acquired with the combikeowledge about thermal,
structural and kinetic properties.
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of investigated chalcogenide systems.
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3.1.1 Ge-Se-Te system

As the first researched material for the doctdnalsts objective the selenium-
doped GeTgglass was selected, the thermal behavior of wiva$ investigated along
two selected compositional lines, namely theSeTegox (X = 2; 4; 6; 8 %) [75-77]
and Ge;SgTes, (X = 2; 4; 6; 8 %) [78] glassy compositions. Threaant of added
selenium had to be held under 10 at. % due tonfisiance on the final width
of transmittance window. In addition, the glassynposition with 10 at. % of Se is
probably near to the non-mixing zone and on thatoawct its thermal stability
decreases [4,6,10,14,86-89].

The crystallization behavior of the studied systamgreatly influenced by
the added amount of selenium into Ge-Te matrix,ctwhs reflected in the separation
of the primal surface tellurium precipitation frahre subsequent volume-located GeTe
and GeTe(Se) (phase contains all three elementsjatigrowth (supported by XRD
analysis). Also, the occurrence of selenium leadmhibition of both crystallization
mechanisms. Selenium integrates into GeTe netwadk @ well, into Te-chains; that
can be the reason for the obvious separation stalfization peaks with increasing
amount of selenium in Ge-Te matrix.

A) B)
125 - 180 ym; 1 °C.min"' I

o/ Wg'
o /| Wg'

C) T/ °C

o [ Wg'
\
\
=

b/ Wg
‘I\.
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v , | . ; v
150 200 250 300 350 400 150 200 250 300 350 400
T &G T If °C

Figure 7: Example DSC curves obtained for applied éating rates 1 and 10 °C.mirt and the 125
180 um powders (graphs A and B) and bulk samples (graph€ and D) of the studied
Ge»SegTerx glasses. Each curve is marked according to the Sd. % content.
Exothermic effects evolve in the “upwards” directian.

With using the Kissinger method [41] the apparemtivation energy
of crystallization was determined and the obtaiBgdalues can be found in Fig. 14A.
As can be seen, the significant decrease in fheakies representing the compositions
with added selenium in comparison with pure,{be;s system is observable. This
change in [k is caused by the first addition of selenium intwgpGeTe matrix, which
is accompanied by the change of the main cryst@aityr mechanism. While in case
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of GeTq glass, only the surface crystallization was foy@d] and the accelerating
influence of mechanically induced defects on thengry crystallization process was
confirmed, the Se-doped glass shows the two typesystallization mechanisms,
namely the surface Te precipitation and some vollooated crystals form (see Fig.
8); the addition of Se leads to a change in criyastion mechanism. These findings
are also in good correspondence with the studysiedwn the influence of the Se
Te substitution on crystallization mechanisms [94here it was also shown, that
the smaller number of large crystallites occurshwitie addition of Se into Geje
matrix. These crystallites exhibit a three-dimenaigyrowth.

Figure 8: Selected infrared micrographs correspondig to the cross-section views of the partially
DSC-crystallized pure GeTe (A) and GeySeTess (B) materials.

The occurrence of two types of crystallization nmeubms was confirmed also
by a huge IR microscopy study [92], which was alsed, for the first time, to directly
confirm the crystallization originating from the om@&nically induced defects.
The partially-crystallized (in DSC) samples werepared; the selected grains were
carefully cracked and observed by IR microscopechEpiece of tested grains
contained a large number of small crystallites, phesence of which confirmed the
predicated defects-based crystallization. Also rgdanumber of fragments were on
their surfaces covered by a crystalline layer.

It was found that the fine alteration in amouniGa in Ge-Te matrix (Gglegg
— [75] vs. Ge Teyo — [78]) has not been critical, has not had anykedinfluence on
thermal behavior and the results have been mostilas, thus allowing making
the same conclusions and the crucial influencehenntal behavior of the Se-doped
glasses has been caused by the added amountmfisele

To conclude the problematics of crystallizationetio behavior of studied Se-
doped GeTe glass, it must be noted that this nadteilows the JIMA/AC Kkinetics.
The characteristic af and y@) functions were utilized in order to determine
the appropriate kinetic modelaf; The appropriate kinetic model can then be chosen
upon the value of degree of conversiencorresponding to the maximum of this
function. As can be seen in Fig. 9A, the basic iregquent of JIMA (m) modelo(ay, 2
equals to 0.62 — 0.64; this value is indicateddxy dashed line in Fig. 9A) is fulfilled
for most measurements performed at different hgatites and the most of kinetic
data could be described by JMA (m) model, except blorderline experimental
conditions (the lowest and the highest appliedihgatates). In this case, the more
flexible AC(M,N) model was used for descriptiontbé crystallization kinetics.
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Figure 9: An illustration of set of characteristic functions z(a) (A) and y(a) (B) calculated for
the set of crystallization DSC measurements perfored for Ge,;SeTess.

The values of maxima of g) function (see Fig. 9B) serve for the determinatio
of the parameters (m, M, N) of the previously foukiietic models (based on
Equations 14, 16 and 17). The parameter m reflehts information about
the dimensionality of formed crystallites. It wastekrmined (based on the Eq. 14) that
the crystallites formed as a 3-dimensional crystalder the lower heating rates, while
as the applied heating rate increased, the crgst@nsionality decreased (to ~ 2) and
the planar/surface crystals were formed. The chafhgeystal growth dimensionality
occurs with increasing heating rate. Lastly, thkueaf preexponential factor A was
determined (A ~ 1.1 10"™) and the crystallization peaks could be describgd
the most suitable kinetic model.

The combination of dilatometric and calorimetripepaches used for the study
of kinetic processes in @SeTess glass is shown in [77]. The crystallization beloavi
was examined by means of DSC and TMA. The comlmnati these two techniques
offers an interesting sight into ongoing processesaterials in further detail, because
the DSC experiments do not give the appropriat@rmétion about processes
connected with softening of glassy material anccous flow effects, which play
an important role in the overall crystallizationopess. Also these processes largely
influence the stability of glassy materials andirth@otential usage. Due to these
motives, the correlation between these two teclasquas searched for and a good
agreement was found. Therefore, the crystallizakimetics was described by usage
of DSC and also by usage of TMA data, whereas degguthe TMA data the jvalue
(corresponding to the maxima of crystallization DB€ak) was replaced by the.T
The initial crystallization temperature;. Tobtained from the crystallization TMA
measurements corresponds to an intersection aiotations from the inflexion point
and final stabilized sample height. As was showrRéafs. [96-98], the dependence
of T, on temperature follows on the Arrhenian kineticsuasptions, thus this
parameter can be used for the kinetic analysis rgétallization. The evaluated
apparent activation energies of &, Te;q crystallization obtained from the DSC and
TMA data were very close, which was fairly staglidue to the fact, that the,E
values provided by TMA used to be higher than thevklues provided by DSC,
because the DSC measurements give values corresgorid the overall
crystallization process, while the,Bvalues determined by means of TMA usually
correspond to the initial state of crystallizatigmcess. This fact can be explained on
the basis of significantly higher amount of cryiétieé, which is needed for
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the formation of firm crystalline network and cogaently for stopping the strong
viscous flow in the GgSe Tes glass.
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Figure 10: Kissinger plots constructed for the sebof crystallization DSC (A) and TMA (B)
measurements performed for the GgTe;:Se bulk glass.

3.1.2 Ge-Ga-Te system

The other promising materials for far-infrared optapplications can be the Ga-
doped GeTgglasses. The great advantage of choice of galasna dopant lies in
the fact, that the presence of gallium in fullyilugle matrix does not influence so
much the width of transmittance window (can reaghto 28 um [8]), therefore
the Ga-doped Gelesystems can introduce the good compromise bettieetnermal
stability and optical properties of resulting glashe doctoral thesis includes several
studies [70,79-81] focused on a detailed charaetton of thermal, structural and
kinetic behavior of (GeTg(GaTe)ip0x (X = 40; 50; 60; 67; 75; 86; 100 %)
chalcogenide systems due to the limited knowledgeutathe thermo-kinetic and
structural properties of this system.

In Fig. 11A, the DSC curves obtained for (Ggli€&aTe) 00« (X = 40; 50; 60;
67; 75; 86; 100 %) systems for chosen experimeotaiditions are displayed.
The impact of the Ga addition is obvious, the umifosingle peak representing
the pure GeTgsplits into two crystallization sub-peaks, whidnde best noticed for
the powder fractions. The important observable fadhat the crystallization onset
remains invariable. The relative invariability a¥stallization onset with composition
can be explained as the fact that low amounts lbtigais needed to the saturation
of centers intended for Te precipitation. So, i t& stated that gallium functions not
only as a stabilizing factor of GeTe network, bilgoainfluences the precipitation
of tellurium by preferentially occupying the cryidiation centers primarily intended
for the tellurium precipitation. It is worthy of tice, that the evolution of the shape
of melting peaks (see Fig. 11A) points out to tkistence of eutectic (at ca. 357 °C);
the exact eutectic composition appears to be ¢BeTq)s/(GaTe)ss.

The first and very important difference in the d¢ajiization mechanism and
role of gallium (as dopant) in Gefenatrix compared to Se-doped glasses emerges
from the findings based on XRD analysis to whick partially-crystallized (heated
to the maximum of the first peak) selected compmsst (rich in gallium) were
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subjected. The presence of J6& phase was confirmed already during this first
crystallization peak (besides the Te phase), aisddttompletely different behavior in
contrary to previously mentioned Ge-Se-Te [75-78@9Dand afterwards discussed
Ge-I-Te [82,83] systems, where the crystal growitthe GeSeTe and Gel phases is
centered in the second crystallization mechanisimlewin the partially-crystallized
products (heated to the maximum of the first peaky the hexagonal tellurium was
present. This phenomenon can be explained on this b the previous structural
study [96], that Ga atoms do not incorporate it GeTe network and bond only to
tellurium; as the Te precipitation begins, the,T& phase forms too. These
conclusions can be supported also by the reswta fR microscopy (see Fig. 12A),
where lower number of nuclei (for the higher amsunit Ga) can be seen in contrary
to the pure surface growth.
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Figure 11: A) Example DSC curves obtained for appéid heating rate 10°C.mift and the 125
180um powders of the studied (GeTg,(GaTes)100.xglasses. Each curve is marked
according to the GaTg at.% content. Exothermic effects evolve in the
“upwards” direction.

B) Zoome(lj crystallization effects obtained for 12 - 180um powders heated at 10
°C.min™.

The Raman spectroscopy provided the information utbastructural
arrangements in (Gel}(GaTe)100.x Systems. The impact of gallium on structural
arrangements in Ge-Ga-Te system could not be assign simply. The illustrated
Raman spectra in Fig. 12B denote that the presardo@tent in GeTgamatrix induces
the partial segregation of tellurium, which mani$eas a larger signal corresponding
to the Te chains (label C: 140 ¢jn The presence of Ga content in GgTheatrix
probably leads to some strengthening of the Gealetwork, which manifests as
a higher signal of the edge-shared tetrahedral (xb&54 cm'). The most pronounced
peak (label B: 125 cm) was foundo be representing the symmetric stretching mode
of corner-sharing Te-rich GeJe ,Geg, (n = 0, 1, 2) tetrahedra and the subtle peak
(label A: 106 cm') was found to be corresponding to the corner-sga@eTe4 (n =
0) tetrahedral. [97-103]
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Figure 12: A) Infrared micrographs corresponding to the cross-section views of the partially
DSC-crystallized pure GeTg (the left-side micrograph) and (GeTg)eo(GaTes)ao
(the right-side micrograph) materials.

B) Raman spectra obtained for all investigated (€Te)«(GaTes)ioox glassy
compositions (top) and Raman spectrum of chosen nite-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 experimental DSCata.

C) XRD records of crystallized (GeTg«(GaTes)100.x Materials.

The multivariate kinetics analysis (MKA) was apdlien DSC data to do
the complete enumeration of the universal kinetl8CDequation (Eq. 7) for each
dataset in order to describe the complex crystlbn processes. The MKA
optimization offered the combination of two indegent crystallization sub-processes
were found (based on the best correlation coeffiti® be following the JIMA (m) and
AC(M,N) kinetics. The JMA (m) model describes wdlle first (low-temperature)
crystallization process, the AC(M,N) describes teecond (high-temperature)
crystallization process. The first process corregigoto the Te-precipitation and
formation of hexagonal G@es phase; the following second process represents
the formation of rhombohedral GeTe and remaining,T&a phase. Naturally,
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the MKA method provides values of all of involveth&tic parameters; for example
see Fig. 14A. In Fig 14A, the estimateqd Ealues for bulk samples can be seen
(the chosen E values corresponding to the dominant crystallaratiprocess).
The relative consistent trend is observable, wpielys an important role in e.g. glass-
ceramics or infrared optics application areas, whbe crystal growth needs to be
controlled. The studies of crystallization kinetmfsthese systems in dependence on
particle size were performed due to the confirmmabbthe influence of mechanically
induced defects on crystallization behavior. It i@snd in [79-81] that the presence
of mechanically induced defects amplifies the atiprecipitation of Te and the first
formation of GaTes phase (the magnitude of the first crystallizatpwak increases)
with increasing GaTgcontent and decreasing particle size. The studiudied in
[80,81], focused on the effect of powder coarsenesscrystallization kinetics
of Ge;Ga;Te;g glass (middle-positioned composition inside thedstd pseudo-
binary line), briefly supports these findings. TWedues of apparent activation energy
were found to have a descending character withcpaize for both sub-processes,
which also points out on the growth from mechamycalduced defects.

The Ge,Ga;Tesg glass was also subjected to the combined thermellysis
[81], which was performed by means of DSC and TMAf@ the case of Se-doped
glasses, the same presumptions were approved.eBhésr from MKA analysis were
in a perfect agreement with those from TMA, onlye thelatively large errors
associated with the evaluations of e.g.fEbm TMA measurements can be observed.
This effect is probably caused by the worse repeimlity of determination of initial
crystallization temperature, however the similagntt occurs. The results from
thermal, structural and kinetic study of this glas®mposition correlate very well
with those quoted above.

3.1.3 Ge-l-Te

The doping of GeTgglass by iodine introduces the third (and lastiaopt
presented in the doctoral thesis) possible way toostabilize the fully telluride matrix
against crystallization and improve the thermalperties of this glassy material with
respect to the potential applicability in area oify goractical usage. The function
of iodine as stabilizing factor lies firstly in itesrminating role in the three-dimensional
GeTe network, and secondly, the iodine atoms apalda to trap the electrons from
tellurium. [44,46,47,89,104-108]

The results originating from the detailed study liegawith the thermal and
structural characterization of the fgTeso (X = 2; 5; 8; 12; 15 %) system, included
in [82,83], will be introduced. The crystallizatigorocess shows a certain degree
of complexity (as for the Se- and Ga-doped systeiti® occurring crystallization
mechanisms overlap or compete against each othee. Skructural information
achieved by means of XRD analysis revealed that hlexagonal tellurium,
rhombohedral GeTe and minor amounts of cubic, @M during the crystallization
process in case of all investigated compositiortee Raman spectroscopy analysis
(Fig. 13B) was applied on freshly fractured bulagges and DSC-crystallized powders
and structural units occurring in investigated egystwere identified. The impact
of increasing amount of iodine in glassy matrix fested probably in decreasing
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trend of intensity of vibrations of edge-sharing Tég (or Ge-rich) tetrahedra or
vibrations of short, amorphous, distorted telluricnains [97-103].
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Figure 13: A) Example DSC curves obtained for apptid heating rate 10°C.mift and the 125
180um powders of the studied Ggl,Tegx glasses. Each curve is marked
according to the | at. % content. Exothermic effecd evolve in the “upwards”
direction.

B) Raman spectra of the selected glassy and DSC-stglllized GegTego.d x materials.

The typical kinetic behavior of crystallization pess was observed, which
means that the shift of crystallization to highemperatures with higher heating rates
and increasing particle size occurs. After standamdthematic deconvolution
procedure (more about this method in the followaigpter) the dominant volume-
located crystal growth in case of bulk samples @q®sed (as was expected). In case
of powdered samples, the surface and volume crygtalvth appeared to be
comparable. The subsequent kinetic analysis wdgedaby the determination of all
parameters of the universal DSC kinetic equatioq. (B. It was found, that the,E
values were significantly influenced by experiméwtanditions and any trend cannot
be assigned (see Fig. 14A). This indicates a largaability of initial phase
of crystallization with applied experimental comolits and accelerating impact
of the presence of mechanically induced defecte fléxible AC(M,N) model was
found as the best choice in order to kinetic charaation of the crystallization DSC
data.

3.1.4 Thestructural relaxation behavior of doped Ge-Te systems

In the presented studies [70,75-78,81-83] the atiam behavior of doped
GeTe glasses was characterized by means of relaxatimtiés. This is a valuable
tool how to complete the thermal, kinetic and durced knowledge about investigated
systems. However, in the doctoral thesis, the dasmn of the relaxation behavior is
not a key topic and serves rather as a complemeastdoject to the thermal (mainly
crystallization) and structural assessments of itiguired chalcogenide systems.
The relaxation kinetic processes in the given systewere described by using
the TNM [11,66,67] model. This phenomenological mlodelongs to the commonly
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used ways how to reveal the relaxation behavidhefvarious materials. Its basis and
mathematic description was introduced above in @&hnah4.4, where this model was
expressed by the set of mathematic equations (Efsand 23). The relaxation
behavior can be characterized using the parametégdcthe apparent activation
energy of structural relaxationh’, the evolution of which with various studied
composition can be found in Fig. 14B. As can bensd® initial addition of selenium
slightly contributes to a decrease of thl values in case of the Se-doped GeTe
glass, which can indicate the coincidental incaaion of selenium into the Gejfe
.Ge, tetrahedra. These processes probably corresponthetocorner-/edge-shared
tetrahedra ratio change, which means that the smalunt of GeTe bonds would have
to be broken to the change of conformation willreached. It was pointed out [77],
that the main portion of relaxation movements igsried by the GeTgtetrahedra.
These conclusions were supported by data from Raspactroscopy and can be
summarized as follows. The addition of seleniuno BeTe matrix does not influence
the position of T so much and the main portion of relaxation movesencarried by
the GeTgtetrahedra.

As was concluded in [70,81], the Ga atoms conngittsthe Te electronic lone
pairs and do not interact with GeTe covalent nekwdihat is a great difference as
distinct from the previously reported results raprging the Se-doped Gelgasses
[75-78], where it was also established that thenrpartion of relaxation movements is
undertaken by GeTdetrahedra. In contrary, in the case of Ga-doped@essystems,
the next dissimilarity arises, namely the presemfe Ga-Te units influences
the processes of relaxation movements in Ga-domElte@lasses. It was found, that
the Ga-Te units function as somehow diluting eletsarf the Ge-Te tetrahedral
network, which leads to formation of small, pattiadequestered GeJeetrahedral
groups. These groups are separated by Te-chaindiamders terminated by Ga.
The decrease of available relaxation movementsesnisom this dilution effect of Ga.

On the basis of structural relaxation study efqzTeso (X = 2; 5; 8; 12; 15
%) system [82,83] it was found that the iodine Boleonnects with germanium,
therefore the structure is formed by the Gedard GeTg,l, tetrahedra, which are
linked by Te-Te bonds, that implies the iodine att@nminates the tetrahedral
interconnections. This can be the explanation afelovalues ofAh™ due to the less
interconnection of matrix, which results in a lonanount of bonds needing to be
transformed. In consequence of these effects aieodn GeTg matrix, the lower
interconnectivity in glassy matrix is present (mngarison with pure GeJeand in
this case perhaps the larger structural units @y moved to spread the relaxation
movement. With respect to results from Raman spsotpy, which do not indicate
any major differences between the low I-doping (2% of I) and higher I-doping
(8 at. % of 1), can be supposed that the surpluss@eore capable to bond with iodine
(forming the Gef tetrahedra; the addition of iodine was at the agpeof tellurium)
and the terminating role of iodine is thereforeroaed. Also, a part of iodine
appeared to be not covalently bonded in the GeBTen@trix. The spontaneous
condensation on the walls of vessels, in which ghepared glassy or crystallized
samples were stored, occurred. However, the expetah characteristics (DSC
records, Raman spectra) did not change after 3hmaitstorage.
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3.1.5 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 fulllutiele matrix in order to improve
the thermal properties. It is believed, that AsT®eglasses can be comparable with
doped-GeTg glasses and the thorough knowledge of crystallimatrelaxation and
structural behavior is crucial for the next proeegsof glassy material. The ASe
binary system is well-known as an excellent glassier and its addition to Afe;
results in great improvement of thermal propert@sglass. [3,7,9,12,44,87-89]
Therefore, for the first time, thermal and struatusehavior of As-Se-Te glasses was
investigated in detail in the present doctoral ithes

The doctoral thesis deals with the thermo-struttucharacterization
of (As;S&)100{AS, TEs), glasses along the whole compositional line [84d awith
the thermal characterization of middle-positionedmposition on the promising
pseudo-binary line, namely the (&®)s0o(As,Tes)so System [85].

Typically, the XRD analysis was used for identifioa of created
crystallization products and some complicationshvatdefinition of structure arose.
It was found, that monoclinic ASe; and AsSe units form (the pure A3e; and
As,Se compositions), also the neighboring compositionsth( 17 and 84 at. %
of As,Te;) manifest the similar crystalline phases (onlytmstight shift of diffraction
lines). However, the intermediate compositions &3, 67 at. % of A§ e;) showed
that completely different crystalline phases emergéth using the temperature-
resolved XRD analysis it was revealed that at thgirining of crystallization process
the cubic AgsSesles forms, however the re-crystallization of this phasto more
stable monoclinic As-Se-Te probably took place \arickly.

From the results provided by Raman spectroscopgoiild be read that
the significant changes in structure with additadrtellurium manifest up to 50 at. %
of As,Tes. Above this percentage, the representation gif &sthe structure changes
minimally with addition of tellurium. The assignnteaf structural arrangements in
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investigated glassy systems can be carried out hen asis of deconvolution
of obtained Raman spectra (via Gauss function).

crystallized As,Te; (A) and (As:S&)so(As.Tes)so (B) materials.

The IR microscopy analysis was performed in orderbetter recognize
the crystallization mechanisms and morphology ofmied crystalline phases.
The presence of two morphologically different cajies was observed.
The spherulites, which form predominantly in caseampositions with increasing
amount of AsSe, and needle-shapes crystals characteristic fopT&sgich
compositions. All the samples crystallize on swfadth subsequent inward crystal
growth. This type of crystallization was also olger for previously studied GeJe
glasses and it can be supposed that the preserstafate crystallization mechanism
Is associated with rising amount of tellurium ie structure.

For the 50/50 composition [85], the structural gtyXRD analysis, Raman
spectroscopy, IR microscopy) proved the complicatdictural arrangement.
The physical dispositions of ASeg and AsTe; phases permit to interchange each
other in the structure. The /& < As,Te; substitution exists. The difficulties
of unambiguous determination of crystallization ptaylogy occurring in (AsS&)100-
«(As,Tes), system produce also the random incorporation ofnTéhe structure. No
strict structural morphology exists. This can expldhe observed complexity
of the crystallization processes.

The two crystallization sub-processes correspond tlie development
of morphologically different crystalline phases ke tneedle-shaped vs. spherulitic
crystallites. The crystallization complexity occwlso in case of pure ABe;, it can
then correspond to the initial formation of cubisT® phase (the first peak), which
recrystallizes into stable monoclinic A®;, and the second crystallization process
then corresponds to the recrystallization of remagircubic AsTe phase. The large
disinclination to crystallization was marked for ,Ag-rich side of studied
compositional line; only the composition containiBg at. % of Agle; slightly
crystallizes under certain conditions (low heatirage, powdered sample). This
composition seems to be very close to the eutgdiict (see the complex shape and
changes of melting peak profile with compositio@n the basis of the possible
presence of eutectic alloy (between 34 and 50 aif %s,Te;) the extensive stability
against crystallization can be clarified.
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Figure 16: Example DSC curves obtained for appliecheating rates 1 and 10°C.mif and
the 125180 pm powders (graphs A and B) and bulk samples (graph€ and D)
of the studied (AsSe&)i0«x(AS:Tes)x glasses. Each curve is marked according to
the As,Tez at. % content. Exothermic effects evolve in the “pwards” direction.

In regard to the choice of the suitable kinetic elpdhe JMA (m) and
AC(M,N) models were tested. As is apparent from Eig, the only one (the coarsest
one) of powder fractions is close to the JMA(m) mlodsability condition. For
the best description of crystallization kinetics(85,S&)100,{AS,T€3)x (X = 0; 17; 34;
50; 67; 84; 100 %) system the AC(M,N) model wasseld (also due to its flexibility
to experimental data). The significant influenceexperimental conditions (sample
form, applied heating rate) on crystallization kiog was found, thus the individual
steps of potential processing of this glassy systerst be critically controlled.
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Figure 17: The dependence of the maxima of charactstic functions y(a), z(a) on the averaged
particle size representing the (AsSe)so(As,Tes)so System.
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The relaxation processes in 68&)100{AS,T€3)y (X = 0; 17; 34; 50; 67; 84;
100 %) glass were described in terms of TNM mottemust be noticed that for
compositions containing more than 67 at. % ofT&gthe signals were very weak and
scattered, so that the acquisition of reliable nmfation was not possible.
The decreasing trend in values of apparent actiwatinergy of structural relaxation
Ah" (see Fig. 14B) of ASeyrich part of investigated compositional line apeehato
be bound towards thah™ value equal to 258 kJ.nibl(in the AsTes-rich part).
The significant decrease in, Values was also marked. As was said, the Ramantrape
revealed the minor changes in structure occurnmg@dmpositions containing more
than 50 at. % of ASe; with the further addition of A3 e;. The rest of selenium was
found to be primarily bound in the combined AsTg{Sgyramids and only part
of selenium goes to form the pure Ag®gramids, which is in good correspondence
with the compositional evolution ofAh™ values and d As the AsSe content
decreases, th&h values also decrease due to the weaker As-Te binrmstrary to
As-Se bonds in As3epyramids, therefore the energy needed to structura
arrangements is also smaller. The replacement Ibf &elenide pyramidal units
(AsSe) by mixed AsTe(Sg)pyramids causes the cessation of Ae value decrease
at lower AsSe amounts due to the dependence of these pyramidsstartion of the
weaker As-Te bonds. The energy of relaxation movesne&loes not depend on
selenium content.

3.2 Partll

In this section, the complex kinetics manifestimy dase of crystallization
of glasses and the ways how to solve this phenomevil be introduced. As was
said, the crystallization process of tellurium-lthgéasses often shows a certain degree
of complexity, which means that the individual ¢ajszation peaks overlap and at
least two kinetic mechanisms proceed simultaneou$lye most of solid-state
processes are complex, the revelation lies in gticagbion of different experimental
conditions (e.g. heating rate). In practice, theritoanalytical records can show either
only partial overlap or a pseudo-single peak bedravi

In general, there are three approaches how to seelt complex kinetics.
The first approach offers such a way of the methadggested primarily for single-
process kinetic analysis applied on whole completa-det and the following
interpretation of changes and distortions of thiaioled data. Usage of isoconversional
methods for determination of activation energy .(&€4S [41] method) can serve as
an example. The second approach uses the proceafureathematic deconvolution
of the complex kinetic signal using some suitablagthematic functions. After that,
each set of these peaks is separately evaluateddays of normal single-process
analysis. As a suitable mathematic function wasifothe Fraser-Suzuki (FS) [62-65]
function, which was thoroughly tested in the pasd & was confirmed that the FS
function can describe all kinetics readily occugrfor the solid-state reactions. [62-65]
The FS function is expressed via the Eq. (21) affdr a reliable description
of crystallization complexity observed for non-isetmal data. In case of isothermally
obtained data, the Avrami [48-50,109] dogma caneséor the isothermally obtained
complex data. The third approach includes a fuicten scheme containing all
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the kinetic equations and their determination pedse by means of non-linear
optimization for all involved sub-processes simudtausly. This is called kinetic
deconvolution. The multivariate kinetic analysisK®M) was found as a the most
suitable procedure, it represents a curve-fittiogtine in terms of full-scale complex
kinetics and model-free resultsy(Bnd A) obtained for overall signal are used asitinp
parameters [45,55-59]. All these methodologieseatablished and work very well.

However, if the kinetic behavior of the involvedbsprocesses changes with
the experimental conditions (temperature, heatiatg)r these phenomena can be
presented by the change of intensity of involvedtgrocesses likewise the increase or
decrease of the enthalpyH in case of DSC measurements; or kinetic mechanam
change for the given sub-process or simply thevaiitin energy of each sub-process
can be temperature or heating rate dependent. Doweamentioned facts are
summarized in [110], which is focused on solutioh avystallization kinetics
complexity of glassy materials. It was found tHa thange of crystallization kinetics
of particular sub-processes with temperature otilgaate is real and can occur for
complex glassy matrices as well as for single-etergasses (chalcogenide Ge-Ga-Te
glass vs. selenium glass vs. vanadium-doped ,Zkatalyst vs. ¥%Als0;,
microspheres). The kinetics variability can be mftenly matter of the extent
of applied experimental conditions. The conclusioasulting from [110] can be
interpreted as follows. The crystallization of thermanium-gallium-tellurium far-
infrared glass can serve as the example of the iegainsystems. After the multivariate
kinetic analysis was applied on tested data, it feasd, that the kinetic parameters
change in dependence on the range of considerdthdngates, which means that
the kinetics depends on heating rate.

Table 2: The summary of kinetic parameters obtainedvia MKA for the (GeTe,)so(GaTes)so
material (different sets with given ranges of appéd heating rates). The errors
associated with these evaluations were lower than02 for A, 0.2 for Ex, 0.02 for mywa
and M and 0.01 for N parameter.

d range
0.5-2°C.min* 7-30°C.min* 0.5 - 30 °C.min*
parameters
log (A; / s 18.06 17.00 18.60
E, 4, kJ.mol? 199.45 188.02 203.86
Myma 1.68 1.49 1.44

log (A, / s%) 22.32 17.55 17.70
Ea,, kJ.mol? 237.42 192.52 194.22

N 1.55 1.20 1.18

M 0.92 0.83 0.81

The both deconvolution procedures (mathematic anetik) provided suitable
and consistent results (see [70,75,76,78-85,90919]). The examples of selected
deconvoluted DSC curves representing all of ingestid systems (Se-, Ga-, I-doped
GeTe and As-Se-Te glasses), which the doctoral thesttudes, are illustrated
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in Fig. 18. The number of curves, on which the deotution procedures were applied
(within the framework on the doctoral thesis) extseene thousand, excepting the Ge-
Ga-Te system (MKA was applied), the mathematic declution was applied on all
of investigated data. The usage of MKA method isyeand fast and introduces
an effective method at distinguishing of subtle rdes and trends in evolution
of kinetic parameters. However, this method reguile more-or-less constant values
of E, across the whole explored range of experimentadiitions. This condition was
fulfilled only for the explored (GeTg(GaTe)100x (X = 40; 50; 60; 67; 75; 86; 100 %)
system [70,79-81]. In contrary, the mathematic dgotution procedure, which is
followed by kinetic analysis of each of determinsthgle processes, can be
comparatively difficult and time consuming and weseded to be used in most case
of studied systems [75,76,78,82-85,90,91,95,110]evedxtheless, this method
represents a valuable tool for deconvolution pueppshen the kinetic deconvolution
cannot be performed - for example in case, when dahibit great changes o, E
values with experimental conditions. If the potahtimutual inter-dependences
of the fundamental sub-processes exist, the matiemmaconvolution is not able to
properly account for this phenomenon (in compariagh MKA). For the physically
meaningful interpretations there is only the wayhe deconvolution of each separate
curve followed by displaying various trends in degence on the temperature or
heating rate ranges.
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Figure 18: The examples of deconvoluted DSC curvespresenting the studied systems:
A) Ge,xSeTe;, system; B) (GeTg)so(GaTes)so System; C) Gegl ,Tesg System;
D) (As;S&)16(As;Tes)ss System.

The main purpose of this branch of the doctoradithevas to draw an attention
to this problematic and, hopefully, start off agash leading to some advancements
or at least some activity regarding this issue.
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3.3 Part lll

The third section of the doctoral thesis will becudesed on detailed
characterization of thermal behavior of investigatgassy systems with regard to
the assessment of glass ability and glass stabilithe examined materials. This field
of the characterization of glassy matters belorms tvery important area due to
the appraisal of the potential usability of studathlcogenide tellurium-based glassy
systems in far-IR optics or glass-ceramics appboaareas. The various well-known
glass-stability (GS) criteria are used for the aderstion, whether the given material
is able to form a stable glass. It has been poiotgdabove that the most suitable
criterion (for chalcogenide materials) was found ke the Hruby criterion (see
Ref. [34]), which unfortunately strongly depends @xperimental conditions.
The thermal stability of glassy systems can be idensd also by using the so-called
AT criterion AT = T - Ty) [8-10], which takes into account only the difflece
between the glass transition temperatugeaid the crystallization temperaturg. T
However, this temperature difference has still rneed crucial, the wider
the difference T— T, the more stable the glass is. Nonetheless, thdioned GS
criteria work only with the characteristic temperas and do not take into account
the other facts, which fundamentally influence bgulting thermal stability of glass.
Therefore, a new approach has been recently swghd30]. The combination
of crystallization temperature value (obtained fld®C crystallization measurements)
and the information about glass-softening and wisciow effects (obtained from
TMA crystallization measurements) is applied. Thesg-softening and viscous flow
effects become more apparent and important inriaad temperature region between
the glass transition temperature and crystallipatio

The direct correlation of thermo-kinetic and thermechanical properties
of Se- and Ga-doped GeTe systems is one of theemisnbf the doctoral thesis
[70,77,78,81]. The Papers deal with the combined 28d TMA study, which can
provide the information about the true nature @& thystal growth process limiting
the fiber-drawing procedures. The emphasis is pugetting as much information as
possible from the combined DSC and TMA measuremants also on the estimation
of the influence of glass transition and crystaliian kinetics on glass stability and
potential kinetic predictions regarding the forroatiof far-IR optical elements and
glass-ceramics.

In [77,78] was, for the first time, introduced thessibility to combine the DSC
and TMA techniques with regard to obtaining theadetl information about ongoing
processes connected with crystallization (whichtri@sthe glass preparation and
processing) for the whole compositional line of,(S&Te;q (for x up to 8 at. % of
selenium) glasses [78] and one selected compositiamely the GgSeTesg glass
[77].

The combined DSC and TMA crystallization study @&-Goped GeTgsystems
is included in [70,81]. The Fig. 19 Illustrates thabtained DSC and TMA
crystallization curves for the selected Ge-Ga-Tmpositions, where the black and red
curves correspond to the data representing theappdied heating rates (1 and 10
°C.min") and the vertical dashed lines then represenadhel (not extrapolated)
onsets of the DSC crystallization peaks.
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Figure 19: The comparison of DSC and TMA measuremds for bulk samples
of (GeTeys(GaTes)so (A) and (GeTea)s5(GaTes)zs (B) compositions and applied
heating rates 1 (black curves) and 10 (red curveST.min™.

The typical sample height decrease aboyéduk to the rising viscous flow with
increasing temperature and constant compressinng f@pplied by TMA is apparent.
The moment that crystallization occurs, the de@ead#ssample height stops, because
the crystalline network starts to form and hinddwes sample from further flow. As is
evident from the comparison of DSC and TMA crystalion measurements,
the cessation of TMA curve corresponds to the faionaof first crystallites (the Te-
precipitation). The similar findings were observaldo for Se-doped GeTe glasses
([77,78]).

In the presented doctoral thesis the Hruby [28Fdon, the recently developed
Ks [111-113] criterion and the next new-developedtecdia called workability window
and new viscous-flow-related parameter [70] willdiscussed with regard to studied
systems by reason they were used to determinatigltass stability of all investigated
glassy systems included in this thesis. The meatiold; and Kg criteria belong to
the group of GS criteria, which are based on charatic temperatures (T T, Tn)
and their relations. These criteria are widely uged their evaluation is very simple.
Unfortunately, their outcomes are rather abstraxt asually used for comparison
purposes. In order to enhance this important agpradae utilization of the combined
DSC and TMA crystallization data is suggested.

The Fig. 20 offers a summary of results providednbgans of K and Ky
criteria for all investigated systems. In case e§¢SgTego.x and Gg;SgTesq. Systems
[75,76,78], the recently developeds Kriterion was applied to evaluation of glass
stability. The data in Fig. 20 show that the glstsdility of bulk materials (relevant for
real-life applications) rises with the addition s#lenium into GeTe matrix and get at
a standstill above ~ 4 at. % of Se. The glass lgtabf Ge,;SgTe;q, System seems to
be slightly better than that of g8 Tegy, System but not as much as was expected.
The slightly higher amount of Ge, which was in cab&e-Se-Te far-IR glasses used
mainly to optimize the glass stability, did not eamuch impact on glass stability.
However, the GgSgTe;q, System was found as more suitable (in comparisioim w
GeoSeTegy,) for the potential processing; the higher amouhtgermanium in
the structure leads to slow-down of crystallizatibot without the influence on
the position of crystallization onsets. With regéwdhe actual utilization of Ge-Se-Te
glasses in the far-IR optics applications, it i®ted to make a compromise between
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the width of the transmittance window, which alditharrows with Se addition, and
the glass stability, which increases with additadrselenium. The compositions with
selenium content 4 at. % were found to be favorable consideringglass stability
and the potential manufacture (fiber-drawing, shgpiof the glassy material. This
conclusion can be also confirmed by the resultmyfidVMA analysis [77,78]. In case
of the composition with 4 at. % of Se, the workipilwindow (Eq. 25), which is
defined as a temperature range between the fifstnsiog of the sample and first
occurrence of crystallites, was 75 — 80 °C wide.tle selenium content increased,
the workability window narrowed and for the compiosi with 8 at. % of selenium
was 60 — 65 °C wide. These effects point to faittat the glass-softening, viscous
flow effects and occurrence of first crystallitest@rmine the glass-stability of given
materials and the correlation of DSC and TMA data telp with consideration
of stability and processability of glassy materidlee Gg;SeTess glass was found as
the most suitable for the further processing amliegoility as a far-IR optical fibers
and mold-formed optic elements.

The Hruby criterion was used for determination tH#sg stability of Ge-I-Te
[85,86], As-Se-Te [87,88] and Ge-Ga-Te [70,79] syst. The thermal stability
of GeglyTegox (X = 2; 5; 8; 12; 15 %) assessed on the basisrabycriterion was
found to be fairly variable with respect to the @msition and experimental
conditions. The K values range from 0.5 to 2.5. While the glass sitam
temperatures and melting temperatures are invawghtregard to the sample form
and heating rate, the crystallization of ;@& es0 glasses is largely influenced by
experimental conditions. This causes the large abdity of glass stability.
The consideration of the influence of experimewrtahditions on thermal (and glass)
stability of given systems is crucial. In this imste, if the bulk samples and low
heating rates will be taken, the macroscopic IRcspapplications (such as molded
lenses) with utilization of Ggl,Tegox glasses are possible. Unfortunately from this
point of view, the Se- and Ga-doped GeTe glassesnare suitable for far- IR optics
applications due to the unpredictable surface pi@ation of tellurium and
complicated glass synthesis of I-doped Gegkasses. Nonetheless, thegdesg
glassy composition seems to be suitable for thdRaoptics ceramics and glass-
ceramics due to the most pronounced transition fiteenpure surface to the volume-
located crystal growth with the initial iodine atioln.

In case of the investigated (f8®)1004{AS,T€s)x glassy system [87,88],
the eutectic-based character was observed. Theigmosf eutectic is probably
between 34 and 50 at. % A, this is claimed on basis of the evolution anditpms
of the melting peaks and sub-peaks. As can be iseEig. 20, the glass stability for
(As,S&)100{AS, Tes), System decreases as thePes content increases. The absence
of crystallization process in case of 0, 17 ancaB4% of AsTe; indicates the strong
glass stability, but the utilization of classic gga stability criteria (based on
characteristic temperatures) fails. However, temg glass stability with rising
amount of AsSe; was expected due to the fact, that the binans&ass well-known
excellent glass-former [31,34,38,40,43-45,55-60d amlso due to the presence
of eutectic alloy between 34 and 50 at. %TAss.
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Figure 20: The compositional dependence of the eveted GS criteria of all investigated systems
for bulk samples and selected heating rate (10 °Cim?).

The Hruby criterion was applied also on (GgJl&aTe)00x (X = 40; 50; 60;
67; 75; 86; 100 %) system [70,79] in order to es#duthe glass stability
of investigated glasses. In Chapter 3.1, where diystallization behavior of this
system was discussed, it was found, that the dliysttgon onset (which determines
the temperature corresponding to the first fornrmatd crystallites) did not change
with various amounts of gallium. This fact indicatihe influence of Jon resulting
glass stability. As is shown in Figs. 20 and 21 basis of results provided by Hruby
criterion, the highest glass stability can be exgeadn case of compositions with low
GaTe content (i.e. 15 — 25 at. % of GaJeand for the (GeTgi(GaTe)so
compositions. Based on the findings from partigie study [79], it was found that
the (GeTg)ge(GaTe).4 glassy composition seems to be the most stablenapassive
to the presence of structural defects and the swttble for far-IR applications using
the fully glassy materials. As far as the potentiahge of this material for glass-
ceramics purposes, the possible utilization of tiless (containing the low Gaje
content) is feasible due to the invariable formatad all present crystalline phases
with experimental conditions, these compositionsil@ied the most uniform behavior
of crystallization processes. This allows the lwesttrol over the processes of crystal
growth. It was also found, that the kinetics onliglgly depends on applied heating
rate, so that the processing of corresponding desaran be easier in this regard.

The Fig. 21 offers an illustration of the compasitl dependence of three
parameters, which can be used for the evaluatigiass stability and was applied on
all investigated (GeTg(GaTe)100xSYystems. The usual way how to evaluate the glass
stability of given glassy system represents thezation of Hruby criterion (black
points in Fig. 21). With respect to the limitatioesierged from the nature of Hruby
criterion, the newly developed parameters [33] Base the combined information
provided by DSC and TMA can better serve for thee8&uations than the commonly
used Hruby criterion. The parameter called “workgbwindow” (red points in Fig.
21) is formulated as a temperature range betweerfitst sample height decrease
arising from the viscous flow effects (TMA measuets) and the first occurrence
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of crystallites (DSC measurements — the true clizsiion onset). The Equation 25 is
an expression of workability window (w.w.) paramete

W.W. = Tonsetpsc — Triow,rma (25)

As is the workability window wider, the more suikakthe glass is for the next
processing (fiber-drawing, molding). The informatiabout glass stability is more
exact in contrary to the standard ¥ Ty difference, where the information about
the glass-softening and viscous flow effects isinciuded.

In Fig. 21, the next parameter occurs (the bluatpp This “new parameter”
was introduced as a supplementary parameter to parameter, which accounts also
with the rapidity of viscous flow linked to the @m temperature window.
The Equation 26 expresses this “new parameter”ceégtsd with the proportional
decrease of sample height during the TMA crystaifiocn measurement.

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

The bnset, psc represents the sample height afsd pse Imax and hin represent
the maximum and minimum sample height during the ATMrystallization
measurement. The value of the “new parameter’ tbemesponds to the degree
of the viscous flow, which can be achieved untthament, when the first crystallites
occur. The smaller the value of this parameterhtghker viscous flow can be reached
without the danger of presence of crystallization.
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Figure 21: The compositional dependence of Hruby @erion, workability window and new-
parameter for all studied (GeTea)(GaTes)100x bulk glasses.

As was previously discussed, based on results gedvby Hruby criterion,
the compositions with 25 and 60 at. % of GaBeem to be the most stable.
Nonetheless, if the next parameters (w.w. and nevarpeter) will be taken into
account, it is apparent, that the width of workiépiWwindow and the value of “new
parameter” do not correspond to thg prediction. The better results of these new-
introduced parameters are obtained for the (@ed6&aTe)ss glass. This composition
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is also close to the eutectic, which confirms theonatusion, that
the (GeTg)s/(GaTe)ss composition is probably the most suitable forfénelR optics
applications with regard to the thermal stabilityus, the Hruby criterion was found
to be less suitable for the glass-stability predms in comparison to the new-
introduced parameters.

4 Conclusions

The first goal of the doctoral thesis was the ctimrgzation of crystallization
behavior of tellurium-based chalcogenide glassehjchw belong to the promising
materials with potential applicability in the farfiared optics.

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

» The crystallization (and relaxation) kinetics wasscribed by utilization
of commonly used kinetic models in dependence ompermental
conditions (sample form, particle size, heating eyaton account
of the possibility to acquire the complete detail@dformation about
ongoing processes. The crystallization kineticalbfnvestigated systems
(except the (GeTg(GaTe)igox System) was found to be strongly
dependent on applied experimental conditions due the presence
of a slightly unpredictable surface precipitatiorf tellurium, which
determines the potential usability of these mai®rrareal-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,Se and AsTe; contents of As-Se-Te glasses was confirmed by
an extensive study of crystallization (and relax@i behavior of whole
compositional lines of all investigated systemshwéspect to various tested
experimental conditions.

» The crystallization (and relaxation) kinetic finds were interpreted and
supported by the systematic detailed structurallyaisa which was
performed by means of XRD analysis, Raman speapysand infrared
microscopy with an effort to obtain the completeertho-structural
information about the studied systems.

With regard to the observed complexity of crystailion processes of all
investigated systems, this phenomenon needed addressed. Therefore, the second aim
of the doctoral thesis was a solution of crystatian complexity by means of two
approaches, i.e. the mathematic deconvolution aretik deconvolution procedures.

» The procedure of mathematic deconvolution of theyglex kinetic signal
was performed by means of Fraser-Suzuki functionhasmost suitable
function for the non-isothermally obtained calorinedata.

e The procedure of kinetic deconvolution was perfamby means
of multivariate kinetic analysis (MKA). However,ishmethod has a certain
limitation, which lies in requirement of the moredess constant Evalues
across the whole explored range of experimentadliions. This condition
was fulfilled only for the (GeTg(GaTe&)ig0« System.

» Therefore, the mathematic deconvolution proceduras vapplied via
the Fraser-Suzuki function on the remaining ingadded systems.
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The number of DSC curves, on which the deconvatupoocedures were
applied (within the work on this doctoral thesi)ceeds one thousand.
Excepting the (GeTg(GaTe)i00.x System, the mathematic deconvolution
was applied on all of investigated data. The ma#tendeconvolution was
found to be able to successfully address the issiubie temperature-
dependent crystallization kinetics.

« The main purpose of this branch of this doctorasth was to draw
an attention to this problematic and, hopefullyrtsoff a research leading
to some advancements or at least some activitydeggthis issue.

The third goal of the doctoral thesis represents dlilization of the combined
information obtained from crystallization measuraiseperformed by means of DSC and
TMA, results from crystallization kinetic calculatis and results from a classical
procedure of evaluation of glass stability of afivestigated systems in order to
the assessment of the suitability of studied telharbased glasses for the potential usage
in real-life applications, such as far-IR opticlasg-ceramics, ceramics, from the thermo-
kinetic point of view.

 On the basis of revealed insufficiency of classieahluation of glass
stability via Hruby criterion to correctly deterneithe true thermal stability
of glassy material, the new approach was suggestedh is based on the
combination of two thermo-analytical techniques (G&d TMA).

 The combination of DSC and TMA crystallization maasnents then
offers extended information about processes ongoinglassy materials
until the moment the crystallization occurs. Thigaa between the first
softening of glass and the occurrence of the furgistallites is greatly
important for the processing of the glassy matefealb. fiber-drawing,
molding, shaping) and the detailed exploration rfagch as possible) can
help with revelation of the behavior of the proessglass and then the
experimental conditions can be exactly adjusted.

» The improvement of predictions of glass stabilityaswproposed via
the new-developed parameters (workability window aaw processability
parameter), which introduce an easy, fast and nameurate way of
determining and tailoring the thermo-mechanical pproes of glassy
materials. These parameters then can serve tdeatie¢ estimation of the
material's processability.

Applying the above-mentioned approaches, the Gd€asystem, namely
the (GeTgs/(GaTe)s; glass was found to be the most suitable systerth (iispect to
the thermal behavior) for the far-IR optics appiimas from all of the investigated
systems. Also the Se-doped tellurium-based glasga® found to be suitable for
the production of far-IR optic elements, namely tdoenposition GgSeTe;s. However,
some limitations exist and more attention in preoes of this glassy system must be paid.
In case of Ge-I-Te system, the rather unpredictahigéace tellurium precipitation and
complicated glassy synthesis led to the Se- andidpag being preferred. The most
suitable glassy composition from As-Se-Te systentHe far-IR optics purposes seems to
be the (AsSe&)es(As,Tes)ss glass. However, this system also behaves slightly
unpredictably with respect to applied experimemi@hditions; therefore the processing
must be strictly controlled. Nonetheless, all ofedéed flaws can be an incentive for
further deeper studies of these relatively new [psomg materials.
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