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Annotation  

  

 The main aim of this dissertation thesis was to extend the knowledge of the crystal 

growth in chalcogenide glass-forming materials. Specifically, this thesis is focused on crystal 

growth kinetics.  

The crystal growth kinetics was studied in pure selenium (a-Se), Se95Te5 system and 

(GeSe2)x(Sb2Se3)1-x pseudobinary system. This study was performed using direct (i.e. 

microscopy techniques – Infrared microscopy and Scanning Electron Microscopy) and indirect 

methods (Differential Scanning Calorimetry, X-Ray Diffraction method, Thermomechanical 

Analysis). The suitable combination of all the above-mentioned methods gave a detailed 

knowledge about the crystallization process in the studied materials.  

Each and every experimental result was analyzed using the contemporary crystal growth 

theories. It is known that the crystal growth kinetics is driven by the transport of structural units 

through the melt-crystal interface. This transport is often described by diffusion process. Since 

diffusion data are often missing, they are substituted by the inverse value of viscosity according 

to the Stokes-Einstein relation (SE). For this reason, an exhaustive study of diffusion and 

viscous flow in chalcogenide glass-forming materials is also presented in this thesis.  

This thesis also focused in crystal growth mechanisms occurring in different types of 

samples.  Many of the obtained experimental outcomes of such studies were published in 

several scientific papers. 

 

KEYWORDS: Chalcogenide glass, Crystal growth, Viscosity, Diffusion, Microscopy, 

Thermal analysis, XRD     

 

 

 

 

 



 

  

Anotace 

  Hlavním cílem této disertační práce bylo rozvinout znalosti o růstu krystalů 

v chalkogenidových sklotvorných materiálech. Konkrétně se tato práce zaměřila na kinetiku 

růstu krystalů. 

 Kinetika růstu byla analyzována v čistém amorfním selenu (a-Se), v systému Se95Te5 a 

v pseudobinárním systému (GeSe2)x(Sb2Se3)1-x. Tato studie byla provedena pomocí tzv. 

přímých (tj. mikroskopických metod – Infračervená a Skenovací Elektronová mikroskopie) a 

nepřímých metod (tj. Diferenciální Skenovací Kalorimetrie, Difrakční metoda XRD, 

Termomechanická Analýza). Vhodná kombinace těchto metod sloužila k získání informací o 

krystalizaci ve studovaných materiálech.  

 Každý experimentální výsledek byl analyzován podle současných teorií o růstu krystalů. 

Je známo, že kinetika růstu je řízena transportem strukturních jednotek z oblasti podchlazené 

taveniny do fáze krystalické. Tento transport lze popsat jako difúzi, avšak hodnoty difuzního 

koeficientu jsou pro tyto materiály velmi často nedostupné, a proto byl difúzní koeficient 

nahrazen inverzní viskozitou podle Stokes-Einsteinovy rovnice (SE). Z tohoto důvodu, velká 

část práce je věnována studii o difúzi a viskózním toku v chalkogenidových sklotvorných 

materiálech. Předložená práce se též věnovala studiu mechanismu růstu v různých 

chalkogenidových sklech. Většina získaných výsledků byla publikována v několika vědeckých 

časopisech. 

 

KLÍČOVÁ SLOVA: Chalkogenidové sklo, Růst krystalů, Viskozita, Difúze, Mikroskopie, 

Termická Analýza, XRD 
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SYMBOLS 

 

A Preexponential factor in Friedmann´s equation   

A´ Condensation parameter     

a0 Interatomic distance      

AEV Evaporation parameter     

aH Hole volume      

B Constant of the two-dimensional (2D) surface nucleated growth model 

BSurface Surface diffusion parameter     

BVFT Empirical constant of VFT equation    

C Concentration of diffusing particles    

C2D Constant of the two-dimensional (2D) surface nucleated growth model 

CMYEGA MYEGA constant      

CVolume Volume diffusion parameter     

D Diffusion coefficient      

d Sample thickness      

DG Diffusion coefficient of vapor molecules in an inert atmosphere  

DS Surface diffusion coefficient     

Du Diffusion coefficient of the rate-controlling species in the melt  

DV Volume diffusion coefficient     

EA Activation energy of the overall nucleation-crystal growth process 

EG Crystal growth activation energy    

EN Nucleation activation energy     

F Applied force to the sample during viscosity measurements  

f Number of active sites in the crystalline phase   

F(T) Thermodynamic driving force of crystal growth   

FVisc Viscous flow      

H Enthalpy       

h Grating amplitude      

h0 Initial grating amplitude     

hpen Penetration depth for viscosity measurements   

HR Hruby´s coefficient      
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K Decay constant      

k Shape parameter of the reaction order model (RO)   

kB Boltzmann constant      

KMYEGA MYEGA constant      

Krate Rate constant      

L Filling length      

l Crystal length size      

m Nucleation and crystal growth parameter in JMA model  

M Kinetic parameter of Šesták-Berggren model   

mFragility Fragility       

Mr Molecular weight      

N Kinetic parameter of Šesták-Berggren model   

Nt Number of tracer atoms per unit area    

p Nucleation JMA parameter      

P Applied pressure during PAMFT    

q Cooling rate      

qJMA Crystal-dimension parameter in JMA model   

r Nucleum size      

R Universal gas constant     

r* Nucleum critical size      

RC Capillary radius      

rind Indenter radius      

rL Lateral distance      

t Time       

T Temperature      

T0 VFT constant      

T12 Viscosity glass transition temperature    

Tg Glass-Transition temperature     

Tm Melting point      

u Crystal growth rate      

ukin Kinetic term of crystal growth     

UR Reduced growth rate     

uS Surface crystal growth rate     
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V Volume       

v Number of molecules at the surface per unit area   

W* Thermodynamic barrier to form a nuclei during homogeneous nucleation 

W*,Het Thermodynamic barrier to form a nuclei during heterogeneous nucleation 

W*Max Maximal value of W*     

x Penetration depth of tracer atoms    

z Surface profile of hole     

α Degree of crystallization     

βDSC Heating rate      

βS Stretch parameter      

γ Surface tension      

ΔCp Difference of the isobaric heat capacity    

ΔG Gibbs free energy difference between the crystalline and amorphous phase 

ΔGV Free energy difference between the melt and the crystalline phase 

ΔHC Enthalpy of crystallization     

ΔHm Enthalpy of melting      

ΔSm Entropy of melting      

ΔT Undercooling      

η Viscosity       

η0 VFT constant      

θ Contact angle       

λ Grating period      

ρ0 Vapor pressure at equilibrium     

σ Surface tension between the gas phase and the nuclei 
 

σi Surface tension between the surface impurity and the forming nuclei 

σint Interfacial free energy between the nucleus and the amorphous phase 

σs Surface tension between the surface and the gas phase 
 

ϕ Correcting factor between W* and W*,Het  
  

Ω Molecular volume 
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ABBREVIATIONS 
 

  

2D Two-dimensional crystal growth model  
 

AC Autocatalytic Model 
   

AFM  Atomic Force Microscope 
  

CD Compact Disk 
   

CNT Classical Nucleation Theory 
  

DSC Differential Scanning Calorimetry 
 

DTA Differential Thermal Analysis 
  

DVD Digital Versatile Disk  
  

GC Glass-Crystal Mode 
   

GFA Glass Forming Ability  
  

HT High Temperature  
   

IR Infrared Microscopy 
  

JMA Johnson-Mehl-Avrami model  
  

LT Low Temperature  
   

MYEGA Mauro-Yue-Ellison-Gupta-Allan equation 

NG Normal growth model 
  

OM Optical Microscopy 
   

PAMFT  Pressure Assisted Melt Filling Technique 
 

PCM Phase-changing materials 
  

RO Reaction Order model 
  

SDG  Screw-dislocation growth model 
 

SE Stokes-Einstein equation 
  

SEM Scanning Electron Microscopy 
  

TA Thermal Analysis 
   

TMA  Thermomechanical analysis  
  

VFT Vogel-Fulcher-Tammann 
  

XRD X-Ray diffraction 
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INTRODUCTION 
   

Through the past years, chalcogenide glass-forming materials have been an important 

asset in the development of diverse applications and technologies [1-3]. For this reason, a deep 

characterization of these materials is given within this thesis, within a focal point on the study 

of the crystal growth kinetics. The crystallization process is a phenomenon directly utilized for 

some technological devices, as is the case of data storage in phase-changing materials [4-6]. In 

other cases, the crystallization process affects the quality of certain technological devices [7]. 

Understanding the crystallization process in these materials allows not only optimization of 

existing technologies, but also the development of new technological devices. Although the 

crystallization process has been at the center of attention among the scientific community for 

many decades, there are still several discrepancies between the current crystal growth theories 

and the real crystal growth process occurring in glass-forming materials. To obtain a deeper 

knowledge about the crystal growth in the studied materials, several experimental techniques 

were applied. Crystallization can be observed directly or indirectly. Indirect study of the 

crystallization kinetics is possible because during crystal growth a change in several properties 

such as: enthalpy, volume, or electric conductivity, occurs. Among the most prevalent 

experimental techniques for measuring such properties are:  Differential Scanning Calorimetry 

(DSC) and Differential Thermal Analysis (DTA). Both methods are very useful for the 

calculation of important parameters such as the change of enthalpy ΔH of the studied kinetic 

process or the melting point Tm of the studied material. These methods give information about 

the overall nucleation-growth process as is published in the literature [8-11]. However, these 

methods do not give a complete information about the crystal growth mechanism. To study the 

crystal growth mechanism, several microscopic techniques such as: Optical Microscopy (OM), 

Infrared Microscopy (IM) and Scanning Electron Microscopy (SEM) are used. Some other 

complementary techniques give indispensable information about the structural (X-Ray 

Diffraction (XRD)) and mechanical properties (Thermomechanical Analysis (TMA)) of the 

studied materials.  



 

 

 

 

 

 

 

CHAPTER I: GLASS 
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Since ancient times, glass has been present in the development of humankind. Apart 

from its decorative uses glassy materials have been a convenient ally in the development of 

many technologies. Chalcogenide glasses in particular have been a center of big interest among 

the scientific community during the last decades. Due to their exceptional properties, they are 

a crucial material during the development and fabrication of new technological devices. To 

fabricate high-quality technological devices, it is paramount to characterize the behavior of 

these materials under certain conditions. One of the primary phenomena that can affect the 

properties of glassy materials is crystallization. The crystal growth process has both positive 

and negative effects on the quality of such technological devices.  

Synthesis of glasses 
 

The synthesis of glass-forming materials is presented in Figure 1, where a temperature 

dependence of the volume V and enthalpy H is shown. Here it is seen that when a melt is cooled 

down slowly through its melting point Tm, a significant decrease in material´s properties (V, H) 

is observed. This is influenced by the crystallization process, which starts at temperatures below 

Tm. As temperature continues decreasing, so does the volume of the crystal, however, this 

volume decrease is not as notable as the volume decrease of the solidifying melt. This is due to 

the expansion coefficient differences between both melt and crystal [12]. Since the structural 

particles had enough time to arrange into a periodical structure (i.e., crystalline phase), the 

material is in equilibrium. 

In order to avoid the crystallization process, it is necessary to cool down the melt rapidly 

(i.e. the cooling rate q is a key factor during the synthesis of glass, as is shown in Figure 1 

q1>q2) [13]. By cooling the melt rapidly, as is presented in Figure 1, the volume and enthalpy 

of the material continue decreasing unceasingly until the glass transition temperature Tg is 

reached. At lower temperatures the viscosity of the material rises, and the mobility of structural 

units (atoms, molecules) becomes lower and lower. Then, the crystallization process becomes 

less and less feasible [12, 14, 15]. 
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Figure 1 Temperature dependence of volume (V) or enthalpy (H) of a glass-forming material  

Glass structure 
 

 Glasses are defined as non-crystalline materials characterized by the absence of long-

distance periodicity in their atomic structure [16]. A deeper explanation of the atomic 

arrangement in glasses was presented by Zachariasen [17], where it was stated that the atomic 

structure of a glass is not entirely disordered, but there are not two atoms structurally similar as 

is shown in Figure 2. On the other hand, crystalline materials are considered from the view of 

thermodynamics as stable materials, which have a well-ordered structure at short, medium, and 

long range (i.e. atoms are arranged into a periodic matrix) as is shown in Figure 2 [16, 18].  

 

Figure 2 Structural differences between crystal and glass [19] 
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Thermal properties of glass-forming materials 
 

Knowledge of thermal properties allows understanding of the behavior of glass-forming 

materials in dependence on temperature. One of the most important thermal properties of these 

materials is the Glass Forming Ability (GFA), which can be estimated by the so-called Hrubý 

coefficient HR [20]: 

 𝐻𝑅 =
𝑇𝑐−𝑇𝑔

𝑇𝑚−𝑇𝑐
 (1) 

As it is clear from Eq.1, HR is dependent on thermal parameters such as crystallization 

temperature (Tc), Tg and Tm. According to Hrubý [20], when the crystallization process takes 

place close to the Tg region (i.e. Tc -Tg term has a low value) then forming a glass is very difficult 

for these materials. On the other hand, if the Tm-Tc term has a low value it means that the 

crystallization process takes place close to Tm (i.e., these materials form glasses very easily). 

By calculating GFA, it is possible to estimate the thermal stability of glass-forming materials, 

which is highly affected by Tg.  

Chalcogenide glass-forming materials 
 

These non-oxide, non-crystalline materials are composed of elements of the 16. group 

of the periodic table. (Sulfur, Selenium, and Tellurium). Due to their outstanding properties, 

chalcogenide glasses are important materials for the development of new technologies such as: 

potentiometric sensors [21, 22], optoelectronic applications [23, 24], phase changing materials 

(PCM) [6, 25, 26], and solar cells [2]. For this reason, understanding their behavior at different 

conditions is a topic of attentiveness. For example, in the case of PCM such as: DVD, CD, etc.; 

the data is recorded via glass-to-crystal transformation or vice versa. On the other hand, there 

are several technological devices [7, 27] where crystallization should be avoided. Considering 

the importance of understanding the crystallization behavior to the fabrication of new 

technologies, a deep analysis of the crystal growth mechanism in chalcogenide-based glassy 

materials is presented in this thesis. Specifically, in Se, Se-Te and Ge-Sb-Se glass-forming 

materials. 

Se 

Amorphous selenium is major asset ally in the production of low photo flux imaging 

applications [28], medical drugs [29-33], photosensors [34, 35], batteries [36, 37], solar cells 

[38] among other things [39-41]. Since pure selenium finds its application in several 
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technological devices, a proper characterization of such materials has been at the center of 

attention among the scientific community for many decades already. Recently, a significant 

study on physical aging of selenium glass-forming materials was performed by Kumar Pal et 

al. [42].  

 Selenium gives the impression of a simple element, but it has astonishing properties 

and a complex molecular arrangement [43]. Mikla et al.[44] presented a study on the molecular 

structure of selenium. Along with the molecular arrangement in a selenium chain, two types of 

segments were found. A “chain-like” segment conformed by trigonal Se and a “ring-like” 

segment formed by Se8 molecules. This molecular arrangement is shown in Figure 3. 

 

Figure 3 Molecular arrangement in a Selenium chain [44] 

Some other studies on crystal growth in selenium glass-forming materials were 

performed previously [45-47]. However, this doctoral thesis presents the very first comparison 

between the crystal growth in thin films, at the surface of bulk and in the volume of bulk 

selenium samples. 

Se-Te 

 

 Due to their outstanding properties, both Tellurium (Te) and Selenium (Se) are used in 

the fabrication of several technologies (solar cells, optical storage, optical fibers) [48-

52]. However, Tellurium-based materials are characterized by a low GFA, as is shown in 
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Figure 4. The thermal stability of such materials is increased with increasing content of Se as 

was presented by Svoboda et al. [53].  Apart from GFA, it was found that a suitable combination 

of both elements improves the physico-chemical properties of these materials [54]. Studies on 

electric properties of such materials proved that increasing content of Se increases the 

photoconductivity [55] and electrical conductivity [56]. 

 

Figure 4 GFA of Se-Te glass-forming materials [53] 

 A computer simulation performed by Mauro and Varshneya [57], proposed a very close 

approximation of structural arrangement in Se-Te glass-forming materials. Se-Te system is 

formed by randomly integrated Te atoms into the Se chain as is shown in Figure 5. 

 

Figure 5 Se-Te glass structure-Se atoms (grey atoms), Te (blue atoms)[57] 
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Over the last decades, several studies on this system have been performed. Specifically, 

on the crystal growth [58-60]. Nevertheless, a deeper study of the crystal growth in Se-Te is 

presented in this thesis. Concretely, the relationship between the crystal growth and mobilities 

along the surface and in the volume of Se95Te5 samples is explored. 

 

Ge-Sb-Se 

 

Materials of this system are very promising glass-forming materials with a wide range 

of technological applications [61-65]. In the last few decades, many studies on the structural 

and thermal characterization of this system have been performed [66-68]. Since glass-forming 

chalcogenide materials like Se show a considerable thermal instability and short lifetime, a 

suitable combination of Ge, Sb and Se, increases the GFA, which elevates the thermal stability 

and lifetime needed for technological applications [69, 70]. GFA of this system was studied by 

many authors [71, 72]. 

 

Figure 6 Glass-forming ability region of Ge-Sb-Se materials [71] 

Figure 6 is a phase diagram presented by Lee et al. [71], where the dark dots represent 

the compositions, for which thermal expansion coefficient was measured. Dotted lines show 

GFA  region of these glass-forming materials and the straight line corresponds to a 

pseudobinary system, which divides the Ge-Sb-Se system into two parts: GeSe2-Sb2Se3-Se  and 

Ge-GeSe2-Sb2Se3-Sb [73]. According to Bordas and Clavaguera [73], in Ge-Sb-Se system, 

various constituent binary systems such as: Sb-Se, Ge-Se and Ge-Sb can be formed. However, 

Sb2Se3 and GeSe2 are the only compounds of this system, which present a congruent melting. 
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In the case of GeSe2, it is known, that multiple crystalline phases with structural differences are 

formed. These crystalline structures are known as: High Temperature (HT)-GeSe2 and Low 

Temperature (LT)-GeSe2 [74, 75]. Generally, germanium dichalcogenides have a linear chain 

structure [75], which in the case of HT-GeSe2 is formed by corner-sharing connections and 

edge-sharing connections [74-76]. On the other hand, LT-GeSe2 structure is formed by corner-

sharing connections only [74-76]. The structural arrangement of both HT-GeSe2 and LT-GeSe2 

was presented by Nakaoka et al. [76] and is shown in Figure 7. 

 

Figure 7 Structural differences between HT-GeSe2 and LT-GeSe2 crystalline phases [76] 

 According to studies performed previously [77-79], in the crystalline structure of Sb2Se3 

every Sb(1) atom is coordinated by 2 Se(1), 3 Se(2) and 1 Se(3) atoms, which form a distorted 

octahedron. On the other hand, Sb(2) atoms are coordinated by 3 Se(1), 2 Se(2), and 2 Se(3) 

atoms. This structural arrangement is shown in Figure 8. 
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Figure 8 Sb2Se3 crystalline structure [77] 

 Since Ge-Sb-Se alloys are very important materials, over the years several studies on 

their characterization have been performed; specifically on the crystallization [8, 10]. In this 

thesis an intensive analysis of the crystal growth mechanism in Ge-Sb-Se samples is presented. 



 

 

   

CHAPTER II: 

CRYSTALLIZATION 
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 Crystallization can be defined as the transformation from non-ordered glassy state to 

ordered crystalline state. This process is composed of two elemental steps: nucleation and 

crystal growth. During nucleation, structural precursors (nuclei) are formed. Additional 

incorporation of structural units to the stable nucleus results in crystal growth. Detailed 

information about both processes is presented within the following text.  

Nucleation  
 

 The nucleation process is described by the classical nucleation theory (CNT). This 

theory assumes that between two individual phases separated by an interphase of zero thickness, 

a thermodynamic equilibrium exists. CNT expresses the formation of stable clusters (i.e. the 

crystal growth can occur only on these clusters) with critical size r* (i.e. supercritical cluster) 

[80]. 

 Nucleation can be homogeneous or heterogeneous. The differences between both types of 

nucleation lie in the probability of cluster formation along the material. In the case of the 

homogeneous nucleation, the clusters form with the same probability (homogeneously) in every 

part of the sample. On the other hand, during the heterogeneous nucleation clusters are formed 

mostly in specific places such as dislocations or surface defects. This is because at these places 

the thermodynamic barrier that controls the nucleation process is smaller than the 

thermodynamic barrier for the homogeneous nucleation [80-82].  

Homogeneous nucleation  

 

According to CNT, the nucleation process is a casual process dependent on 

thermodynamics [81]. The thermodynamic barrier W* needed to form nuclei with a spherical 

shape during homogeneous nucleation corresponds to the change of the Gibbs free energy and 

is expressed by the following equation:  

 𝑊∗ = 4𝜋𝑟2𝜎𝑖𝑛𝑡 −
4

3
𝜋𝑟3∆𝐺𝑉 (2) 

r represents the size of the nucleus, int is the interfacial free energy between the forming 

nucleus and the amorphous phase and GV represents the free energy difference between the 

melt and crystalline phase [80, 83, 84]. 



 CRYSTALLIZATION 
 

25 

  

 

Figure 9 Change of the free Gibbs energy (W*) with the formation of nuclei of size r during homogeneous nucleation. 

As mentioned previously, crystal growth process takes place only on stable nuclei with critical 

size r*. At this point as is shown in Figure 9, W* reaches maximal value W*
max. From Eq. 2, it 

is possible to calculate r*
 by assuming that the nuclei are formed as spherical particles [80, 82]:  

 
𝛿𝑊∗

𝛿𝑟
= 8𝜋𝑟𝜎𝑖𝑛𝑡 − 4𝜋𝑟2Δ𝐺𝑉 = 0 (3) 

 𝑟∗ =
2𝜎𝑖𝑛𝑡

Δ𝐺𝑉
 (4) 

Then by combining Eq.2 with Eq. 4, W*
max is obtained: 

 𝑊𝑚𝑎𝑥
∗ =

16

3
𝜋
𝜎𝑖𝑛𝑡
3

∆𝐺𝑉
2  (5) 

Heterogeneous nucleation 

 

From the thermodynamic point of view as was mentioned previously, heterogeneous 

nucleation is characterized by a lower thermodynamic barrier than W*. This is due to the 

decrease of surface energy, which is affected by the presence of impurities or structural defects 

in the material. The thermodynamic barrier for the formation of supercritical nuclei during 

heterogeneous nucleation (W*,Het) is expressed by: 

 𝑊∗,𝐻𝑒𝑡 = 𝑊∗ ∙ 𝜙 (6) 

where ϕ is a correcting factor, which acquires values from 0 to 1. This factor is directly 

proportional to the contact angle (θ) between the supercooled liquid and a certain surface, which 
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in this case could be an impurity or a structural disorder. This proportion is expressed by the 

following relation [85]: 

 𝜙(𝜃) =
1

4
∙ (1 − cos 𝜃)2 ∙ (2 + cos 𝜃) (7) 

 

Figure 10 Interaction between supercooled liquid and surface impurity during heterogeneous nucleation. 

Figure 10 represents the steady state of the interaction between a supercooled liquid and a 

surface impurity. σs corresponds to the surface tension between the surface and the gas phase, 

σ is the surface tension between the gas phase and the nuclei (cluster) and σi represents the 

surface tension between the surface impurity and the forming nuclei.   

Crystal growth 
 

 The crystal growth analysis is necessary to understand the crystal growth mechanism in 

glass-forming materials. According to previous studies on the crystal growth in chalcogenide 

glass-forming materials, there are several discrepancies between the studied phenomena and 

the current crystal growth framework. Along the following paragraphs, deeper information on 

this topic will be given.  

 Kirkpatrick in his work [86] stated that the crystal growth rate u(T) can be driven by 

three factors: flow of latent heat away from the growing crystalline surface, reactions at the 

crystal-melt interface and diffusion in the melt (long-range or short-range). 

In the case that u(T) is ruled by the long-range diffusion in the melt, Christian [87] expressed u 

of a flat interface by the equation: 

 𝑢 = 𝑘 ∙ (
𝐷

𝑡
)
1
2⁄

 (8)
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k corresponds to a constant involving concentration terms, D is the diffusion coefficient of the 

rate-controlling species present in the melt and t represents the time. Then, according to Eq. 8 

if a crystal size vs. the square root of t plot is made, it will show a linear trend. 

In the case that the growth rate controlling process is the short-range diffusion close to 

the crystal-melt interface, the crystal growth rate finds its steady state. Thus, the crystal growth 

is independent of time (i.e. the crystal size is linearly dependent on time) [88]. 

When the crystal growth rate is controlled by the flow of the latent heat from the crystal-

melt interface, the interphase has a cellular structure [89] and similarly like in the above-

mentioned case, the crystal growth rate is normally independent of time. The effect of the latent 

heat flow at the crystal-melt interphase was studied by Hooper and Uhlmann [90]. For small 

undercooling values, it was determined that if the latent heat is produced at a higher rate than 

is removed, then the temperature at the interphase will raise until the growth rate is slower, so 

the latent heat is removed at the same rate as is produced. Consequently, the crystal growth rate 

is ruled by the reaction at the crystal-melt interphase. Then, in the case of a homogenous system 

the crystal growth rate is independent of position and subsequently independent of time. In such 

a case, crystal size vs. time plots show straight lines. This is the case for the crystal growth in 

chalcogenide glass-forming materials. As is verified in this thesis, crystal size vs. time plots are 

straight lines and their slopes correspond to the crystal growth rate (see Chapter V – 

Experimental Part). 

Crystal growth kinetics 

 

The crystal growth rate is dependent on two individual factors (i.e., kinetic term and 

thermodynamic term). The kinetic term ukin(T) is related to the mobility of structural units 

through the liquid-crystal interface. On the other hand, the thermodynamic term F(T) represents 

the energetic barrier that has to be overpassed to enable the crystal growth. Then the crystal 

growth rate u(T) is expressed by the equation: 

 𝑢(𝑇) = 𝑢𝑘𝑖𝑛(𝑇) ∙ 𝐹(𝑇) (9) 

 𝑢𝑘𝑖𝑛(𝑇) ∝ 𝐷(𝑇) ∝ 𝜂(𝑇)−1 (10) 

From Eq. 10, it is evident that ukin(T) is proportional to the diffusion coefficient D(T). The study 

of the diffusion process in glass-forming materials is key to understand the crystal growth 

mechanism.  Generally, for chalcogenide glass-forming materials D(T) data are often missing. 
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Due to this fact, the Stokes-Einstein equation (SE) is usually used to substitute the D(T) with a 

physical parameter that is more easily measurable, the viscosity η. SE states that the diffusion 

coefficient is proportional to the reciprocal value of viscosity (Eq. 10). 

However in some cases the SE relation is found lacking and it is necessary to calculate a 

correcting parameter  that represents the extension of decoupling between D(T) and η(T)  

 

 𝑢𝑘𝑖𝑛(𝑇) ∝ 𝜂(𝑇)−𝜉 (11) 

The decoupling of ukin and η is observed only on several types of samples. For example, the 

crystal growth mechanism in the volume of a sample is linked with the viscous flow of the 

studied material. Then  finds its value close to 1, which means that the kinetic part of the 

crystal growth rate can be substituted by η according to SE. On the other hand, for crystal 

growth in thin films and at the surface of bulk samples the mechanism is different. In our 

previous research on the crystal growth in chalcogenide glasses, a strong decoupling of SE is 

observed [47, 60, 93]. This reveals that the crystal growth kinetics in such samples is not 

influenced by the viscous flow, but by the surface diffusion. Further details on this topic will 

be discussed later on. 

Crystal growth models 

 

Since the measurement of the crystal growth and subsequent calculation of the crystal 

growth rate u(T) for a wide temperature range is not always possible using microscopic 

techniques, crystal growth models are used. These crystal growth models are: Normal growth 

model (NG), Screw-dislocation growth model (SDG) and the 2D-surface nucleated growth 

model [86, 94].  

Normal crystal growth (NG)  

 

This model is based on the assumption that the liquid-crystal interface is atomically 

rough and that allows structural precursors to attach to any active site along with the forming 

crystalline phase [86, 94-96], as is shown in Figure 11.  

 

Figure 11 Normal crystal growth mechanism 
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 𝑢(𝑇) = 𝑓 ∙
𝑘𝐵∙𝑇

3∙𝜋∙𝑎0
2∙𝜂

∙ [1 − 𝑒𝑥𝑝 (−
∆𝐺

𝑅∙𝑇
)] (12) 

The temperature dependence of crystal growth rate can be expressed by Eq. 12 [86, 92]. Where 

ΔSm is the melting entropy, a0 is the interatomic distance, kB corresponds to the Boltzmann 

constant, R is the universal gas constant, ΔG is the change of Gibbs free energy between the 

undercooled melt and the crystalline phase and f represents the number of active sites in the 

crystalline phase, where the structural units can attach. In this case,  f  is equal to 1 [86, 92].  

Screw dislocation growth (SDG) 

 

The screw dislocation growth model is based on the expectation that crystals grow in 

specific places of the sample, forming a screw-like structure [96, 97] as is shown in Figure 12.  

 

Figure 12 Screw dislocation growth mechanism. 

This growth model can be expressed by Eq. 12 [86, 94] and the parameter f can be expressed 

as: 

 𝑓 ≅
∆𝑇

2𝜋∙𝑇𝑚
 (13) 

where ΔT is the undercooling (ΔT=Tm -T) and Tm is the melting temperature. The crystal growth 

in materials, which have a high value of melting entropy (ΔSm > 4R) is expected to behave 

according to this mechanism [92, 95]. 

Two-dimensional (2D) surface nucleated growth 

 

This model assumes that structural units coming from the amorphous phase can attach 

at the edges of a rough crystalline layer enabling a lateral growth [86, 98, 99]. Crystal growth 

rate is expressed by Eq. 14. 

 𝑢(𝑇) =
𝐶2𝐷

𝜂
𝑒𝑥𝑝 (−

𝐵

𝑇Δ𝑇
) (14) 

where C2D and B are empirical parameters. 
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Reduced crystal growth rate UR 

 

 The reduced crystal growth rate UR is a very important tool to estimate the appropriate 

growth model describing the crystal growth mechanism. According to Jackson, Uhlmann and 

Hunt [98] the crystal growth is dependent on ΔT of the system among the interface. This 

interaction can be expressed by: 

 𝑈𝑅 =
𝑢∙𝜂

1−𝑒𝑥𝑝(−
Δ𝐺

𝑅∙𝑇
)
 (15) 

According to this equation an UR vs. ΔT plot (Figure 13) can be constructed for each crystal 

growth model (normal growth, screw dislocation and 2D-surface nucleated model). As stated 

in Eq. 12 for the normal crystal growth model, UR is independent of ΔT, then the UR vs. ΔT plot 

is disclosed as a permanent horizontal line. As stated in Eqs.12 and 13 for screw dislocation 

growth model, UR is linearly proportional to ΔT, then the UR vs. ΔT dependence describes a 

straight line with a positive slope. In the case of 2D-surface nucleated model, UR is 

exponentially dependent on ΔT as is shown in Eq.14. Then in the UR vs. ΔT plot a curve with 

an exponential behavior is expected. 

 

Figure 13 Reduced crystal growth UR dependence on undercooling ΔT 

 

Thermodynamics of crystal growth 

 

The thermodynamic driving force of crystal growth is expressed by the equation: 

 𝐹(𝑇) = 1 − 𝑒𝑥𝑝 (−
∆𝐺

𝑅∙𝑇
) (16) 
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where ΔG represents the change of the Gibbs free energy between the crystalline and 

amorphous phase, R is the universal gas constant and T is the temperature [86]. ΔG is a function 

of temperature and can be expressed using the difference of the isobaric heat capacity ΔCP 

between the crystalline and the amorphous phase [100]. 

 ∆𝐺 = ∆𝐻𝑚
∆𝑇

𝑇𝑚
− ∫ ∆𝐶𝑝(𝑇)𝑑𝑇

𝑇𝑚

𝑇
+ 𝑇 ∫

∆𝐶𝑝(𝑇)

𝑇
𝑑𝑇

𝑇𝑚

𝑇
  (17) 

where Hm is the enthalpy of melting. Due to the complexity of measurement of ΔCp among 

the crystallization region in the case of chalcogenide-based materials, the heat capacity data is 

frequently missing. Therefore, for estimating ΔG, several approximations were proposed by 

Thompson and Spaepen [101], Singh and Holz [102] and Hoffman [103]. However, the most 

appropriate and widely applied is the Turnbull approximation [104]:  

 ∆𝐺 = ∆𝐻𝑚
∆𝑇

𝑇𝑚
 (18) 

Barták et al. [59] showed, that even the simple approximation of ΔG proposed by Turnbull (Eq. 

18) is appropriate for the crystal growth models calculations. As the attention in ΔG 

approximations is focused on the crystal growth, then it is assumed that Hm can be substituted 

by Hc (the enthalpy of crystallization), especially for systems with a very complex melting 

process.  

Crystal growth followed by thermal analysis 

 

Methods of thermal analysis monitor the changes of physical properties of the analyzed 

material along with a temperature program. These methods can be performed under isothermal 

and non-isothermal conditions. During isothermal measurements it is possible to observe the 

changes of the monitored property with time. On the other hand, at non-isothermal conditions 

the monitored property changes in dependence on temperature. 

In contrast to microscopic techniques, methods of thermal analysis (TA) usually provide 

information about the overall nucleation-crystal growth process. The most used thermal 

analysis techniques are: Differential Scanning Calorimetry (DSC) and Differential thermal 

analysis (DTA).  

 The output signal of DSC is the heat flow Φ, which is related to the crystallization rate 

expressed as a change of degree of crystallization α in time t (dα/dt) as is shown in the relation: 
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 Φ = Δ𝐻 (
𝑑𝛼

𝑑𝑡
) (19) 

ΔH represents the enthalpy change during the followed process. The crystallization kinetics are 

dependent on the temperature and on the crystal growth mechanism. Then, the crystallization 

rate (dα/dt) is calculated by the equation: 

 
𝑑𝛼

𝑑𝑡
= 𝐾𝑟𝑎𝑡𝑒(𝑇) ∙ 𝑓(𝛼) (20) 

f(α) is a conversion function. Krate(T) represents the rate constant, which is dependent on the 

temperature. The temperature dependence of this rate constant is expressed by the well-known 

Arrhenius equation: 

 𝐾𝑟𝑎𝑡𝑒(𝑇) = 𝐴 ∙ 𝑒𝑥𝑝 (−
𝐸

𝑅𝑇
) (21) 

A is a pre-exponential factor and E corresponds to the activation energy. 

 f(α) function is related to the crystal growth mechanism, which can be described by several 

growth models. The most known models are: 

• Johnson-Mehl-Avrami (JMA) 

• Diffusion model  

• Šesták-Berggren model 

• Reaction order model (RO) 

Johnson-Mehl-Avrami (JMA) model 

 

  According to this model, f(α) function can be calculated by the equation: 

 𝑓(𝛼) = 𝑚(1 − 𝛼)[− ln(1 − 𝛼)]1−
1

𝑚 (22) 

parameter m represents both nucleation and crystal growth and is expressed as m=p + qJMA. If 

homogeneous nucleation is assumed (p=1), then m=1+qJMA. Parameter qJMA describes the 

dimensions of the crystal (Figure 14) and assumes values from 1 to 3 [105-107]. 
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Figure 14 Dimensional changes in the parameter q of the JMA model 

Diffusion model 

 

 This model was proposed to describe a reaction between a gas and a solid substance, 

where the diffusion is responsible for the reaction mechanism. Specifically, for reacting 

systems, where the reactants and the products have distinct compositions [108]. 

Šesták-Berggren model 

 

 This two-parametric (M, N) model also known as autocatalytic (AC) is used to describe 

complex kinetic processes even though its parameters are physically meaningless. For this 

model, the function f(α) is expressed by the relation [108]: 

 𝑓(𝛼) = 𝛼𝑀(1 − 𝛼)𝑁 (23) 

Reaction order model (RO) 

 

 The formulation of this model assumes that the free energy of the nucleation process is 

comparable with the crystal growth free energy or when the formation of nuclei among the 

studied material is anisotropic. The f(α) function is possible to express as: 

 𝑓(𝛼) = (1 − 𝛼)𝑘 (24) 

parameter k expresses the shape of the formed nuclei. If the nuclei have a spherical-like 

structure, then k = 1/3. In the case of cylindrical nuclei parameter k is equal to 1/2  [109]. 

 Choosing the most suitable model is the key to properly describe and understand the 

crystal growth kinetics in glassy materials. To do so, Málek [110] proposed a very skillful 

method, where he proposed to choose the best kinetic model by calculating two functions  y(α) 
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and z(α). If the kinetic study is performed at isothermal conditions, then both functions are 

calculated by the following equations: 

 𝑦(𝛼) = Φ (25) 

 𝑧(𝛼) = Φ ∙ 𝑡 (26) 

In the case of non-isothermal conditions, then: 

 𝑦(𝛼) = Φ ∙ 𝑒𝑥𝑝 (−
𝐸𝐴

𝑅𝑇
) (27) 

 𝑧(∝) = Φ ∙ 𝑇2 (28) 

where EA is the crystallization activation energy. In the case of chalcogenide glasses, the 

kinetics of crystallization is often described by the JMA or the Šesták-Berggren model.  

Activation energy of crystal growth 

 

The definition of the activation energy is an important parameter during the analysis of 

crystal growth kinetics. The activation energy of crystal growth can be calculated from different 

experimental data, such as:  

• DSC data 

• Crystal growth rate data (obtained via microscopic techniques) 

Calculation of the activation energy from DSC data 

 

In the case of DSC measurements, the activation energy of the overall crystallization 

process (EA) can be calculated from isothermal and non-isothermal data using different methods 

such as: Kissinger method [111, 112], Ozawa method [113] and Friedman method [114].  

Kissinger method 

 

Kissinger method allows calculation of EA from non-isothermal data. The maximum of a 

DSC peak is reached at the temperature Tp. This method assumes that at the maximum of the 

DSC peak the reaction rate is at its maximum and the conversion degree (α) remains constant 

at every heating rate βDSC. The position of the DSC peak is linked to the heating rate βDSC, then 

by measuring several DSC curves at different βDSC, it is possible to calculate EA using the 

following equation: 
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𝑑 ln(

𝛽𝐷𝑆𝐶

𝑇𝑝
2 )

𝑑(
1

𝑇𝑝
)

= −
𝐸𝐴

𝑅
 (29) 

Ozawa method 

 

This method is also used to calculate the activation energy of crystallization at non-

isothermal conditions. Similarly, as in the Kissinger method, EA is calculated from the 

knowledge of βDSC and Tp as is shown in the following equation: 

 ln 𝛽𝐷𝑆𝐶 = −1.0516
𝐸𝐴

𝑅𝑇𝑝
+ 𝑐𝑜𝑛𝑠𝑡 (30) 

Friedman (isoconversional) method 

  

Using this method, it is possible to calculate EA from the knowledge of heat flow Φα and 

temperature Tα at a certain conversion degree. It is then possible to calculate the activation 

energy from both isothermal and non-isothermal data using the following equation: 

 lnΦ𝛼 = [Δ𝐻 ∙ 𝐴 ∙ 𝑓(𝛼)] −
𝐸𝐴

𝑅
∙
1

𝑇𝛼
 (31) 

It is important to mention that EA corresponds to the overall nucleation crystal growth 

process. Yinnon and Uhlmann [107] proposed a relation between the nucleation (EN) and crystal 

growth (EG) activation energy. This relation is shown in Eq. 32:  

 𝐸𝐴 ≈
𝐸𝑁+𝑞𝐽𝑀𝐴∙𝐸𝐺

𝑚
 (32) 

This equation (Eq.32) is related to the type of nucleation as is shown in Eq. 22 

 

Calculation of the activation energy from crystal growth rate data obtained from microscopy 

technique 

 

With the knowledge of the crystal growth rate data, the crystal growth activation energy 

EG can be calculated using the Arrhenius relation in a short temperature range, where its 

temperature dependence is expressed by the linearized Arrhenius relation: 

 ln 𝑢 = ln 𝑢0 −
𝐸𝐺

𝑅∙𝑇
 (33) 

u is the crystal growth rate obtained from microscopy measurements, u0 is a preexponential 

factor and T represents the temperature. 



 

 

   

CHAPTER III: 

DIFFUSION IN SOLID 

STATE 
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 Since the kinetics of crystal growth is dependent on the diffusion of structural units 

through the liquid-crystal interface, it is crucial to understand the diffusion mechanism in glass-

forming materials.  A deeper description of the diffusion mechanism in glassy materials will be 

discussed in the following text. 

Comparison between the surface and volume mobility in glass-forming materials 

 

 As it has been mentioned before, the crystal growth mechanism is strongly related to the 

mobility of structural units through the liquid-crystal interface. Based on literature [115, 116], 

it is suitable to state that the mobility dynamics in an amorphous material at the surface is 

different from the dynamics towards the volume. Particles at the surface are strained only from 

the inner part of the material. This leads to higher mobility of these structural units along the 

surface, like the lateral crystal growth observed e.g., by Barták et al. [47]. In some cases, the 

mobility of these structural units is so high that they keep mobile even below Tg. This 

phenomenon was observed in polymer [115-119], organic [120, 121], chalcogenide [122] and 

metallic [123, 124] glasses. At temperatures above Tg, no differences between the mobility 

dynamics at the surface and in the volume are observed [119]. Zhang and Yu [125] presented a 

study in polymer glasses, which revealed that at temperatures above Tg, the mobility dynamics 

at the surface and in the volume of the bulk is driven by the viscous flow. However, at 

temperatures below Tg, the mobility along the volume of the bulk becomes slower and 

subsequently the growth mechanism is ruled by the fast surface diffusion [126]. Selfsame 

behavior was observed in organic glasses [120, 121, 127]. Previous research concluded in the 

fact that understanding the real meaning of the glass transition temperature, will provide a better 

understanding of the surface mobility dynamics in glassy materials. To do so, it would be 

suitable to not just determine a unique Tg, but the changes in Tg according to the place where 

crystallization takes place in the sample [118]. 

On the other hand, the mobility of the structural units in the volume of glassy materials 

is affected by the collaborative diffusion of neighboring particles. As can be observed in the 

following Figures 15-17. Currently, in the case of volume diffusion, several diffusion 

mechanisms are known. Between the most probable mechanisms belong vacancy diffusion, 

interstitial diffusion and interstitialcy diffusion.  
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Vacancy diffusion mechanism 

 

The simplest mechanism is vacancy diffusion, where a particle can diffuse just towards 

a vacancy in the opposite direction [128]. This mechanism is shown in Figure 15. 

 

 

Figure 15 Vacancy diffusion 

Interstitial diffusion mechanism 

 

In the case of the interstitial diffusion mechanism shown in Figure 16, the particles 

move along interstitial spaces in the lattice [128].   

 

 

Figure 16 Interstitial diffusion 

Interstitialcy diffusion mechanism 

 

Another mechanism is the interstitialcy diffusion and occurs when an interstitial ion or 

particle moves onto a regular site of the lattice shoving a particle from its original place to an 

interstitial site [128].  
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Figure 17 Interstitialcy diffusion 

The diffusion mechanisms shown above mainly take place in the volume of the analyzed 

materials [128].  

Measurement of diffusion in glassy materials 

 

Radiotracer method 

 

A tracer particle or atom is deposited at the surface of the studied solid. Then at 

isothermal conditions, the concentration of tracer particles in different sections of the matrix 

after a certain period is measured. These tracer particles are characterized by their radioactivity. 

This technique belongs to the most frequent techniques to study the diffusion process in solids 

[129]. According to the Fick’s second law, the diffusion of particles in glass-forming materials 

can be expressed by the equation:  

 
𝜕𝐶

𝜕𝑡
= 𝐷 ∙

𝜕2𝐶

𝜕𝑥2
 (34) 

where C (x,t) represents the concentration of diffusing particles at a certain location (x) in a 

certain time (t) and D is the diffusion coefficient [130, 131]. During these experiments, the 

concentration of tracer atoms is measured by sectioning the analyzed material in several parts 

as is shown in Figure 18.  

For this method then,  it is necessary to express the Fick´s second law solution for thin films by 

the equation [129, 131]: 

 𝐶(𝑥, 𝑡) =
𝑁𝑡

√𝜋∙𝐷∗∙𝑡
∙ 𝑒𝑥𝑝 (−

𝑥2

4∙𝐷∗∙𝑡
) (35) 

where x is the distance, which the tracer atom penetrates the analyzed material. N represents the 

number of tracer atoms deposited per unit area, D* is the diffusion coefficient of the tracer atom 

and t is the time.  
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Figure 18 Radiotracer method for calculating the diffusion coefficient in solid state. 

This technique is used concretely to study the diffusion of particles towards the core of the 

studied material.   

Study of Surface Self-Diffusion 

 

 Mullins [132] presented a method, where the smoothing of a surface structure 

is followed using an Atomic Force Microscope (AFM). If the analyzed surface has a single-

period sinusoidal shape, then the change of grating amplitude h exponentially decreases with 

time as is shown in Figure 19 and the decrease can be expressed by the equation: 

 ℎ = ℎ0 ∙ 𝑒𝑥𝑝 ∙ [−(𝐾 ∙ 𝑡)𝛽𝑆] (36) 

where h0 is the grating amplitude at the beginning of the measurement, K represents the decay 

constant and βS corresponds to the stretch parameter, which takes a value close to 1.  
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Figure 19  Measurement of the grating amplitude (h) at the surface of Se95Te5 glass in time (t) by AFM [122] 

Mullins [132] stated that the smoothing of a surface is affected by transport processes 

of viscous flow (FVisc), evaporation-condensation process (AEV and A´ respectively), volume 

diffusion (CVolume ) and surface diffusion (BSurface). Then, the constant K is expressed by the 

relation: 

 𝐾 = 𝐹𝑉𝑖𝑠𝑐 ∙
2∙𝜋

𝜆
+ 𝐴𝐸𝑉 ∙ (

2∙𝜋

𝜆
)
2

+ (𝐴´ + 𝐶𝑉𝑜𝑙𝑢𝑚𝑒) ∙ (
2∙𝜋

𝜆
)
3

+ 𝐵𝑆𝑢𝑟𝑓𝑎𝑐𝑒 ∙ (
2∙𝜋

𝜆
)
4

 (37) 

λ corresponds to the grating period. The terms of Eq. 37 are expressed by the following 

equations: 

 𝐹𝑉𝑖𝑠𝑐 =
𝛾

2∙𝜂
 (38) 

 𝐴𝐸𝑉 =
𝑝0∙𝛾∙Ω

2

(2∙𝜋∙𝑀𝑟)
1
2⁄ ∙(𝑘𝐵∙𝑇)

3
2⁄
 (39) 

 𝐴´ + 𝐶𝑉𝑜𝑙𝑢𝑚𝑒 =
𝜌0∙𝐷𝐺∙𝛾∙Ω

2

𝑘𝐵∙𝑇
+

𝐷𝑉∙𝛾∙Ω

𝑘𝐵∙𝑇
 (40) 

 𝐵𝑆𝑢𝑟𝑓𝑎𝑐𝑒 =
𝐷𝑆𝛾Ω

2𝑣

𝑘𝐵𝑇
 (41) 

where γ represents the surface tension, η corresponds to the viscosity, p0 is vapor pressure at 

equilibrium, Ω is the molecular volume of the analyzed material, Mr represents the molecular 

weight, ρ0 defines the equilibrium vapor density, v is the number of molecules at the surface 

per unit area and DG, DV and DS are diffusion coefficients that describe the diffusion of vapor 

molecules in an inert atmosphere, the volume self-diffusion, and the surface diffusion, 
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respectively. In the case that volume self-diffusion and the evaporation-condensation process 

are neglected, then Eq. 37 is modified to the form: 

 𝐾 = 𝐹𝑉𝑖𝑠𝑐 ∙
2∙𝜋

𝜆
+ 𝐵𝑆𝑢𝑟𝑓𝑎𝑐𝑒 ∙ (

2∙𝜋

𝜆
)
4

 (42) 

If the decay of the surface is driven by diffusion, then K is expressed by: 

 𝐾 ≈ 𝐵𝑆𝑢𝑟𝑓𝑎𝑐𝑒 ∙ (
2∙𝜋

𝜆
)
4

 (43) 

On the other hand, if the decay is driven by the viscous flow, then K is equal to: 

 𝐾 ≈ 𝐹𝑉𝑖𝑠𝑐 ∙
2∙𝜋

𝜆
 (44) 

Mullins [132] proposed another method to study the surface decay in the case that the surface 

does not present a sinusoidal profile. In this case, the surface mobility is studied by measuring 

the profile of a small perturbance or nanohole (Figure 20). The surface profile z of a hole as a 

function of t and the lateral distance rL from the center to the edge of the hole is studied. If the 

surface decay is driven by the surface diffusion, then z is expressed by the equation: 

 𝑧(𝑟𝐿 , 𝑡) =
𝑎𝐻

8𝜋(𝐵𝑆𝑢𝑟𝑓𝑎𝑐𝑒∙𝑡)
1
2⁄
∑ [(−1)𝑛

Γ(
𝑛+1

2
)

22𝑛(𝑛!)2
(

𝑟𝐿

(𝐵𝑆𝑢𝑟𝑓𝑎𝑐𝑒∙𝑡)
1
4⁄
)

2𝑛

]∞
𝑛=0  (45) 

where aH represents the volume of the studied hole. On the other hand, if the surface decay is 

driven by the viscous flow, then z(rL,t) is expressed as: 

 𝑧(𝑟𝐿 , 𝑡) =
𝑎

2𝜋(𝐹𝑉𝑖𝑠𝑐𝑡)
2(1+

𝑟𝐿
𝐹𝑉𝑖𝑠𝑐𝑡

)

3
2⁄
 (46) 

 

Figure 20 Change of a hole profile in dependence of time at a constant temperature [133] 
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The estimation of diffusion coefficients in chalcogenide glass-forming materials gives 

a deeper grasp on the crystal growth mechanism. However, currently the study of diffusion in 

these materials is in an underdeveloped stage, and diffusion coefficient data are often missing.   

Nevertheless, diffusion coefficient can be replaced by viscosity using the so-called Stokes-

Einstein (SE) equation. SE states that the diffusion coefficient is proportional to the reciprocal 

value of viscosity (D ~ η-1).   For this reason, a deeper attention on the viscosity is given in the 

following chapter.



 

 

  

CHAPTER IV: 

VISCOSITY 
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 The viscosity is an important parameter during the analysis of kinetic processes in glassy 

materials. Thanks to the viscosity, it is possible to understand the behavior of the 

abovementioned materials in a wide temperature range, which is indispensable during their 

fabrication and manipulation. Since this work is focused on the study of crystal growth in 

chalcogenide glasses, viscosity is an important ally during the kinetic analysis of the different 

crystal growth mechanisms in several types of samples. The knowledge of the temperature 

dependence of viscosity allows us to obtain several key parameters for the characterization of 

glassy materials such as: fragility (mFragility), viscosity glass transition temperature (T12), 

parameters of structural relaxation, etc.  In this chapter a detailed explanation of the 

experimental methods used to measure the viscosity and its temperature dependence is given. 

Nowadays, as it was summarized by Koštál et al. [134], various techniques are used to measure 

the viscosity in glass-forming materials in different temperature regions (glass-undercooled 

melt-melt). However, in this thesis the viscous behavior was studied using the methods 

mentioned as follows. 

Viscosity measurement in glassy materials 

 

For measurement of viscosity in the undercooled melt region, viscosity behavior is 

analyzed using a Thermomechanical Analyzer (TMA). This measurement is possible to carry 

out using several experimental setups, which are suitable to calculate the viscosity in a certain 

temperature region. The typical measuring methods are: 

• Penetration method 

o Cylindrical indenter 

o Hemispherical indenter 

• Parallel-plate method 

Penetration methods 

 

 As is obvious from the name of this experimental technique, the viscosity is measured 

by penetrating the analyzed sample with different types of indenters (cylindrical or 

hemispherical) applying a constant force F, as is shown in Figure 21.  
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Cylindrical indenter 

 

 The penetration method using cylindrical indenter is shown in Figure 21(A). For this 

experimental arrangement, the viscosity η is calculated by the equation [135]: 

 𝜂 =
𝐹

8∙𝑟𝑖𝑛𝑑∙(
𝑑ℎ𝑝𝑒𝑛

𝑑𝑡
⁄ )

 (47) 

Where rind is the radius of the cylindrical indenter, hpen answers the penetration depth into the 

analyzed sample and t represents the penetration time. Based on previous experiments this 

experimental technique is suitable for measuring viscosity in the range of 1010 to 107,5 Pa.s 

[136].  

Hemispherical indenter 

 

 As is shown in Figure 21(B), this measuring technique penetrates the analyzed sample 

with a hemispherical-like indenter applying a constant force F. For this experimental setup the 

viscosity η is expressed by the equation [137, 138]: 

 𝜂 =
9

32√2∙𝑟𝑖𝑛𝑑
∙
𝐹∙𝑡

ℎ𝑝𝑒𝑛

3
2⁄

 (48) 

In comparison with the penetration method using a cylindrical indenter, this method allows the 

measurement of high viscosity values (1013.5 to 107.5 Pa.s) [134, 136, 139].  

Both penetration methods give very adequate results. However, there are several issues that 

may affect the quality of the measurement. Recently, the most important issues were mentioned 

by Koštál et al. [134]. First, this method requires long time to reach a stable penetration rate 

into the sample. The effect of the penetration rate is particularly noticeable at high viscosity 

values. In the case of the penetration method with a hemispherical indenter, Eq. 48 is obtained 

from the assumption that hpen is shorter than rind. Last but not least, it is important to mention 

that for both penetration methods (i.e., with cylindrical and hemispherical indenters), the 

sample should be large enough to avoid the so-called edge effect. 

Parallel-plate method 

 

In this experimental method the analyzed sample is placed between two corundum 

parallel plates. Then, both plates apply a constant force that squeezes the analyzed sample 
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(Figure 21(C)). In this method the viscosity is calculated using the following equation specified 

for a cylindrical-like sample [140, 141]: 

 𝜂 =
2∙𝜋∙𝐹∙𝑑5

3∙𝑉∙(𝑑𝑑 𝑑𝑡⁄ )∙(2∙𝜋∙𝑑3+𝑉)
 (49) 

where d is the thickness and V is the volume of the analyzed sample. The volume of the sample 

can be calculated from the initial size of the cylindrical-like sample and from the  knowledge 

of the thermal expansion of the studied sample[142]. This method is suitable to measure the 

viscosity in the region of 104 to 1010 Pa.s [134, 140]. Koštál et al. [134], mentioned that this 

method can be affected by specific (i.e. slip and stick) conditions at the sample-plate interface.  

 

Figure 21 Experimental methods for the viscosity measurements using TMA - A) Penetration method with a cylindrical 

indenter, B) Penetration method with a hemispherical indenter and C) Parallel-plate setup 

Viscosity measurements in melts 

 

Pressure Assisted Melt Filling Technique (PAMFT) 

 

 Due to the volatility and corrosivity of chalcogenide melts, the measurement of viscosity 

in these materials is very complicated and very often these data are missing for the melt region. 

During the last decade a very skillful technique was developed, the so-called PAMFT [143, 

144]. This method consists of filling a silica capillary of radius RC with a molten material by 

applying a constant pressure P as is shown in Figure 22.  
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Figure 22 Pressure Assisted Melt Filling Technique (PAMFT) 

Since the capillary is positioned horizontally, then the time t dependence of the filling length L 

is expressed by the equation: 

 𝐿2 = (
𝑃∙𝑅𝐶

2

4𝜂
+

𝑅𝐶∙𝛾 cos𝜃

2𝜂
) ∙ 𝑡 (50) 

However, at certain conditions like high pressure and large capillary radius (i.e., P∙RC
2≫ RC ∙γ 

∙cosθ) Eq.50 gets simplified into [143]: 

 𝐿2 = (
𝑃∙𝑅𝐶

2

4𝜂
) ∙ 𝑡 (51) 

Recently, we presented a study of the viscous behavior in Se, Se95Te5 and As2Se3 melts using 

the PAMFT [145]. 

Viscosity temperature dependence 

 

 Viscosity is a physical parameter with a strong dependence on temperature. One of the 

most typical equations to describe the temperature dependence of viscosity η is the Arrhenius-

type equation: 

 𝜂 = 𝜂0 ∙ 𝑒𝑥𝑝 (
𝐸𝜂

𝑅𝑇
) (52) 

where η0 is an empirical parameter and Eη corresponds to the apparent activation energy of the 

viscous flow. However, this equation cannot be used to describe the viscous behavior in fragile 

glasses like chalcogenide glass-forming materials. In the case of glassy materials, the viscosity 

is possible to measure from Tg up to Tm. However, the viscosity measurement through the 

crystallization region is limited. This is one of the reasons why the temperature dependence of 

the viscosity needs to be extrapolated or interpolated through the crystal growth region. To 

describe the temperature dependence of viscosity in a wide temperature region for fragile 

materials, several equations can be used: 
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Vogel-Fulcher-Tammann (VFT) 

 

 log 𝜂 = log 𝜂0 +
𝐵𝑉𝐹𝑇

(𝑇−𝑇0)
  [146-148] (53) 

Mauro-Yue-Ellison-Gupta-Allan (MYEGA) 

 

 log 𝜂 = log 𝜂0 +
𝐾𝑀𝑌𝐸𝐺𝐴

𝑇
∙ 𝑒𝑥𝑝 (

𝐶𝑀𝑌𝐸𝐺𝐴

𝑇
) [149] (54) 

 



 

 

 

  

CHAPTER V: 
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Within this thesis the attention is focused on the crystal growth in Se, Se-Te, and 

(GeSe2)x(Sb2Se3)1-x glass-forming materials. The crystal growth is studied by different 

experimental techniques: microscopy (optical, infrared, scanning electron microscopy-SEM) 

and DSC. A suitable combination of these techniques can proffer a deeper perception of the 

crystal growth mechanism in these materials.  

Sample synthesis 
 

The exact amount of pure elements (Sigma Aldrich, 5N) was inserted in a clean silica 

ampoule. Afterward, the ampoule was evacuated (10-4 Pa) and sealed. The samples were 

prepared by the classic melt-quench technique. The ampoule was then inserted in a furnace and 

heated to the temperature above Tm for 24 hours. Then the ampoule was cooled down rapidly 

enough to avoid crystallization. The cooling rate is chosen according to GFA of the material. 

In Table 1, Tm and the cooling media used for the synthesis of the studied glasses are shown. 

Table  1 Required parameters for glass synthesis 

Glass Tm (°C) Cooling medium 

Se 650 Air flow, Water 

Se95Te5 650 Air flow, Water 

(GeSe2)x(Sb2Se3)1-x 950 Iced water 

 

To study the surface crystal growth in Se, Se95Te5 samples, thin films were prepared. To 

synthesize thin films, the thermal evaporation technique (model UP-858, Tesla Corp.) was used. 

For example, Se thin films were prepared from pure selenium pellets (Sigma Aldrich, 5N) in 

high vacuum (2∙10-4 Pa). The selenium was deposited on a glass substrate at a deposition rate 

of 1 – 2 nm. s-1. The substrate was rotated continuously (planetary rotation) to guarantee that 

the thin film is homogeneous along the whole substrate.  

Subsequently, the prepared samples were analyzed by X-Ray diffraction (XRD) to verify their 

amorphous state.  

Crystal growth analysis by infrared microscopy 

 

 The study of the crystal growth rate was performed both ex-situ and in-situ. In the case 

of ex-situ experiments, the samples were annealed in a furnace for a certain period of time at a 

constant temperature (± 1°C). Afterward, the size of the crystals in several samples (up to 5) 
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was measured using an OLYMPUS BX51 infrared microscope with an integrated OLYMPUS 

XM10 camera. For in-situ experiments, the samples were annealed on a heating stage (± 0.5°C) 

(Linkam), which was set within the microscope. In conjunction with the integrated camera was 

possible to record the crystal growth during the sample’s annealing.  

 The ex-situ experiments were suitable to study the growth rate of a crystalline layer 

growing towards the core of bulk samples or to study the crystal growth in the inner part of the 

bulk sample (volume crystal growth). On the other side, in-situ experiments were a suitable tool 

to measure the crystal growth rate for higher temperatures, where the rate is expected to be 

high, especially at the surface of bulk samples (surface growth).  

Crystal growth rate calculation 

 

In-situ experiments 

 

For in-situ experiments, the studied sample was placed into the heating stage and during 

the sample’s annealing the crystal growth was recorded. As is shown in Figure 23, the size of 

individual crystals was measured. Afterward, an l (crystal length) vs. t (time) plot was 

constructed, where the slope of the linear dependence corresponded to the crystal growth rate 

u. The crystal growth rate was calculated for many crystals (approximately 10 to 15) and the 

average rate was calculated afterward.   
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Figure 23 Estimation of the crystal growth rate at the surface of (GeSe2)0.4(Sb2Se3)0.6 bulk samples at 335°C studied in-situ. 

Ex-situ experiments 

 

 Contrary to in-situ experiments, for ex-situ measurements more samples were needed 

(approximately 3 to 5).  This method was used to study the so-called “volume crystal growth”. 

Each sample was heated at the same temperature for a different period of time. In the case of 

(GeSe2)x(Sb2Se3)1-x bulk samples, the volume crystal growth rate was evaluated from the linear 

dependence of the measured thickness of the crystalline layer growing towards the core of the 

sample on time (Figure 24). Since the surface of the studied bulk samples was covered by a 

compact crystalline layer, it was necessary to break and polish the sample in order to observe 

the crystalline layer growing towards the inner part of the sample. 
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Figure 24 Estimation of the volume crystal growth rate in (GeSe2)0.4(Sb2Se3)0.6 bulk samples at 325.3°C studied ex-situ. 

 

Study of crystal growth kinetics by DSC 
 

 DSC was used to determine valuable parameters such as enthalpy of crystallization ΔHc, 

crystallization temperature Tc and melting point Tm. To obtain these values for all the studied 

materials, the samples were heated in opened silica ampoules (50 – 80 mg in weight) in a 

SensysEvo DSC (Seteram Co.) under non-isothermal conditions at a constant heating rate of 5 

K.min-1. For illustration purposes, a DSC curve for (GeSe2)0.4(Sb2Se3)0.6 is shown in Figure 25.  
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Figure 25 DSC curve of (GeSe2)0.4(Sb2Se3)0.6 sample measured under non-isothermal conditions at a heating rate of 5 K.min-1 

 

Tm and Tc values were determined from the onset of the melting and crystallization peak 

respectively. Enthalpy of crystallization ΔHc was calculated from the area of the crystallization 

peak. Before measurements were performed, DSC had to be calibrated. This calibration was 

carried out by measuring the melting of pure metals (Indium, Zinc).  

The overall crystallization process in GeSe2-rich compositions of the  

(GeSe2)x(Sb2Se3)1-x system (i.e x = 0.6 - 0.9) was studied using a DSC Pyris 1 (Perkin-Elmer 

co.) calorimeter with an intracooler. The analysis on crystal growth for these compositions was 

performed for powder samples (20 – 50 μm and 125 – 180 μm). The samples were weighted 

(ca. 12 mg) into aluminum crucibles without any protective atmosphere, then the crucibles were 

closed with an aluminum lid. The DSC measurements of GeSe2-rich compositions (x = 0.6 – 

0.9) were performed under non-isothermal conditions. The measurements were performed at 

several heating rates (0.5, 1, 2, 3, 5, and 10 K.min-1) with a nitrogen flow of 20 ml.min-1. The 

crystal growth kinetics of GeSe2-rich compositions in the  (GeSe2)x(Sb2Se3)1-x system were 

analyzed using the software OriTas [150]. Due to the complexity of the studied crystallization 

process, the DSC curves needed to be deconvoluted and several modules of the OriTas software 

were applied to identify the individual subprocesses (see the Figure 26 and Paper V in the 

following Chapter VI). 
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Figure 26 Deconvolution of crystallization peaks in DSC curves for (GeSe2)0.6(Sb2Se3)0.4 sample [151] 

 

Measurement of viscosity 
 

 In this thesis the viscosity of (GeSe2)0.9(Sb2Se3)0.1 bulk samples were measured in the 

glass-undercooled melt-melt temperature region. In the case of glass-undercooled melt region, 

viscosity was measured by thermomechanical analysis. Specifically, thermomechanical 

analyzers TMA CX03 (RMI – Czech Republic) and TMA PT 1600 (Linseis – Germany). From 

bulk samples (prepared by the classic melt-quench technique) thin plates with parallel planes 

were cut into smaller pieces (2.5 mm in height x 6 mm in diameter). The viscosity was measured 

by penetration method using hemispherical indenter (1.98 mm) and cylindrical indenter (1 mm) 

in the viscosity range 107.5 to 1013.5. The parallel plate method was used to extend the viscosity 

measurements to lower viscosity region down to 107.5 Pa.s. 

 Viscosity in the undercooled melt of Se95Te5 thin films was studied following the 

smoothing process of periodical grating (period 729 nm) embossed into the surface of the 

prepared amorphous thin film. The embossing process was performed by pressing of master 

grating onto the surface of the sample at 55 °C (approximately 20 °C above the viscosity glass 

transition temperature T12). Finally, the samples were heated in a small furnace (temperature 

stability ± 1°C) and the grating amplitude was characterized by AFM (Multimode8HR, Bruker 

Nano Inc.). 

Viscosity in the melt region for the Se95Te5, using the PAMFT technique. To measure the 

viscosity by PAMFT it was necessary to prepare the samples in the form of thin wires. To make 

such wires, small amount of glassy samples (around 2 g) was introduced into open silica 
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ampules and melted at 30 °C above melting point in an inert Ar-atmosphere. Using a silica rod, 

a wire was drawn from the melt by sticking the rod into the melt and pulling it out at a very 

high speed. For the PAMFT measurements, only wires with 60 – 80 μm diameter were selected. 

PAMFT measurements were performed in collaboration with the Institute for Photonic 

Technologies in Jena, Germany under the supervision of prof. Markus A. Schmidt.  

More detail information about the used experimental techniques is presented in Chapter 

IV.
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 The main goal of this thesis is the kinetic study of crystallization process in amorphous 

materials. Up to now, there are several discrepancies between the crystal growth mechanism 

and the contemporary theories about the crystal growth. This is one of the main reasons why 

the research shown and discussed in this thesis is important. A deep analysis of the crystal 

growth kinetics in Se, Se95Te5 and (GeSe2)x(Sb2Se3)1-x glasses is presented. The content of this 

thesis can be summarized in the following points: 

• Comparison between volume and surface crystal growth in Se and Se95Te5 bulk samples 

and thin films. 

• Comparison between crystal growth at the surface and in the volume of 

(GeSe2)x(Sb2Se3)1-x  (x = 0.4 – 0.5) bulk samples.  

• DSC and microscopy study of the complex crystallization process in GeSe2-rich 

compositions (x = 0.6 – 0.9) of (GeSe2)x(Sb2Se3)1-x glass formers.  

Crystal growth kinetics is analyzed from the viewpoint of viscous flow and diffusion. 

Mainly in this thesis the crystal growth is studied by the combination of DSC and Microscopy 

techniques. Specifically, in this thesis the attention is focused on the variations of the crystal 

growth kinetics for different compositions and types of samples.  
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Paper summary I 
 

 The first part is focused on the extensive study on crystal growth in different samples of 

amorphous Se (Paper I) and Se95Te5 (Paper II), which is supported with viscosity 

measurements in Se95Te5 melts (Paper III). Together these works bring a new insight into the 

competing volume and surface crystal growth with respect to the viscosity and surface diffusion 

in Se and Se95Te5 glass formers.  

The aim of the study presented in Paper I was to compare the crystal growth rate and 

mechanism in different types of samples of a-Se. In particular, the lateral crystal growth in thin 

films of different thicknesses (0.2, 1 and 2 μm) and at the surface of bulk samples was 

compared. The crystals in thin films grew as spherulitic-like structures. In thin films of 0.2 μm 

thickness another growth mechanism was observed. As is presented in Paper I, SEM images 

revealed the formation of some specific crystalline structures, which could be the so-called 

trigonal selenium flakes [152].  In the case of the crystal growth at the surface of bulk samples, 

the growth mechanism at the first stage of the crystallization process was different than the one 

observed in thin films. The crystals at the surface grew as sheaf-like structures, then these 

structures start branching and the crystals formed into spherulitic-like structures. This growth 

mechanism was earlier presented by Bisault et al. [153]. The crystal growth rate for both types 

of samples was calculated. According to these experiments, the crystal growth rates were 

comparable within the experimental errors. The crystal growth rate in both types of samples 

was faster than the crystal growth rate in the volume of bulk samples presented in previous 

studies [46, 100]. The crystal growth rate in thin films is affected by the thickness of the studied 

samples. For example, the crystal growth in thin films of thickness 200 nm occurs by lower 

rates than in thin films of 1 μm, 2 μm and at the surface of bulk samples as can be observed in 

Figure 27.  
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Figure 27 Temperature dependence of the crystal growth rate in Selenium samples [47] 

During the characterization of the crystal growth mechanism for a wide temperature range, 

another important fact was observed. Crystal growth kinetics was characterized by the relation 

proposed by Ediger et al. [91] (D(T) ≈ ukin(T) ≈ η(T)-ξ), which gives a better description of SE. 

The ξ parameter takes values from 0 to 1. When ξ has a value close to 1, it means that the crystal 

growth kinetics is driven by the viscous flow as is stated by SE. This is the case for crystal 

growth in the volume of Se bulk samples, studied by Málek et al. [100] where ξ = 0.94 ± 0.05. 

On the other hand, the crystal growth mechanism in thin films and at the surface of bulk samples 

presented a strong decoupling of SE (ξ = 0.67 ± 0.03) (Figure 28). This is linked to the fact that 

structural units in thin films and at the surface of bulk samples have a different mobility than in 

the volume of bulk samples. Then it was possible to state that the crystal growth kinetics in thin 

films and at the surface of bulk samples is controlled by the surface diffusion rather than by the 

viscous flow, which is confirmed in the recent work of Barták et al. [133]. 
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Figure 28 log ukin vs. log η plot for the calculation of ξ [47] 

To have a deeper grasp of the relation between the crystal growth rate and the mobility 

of structural units through the liquid-crystal interface, further research was performed. This 

study is presented in Paper II, which summarizes an extended study on the crystal growth 

mechanism in Se95Te5 thin films and bulk samples. As was mentioned in Paper I, the crystal 

growth kinetics in thin films and at the surface of bulk samples is different from the growth 

kinetics in the volume of bulk samples.  

In comparison with previous studies in Se and Se-Te glass formers [59, 100, 154], a 

different crystal growth mechanism was observed in the volume of Se95Te5 bulk samples. So 

far it was observed in the Se-Te system that the spherulitic-like crystals that grew at the surface 

formed a compact crystalline layer, which grew towards the core of the sample afterwards. On 

the other hand, towards the inner part of Se95Te5 samples, a crystalline layer with a diffusive 

character (i.e., the crystalline layer was not compact) was observed. This impeded the 

calculation of the crystal growth rate of this crystalline layer. This diffusive behavior was linked 

to several facts. The diffusive character could have been caused by a faster nucleation process 

along the vicinity of the surface than in its core, or, by the intrusion of some fiber-like crystals, 

which grew among the crystalline layer towards the inner part of the sample. Then it is possible 

to state that this crystal growth mechanism was influenced by a higher mobility in the vicinity 

of the surface. For this reason, the volume crystal growth rate was estimated by measuring the 

diameter of the fiber-like crystals and its change in time. A comparable behavior was also 

observed in organic glassy materials [155]. On the other hand, the crystal growth mechanism 

in Se95Te5 thin films is comparable to the crystal growth mechanism at the surface of Se bulk 
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samples (Paper I). For Se95Te5 thin films, the crystal growth process was followed even below 

Tg as is presented in Paper II. However, at this point an increase in the crystal growth rate was 

observed. This could be caused by a different growth mechanism comparable with the so-called 

Glass-Crystal (GC) mode, which describes a shift from diffusion-controlled to diffusionless 

growth [156].  

 

Figure 29 Comparison of crystal growth rates in Se95Te5 samples [122] 

As it was presented in Paper I, the crystal growth kinetics was described by SE relation. In 

Paper II, decoupling of SE equation was observed (ξ = 0.75 ± 0.02). Specifically, for crystal 

growth in thin films and at the surface of bulk samples.  Similarly, as it was shown in Paper I 

the crystal growth kinetics were described by the relation proposed by Ediger et al. [91]  

(D(T) ≈ ukin(T) ≈ η(T)-ξ). This relation allowed calculating the correcting parameter ξ. As it is 

obvious from the relation proposed by Ediger et al. [91], it is necessary to know the temperature 

dependence of viscosity in these materials. The temperature dependence of Se95Te5 was possible 

to describe thanks to previous studies on the viscous behavior in supercooled melts [157, 158] 

and melts. The viscous behavior of Se95Te5 melts was studied using the Pressure Assisted Melt 

Filling Technique (PAMFT, Paper III). Based on the study presented in Paper III, PAMFT 

can be considered as a very useful technique for the determination of viscosity in chalcogenide 

materials. Measuring at high pressure, the volatility of chalcogenide materials is suppressed. 

Another significant advantage of this technique is the small amount of sample that is needed. 

In Paper II, the viscous behavior in Se95Te5 thin films and at the surface of bulk samples was 

studied. According to findings presented in Paper II, it is possible to state that viscous flow in 

thin films and bulk samples is equivalent. With the knowledge of the viscosity temperature 

dependence, the decoupling parameter could be calculated. For the volume crystal growth 
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kinetics, ξ = 0.97 was calculated, which confirms that the volume mobility of structural units 

can be expressed by SE equation using the inverse viscosity. On the other hand, for the crystal 

growth in thin films and at the surface of bulk samples, the value of ξ = 0.75 was calculated. 

However, as it is presented in Paper II, for temperatures below Tg, the correcting parameter ξ 

decreased to 0.52. This remarkable decrease of ξ value confirms a change in the crystal growth 

mechanism, which leads to the increase in the crystal growth rate for temperatures below Tg as 

is shown in Figure 29. 

In Paper II, the apparent activation energy of the surface diffusion and the viscous flow were 

calculated to compare both processes. For this purpose, it was necessary to find the temperature 

dependence of the surface diffusion coefficient. The surface diffusion coefficients were 

estimated using the power relation: us ≈ Ds
0.87. This relation was known for organic glass-

formers [127] and recently the same relation was confirmed also for a-Se [133]. Then, after 

calculating the activation energies of both surface diffusion and viscous flow, it was confirmed 

that the surface diffusion in Se95Te5 had a lower activation energy than the viscous flow, which 

corresponds to the higher mobility of structural units along the surface resulting in faster crystal 

growth there than the in the volume.  

Paper summary II 
 

 The second part of paper conclusions is dedicated to the crystal growth in 

(GeSe2)x(Sb2Se3)1-x glass-formers. Paper IV presents a direct study of the crystal growth 

kinetics in the (GeSe2)x(Sb2Se3)1-x system (where x = 0.4 and 0.5) and its relation to the viscous 

flow and diffusion. Paper V shows a complex DSC analysis of the crystallization process in 

GeSe2-rich compositions (x = 0.6 – 0.9). Paper VI is focused on the direct observation of the 

crystal growth process of Sb2Se3 and GeSe2 crystals using microscopy techniques.  

 The crystal growth process in this glass-forming system is very complex and it was 

necessary to perform a deep analysis on it, as is shown in Paper IV, Paper V and Paper VI.  

A detailed analysis of the overall nucleation-growth process in these materials is 

presented in Paper V. Previously, several DSC analyses of (GeSe2)x(Sb2Se3)1-x ( x = 0.3 – 0.5) 

glass-forming materials were performed by Svoboda [8, 10]. For these compositions, only one 

crystallization peak was observed under both isothermal and non-isothermal conditions. Where 

the crystallization process corresponded to Sb2Se3 crystalline phase [8, 10, 68, 72]. On the other 

hand, for GeSe2-rich compositions, DSC measurements presented in Paper V revealed a 
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complex crystallization process (Figure 30), which corresponds to the growth of individual 

crystalline phases (Sb2Se3 and GeSe2). Due to the very complex crystallization behavior which 

took place in the entire region between glass transition and eutectic melting, the DSC 

measurements were performed at very slow heating rates (from 0.5 K.min-1 to 10 K.min-1) to 

split up several individual kinetic processes and subsequently analyze the complex 

crystallization process before Tm was reached. In the case of bulk samples, the crystallization 

process was very slow, and it was interrupted by the eutectic melting before it was completed, 

even at low heating rates. According to the study presented in Paper IV and that published by 

Svoboda [10], crystal growth of Sb2Se3 at the surface of bulk samples and in powder samples 

(x = 0.3 – 0.5) was observed at lower temperatures. This shift is related to the fact that with 

decreasing particle size, the surface area of the samples increases, providing a larger area for 

the crystal growth occurring before the eutectic melting occurs. For this reason, the study of the 

crystallization process presented in Paper V was performed only in powder samples, with 

particle size of 20-50μm and 125-180μm. The kinetic analysis was performed using OriTas 

software [150], which uses the classical kinetic equations (JMA, AC) to calculate and estimate 

the most suitable model that can describe the experimental data. 

As is shown in Figure 30, for the x = 0.6 composition (Figure 30 (A)), two 

crystallization peaks were observed. The first peak corresponds to Sb2Se3 crystalline phase and 

the second peak corresponds to GeSe2 crystalline phase. With increasing x (i.e., increasing 

GeSe2 content), Sb2Se3 crystallization peak decreases and a clear detachment from the GeSe2 

crystallization peak is no longer observed. This is the case for x =0.7 and 0.8 (Figure 30(B) and 

(C) respectively) compositions. In the case of (x = 0.9) composition, DSC measurements 

showed that crystallization process started at a temperature above Tg and presented a very 

complicated character, which was not complete within the analyzed temperature range. For this 

reason, DSC scans of x = 0.9 composition were not subjected to kinetic analysis (see Paper V). 
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Figure 30 DSC crystallization peaks for A) (GeSe2)0.6(Sb2Se3)0.4, B) (GeSe2)0.7(Sb2Se3)0.3 and C) (GeSe2)0.8(Sb2Se3)0.2 powder 

samples with a particle size of 20-50 μm [151]. 

 Continuing with the kinetic analysis of the crystal growth in (GeSe2)x(Sb2Se3)1-x glass-

forming materials,  Paper IV and Paper VI (Draft) present a detailed analysis using 

microscopy techniques. The main goal in Paper IV was to explain observed differences in the 

crystal growth mechanism at the surface and in the volume of (GeSe2)x(Sb2Se3)1-x  (for x = 0.4 

and 0.5) bulk samples. At the surface of bulk samples, the so-called lateral growth was 

observed. At the beginning of the crystal growth at the surface, Sb2Se3 crystals grew from thin 

needles and continued branching, as it was observed in previous studies [159].  Since Sb2Se3 

crystals had uniform sizes, it is suitable to state that the nucleation process in this system took 

place quickly and was finished before the crystal growth took place.  Due to the high density of 

nuclei at the surface of the samples, a compact crystalline layer was formed. This layer 

continued growing from the surface towards the core of the studied samples. This growth 

mechanism was denoted in Paper IV as “volume crystal growth”. Apart from this compact 

layer, another type of crystal was observed. In the core of the studied samples, some spherical-

like crystals were formed. This type of crystal was denoted in Paper IV as “competing volume 

crystals”. The denominated “competing volume crystals” grew separately from the compact 

crystalline layer. However, it is important to mention that the radius of the so-called “competing 
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volume crystals” and the thickness of the compact crystalline layer grew at the same rate. Then, 

in Paper IV both types of crystal growth are considered as volume crystal growth. Both, surface 

and volume, crystal growth mechanisms were observed in both (GeSe2)0.4(Sb2Se3)0.6 and 

(GeSe2)0.5(Sb2Se3)0.5 compositions. In the case of (GeSe2)0.6(Sb2Se3)0.4 samples, although Sb2Se3 

crystallization process is significant (as shown in DSC scans in Paper V), no compact 

crystalline layer was observed (see Figure 31). For this reason, the kinetic study of the volume 

crystal growth was performed only in (GeSe2)0.4(Sb2Se3)0.6 and (GeSe2)0.5(Sb2Se3)0.5 

compositions (Paper IV). 

 

Figure 31 Infrared micrographs of Sb2Se3 crystals in (GeSe2)0.6(Sb2Se3)0.4 bulk samples- A) Fully crystallized surface, B) 

Fracture and C) Polished sample 

It is important to mention that with increasing Sb2Se3 content, the crystal growth rate is 

increased (i.e., the crystal growth rate reaches higher values at lower temperatures). Essentially, 

for both compositions (x = 0.4 and 0.5) the activation energy for surface crystal growth is lower 

than that for volume crystal growth. In Paper IV, a comparison between the activation energy 

values obtained by Svoboda [10] from DSC  measurements and the activation energy values 

obtained from microscopy measurements revealed an important fact.  For x = 0.4, the activation 

energy published by Svoboda [10] is comparable with the activation energy of the volume 

crystal growth. This phenomenon might be linked with the fact, that for composition x = 0.4 
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the volume crystal growth is dominant in the overall crystallization process. On the other hand, 

for x = 0.5, the activation energy published by Svoboda [10] is similar to the activation energy 

of the surface crystal growth. This suggests that the overall crystallization process corresponds 

to the surface crystal growth. This information can be provided only by the direct observation 

of the crystal growth using microscopy techniques. However, microscopy measurements have 

limitations such as the inability to observe the crystal growth at high rates. For this reason, it is 

necessary to estimate the behavior of the crystal growth for a wide temperature range, using the 

well-known NG and SDG crystal growth models. In the case of the surface lateral crystal 

growth, a crucial phenomenon was revealed. A deviation of the experimental data from the 

calculated crystal growth models (NG and SDG) was observed. According to several studies 

presented previously [47, 160-162], this is related to the decoupling from SE equation, which 

describes the relationship between the crystal growth kinetics and the viscosity. The decoupling 

from the SE equation is mostly related to the competition of several factors such as: volume 

diffusion, surface self-diffusion and the surface tension.  For this reason, the relation between 

the crystal growth kinetics and the viscosity was analyzed by the relation proposed by Ediger 

et al. [91]. Then, the decoupling parameter ξ was calculated for (GeSe2)0.4(Sb2Se3)0.6 (ξ =0.7), 

(GeSe2)0.5(Sb2Se3)0.5 (ξ = 0.74) and (GeSe2)0.6(Sb2Se3)0.4 (ξ = 0.77) compositions (Paper VI). 

From this data is evident that with decreasing Sb2Se3 content, ξ finds higher values. It is then 

possible to state that for lower Sb2Se3 content, the crystal growth kinetics are more influenced 

by the volume diffusion (i.e., ξ values closer to 1). On the other hand, for the volume crystal 

growth in x = 0.4 and 0.5 compositions, it was concluded that the kinetic barrier and the 

transport of structural units from the melt to the crystal-liquid interface is driven by the volume 

diffusion, since for x = 0.4 and x = 0.5 compositions the decoupling parameter ξ = 0.92 was 

calculated. Therefore, it is feasible to state that the volume crystal growth kinetics for both x = 

0.4 and x = 0.5 compositions, can be described using viscosity data according to the SE.  

In Paper VI (Draft) the crystal growth in (GeSe2)x(Sb2Se3)1-x  (where x = 0.6 – 0.9) 

glass-formers was analyzed at the surface of bulk samples. As it was presented in Paper V, for 

(GeSe2)0.6(Sb2Se3)0.4 samples, the crystallization process of Sb2Se3 and GeSe2 phases occurred. 

Since Sb2Se3 crystal growth started earlier (i.e., at lower temperatures) than the crystal growth 

of GeSe2, at the moment when GeSe2 crystallization started, the surface was full of Sb2Se3 

crystals and it was therefore impossible to observe GeSe2 crystals using microscopy techniques. 

The presence of GeSe2 crystalline phase was, however confirmed by XRD analysis (Paper V). 

For x = 0.7 and 0.8 compositions, both Sb2Se3 and GeSe2 crystalline phases were observed as 
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was discerned from DSC scans in Paper V. Apart from the DSC scans, both Sb2Se3 and GeSe2 

crystals were observed in x = 0.7 and 0.8 compositions using microscopy techniques (Paper 

V). However, it is important to remark that these crystals were formed under non-isothermal 

conditions. From non-isothermal experiments it was impossible to estimate the crystal growth 

rate of both phases growing simultaneously.  While studying the crystal growth kinetics in these 

compositions (x = 0.7 and 0.8) (Paper VI (Draft)) under isothermal conditions, another crucial 

phenomenon was observed. As is shown in Figure 32, at the early stage of the isothermal 

treatment, Sb2Se3 crystals are larger than GeSe2 crystals. However, during the heat treatment of 

the sample, Sb2Se3 crystals became smaller while GeSe2 crystals became bigger with time (it 

seems that Sb2Se3 crystals melted or dissolved after the crystal growth of GeSe2 was enhanced). 

For this reason, it was impossible to calculate the crystal growth rate of Sb2Se3 at temperatures 

where the crystallization process of GeSe2 was predominant. In the case of (GeSe2)0.9(Sb2Se3)0.1 

samples, Sb2Se3 crystal growth was totally suppressed and only GeSe2 crystals were observed.  

 

Figure 32 Sb2Se3 (needles) and GeSe2 (tetragonal structures) crystals growing under isothermal conditions at T =687.8 K, A) 

t =20 min, B) t = 30 min, C) t = 40 min at the surface of (GeSe2)0.7(Sb2Se3)0.3 bulk samples. 

 GeSe2 growth kinetics also presented a decoupling from the SE relation, where ξ 

decreased with increasing GeSe2 content. However, for GeSe2 phase, the decrease of ξ is more 

abrupt than for Sb2Se3.
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CONCLUSIONS 
 

 Since the stability of chalcogenide glass-forming materials represent a very important 

ally in the development of technological devices, the main intention of this doctoral thesis was 

to give a deeper grasp on the crystal growth kinetics of such materials. Crystallization kinetics 

were studied using several experimental techniques such as: Microscopy techniques (IR, SEM), 

Thermal analysis (DSC, TMA) and XRD. The experimental results were analyzed within the 

contemporary crystal growth theories and compared with previous studies published in 

scientific literature. The experimental results presented in this thesis were divided in two parts. 

The first part was dedicated to the analysis of the crystal growth in Se and Se95Te5 samples. The 

second part focused on the crystal growth kinetics in (GeSe2)x(Sb2Se3)1-x pseudobinary system. 

The main outcomes are presented as follows. 

Part I 

Se 

• The crystal growth in thin films and at the surface of bulk was compared under 

isothermal conditions. 

• Similar crystal morphology was observed in thin films and at the surface of bulk 

samples. Since such crystals grew linearly within time, it was confirmed that the crystal 

growth is ruled by the liquid-melt interface kinetics.   

• The crystal growth rate in thin films and at the surface of bulk samples was compared 

with volume crystal growth rate. The crystal growth behavior for a wide temperature 

range in such samples was estimated by contemporary growth models (NG and SDG) 

• Crystal growth kinetics in thin films and at the surface of bulk samples presented a 

strong decoupling of the SE relation. It was demonstrated that this might be linked to 

the fact that the crystal growth kinetics in such samples is driven by surface diffusion 

rather than by viscous flow. 

• It was demonstrated that Pressure Assisted Melt Filling Technique - PAMFT can be 

used to study the viscous behavior of chalcogenide materials in the melt region. 
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Se95Te5 

• The crystal growth kinetics in thin films, at the surface and towards the volume of bulk 

samples, and its relation to the mobility of structural units from the amorphous to the 

crystalline phase, was analyzed. 

• The volume crystal growth in bulk samples, revealed formation of fiber-like crystalline 

structures which differ from the crystals observed in other Se-Te compositions.  

• The crystal growth in thin films was observed even at temperatures below Tg, where an 

interesting growth mechanism was revealed. A significant decoupling between surface 

crystal growth rate and viscosity was observed. According to the obtained results, this 

is linked to the fast crystal growth driven by a high surface mobility. Considering this 

fact, the crystal growth behavior of such samples was estimated for a wide temperature 

range using crystal growth models, which consider the effect of viscosity and surface 

diffusion. 

Part II 

(GeSe2)x(Sb2Se3)1-x 

• Indirect DSC study of crystallization process was complemented with direct microscopy 

techniques. 

• The crystal growth mechanism was studied at the surface and in the volume of bulk 

samples. Several compositions were analyzed (i.e., from x = 0.4 to x = 0.9) 

• In the case of x = 0.4 and x = 0.5 compositions, the crystal growth was studied at the 

surface and towards the volume of bulk samples. Two types of crystal growth 

mechanisms were observed.  

• The surface crystal growth kinetics of both Sb2Se3 and GeSe2 phases in all the 

compositions, presented a strong decoupling from the SE relation. This phenomenon 

might be linked to the fact that the surface crystal growth kinetics of both crystalline 

phases are driven by the surface diffusion rather than viscous flow. On the other hand, 

for volume crystal growth, no decoupling was observed. 

• In the case of GeSe2-rich compositions (x = 0.6 – 0.9), DSC scans revealed that the 

crystallization of Sb2Se3 was followed by GeSe2. Both types of crystalline structures 

were identified by XRD and the crystal growth mechanism was analyzed by microscopy 

techniques. 
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Although, crystallization have been studied for many decades, this thesis gave a very 

complex view of the crystal growth behavior in chalcogenide glass-forming materials. First, 

this thesis presented a comparison between surface and volume crystal growth mechanisms. 

The crystal growth was analyzed in several types of samples such as thin films, powder and 

bulk samples. Combining various experimental methods (microscopy, DSC, TMA, XRD), 

important information about the crystallization process in the studied samples was obtained. 

From this obtained information was possible to estimate the crystal growth behavior in several 

chalcogenide glass-forming materials for a wide temperature range. 

The second aim of this thesis was to understand and compare processes such as viscosity 

and diffusion, which are responsible for transport of structural units from undercooled melt to 

crystalline phase. For this study, growth rate and viscosity data were needed. Data revealed that 

the crystal growth kinetics can be driven by viscous flow mostly in the volume of bulk samples, 

by diffusion mostly on surface of bulk samples and in thin films, or, as was shown for crystal 

growth observed in Se95Te5 below Tg, by other mechanism. 

In some cases, the crystallization process should be avoided as is the case for solar 

panels and optical fibers. On the other hand, there are technological materials which need the 

crystallization to occur as is the case for PCM. The results presented in this doctoral thesis offer 

comprehensive information about the thermal behavior of such glass formers, which might be 

very useful in improving the quality of established technologies and for the development of 

new technological devices.  
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