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Annotation

The presented doctoral thesis deals with the study of nucleation and crystal growth in
chalcogenide glasses. Although a lot of papers have been published about nucleation and crystal
growth during past decades and many theories have been suggested, there is still a need for
more information about these complicated processes in chalcogenide glasses, in particular with
respect to their indispensable technological applications. It should be noted that the essential
portion of the present knowledge on nucleation in glasses comes from the studies in oxide
glasses. This thesis extends the understanding of crystal nucleation and growth behavior in
chalcogenide glasses. The thesis consists from 5 papers supplemented with the theoretical
insight into the crystallization process and the summary of main goals of the work.

The first objective of the thesis was the study of nucleation kinetics in chalcogenide glass
and testing of the applicability of so far proposed theories and their improvements for
description of steady-state and transient nucleation. The study on nucleation was performed in
Ge18ShsssSe1.4 thin films of 1 pum thickness using isothermal in-situ annealing and optical
microscopy. The time evolution of nuclei number at different temperatures revealed transient
behavior, which was described by Shneidman theory that provides values of steady-state
nucleation rate, induction period and time-lag. The nucleation rate data were discussed in terms
of classical nucleation theory (CNT). Some predictions and improvements of CNT were tested
and applied.

The second objective of the thesis was the extension of studies on crystal growth kinetics
in chalcogenide glasses using direct (optical and electron microscopy) and indirect (X-ray
diffraction, differential scanning calorimetry, thermomechanical analysis) analytical methods.
The combination of more approaches gave better insight into the crystal growth process.
The studies were performed in both, bulk glasses and thin films, for the following glassy
systems: Se-Te, Ge-Sh-Se and As-Se. The results were described on the basis of standard and

corrected growth models.

Keywords: nucleation, crystal growth, chalcogenide glass, microscopy, CNT, crystal growth

models



Annotation in Czech

Predlozena disertacni prace se =zabyva studiem nukleace a rlstu krystala
Vv chalkogenidovych sklech. Ackoli jiz bylo béhem uplynulych desetileti publikovano mnoho
praci zabyvajicich se nukleaci a ristem krystalti a mnoho teorii bylo navrzeno, nadale pfetrvava
poticba ziskani vice informaci o téchto komplikovanych procesech a to sohledem
na nepostradatelné technologické aplikace chalkogenidovych skel. Je dualezit¢é zminit,
7e pfevazna ¢ast doposud znamych znalosti o nukleaci pochazi ze studii provadénych
na oxidickych sklech. Tato disertacni prace obsahuje dalsi poznatky o nukleaci a riistu krystala
v chalkogenidovych sklech. Prace se sklada z péti clankt, které jsou doplnény teorii tykajici se
krystalizace a souhrnem hlavnich cila.

Prvnim cilem disertaéni prace bylo studium Kinetiky nukleace v chalkogenidovém skle
a ovéteni platnosti doposud navrzenych teorii a jejich zlepSeni pro popis ustalené a neustalené
nukleace. Nukleace byla studovana v tenkych vrstvach systému Ge1.8Sb36.8Se1.4 0 tloustce 1 um
za pomoci isotermnich in-situ temperaci a optického mikroskopu. Zavislost po¢tu nuklei
na ¢ase pro rizné temperacni teploty odhalila neustalené chovani, které bylo popsano
Shneidmanovou teorii za ucelem ziskani hodnot ustalené rychlosti nukleace, indukéni doby
a ¢asového zpozdéni (tzv. time-lag). Nukleacni data byla popsana pomoci klasické nukleacni
teorie (CNT). Nékteré ptedpoklady a vylepSeni klasické nukleacni teorie byly testovany
a aplikovany.

Druhym cilem disertacni prace bylo rozSifeni a pokracovani ve studiu kinetiky ristu
krystalli v chalkogenidovych sklech pomoci ptimych (optickd a elektronova mikroskopie)
anepiimych (rentgenova difrakce, diferencialni skenovaci kalorimetrie, termomechanicka
analyza) metod. Kombinaci vice ptistupi je mozné ziskat lepsi nahled na proces rustu krystald.
Studie zahrnujici jak objemova skla, tak tenké vrstvy byly provedeny v systémech: Se-Te,
Ge-Sh-Se a As-Se. Vysledky byly popsany na zakladé standardnich a korigovanych ristovych

modelu.

Kli¢ova slova: nukleace, rist krystali, chalkogenidové sklo, mikroskopie, CNT, riistové

modely
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SYMBOLS

Ao
AN

C Zz

C1, C2

Ex
Ec

I(t)

interface area of growing crystal

pre-exponential term of the equation for the steady-state homogeneous
nucleation rate

parameters of 2D surface nucleated growth model
shape factors of evolving nucleus

effective diffusion coefficient

exponential integral

activation energy of crystal growth

fraction of preferred growth sites at the interface
Planck constant

nucleation rate

non-steady-state nucleation rate

steady-state nucleation rate

constant involving concentration terms

rate constant

Boltzmann constant

Avrami exponent

fragility

number of nuclei

number of structural units in contact with the catalyzing surface
number of formula units per unit area of interface
number of structural units per unit volume
cooling rate

radius of nucleus

gas constant

size of critical nucleus

temperature

time

development temperature

glass transition temperature



ti(r)

tind
Tm
Tmax
Tn

Ukin
Ur
Vm

W*

*

W het

AC,
AG

AGp
AHn
ASm

g > D 3

size-dependent “relaxation time” which is defined as the time when the
nucleation rate has reached 1/e of its steady-state value

induction period

temperature of melting

temperature where nucleation rate is maximum

nucleation temperature

temperature of crystallization peak on DSC/DTA curve

crystal growth rate

kinetic part of crystal growth rate

reduced crystal growth rate

molar volume

work of nucleus formation

thermodynamic barrier for nucleation

thermodynamic barrier for heterogeneous nucleation

crystallized fraction

Euler’s constant

gamma function

heat capacity difference between supercooled liquid and crystalline phase
thermodynamic driving force for crystallization

kinetic barrier for nucleation

melting enthalpy

melting entropy

undercooling

viscosity

wetting angle

size of structural unit; diameter of the diffusing molecules; jump distance
kinetic exponent expresses the extent of decoupling between crystal
growth rate and viscosity

crystal-liquid surface energy

time-lag in nucleation

parameter depending on the value of wetting angle



ABBREVIATIONS

C-K equation

CNT

DSC

DTA

E equation
EM

JMA model
oM

PCM

SE equation
SEM

SPM

TEM

TMA

XRD

Collins-Kashchiev equation
classical nucleation theory
differential scanning calorimetry
differential thermal analysis
Eyring equation

electron microscopy
Johnson-Mehl-Avrami nucleation-growth model
optical microscopy

phase-change memory
Stokes-Einstein equation
scanning electron microscopy
scanning probe microscopy
transmission electron microscopy
thermomechanical analysis

X-ray diffraction analysis
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Glass

Glasses are important materials for modern technology, however, they have been known
for centuries. Most people associate the word “glass” with traditional oxide glasses but there
are also some relatively novel inorganic and organic glasses, such as chalcogenide ones.
Chalcogenide glasses are non-oxide materials which contain one or more of the chalcogen
elements: S, Se, or Te. Researchers are interested in glassy alloys of chalcogen elements due to
their unique structural, electronic, optical and thermal properties and hence technologically
attractive applications. Chalcogenide glasses are good transmitters in the infrared spectral
region (3-20 um), they are bandgap semiconductors and have high refractive index*. These
heavy-anion glasses (S, Se, Te) are generally less mechanically strong, less thermally stable
and more weakly bonded materials than the more familiar oxide glasses?. The last named
property is reflected in the possibility of light-induced changes such as photocrystallization and
photopolymerization.

Chalcogenide glasses allow the fabrication of molded optics for infrared cameras and
fibers. Such optical components are used in thermal imaging systems or integrated optical
waveguides devices for laser power delivery, temperature sensors, chemical sensing, medical
diagnostics and telecommunications®#. These applications call for the perfect and stable glass,
where it is essential to avoid the crystallization process. Another important property of
chalcogenide glasses is the difference in either optical reflectivity and/or electrical resistivity
between the amorphous and crystalline states®. This is utilized in phase-change memories that
store information in the amorphous and crystalline phases by reversible switching between
the phases, using an appropriate external voltage or laser pulse®®. The requirements for
phase-change memory such as optical and electrical contrast, fast crystallization and high
crystallization temperature are fulfilled by some chalcogenide glasses. Novel phase-change
materials with higher switching speed and data transfer are still investigated. The last important
product of chalcogenide glasses is glass-ceramics, which can be obtained by controlled
nucleation and crystal growth®1°. Glass-ceramics is a modern material composed of one or more
glass and crystal phases with low or zero thermal expansion, high mechanical strength and
chemical durability, which finds the use in nose cones of high-performance aircraft, mirrors of
astronomical telescopes, household market (cooktops, cookware), medical applications, just to
name a few.

Although many studies on structural ordering, thermal properties and nucleation and crystal
growth in chalcogenide glasses have been performed, there is still a need for more detailed

information.
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Glass

1.1 DEFINITION AND FORMATION OF GLASS

Researchers proposed several different definitions of glass in past decades!!. One of
the recent detailed definitions of glass published by Zanotto and Mauro ist!: “Glass is
a nonequilibrium, non-crystalline condensed state of matter that exhibits a glass transition.
The structure of glasses is similar to that of their parent supercooled liquids, and they
spontaneously relax toward the supercooled liquid state. Their ultimate fate, in the limit of
infinite time, is to crystallize.”

Glass can be theoretically prepared from any kind of material provided sufficiently high
cooling rate of liquid*?. In order to avoid the crystallization, the cooling rate must be high
enough to ensure negligible nucleation or crystal growth. The temperature dependence of
liquid’s volume which can crystallize and form a glass is depicted in Figure 1. Crystallization
can occur if the liquid is cooled below the temperature of melting Tm with low cooling rate. In
such case, the slow cooling results in the molecules being rearranged into the regular crystalline
structure. Crystallization is the first-order phase transition which usually results in a decrease
in volume. In the case when the cooling rate is high enough so that the nucleation and crystal
growth are avoided, the uncrystallized liquid-like material below T is called supercooled
liquid. Further cooling of supercooled liquid is accompanied by slowing-down of viscous flow
and thus inhibiting the molecular motions. At certain temperature the molecules move so slowly
that they cannot rearrange into adequate configurations in the available time allowed by
the cooling rate. The resulting structure of material which appears “frozen” in comparison with
the laboratory timescale is denoted as glass. This transformation is manifested in
the temperature dependence of volume’s liquid as a continuous slow-down of the dV/dT
dependence, which occurs in a narrow range of temperatures. Temperature corresponding to
the intersection of extrapolated temperature dependences of volume in glassy and supercooled
liquid states is called the glass transition temperature Tq. As can be seen in Figure 1, the glass
transition temperature changes with cooling rate. The faster the liquid is cooled, the shorter time
for molecular rearrangement is available, and hence the falling out of liquid-state equilibrium
occurs at higher temperatures. Although the glass transition temperature is different for
different cooling rates, the dependence of T4 on cooling rate is weak (the change in cooling rate
by an order of magnitude results in the change of Tg by 3 -5 °C) and therefore Tg is an important

material characteristict®1*,
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Glass

supercooled
liquid

o))
g4

crystal l i

Figure 1: The dependence of liquid’s volume on temperature. A slower cooling rate q: leads

to a glass transition at Tg1, a faster cooling rate gz results in a glass transition at Tgp.

From the thermodynamic point of view!, glass is an unstable state which over longer times
spontaneously relaxes towards equilibrium. It is usually assumed that such equilibrium
corresponds to the extrapolated supercooled liquid state (indicated by the green arrow in
Figure 1). Finally, upon heating or at infinitely long times at any nonzero temperature, most
glasses pass into the thermodynamically stable crystal state for T < Tr (red arrow in Figure 1).
The supercooled liquid is a metastable state, nevertheless if no nuclei are present, it can be
considered an equilibrium state. A thermodynamic barrier exists, that is necessary to be
overcome so that the nucleation event can occur. The supercooled liquids also tend to crystallize

after certain time at any positive temperature (red arrows in Figure 1).
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Crystallization

The importance of the study of crystallization mechanism and kinetics in chalcogenide
amorphous materials arises from their applications such as optical and optoelectronic devices®®,
glass-ceramics®® and phase-change memories (PCM)®. On one hand, for many of these
applications it is required to obtain perfect, stable, crystallization resistant glass and, on
the other hand, there is also a need for controlled crystallization (glass-ceramics) and fast
switching between amorphous and crystalline phases (PCM).

Crystallization is a process which results in the rearrangement of liquid or amorphous
structure into the regular crystalline structure. The crystallization process involves two steps:

e Nucleation

e Crystal Growth.

At first the nucleation barrier must be overcome, hence the stable nuclei of critical size are

formed and are capable of a further growth.

2.1 NUCLEATION

The first step of crystallization, the nucleation process, involves the formation of precursors
of the crystalline phase which is connected with the overcoming of a potential barrier by thermal
fluctuations. The process of nucleation may occur by different mechanisms which are
commonly divided into?®:

e Homogeneous — nuclei are formed stochastically with the same probability in volume
(surface) of sample. The number of nuclei in non-crystalline sample volume increases
with time.

e Heterogeneous — nucleation occurs at preferred places such as preexisting nuclei,
impurities, defects. The number of nuclei is constant with time.

Depending on the position where nucleation takes place, one can distinguish volume and
surface crystallization.

The classical nucleation theory (CNT), which is frequently used for the analysis of crystal
nucleation in glass-forming liquids, is based on the thermodynamic description of
heterogeneous systems evolved by Gibbs!’. He was first to realize that the formation of new
phase requires as a prerequisite the existence of small clusters of building units in the volume
of ambient phase (vapor, melt, solution) and considered the properties of nuclei and
corresponding bulk phase to be the same'®. Volmer and Weber®® constructed the first complete

theory of nucleation by using Gibb’s idea. Becker and Déring?® argued that the equilibrium
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Crystallization

distribution, which was chosen by Volmer and Weber, is inappropriate, suggesting instead
the steady-state distribution. Other progresses in description of nucleation including
the derivation of nucleation kinetics for crystallization in condensed systems and first
systematic studies are summarized in works by Turnbull and Fisher?, Turnbull?>. Other

approaches to nucleation theory are collected e.g. in the work of Kelton?3,

2.1.1 Homogeneous Nucleation

According to the classical nucleation theory (CNT), the steady-state homogeneous
nucleation rate Is; at temperature T can be written as®242°;

1)

W*+AGD)
kgT

I = Ayexp (—
where W" is the thermodynamic barrier for nucleation (i.e. increase in the free energy of
a system due to the formation of a critical nucleus with size r"), AGp is the kinetic barrier for
nucleation (i.e. activation free energy for move of structural units from liquid to nucleus), kg is
the Boltzmann constant and An is the pre-exponential term which is weakly temperature
dependent compared to the exponential term. In the temperature range used for nucleation

measurements Ay can be approximated by?®:

h )

where n,~1/43 is the number of structural units, with a size A, per unit volume and h is
the Planck constant.
The size of critical nucleus r* and hence the thermodynamic barrier for nucleation W* can

be estimated from the following condition®2%:

Z—I:/ =0, W =cr% —c,r3AGy (3)
where W is the work of nucleus formation, c1 and ¢ are the shape factors of evolving nucleus,
o is the crystal-liquid surface energy, r is the radius of nucleus and AG, = AG/V,, with AG

being the thermodynamic driving force for crystallization (i.e. the free energy difference
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Crystallization

between crystalline phase and supercooled liquid) and Vi being the molar volume. The first
term in Eq. 3 is denoted as the surface term, which reflects the energy barrier for the creation
of an interface, and the second term is denoted as the volume term. The dependence of work of
nucleus formation W on nucleus size r is depicted in Figure 2 along with the situation for
the temperature of melting Tm where the volume term is equal to zero, o is always positive,
hence W increases monotonically with increasing r and no crystallization can occur in
the system. At temperatures below Tm the nuclei with » < r* are dissolved, whereas the nuclei
with r>r* grow spontaneously up to macroscopic dimensions according to

the thermodynamic evolution criteria 22728,

W I

Figure 2: The work of nucleus formation W as a function of nucleus size r as it is assumed in

the classical nucleation theory?’.

For a spherical nucleus, the critical nucleus size r” and the thermodynamic barrier for nucleation

W™ are given by'¢2°;

x _ 20V;m
RV 4)
« _ l6ma3v3
W= 3AG2 (5)

With the knowledge of heat capacities of crystalline phase and supercooled liquid,

the thermodynamic driving force for crystallization AG can be calculated via equation:
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Crystallization

AT Tin T dT
AG = AHyy —+ ;" AC,dT =T [™ AC, — (6)
where AHn is the melting enthalpy, AT is undercooling (AT = T,, — T) and AC, is the heat
capacity difference between crystalline phase and supercooled liquid at constant pressure
(AC, = C5" — C3*). Due to the often found absence of experimental data on heat capacities,
several approximations of AG were proposed???°3l, One of the most used expressions is

assigned to Turnbull** who assumed AC, = 0:
AT
AG = AHy, == = AS, AT ©)

where ASr, is the melting entropy of the crystalline phase.

Regarding the kinetic barrier for nucleation, AGp is usually related to the readily available
experimentally obtained transport parameter, viscosity 1. It is assumed that the molecular
transport for crystallization process is controlled by diffusion and can be described in terms of

an effective diffusion coefficient D:

_ kBT)lz AGp
D = Texp (— ]@7) (8)

where A is the diameter of the diffusing molecules (structural units) or jump distance.
The measurement of diffusion is complicated, and the temperature dependence of diffusion
coefficient is mostly not available, so D is usually expressed via the Stokes-Einstein (SE) or

Eyring (E) equation®2:

kgT

D=2 (SE) (9)
D="2 (E) (10)

Combining Egs. 1, 2, 5, 7, 8, 9 one can obtain the expression for the steady-state

homogeneous nucleation rate in the following form:

nykgT 16ma3V3
I, = ——ex (— - 11
St 37A3y p 3kpgTASZAT? (11)
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Crystallization

2.1.2 Heterogeneous Nucleation

The presence of preexisting nuclei, phase boundaries, dislocations, foreign solid particles
may favor the nucleation process!®?#?5 The thermodynamic barrier for heterogeneous
nucleation is lower relative to that of homogeneous nucleation owing to a decrease of
the surface energy contributions to the work of critical nucleus formation. The order of
favorable sites with respect to the decreasing thermodynamic barrier is: nucleation on
a boundary, on an edge and at a corner®®.

The thermodynamic barrier for heterogeneous nucleation for condensation on planar

interface considering the convenient spherical-cap model can be expressed by?°:
* X 1 3 1 3
Wyer = W5, ¢=;—Zcost9 +cos 0 (12)

where ¢ is the parameter which can vary from zero to unity depending on the value of wetting
angle 0. The formation of nucleus by heterogeneous nucleation mechanism is illustrated in

Figure 3.

melt
nucleus

0

nucleant substrate

Figure 3: Heterogeneous nucleation taking place on a flat substrate. The new phase forms

a spherical cap on nucleant substrate.

Using the similar assumptions that were employed in the derivation of the steady-state
homogeneous nucleation rate, it is possible to express the equation for steady-state
heterogeneous nucleation rate. The number of structural units per unit volume ny, which can be
found in pre-exponential term of Eq. 1, is replaced by the number of structural units in contact
with the catalyzing surface ns. Then, the steady-state heterogeneous nucleation rate is given
by?5:38:

_ kgT W*$+AG
[het =~ ns%exp [— TD] (13)
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2.1.3 Non-steady-state (Transient) Nucleation

Eq. 1 represents the classical model used to calculate a steady-state nucleation rate Ist which
is independent of time. However, a lot of experiments in condensed systems indicate that
the nucleation rates differ from the steady-state values in early stages of nucleation'®. Such
non-steady-state (transient) nucleation behavior can be seen in Figure 4 which shows typical
time evolution of number of nuclei N. Some transient period is needed to build up the initial
nuclei distribution toward the time independent distribution corresponding to the nucleation
temperature T. Cooling rates used for glass formation via melt-quench process and the rates of
heating a glass up to a temperature of interest, are usually too high to keep a steady-state
distribution of nuclei. The time required to establish a steady-state nucleation rate is denoted as
the time-lag in nucleation t and can be determined with the knowledge of value of the induction
period ting®®. The experimental way of determination the values of lst and ting is depicted in
Figure 4. The slope of the linear part in N-t curve corresponds to the steady-state nucleation
rate It at temperature T and the induction period ting can be found as the intercept of
the extrapolated linear part with the time axis. One should consider that the selection of
the linear part of N-t curve is a subjective procedure and that the phase transformation can be
terminated prior to the establishment of the steady-state nucleation rate in the case of
significantly overlapping nucleation and growth processes. Then a more accurate way for
finding the values of Iy, tina and 1 is by fitting the whole N-t curve using the appropriate model

for transient nucleation.

"
 sssssssssssnnll

Figure 4: Time evolution of nuclei number N with marked experimental evaluation of induction

period ting and steady-state nucleation rate Is:.
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The first expression for transient nucleation proposed by Zeldovich®* allows one to describe
the time dependent nucleation rate and find the time-lag in nucleation. The Zeldovich equation
fails mainly at large times of the time dependence of nuclei number3®, so many alternative
analytical and numerical solutions?® developed from the fundamental Frenkel-Zeldovich
equation® were proposed for treatment of transient nucleation. Two successful analytical
solutions for the description of transient nucleation in condensed systems are introduced in next
paragraphs.

One of the most famous solutions for transient nucleation was proposed by Collins and
Kashchiev®®3’. The Collins-Kashchiev (C-K) equation is commonly used for the treatment of
experimental N-t data to obtain the steady-state nucleation rate and time-lag in silicate glasses.
Moreover, the C-K equation provides the values of Ist and t, which are in a good agreement
with those from numerical solutions®. The authors expressed the non-steady-state nucleation

rate I(t) as:
1(6) = I |1+ 2 By (D) ™exp (—m? 1) (14)

which results in the following equation for the time dependence of number of nuclei N:
t m? w (D™ t
N(t) = IstT [; - % -2 Zm=17exp (—mz ;)] (15)

Another analytical solution was suggested by Shneidman®® for the time dependent
nucleation rate for nuclei of sizes sufficiently larger than the critical size. According to

Shneidman a double-exponential time-dependent nucleation rate I(r,t) is given by:

I(r,t) = I;;exp [—exp {— @}] with t;(r) = tjqa(r) — vyt (16)

where ti(r) is the size-dependent “relaxation time” which is defined as the time when
the nucleation rate has reached 1/e of its steady-state value, y is Euler’s constant (y = 0.57721...).
In order to find the expression for the time dependence of number of nuclei N, Eq. 16 can be

integrated:

N(r,t) = tlEi[exp(=2)]  with z = [(t = tina(r))/T] +¥ (17)
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where E; is the exponential integral.

2.2 CRYSTAL GROWTH

The second part of the crystallization process is the crystal growth. The crystal growth rate

is affected by two quantities*:

« the probability of irreversible molecular attachment to the crystal (expressed in terms
of the change of Gibbs free energy between the supercooled liquid and crystalline
phase)

« the rate at which atoms/molecules can move from the liquid to the growing surface of
crystal and can incorporate into the newly formed crystalline phase (Ukin).

The crystal growth rate can be controlled by three main processes*!: diffusion in the liquid,

flow of latent heat from the surface of the growing crystal and reaction at the crystal-liquid

interface. If the rate controlling process is the diffusion in liquid, the crystal growth rate is given

by:

u=k (§)1/2 (18)

where Kk is the constant involving concentration terms and t is time. Therefore, the plot of crystal
size vs square root of time yields a straight line. If flow of latent heat from the growing crystal
surface is the slowest step (controlling process), the crystal-liquid interface has a cellular
morphology and the crystal growth rate is time independent. In the case of the crystal growth
controlled by the kinetics at the crystal-liquid interface, the crystal growth rate is time
independent and the crystal size evolves linearly with time. This type of rate controlling process
is the most common for crystal growth in glasses. The crystal growth rate can be expressed by

the following equation®!:

u=filt-ew (-5) (19

where f is the fraction of preferred growth sites at the interface which differs according to
the crystal growth model, R is the gas constant. As was discussed above (Nucleation part),
without the knowledge of heat capacity data the AG can be approximated by Turnbull equation
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(Eq. 7) and, assuming the molecular motion controlling crystal growth similar to that
controlling the viscous flow (D = D), the diffusion coefficient can be calculated via

the Stokes-Einstein or the Eyring equation (Egs. 9, 10).

2.2.1 Crystal Growth Models

Three standard phenomenological models are applicable for the description of the crystal
growth which is controlled by the crystal-liquid interface kinetics324L:

o Normal growth model

e Screw dislocation growth model

o 2D surface nucleated growth model.
The difference between the standard growth models is based on the nature of the crystal-liquid
interface, i.e. the amount and type of available interfacial sites where atoms/molecules can

attach to the surface of growing crystal.

Normal Growth Model

This type of growth**3 occurs at the atomically rough crystal-liquid interface, which is
specific for the low value of melting entropy (ASm < 2R). Such crystal-liquid interface contains
a lot of sites where atoms and molecules can be incorporated into or removed from the growing
crystal surface. Moreover, all the sites at such interface are equivalent. Coefficient f (Eq. 19)
related to the fraction of preferred growth sites at the interface is equal to one. Thus, the crystal

growth rate at temperature T is expressed by equation:

u =

> o

s (- ) 2

Screw Dislocation Growth Model

According to the screw dislocation model**, the crystal-liquid interface is smooth,
although imperfect on the atomic scale, characterized by high value of melting entropy
(ASm > 4R). It is assumed that growth takes place at step sites provided by screw dislocations.

The fraction of preferred growth sites f is given by:

AAG
f - 4oV,

(21)
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With the use of the semi-empirical Skapski-Turnbull equation?*** for surface energy o, Eq. 21
follows the form f = AT /2nT,, for small undercoolings. The temperature dependent crystal

growth rate can be then expressed:

AT D

U= o 2 [1 —exp (_ %)] (22)

2D Surface Nucleated Growth Model
The 2D surface nucleated growth®™* assumes the atomically smooth and defect free

crystal-liquid interface. In this case, the growth requires formation of two-dimensional nuclei
on top of the primary crystals, which grow laterally. Number of nuclei and their impact on
growth depend on the distribution of clusters at the crystal-liquid interface and on the frequency
of nuclei development at the interface. The crystal growth rate is given by:

Dy Z
u=C—;exp (— Tc) (23)
Parameters C and Z depend on the size of the secondary crystal and are different for the cases

of “small” and “large” crystals®:

7 = TWma® (24)

gkp

Herein, € = 1 stands for the “small” crystal and € = 3 stands for the “large” crystal, and o Is
the surface edge energy of the 2D crystal for growth which is usually taken as the crystal-liquid

surface energy. Parameter C is given by:

C = ANGA, “small” crystal (25)
3 I 2/3
(/3)NgAS AG I3 )
C = 7;(4—/3)5 [1 — exp (— E)] large” crystal (26)

where Ao is the interface area of the growing crystal, Ns is the number of formula units per unit
area of interface and I is the gamma function. The “small” crystal case occurs when the primary

crystals are much larger than the 2D crystals which grow on them. The crystal growth rate is
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determined by nucleation rate. It means that times between nucleation events are long compared
to the times for the growth of 2D crystals resulting in layer by layer growth (illustrated in
Figure 5). Generally applied “large” crystal case refers to the situation, when 2D crystals have
sizes similar to that of the primary crystals and the growth rate is determined by the nucleation
rate and the rate of layer spreading. This results in the multi-nucleus growth (illustrated in

Figure 5).

|

Figure 5: The schematic illustration of the 2D surface nucleated growth®2, a) “small” crystal

case, layer by layer growth; b) “large” crystal case, multi-nucleus growth.

Reduced Crystal Growth Rate

Jackson*® proposed a simple way for the estimation of the operative crystal growth model

based on the dependence of reduced crystal growth rate Ur on supercooling AT. The reduced

crystal growth rate can be expressed by equation:

Up = — 4 (27)

Temperature dependence of reduced crystal growth rate gives an information on
the temperature dependence of the fraction of preferred growth sites f at the crystal-liquid
interface. With the knowledge of crystal growth rates u and viscosity n at various temperatures
T, the reduced crystal growth rate can be calculated and thus the appropriate growth mechanism
for the description of crystal growth in the wide temperature range can be inferred.

The dependence of Ur on AT, depicted in Figure 6, results in a shape of horizontal line for
the normal growth model, straight line with a positive slope for the screw dislocation growth

model, or a curve with increasing positive slope for the 2D surface nucleated model.
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Figure 6: Dependence of the reduced crystal growth rate Ur on supercooling AT for

the standard crystal growth models*.

2.3 DECOUPLING OF VISCOSITY AND CRYSTALLIZATION
PROCESSES

The classical nucleation theory (CNT) and standard growth models (see the Nucleation and
Crystal Growth part for details) are based on the assumption that the molecular transport in
nucleation and growth processes expressed by the diffusion coefficient can be described by
temperature dependence of viscosity according to the Stokes-Einstein or Eyring relation SE/E
(Egs. 9, 10) (D ~ n~1). This assumption was tested by several authors*>4-53, Ediger et al.*®
reported uxin scaling with viscosity ~n~¢ for a wide range of organic and inorganic materials
with the exponent & smaller than unity. They proposed a simple way to test the decoupling

which is based on a power law dependence of ukin on the viscosity:

Ugin X1 4 (28)

where ukin is the kinetic part of crystal growth rate (uy;,, = u/[1 — exp(—AG/RT)]; defined
using normal growth model) and the kinetic exponent 0 < & < 1 expresses the extent of
decoupling of crystal growth rate and viscosity. The slope of the dependence of log ukin vs log
n corresponds to the kinetic exponent &. In the work of Nascimento et al.*° the comparison of

ukin With 1 using the screw dislocation and 2D surface nucleated growth models was reported
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and the normalized kinetic coefficients were proposed. The information about decoupling can
also give a comparison of the effective diffusion coefficients calculated from the crystal growth
data (Eq. 19) and from viscosity (using the SE/E equation)*®. It was found that for strong
glasses the SE/E equation describing the transport controlling crystal growth works well from
Tm down to Tg, on the other hand the signs of a SE/E equation breakdown in fragile glasses
were observed. With increasing supercooling the crystal growth can be slower compared to
the prediction from the viscosity data, and the effective diffusivity and viscosity can decouple,
which typically occurs below approximately 1.2 Tg. In the case of decoupling between
the crystal growth and viscosity, the correction of growth models with the use of the kinetic
exponent & (D = n~°%) is necessary®*® in order to achieve a good agreement between
the experimental growth rate data and growth model.

Regarding the nucleation, Nascimento et al.®® investigated the effects of decoupling of
dynamics of crystal nucleation and growth from those of viscous flow in lithium disilicate glass
using the effective diffusion coefficients estimated from nucleation time-lags, crystal growth
rates, viscosity and experimental ionic diffusion coefficients of Li*, 0%, Si**. They found that
the decoupling between nucleation rate and viscous flow occurs at lower temperature near Tg
and that it is not so significant as that between the growth rate and viscous flow.

The possible explanation of the breakdown in scaling between the crystallization processes
and viscosity is a manifestation of spatially dynamic heterogeneity in glass-forming
liquids*®>157 which is connected with molecular motion. This means that during the cooling of
liquids down to Tg the local relaxation occurs at different rates at different places within
the supercooled liquid. The phenomenon of spatial dynamic heterogeneity is more pronounced

for fragile liquids.
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The presented dissertation thesis is focused on the study of nucleation and crystal growth
in chalcogenide glasses with respect to the kinetics of the two processes. In order to obtain more
details about crystallization, the direct microscopy observation was mainly used. Although
many studies have been reported about crystallization in chalcogenide glasses during past
decades, there is still a need for more detailed information about mechanism and kinetics of this
process due to the unsolved problems and questions.

Chalcogenide glasses have received attention of researchers due to their unique structural,
electronic, optical and thermal properties, which are utilized in applications such as
glass-ceramics, phase-change memories and optical and optoelectronical components used in
thermal imaging systems or integrated optical waveguides devices!. All of the mentioned
applications are connected with the nucleation and crystal growth processes. For some
applications it is essential to avoid crystallization, for other ones the controlled and very fast
amorphous to crystalline phase transformation is required. Hence, the understanding and
control of the crystallization process is fundamental for processing and development of
the given materials (Figure 7). With the detailed knowledge of mechanisms, thermodynamics,
and Kkinetics of crystal nucleation, growth and overall crystallization, one can predict
the crystallization behavior, optimize the material composition and preparation methods to

meet the prerequisites for specific application.

Chalcogenide Glass

optical element phase-change memories

!

UNDERSTANDING of

Nucleation and Crystal Growth

‘/

Figure 7: Schematically depicted the importance of study of crystal nucleation and growth.

There are several methods that can be used for the study of the crystallization process.
The following methods can be distinguished:

e Direct — the observation of nucleation or crystal growth using various microscopic

techniques, such as optical microscopy (OM), electron microscopy (EM), scanning

probe microscopy (SPM).

30



Summary of Papers

e Indirect — based on the observation of macroscopic property change such as electrical
conductivity, enthalpy (differential thermal analysis (DTA), differential scanning
calorimetry (DSC)), structure (X-ray diffraction (XRD)), mechanical properties
(thermomechanical analysis (TMA))

Both types of methods have their advantages and disadvantages and therefore it is always useful
to combine more techniques to achieve a complex view on the crystallization process. In
the case of direct methods, the main advantages are the possibility of study of nucleation and
crystal growth Kinetics separately. These methods also provide useful and important
information about the crystal morphology and position in the sample (volume vs. surface
crystallization). The optical microscopy (OM) utilizes the difference of transmittance or
reflectance between amorphous and crystalline phase and it is usually possible to reliably
measure objects larger than 1 um. The higher resolution can be achieved using the scanning
electron microscope and transmission electron microscope. The scanning electron microscopy
(SEM) is based on the interaction of accelerated electrons and sample. However, electrons can
penetrate only into small depth of sample and hence it is necessary to treat the sample surface
by etching or polishing when the objects are far below the sample surface. Regarding
the transmission electron microscopy (TEM), preparation of sample is quite complicated and
time-consuming, and the sample can be influenced or destroyed using inappropriately applied
electron beam. Although direct methods are convenient to study nucleation and crystal growth,
in some glassy systems the processes are too fast to get reliable values of nucleation or growth
rates in the whole temperature range up to Tm. In these cases, it is useful to follow crystallization
kinetics by any of the indirect methods. The indirect measurements are fast and not so laborious
in comparison with the direct measurements. One should keep in mind that usually the overall
data on crystallization kinetics are obtained. Sometimes the change of macroscopic property
cannot be detected if the process is too fast or too slow. The best result of the crystallization
studies is achieved from combination of direct and indirect approaches.

The following text deals with the studies of crystal nucleation and growth in various
chalcogenide glassy systems using mainly direct approaches which were supplemented with
the results from indirect measurements. These studies were published in high-quality
international journals in the form of 5 papers. Their main ideas and conclusions are summarized

below in order to highlight the objectives of the presented thesis.
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3.1 NUCLEATION

One of the aims of the presented thesis is the study of nucleation kinetics in chalcogenide
glasses and testing the applicability of so far proposed theories (like CNT) and their
improvements for the description of steady-state nucleation and analysis of transient models for
nucleation. The crystal nucleation in glasses is studied for several decades, and many papers
have been published that extend the understanding of the nucleation process and its description
via classical nucleation theory (CNT). Some problems occurring in the quantitative description
of nucleation rates were resolved in those papers. It should be noted that the essential portion
of the present knowledge on nucleation in glass forming systems is based on studies in oxide
glasses, especially in lithium disilicate glass which has been used as a model system?3:2426:58,
As far as we know, only a few studies of nucleation have been performed in chalcogenide
glasses, which were mostly qualitative without detailed information about nucleation kinetics
and quantitative data on nucleation rates>%-%,

Measurement of nucleation Kinetics is usually difficult and time-consuming. Special ways
for studying nucleation kinetics using microscopy?4°%%0  differential scanning
calorimetry/differential thermal analysis®®™, and X-ray diffraction’*"? were proposed in
literature. Since the critical nuclei are undetectable using commonly available experimental
techniques (OM, SEM) at undercoolings that correspond to the range of measurable nucleation
rates in glasses, they have to be grown up to a detectable size. Then, it is possible to estimate
the number of nuclei N as a function of time and hence the nucleation rate which is given by
the equation I = dN/dt. Traditional optical microscopy methods are divided into two groups
according to the overlapping of the nucleation I(T) and crystal growth U(T) rate curves
(depicted in Figure 8): single-stage and double-stage method?*. If the overlapping of nucleation
and growth curves is weak, which means that crystal growth rates are low at temperatures
corresponding to high nucleation rates, double-stage Tamman method”® is employed to obtain
the N-t dependence. The Tamman method starts with the sample heat treatment at a low
nucleation temperature Ty, after which the crystals are grown up to microscopic sizes at higher
development temperature Tp, which follows the conditions for nucleation and growth rates:
I(Tp) < I(Ty) and U(Tp) > U(Ty). If the overlapping of nucleation and growth curves is
considerable, the crystals are visible and can be counted after single-stage heat treatment.
Simultaneous crystal nucleation and growth result in a wide distribution of crystal sizes. With
the knowledge of crystal growth rates at various temperatures it is possible to calculate
the “birth dates” of crystals belonging to every single size group and then plot the N-t
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dependence. This method, which was originally proposed by Késter’* for metallic glasses, is
successful also in the study of heterogeneous nucleation with finite number of active sites that
are depleted in a short time. Microscopy methods are based on counting of grown nuclei, so it

is evident that they are laborious and time-consuming.
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Figure 8: Temperature dependence of nucleation rate I(T) and crystal growth rate U(T);
a) nucleation and growth region weakly overlap, crystals are of the same size; b) nucleation and

growth region overlap significantly, wide distribution of crystal sizes is observed.

The indirect non-isothermal DSC/DTA measurements can be fast and provide accurate
quantitative data, but it is necessary to have some preliminary information about nucleation and
crystal growth from microscopy measurements. Indirect methods can be divided into two
groups. The first type allows one to determine the temperature region of nucleation including
the temperature Tmax Where nucleation rate is maximum on the basis of assumption that
the inverse temperature of the crystallization peak 1/T, on a DSC/DTA curve is proportional to
the density of nuclei®®. The higher the nuclei number the faster the crystallization kinetics is
and, hence, the release of crystallization heat is detected at lower temperature. Therefore, a plot
of 1/Tp versus temperature of nucleation heat treatment reflects the temperature dependence of
nucleation rate. The second type of indirect method was proposed by Ray et al.”” for
the quantitative determination of steady-state nucleation rates at various temperatures.

The method consists of a glass sample heat treatment used to induce partial crystallization, and
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of the consequent estimation of the crystallized volume fraction via the decrease of
the crystallization peak area obtained for the residual glass on a newly measured DSC/DTA
heating scan.

As was mentioned in the theoretical part, nucleation can occur by homogeneous or
heterogeneous mechanism in the volume or on the surface of the glass sample. Nevertheless,
literature results give strong evidence that overwhelming majority of silicate glasses nucleate
on free glass surface via defects such as scratches, tips, microcracks, compositional
inhomogeneities, solid particles, etc®*’®. The number of such sites is limited and depends on
the degree of surface perfection and cleanness. Since there is a finite set of sites, the number of
nuclei saturates with time, which often occurs at high pace, sometimes even before crystals
become visible!®. High surface nucleation rates are caused by the low interfacial energy
between the contaminants and the nuclei’®. Due to the fast nucleation and fast exhaustion of
active sites, only constant numbers of nuclei N are typically observed for most glasses and
various types of heat treatments. Therefore, the data on surface nucleation are mostly
qualitative. ~ Surface  crystallization ~was studied mainly in cordierite  glass
(2MgO-2Al,03-5Si02) which was chosen as model material because of the polymorphic course
of crystallization and absence of volume crystallization’’%. Other systems where surface
crystallization was followed, were soda-lime-silica glass and alkali-free silicates (anorthite
Ca0-Al,03-2Si0,; diopside MgO-Ca0-2Si0,)"*8183, Both, volume homogeneous and surface
heterogeneous nucleation can occur in lithium disilicate where annealing in the glass transition
range gives rise to homogeneous nucleation, while at low degrees of supercooling the contact
with Pt metal (container wall, particles) provokes heterogeneous nucleation®. Similar findings
were observed in metallic’*®® and chalcogenide glasses.

It was difficult to find chalcogenide glassy system where number of nuclei N changes with
annealing time and temperature in order to test CNT, its improvements and analysis of transient
models for nucleation. According to my observations, nucleation in chalcogenide glasses occurs
mostly at sample surface via heterogeneous mechanism so it is difficult to obtain any
quantitative result in the form of nucleation rates. The combination of volume and surface
nucleation was observed in SexTeix (x=0.1; 0.2; 0.3) bulk glass®®, volume nucleation was
observed in (GeS2)o0.9(Sh2S3)o.1 bulk glass, where it seems that nucleation occurs at fixed
athermal nuclei which were formed during the preparation of glass by melt-quench technique.
In comparison with silicate glasses, the induction period and time-lag for nucleation are much
more shorter and nucleation is faster, hence, maybe this is the reason why it is not possible to

measure nucleation rates using DSC/DTA technique. Nevertheless, some compositions of
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Ge-Sh-S system appear to be suitable for the quantitative study of nucleation. The Ge-Sb-S
system was previously investigated by researchers from the thermodynamic and viscosity point
of view®®” These data are necessary for calculations of nucleation kinetics. The study of
nucleation kinetics was made in (GeSz)0.9(Sb2Ss)o.1 thin films using double-stage heat treatment
method and optical microscopy®. In Paper I included in the presented dissertation the opposite
composition within the (GeS2)x(Sbh2S3)1-x row was studied (schematically depicted in Figure 9).
The crystal nucleation in Ge18ShsssSe14 thin films of 1 um thickness, which is close to
(GeS2)0.1(Sh2S3)0.9 (= Ge2.1Sbs7.5S60.4), was observed in-situ using optical microscope coupled
with a computer-controlled heating stage in the transmission mode. On the basis of our
previously published results on crystal growth in the Ge-Sb-S system®, where a broad
distribution of crystal sizes was observed (Figure 9), the single-stage method was chosen as
the appropriate one for the study of nucleation kinetics in these thin films. The crystals in thin
films grew from randomly distributed nuclei in the volume of thin film, crystallization was not
initiated at the surface and the numbers of grown nuclei increased during the isothermal heat
treatment of the sample. All of the mentioned facts suggest the homogeneous mechanism of

nucleation.
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Figure 9: Procedure of the analysis of nucleation in Ge1.sShzsgSe1.4 thin films (Paper 1).
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Time evolutions of nuclei number N for various temperatures revealed non-steady-state
(transient) behavior. The N-t curves were fitted using two successful theories for transient
nucleation (Collins-Kashchiev®3” and Shneidman®) to find the quantities characterizing
nucleation Kkinetics (steady-state nucleation rate ls, induction period ting, time-lag 1).
Collins-Kashchiev theory is the most famous and commonly used approach to the treatment of
experimental N-t data in silicate glasses. Moreover, the obtained values of Ist and t are in a good
agreement with those from numerical calculations®®. Nevertheless, it was shown that
Collins-Kashchiev theory is not suitable for the description of transient nucleation in the studied
thin films. Better description of N-t data and more realistic values of I, ting and t were achieved
using Shneidman theory, which was used for the final calculations.

Paper | also deals with the suitability of CNT for the description of found temperature
dependence of the steady-state nucleation rate, so that the nucleation behavior could be
described in a wide temperature range (from Tg to Tm). Sometimes it is not possible to measure
nucleation in such wide temperature range due to a significant crystal growth at
the temperatures where nucleation still occurs, i. e. sample is completely crystallized in a few
seconds. It was shown in many studies on silicate glasses that CNT is convenient for description
of nucleation, nevertheless, certain problems still persisted in case of several materials, thus
various improvements of CNT were proposed. CNT is based on a number of assumptions that
do not always have to be valid. One of these assumptions is the validity of the Stokes-Einstein
relation for the description of molecular transport in nucleation process near the melting point
Tm as well as in highly supercooled liquid down to Tg. Another assumption of CNT is that
the crystal-liquid interface energy o is treated as a macroscopic property with a value equal to
that of a planar interface, which is known as capillarity approximation. It is well-known that
CNT usually fails in calculation of I-T curve if a constant o is wused, so
the temperature-dependent interfacial energies should be employed?®. Third, CNT assumes that
the thermodynamic properties of the critical cluster and the evolving macroscopic phase are
equivalent. Following that and the validity of capillarity approximation, a monotonic decrease
of the thermodynamic barrier for nucleation W™ with decreasing temperature is expected.
An anomalous behavior of W™ was observed in silicate glasses, therefore, some additional
corrections were introduced®-%2,

The test of validity of the mentioned assumptions for the studied Ge1gShss.8Se1.4 thin films
is included in Paper I. It was revealed that no anomalous behavior of W™ occurs in the studied
temperature region and that the Stokes-Einstein relation is fulfilled as well near Tq (§ = 1).

The temperature dependence of crystal-liquid surface energy was found with the knowledge of
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theoretical pre-exponential term of classical nucleation model for homogeneous steady-state
nucleation and experimental nucleation rates for various temperatures. The found o(T)
dependence was weak and nearly constant. Nevertheless, it was found that the model with
incorporated o(T) took the experimental observations into better consideration and satisfactorily
described nucleation behavior in a wide temperature range. The result of the study, in the form
of normalized nucleation curve along with normalized crystal growth curve, is depicted in
Figure 10. The strong overlap, with the maxima at 288 °C for nucleation and 309 °C for crystal

growth, was found.
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Figure 10: Calculated normalized crystal nucleation and growth curve (Imax = 1.2 - 108 m2s?;

Umax = 9.9 - 10_6 ms‘l).

A brief nucleation study in As>Ses bulk glass was performed in Paper V using TMA, DSC
and OM. This system shows quite complicated surface heterogeneous nucleation process which
exhibits stochastic behavior and significantly long time-lags for nucleation (hours to days) in
well prepared glass with minimum defects and stresses. Since the nucleation process is
heterogeneous, density of formed nuclei can be modified by surface roughness, surface tension,
contact with other materials, etc. Somewhat different behavior (shorter time-lag, higher nuclei
density, minimized stochastic effects) was observed if the sample was sandwiched between two
synthetic sapphire plates in TMA furnace with applied force during the nucleation heat
treatment at temperature Tmax, Which corresponds to the maximum nucleation rate according to
the study of Holubova et al.®3, Formed nuclei were visualized by nonisothermal heat treatment
in DSC furnace and observed and counted using optical microscope. The finite number of nuclei

and nucleation rate at Tmax Were determined. These differences in nucleation behavior should
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be considered during the preparation of molded lenses used in infrared optical systems where
the glass is in contact with another material and under applied force.

3.2 CRYSTAL GROWTH

The second goal of the presented doctoral thesis was a study of crystal growth in selected
chalcogenide materials, aiming to obtain further information about crystal morphologies,
crystal growth behavior and kinetics of these materials. Crystal growth is the second part of
the crystallization process and hence the mechanisms, thermodynamics, and Kinetic aspects of
crystal growth in glasses are some of the most significant features for understanding and
controlling the vitrification and crystallization process.

As was mentioned earlier it is always useful to combine direct (microscopy) and indirect
techniques for study of crystal growth, so that one can describe the growth behavior in a wide
temperature range. The measurement of crystal growth kinetics in chalcogenide glasses is not
so complicated relative to the measurement of nucleation kinetics. Papers Il — V are focused
on the description of crystal growth in a wide temperature range combining experimental data
obtained mainly using different direct (OM, SEM) experimental techniques with those from
indirect (XRD, DSC, TMA) experimental techniques.

Regarding the microscopic measurements (included in Paper 11 — V), bulk samples or thin
films are first heat treated at selected temperatures for a specific amount of time in
a computer-controlled furnace and then the micrographs with calibration line segment are taken
by optical, infrared, or scanning electron microscope. The size of well-developed crystals can
be measured as a length of crystal’s long axis (Papers 11, 1V), as a thickness of the crystalline
layer (Papers 1V, V), or as a diameter of spherical crystal (Paper I1), depending on the shape
of formed crystals (Figure 11-a)). The mean crystal size is calculated as the average size of tens
of crystals found in the sample. Figure 11-b) shows the set of micrographs with formed crystals
in SezoTeso thin film and the evaluation of crystal growth rate for a chosen temperature. Crystal
growth rates for studied temperatures are determined as slopes of the linear time dependences

of crystal sizes.
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Figure 11: a) Ways of measurement of crystal sizes in various chalcogenide glasses;

b) Evaluation of crystal growth rate in SezoTezo thin films (Paper I11); samples were heat

treated at temperature 84.4 °C for various times.

The crystals grow linearly with time, which is typical for crystal growth controlled by
crystal-liquid interface kinetics. As was mentioned in the theoretical part about crystallization,
such type of crystal growth can be described by three phenomenological growth models
(normal, screw dislocation, 2D surface-nucleated). These models are then used for description
of crystal growth behavior in a wide temperature range (from Ty to Tm). The appropriate growth
model is usually assessed using the dependence of reduced crystal growth rate on undercooling,
according to Jackson*®. The evaluation of activation energy of crystal growth Eg included in
the papers is another part of the crystal growth analysis. Eg is usually estimated from the slope
of linearized dependence of log u on 1/T, provided a simple exponential dependence of crystal
growth rate on temperature, which can be assumed in a narrow temperature range. All papers
(Paper Il — V) also include a detailed discussion about the proportionality of crystal growth
rate to viscosity, which was tested mainly via Ediger’s power law dependence of kinetic part of
crystal growth rate uxin On viscosity n. The standard crystal growth models assume validity of
the Stokes-Einstein relation for description of molecular transport in the crystal growth process.

If the decoupling of crystal growth and viscosity occurs in the system, the Stokes-Einstein
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relation is not valid, and hence correction of the growth model is necessary to achieve better

description of the experimental growth data. This is considered in each presented paper.
Paper 11 is focused on the isothermal study of crystal growth in the volume of Seigo-xTex

bulk glasses (x = 10, 20, and 30) using optical microscope equipped with infrared camera.

The highlights of this paper are schematically depicted in Figure 12.
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Figure 12: Procedure and highlights of the analysis of crystal growth in SeigoxTex
(x =10, 20, 30) bulk glasses (Paper I1).
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With the knowledge of crystal growth data from the microscopy measurements and temperature
dependencies of n and AG, one can obtain the appropriate crystal growth model. Two different
approaches for calculation of AG were analyzed in order to examine its influence on
the determination of crystal growth model. The change in Gibbs free energy between
supercooled liquid and crystalline phase AG is most often calculated using the approximation
proposed by Turnbull due to the missing heat capacity data for chalcogenide glasses. The heat
capacities of the crystalline and supercooled liquid phases are available for the Se-Te system®*,
so AG could be calculated using both expressions (Egs. 6, 7). It was found that with increasing
supercooling the difference in AG calculated using the two approaches occurs. Nevertheless,
AG can be substituted by simple Turnbull’s expression, providing comparable results with
respect to the modeling of the reduced crystal growth rate and operative crystal growth model.
This is because the viscous flow controls the crystallization process in the region where
difference in AG is observed. Regarding the decoupling of crystal growth rate and viscosity in
the studied Se-Te compositions, the values of the kinetic exponent & (representing the extent of
decoupling) are close to one even for such highly fragile system (m, ~ 76 — 88). It can be
assumed that the Stokes-Einstein relation is fulfilled even at higher undercoolings. In Paper |1
an alternative way to study the crystallization process using DSC is presented. Activation
energies of the overall crystallization process evaluated from DSC measurements were
compared within the activation energies of crystal growth calculated from the exponential
dependence of crystal growth on temperature. One should note that such comparison of
the activation energies is meaningful only in the same studied temperature range, because
the dependence of log u on 1/T is highly nonlinear in a wider temperature region. Therefore,
the activation energies of crystal growth were calculated in the temperature region where
the DSC measurements were performed. It was found that this approach brought comparable
values of the activation energies, which indicates that the crystal growth is the leading process
in the overall crystallization process recorded by DSC, and that nucleation does not take place
in the studied temperature region.

Paper 111 deals with the isothermal study of crystal growth kinetics in SezgTeso thin films
of thicknesses of 1 um and 520 nm using the infrared and scanning electron microscopes, and
in situ X-ray diffraction (XRD) measurements (Figure 13). This work continues in the crystal
growth studies in Se-Te thin films®. The growth data obtained from the microscopy
measurements were combined with the viscosity data and melting parameters, and

the appropriate crystal growth model was assessed.
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Figure 13: Procedure and highlights of the analysis of crystal growth in SezoTeso thin films
(Paper I111).

It was found that the simple screw dislocation model (suitable according to the first estimation)

does not fit the experimental data well because of the breakdown of the Stokes-Einstein relation

(¢ = 0.64). Taking into account this fact, the correction of the standard growth model by

incorporation of kinetic exponent & was suggested. This suggestion brought a new insight into

the application of standard crystal growth model with respect to the u — n relation. Besides
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the study of crystal growth using the microscopic measurements, another approach to the study
of crystallization kinetics was applied. The evolution of crystallization was studied using in situ
XRD, which is based on the recording the changes in diffraction peaks during isothermal
annealing. The measured crystallization data were interpreted using the Johnson-Mehl-Avrami

(JMA) nucleation-growth model®®*° which can be expressed by equation:

a=1-exp[—(Kt)™] (29)

where o is the crystallized fraction at time t, K is the rate constant and m is the Avrami exponent
reflecting the characteristics of nucleation and growth process. The average value of Avrami
exponent indicated two-dimensional crystal growth, which was confirmed by direct
observations. The results of XRD measurements were compared with the microscopic ones.
The similar values of activation energies of the overall crystallization process (XRD) and
crystal growth (SEM) can be explained in two ways: nucleation process has been finished and
occurs in another temperature region; XRD technique is quite insensitive towards detecting
nuclei and only crystal growth was followed.

Extended study on crystal growth, melting process, temperature dependence of viscosity
and structure of crystalline phase in Gei1sSb2sSess bulk glasses and thin films, which is
schematically depicted in Figure 14, is presented in Paper IV. The crystal growth rates in
Ge1sSh2sSess bulk glasses and thin films were determined using optical and scanning electron
microscopies under isothermal conditions. The compact crystalline layer growing from
the surface into the amorphous core and needle-shape crystals were observed in bulk glass and
thin films, respectively. The investigation of structure of crystallized bulk sample and thin films
using XRD together with the measurements of crystallization and melting process of bulk
sample using DSC under nonisothermal conditions was performed. The measurements revealed
quite complex structure of the formed crystalline phase. With the knowledge of crystal growth,
viscosity and melting data, the probable growth models were assessed. Regarding
the decoupling of crystal growth rate and viscosity in GeigShogSess bulk glasses and thin films,
similar findings as in Se-Te system (Papers Il and Il1) were observed. Simple proportionality
of crystal growth rate to inverse viscosity according to the Stokes-Einstein relation holds for
the bulk material (¢ = 0.98) and is not fulfilled in the case of thin films (¢ = 0.67). Taking into
account the possible decoupling, shape of dependence of Ur on AT and previously found results
in Ge-Sh-Se system!®, experimental growth data of bulk glasses and thin films were fitted using

two models. Unfortunately, it was not possible to distinguish which model is better for
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the description of crystal growth in a wide temperature range, because the calculated models
differ only in the region close to the melting, where the experimental growth data cannot be
obtained with the used techniques. Although the appropriate crystal growth model was not

found, this study provides a certain concept of growth behavior in Ge1gShzgSess bulk glass and
thin film.

CRYSTAL GROWTH
GelSSbZSSeS4
bulk + TF

L : L -1
== \ f thin film

CRYSTAL GROWTH
MODELS

uocn
log (n/Pa.s) / \

intensity (%)

log (ukin/um.min'1)

U, (N/m)
® (MW)

AT (K) T(°C)

Figure 14: Procedure and highlights of the analysis of crystal growth in Ge1gSh2sSes4 thin films
and bulk glasses (Paper 1V).

The last introduced paper (Paper V) considerably extends the crystal growth rate data in
As,Ses material, which were published by Henderson and Ast!*, to higher temperatures up to
the region close to melting point and completes the findings about the crystal growth behavior

in AsySes bulk glass using optical microscopy and thermoanalytical measurements under
isothermal and nonisothermal conditions (see Figure 15).
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Figure 15: Procedure and highlights of the analysis of crystal growth in As>Ses bulk glass
(Paper V).

This system exhibits only surface crystallization, which is quite complicated, heterogeneous
and totally stochastic process with significantly long time-lag for nucleation. Therefore,
the samples were firstly nucleated to ensure higher nucleation density and make the study of
crystal growth possible. It was proved that all isothermal crystal growth rate data can be well
described by the kinetic exponent corrected 2D surface nucleated growth model. Regarding

the decoupling of crystal growth rate and viscosity in this system, its extent was tested by three
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different approaches: Ediger’s approach (log ukin vs log n); least square fit of linearized equation
for 2D surface nucleated growth model with incorporated & in three-dimensional space; and
ratio of the activation energy of crystal growth and the activation energy of viscous flow. All
ways of testing provided values of kinetic exponent & that well correspond to each other within
the combined error limits (¢ = 0.69). The corrected 2D surface nucleated crystal growth model
also successfully describes the development of crystalline layer thickness and growth pattern at
amorphous sample surface in nonisothermal conditions. In this paper, it was shown that one
should pay attention to finding of the proper value of melting enthalpy with respect to
the difference in values between the crystallization and melting enthalpies which indicates
some uncrystallized amorphous phase in seemingly crystallized sample. Fully crystallized ingot
of As>Ses was prepared in a special way in order to find the proper melting enthalpy and
examination of single crystal structure. Furthermore, the difficulty to obtain reliable values of
ACp due to the sublimation of crystalline As:Ses and the volatility of its liquid was clearly
demonstrated. This can be observed in many chalcogenide glassy systems and hence
the approximations for AG calculation are applied.

The crystal growth studies presented in the thesis (Paper 11 — V) were performed in various
chalcogenide glassy systems in the form of bulk glasses or thin films using many direct and
indirect techniques. One of the important links between these studies was the relation of crystal
growth and viscous flow with respect to their decoupling. Ediger et al.*® demonstrated for
numerous organic and inorganic glasses that the exponent & is linearly correlated with fragility
my of the system: ¢ = 1.1 — 0.005 - m,,. Figure 16, which shows the dependence of exponent
& on fragility m, for the studied chalcogenide glasses, suggests that Ediger’s relation might not
be generally valid, especially in the case of chalcogenide glasses since they do not practically
show any dependence of decoupling on fragility. It can be concluded that Ediger’s assumption
does not hold for chalcogenide glasses and it is necessary to deal with the viscosity-growth

relation individually in every single study.
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Figure 16: Dependence of kinetic exponent & expressing the extent of decoupling between
crystal growth rate and viscous flow on fragility m, of system for various chalcogenide systems;

solid symbols correspond to bulk glass, empty symbols correspond to thin film.

3.3 CONCLUSIONS

Nucleation in chalcogenide glasses — the first aim of the doctoral thesis was to study
nucleation kinetics and test the applicability of CNT and of its improvements for description of
the steady-state nucleation and analysis of transient models for nucleation in chalcogenide
glassy systems.

Experiments and findings:

> Nucleation in Ge1sShsssSer4 thin films of thickness 1 um (isothermal in-situ
single-stage annealing; optical microscope coupled with heating stage)

» Change of N with annealing time and temperature, crystals grew from randomly
distributed nuclei in volume of the thin film — signs of homogeneous nucleation
mechanism

> Non-steady state behavior described using Shneidman theory — values of I, ting, T

» Test of CNT assumptions validity such as validity of the Stokes-Einstein relation
for the description of molecular transport in nucleation process, capillarity
approximation, and equality of thermodynamic properties of the critical cluster and

the evolving macroscopic phase
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Incorporation of appropriate corrections of CNT into the model — satisfactory
description of the found temperature dependence of steady-state nucleation rates,
description of nucleation behavior in Gei1gShsssSers thin films in a wide
temperature range

Direct observations — nucleation in chalcogenide glasses occurs mostly at sample
surface via heterogeneous mechanism — in most cases only qualitative data on
nucleation

Further investigations are necessary to achieve any general conclusion

Crystal Growth in chalcogenide glasses — the second aim of the doctoral thesis was to study

crystal growth using mainly direct microscopy techniques in order to obtain further information

about crystal morphologies, crystal growth behavior and kinetics for selected chalcogenide

glasses.

Experiments and findings:

>

Studies of chalcogenide glassy systems in the form of bulk glass or thin film: Se-Te,
Ge-Sb-Se, As,Ses

Mostly direct observations of crystal growth using microscopy technique —
obtaining the information about crystal growth rates and morphology of formed
crystals

Joint objective of the presented papers — description of crystal growth behavior in
a wide temperature range combining experimental results and growth models
Discussion about the proportionality of crystal growth rate to viscosity, which was
tested in various ways

Verification of general validity of the Ediger’s correlation between the kinetic
exponent and fragility — relation does not hold for chalcogenide glasses
Breakdown of Stokes-Einstein relation (mostly observed in thin films) — correction
of standard growth models via incorporation of the kinetic exponent

Activation energies of the overall crystallization process (from DSC) and activation
energies of the crystal growth (from microscopic measurements) —only comparison
in the same temperature range is meaningful

Study of structure and melting parameters — obtaining the proper values

Test of calculating AG using heat capacity data and using approximations —
comparable results regarding the modeling of reduced crystal growth rate and

operative crystal growth model (Paper I1)
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> Obvious necessity of combining direct and indirect techniques for crystallization
studies in order to get reliable detailed results on the crystallization process

The presented thesis contains extended study of nucleation in chalcogenide glasses,
providing not only the qualitative description of nucleation behavior in the studied system but
also the quantitative results, which are quite unique. As far as we know, most studies of
nucleation in chalcogenide glasses are only qualitative. With the knowledge of nucleation rate
data, the test of suitability of famous classical nucleation theory (CNT) and its improvements
was performed. It was found that CNT is sufficient for the description of nucleation behavior
in a wide temperature range in the studied chalcogenide glass, nevertheless it has to be noted
that more studies on nucleation Kinetics in different chalcogenide glasses are necessary to be
able to make a general conclusion.

Regarding the crystal growth, this systematic work yields further findings in the description
of crystal growth behavior. The presented results extend the knowledge of the effect of u —
relation on the description of crystal growth data using growth models. In the case of decoupling
between u and n, the standard growth models can be modified by incorporation of the kinetic
exponent &, which leads to a better description of experimental growth data. It was found that
there is no simple general formula connecting the decoupling with fragility for chalcogenide
glasses. Using the combination of results from classic microscopic studies with those of
macroscopic ones, detailed and interesting information about crystallization process as a whole
is obtained, and therefore more detailed understanding of crystallization process can be

achieved.
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Transient Nucleation in Ge—Sb—S Thin Films
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ABSTRACT: The crystal nucleation behavior and kinetics in
Ge,; Sby4S¢; 4 thin films were studied using optical microscopy
coupled with a computer-controlled heating stage. The single-
stage in situ heat treatment method was chosen for the study of
nucleation. In-situ experiments were performed in the temper-
ature range of 236—295 °C. The time evolution of the number of
nuclei at various temperatures revealed transient behavior at low
nucleation times. The transient nucleation data were described
using the Shneidman equation to get values of steady-state
nucleation rate, induction period, and time-lag of nucleation for
the studied temperatures. On the basis of nucleation experiments,
the temperature dependence of crystal—liquid surface energy and

336295 °C ! B &
i g NUCLEATION £
= Ge-Sbs <73

Shneidman T(°C)

> Lot T

t (min)

decoupling of nucleation rate and viscosity was assessed. The nucleation rate data obtained from microscopy measurements
were discussed in terms of classical nucleation theory. It was found that the nucleation curve with the maximum at 288 °C and
previously published growth curve with maximum at 309 °C overlap significantly.

B INTRODUCTION

The crystallization process involves the formation of stable
nuclei which reach a critical size and their continuous
growth.l_3 The first step, nucleation, may occur by different
mechanisms which are commonly divided into homogeneous
and heterogeneous, where the former type occurs stochastically
with the same probability in volume (surface) of sample, and
the latter prefers places such as preexisting nuclei, impurities,
and defects for the formation of new nuclei. Depending on the
position where nucleation takes place, one can distinguish
volume and surface crystallization. Regarding the glasses,
controlled nucleation and crystal growth underlay the
production of glass-ceramics,"'s and avoiding crystallization
gives rise to optical fibers® and switching between the glassy
and crystalline state is exploited in phase-change memories.’
The nucleation stage determines the way of overall
crystallization, and therefore its investigation is of great interest
from a practical and theoretical point of view.

The study of nucleation kinetics is usually difficult and time-
consuming. Several direct and indirect methods were
developed for studying nucleation, such as microscopy,” "
differential scanning calorimetry (DSC)/differential thermal
analysis (DTA),'""* and X-ray diffraction'”"" measurements.
The indirect non-isothermal DSC/DTA measurements can be
fast and provide accurate quantitative data, but it is necessary
to have some preliminary information about nucleation and
crystal growth. This preliminary information is possible to get
from microscopy measurements which are more laborious. The
microscopy methods can be divided into two groups according
to overlapping of the nucleation and growth rate curves. If the
overlapping of the curves is weak, the double-stage Tammann
method is used for the estimation of the crystal number and
nucleation rates. The Tammann method consists of heat

i i © 2018 American Chemical Society
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treatment at a low nucleation temperature, and then the
crystals are grown up to microscopic sizes at a higher
temperature. In the case of considerable overlapping, crystals
are visible and can be counted after single-stage heat treatment.

The crystal nucleation in glasses is studied for several
decades, and many papers have been published which
significantly extended the understanding of the nucleation
process and its description via classical nucleation theory
(CNT) and resolved some problems occurring in the
quantitative description of nucleation rates. It should be
noted that the essential portion of the present knowledge on
nucleation in glass forming systems is based on studies in oxide
glasses, especially in lithium disilicate glass which has been
used as a model system.'”'*”"7 As far as we know, only a few
studies of nucleation have been made in chalcogenide glasses,
which were mostly qualitative without detailed information
about nucleation kinetics and quantitative data on nucleation
rates.¥”'72% Therefore, the test of CNT, its improvements,
and analysis of transient models for nucleation in chalcogenide
glasses seem to be needed.

We chose the Ge—Sb—S system for the study of nucleation
due to wide investigations especially on thermodynamic and
viscosity data®*” which are necessary for calculations. Many
studies on the crystallization process using DTA,*%*”
DSC,* 7 and thermomechanical analysis’’*® have been
performed. There also have been direct investigations on
crystal growth in the (GeS,),(Sb,S;),_, system using optical
microscopy.’®**373° 4! The study of nucleation kinetics was
made in (GeS,)(o(Sb,S3)p,; thin films using a double-stage
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heat treatment method and optical microscopy.'” The Ge—
Sb—S system is of interest to researchers for its applications in
optoelectronics in the IR region, photocatalysis, and solar
energy conversion. ">

In this paper, we carefully examined the nucleation behavior
and kinetics in Ge, gSbs45S6,4 thin films using optical
microscopy coupled with a computer-controlled heating
stage. The Shneidman expression®’ for the description of
transient nucleation was used to obtain the information about
the steady-state nucleation rate, induction period, and time-lag
of nucleation. The experimental nucleation rate data were
discussed in terms of CNT utilizing the constant or the
temperature-dependent crystal—liquid surface energy. The
crystal-liquid surface energy extracted from nucleation data
is consistent with those reported for well-known phase-change
materials.”” The thermodynamic barrier calculated from
experimental nucleation data is in good agreement with
CNT prediction. It was found that nucleation and previously
published growth curves overlap significantly.

B EXPERIMENTAL SECTION

The (GeS, ) (Sb3S:)os (2.1 mol % Ge, 37.5 mol % Sb, 60.4 mol % S)
bulk glass was prepared by a conventional melt-quench technique. An
adequate amount of pure elements (SN purity, Sigma-Aldrich) was
placed into a silica ampule. The ampule was evacuated to the pressure
1073 Pa, sealed, and annealed in a rocking furnace at 950 °C for 24 h.
After heat treatment and homogenization, the ampule was rapidly
quenched in water with ice. The prepared bulk glass was used as a
starting material for preparation of thin films. Thin films were
prepared by thermal deposition on microscopy glass substrates.
During preparation of thin films, the glass substrates were rotated by
means of a planetary rotation system to ensure homogeneity in the
film thickness. The deposition rate (1—2 nms™") was measured using
the quartz microbalance technique. The final thickness of the thin
films was 1 pm. Energy dispersive X-ray (EDX) microanalyzer
coupled with a scanning electron microscope (LYRA 3, Tescan,
Czech Republic; EDS analyzer Aztec X-Max 20, Oxford Instruments,
5 kV) was used to check the composition of the thin films. The
composition of the prepared thin films was 1.8 mol % Ge, 36.8 mol %
Sb, and 61.4 mol % S (£0.5 mol %). The amorphous nature of the
prepared thin films was verified using X-ray diffraction analysis
(XRD), which was performed using a Bruker D8 Advance AXS
diffractometer (horizontal goniometer, scintillation counter, CuKar
(40 kV, 30 mA).

The crystal nucleation in Ge, §Sbsg 5561 4 thin films was observed in
situ using optical microscope Olympus BXS51 coupled with a
computer-controlled heating stage Linkam in the transmission
mode. A one-step annealing process was applied on thin films
which were cut into smaller pieces (1 X 1 cm?). Every single sample
was placed into the heating stage, heated up to the selected
temperature with the rate of 50 °C min™, and annealed for a specific
time. The micrographs/videos were taken during the isothermal step
of the experiment. From micrographs, the number of formed crystals
(nuclei) was determined by manual counting in the Olympus Stream
Essentials program. The numbers of nuclei for each measured time
were recalculated per noncrystallized area since significant overlap of
nucleation and crystal growth occurred. The nucleation was followed
in the temperature range of 236—295 °C. For each studied
temperature, 3—8 experiments were performed.

B RESULTS

The crystals in Ge, 3Sb344S4; 4 thin films grew from randomly
distributed nuclei in the volume of thin film, and the
crystallization is not initiated at the surface. Typical crystals,
which are shown in Figure 1, are composed of an asymmetric
radiating array of crystalline fibers which forms crystalline
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Figure 1. Time evolution of nuclei in Ge, §SbssSg 4 thin films at
temperature 236.1 °C: (a) ¢ = 30 min, N = 31; (b) ¢ = 42 min, N =
174; (c) t = 58 min, N = 694; (d) t = 74 min, N = 1302; (e) N—t
curve with marked experimental evaluation of induction period 4
and nucleation rate L.

aggregates. The same findings were reported in the paper on
crystal growth in Ge—Sb—S$ thin films."”*' The XRD analysis
of (GeS,)(Sb,S3),; (x = 0.1, 0.2, 0.3) crystallized thin film
performed by Bartik et al.*' revealed that crystalline phase
corresponds to orthorhombic Sb,S;. The composition of thin
films studied by Bartak et al. is somewhat different
(Ge,,;Sby;5S60.4) from ours; nevertheless, it will be shown
(see the Discussion) that the composition does not
significantly influence the crystal growth kinetics. Thus, we
can compare the results from nucleation and previously
published crystal growth.

The nucleation rate I is one of the most important
characteristics in nucleation kinetics and is generally expressed
with the formula I = dN/df, where N is number of formed
nuclei and t is the time of nucleation. Therefore, to estimate
the nucleation rate at any given temperature, it is necessary to
know the number of nuclei as a function of nucleation time.
The single-stage method was chosen as the appropriate way to
study nucleation in Ge; §SbsssS61 4 thin films on the basis of
our previous published results on crystal growth in the Ge—
Sb—S system."' A broad distribution of crystal sizes was
observed, which indicates the significant overlapping of
nucleation and crystal growth curves. The isothermal
nucleation was studied in the temperature range 236-295
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°C using optical microscope coupled with a heating stage. The
numbers of grown nuclei, which increase during the heat
treatment of sample, were estimated by manual counting from
micrographs and then recalculated per noncrystallized unit
area. Digital image analysis was not able to be used because of
overlapping of growing crystals and insufficient contrast
between the crystalline and glassy matrix. The time evolution
of number of nuclei N at temperature 236.1 °C is shown in
Figure 1 together with the N—t curve.

It should be considered that in the case of single-stage heat
treatment the N—t curves are shifted to higher times by a time
ty, which is more pronounced for low nucleation temper-
atures.'” This time is needed for growing crystals up to the
microscope resolution limit (¢ = 2r, = 0.9 um for our
measurements) and can be calculated using the equation:

— %
Treg = T Tres

u(Ty) u(Ty) (1)

where r* is the critical size of the nucleus, which was very small
in comparison with r, of the optical microscope and was
omitted in calculations of t,, and u(Ty) is the crystal growth
rate at the nucleation temperature, which was obtained from
the work of Bartik et al."' The critical size of nucleus r* for
mean undercooling 280 °C was estimated'’ to be approx-
imately 7.7 A. The calculated values of f, are in the range from
22 to 0.08 s for the lowest and highest measured temperature,
respectively. These values are in comparison with the time
range of the whole N—t curve, and the values of ,,4, 7 (see next
paragraph for more details) very low and therefore can be
neglected. The effect of the shift of the N—t curve is important
for glasses with a weak overlap of nucleation and growth rate
curves.

One can see typical non-steady-state (transient) nucleation
behavior at low times in the N—t curves (Figure 2). Some
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Figure 2. Representative dependences of number of nuclei N on time
t for various temperatures. The inset shows N—t curves for
temperatures near T,

transient period is needed to build up the initial nuclei
distribution toward the time independent distribution
corresponding to the nucleation temperature T. After this
period the steady-state nucleation regime, which is charac-
terized by a constant nucleation rate, is established. Steady-
state nucleation regime is represented with a linear part in the
N~—t curves. The slope of this straight line corresponds to the
steady-state nucleation rate I, at temperature T (Figure 1).
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The time required to establish a steady-state nucleation rate I,
is denoted as the time-lag in nucleation 7 and can be
determined with the knowledge of values of the induction
period 4 in a way depending on the chosen theory for
transient nucleation. The induction period t;,; can be found
from the experimental data as the intercept of the extrapolated
linear part of the N—t curve with the time axis as illustrated in
Figure 1. It is obvious that the induction period decreases with
increasing nucleation temperature (Figure 2). The exper-
imental way of determination the values of I, and t,, is easy
and not laborious; on the other hand, the selection of the linear
part of the N—t curve is a subjective procedure, considering
that curve asymptotically approaches a linear dependence. The
phase transformation can be terminated prior to the establish-
ment of the steady-state nucleation rate in the case of
significant overlapping of nucleation and growth temperature
dependencies. Then a more accurate way for finding the values
of nucleation rate, induction period, and time-lag is by fitting
the whole N—t curve (see the Discussion).

Figure 2 represents selected N—t curves with the non-steady-
state part, which can be seen especially at low nucleation
temperatures during the initial stage of heat treatment. N—t
curves at nucleation temperatures near and above T
(temperature at maximum nucleation rate) had frequently
the form of straight lines with negligible or no induction period
(inset of Figure 2). The shift of these dependences along N-
axis was observed, which was caused by formation and growing
crystals before the appropriate nucleation temperature was
reached (Ty > Tpay)-

B DISCUSSION

Treatment of the N(t, T) Curves. Transient nucleation in
glasses is usually described in terms of the classical kinetic
model of crystal nucleation proposed by Turnbull and Fisher, "
who applied the Becker—Déring theory™ of vapor condensa-
tion to nucleation in condensed systems. The first expression
for transient nucleation proposed by Zeldovich*” allows one to
describe the time dependent nucleation rate and find the time-
lag in nucleation. The Zeldovich equation fails mainly at large
times of the time dependence of nuclei number,® so many
other analytical and numerical solutions for transient
nucleation were proposed.'® Here we introduce two successful
analytical solutions for the description of transient nucleation.

One of the most famous solutions for transient nucleation
was proposed by Collins and Kashchiev.**? Collins—
Kashchiev equation is commonly used for the treatment of
experimental data (N—t) to obtain the steady-state nucleation
rate I, and time-lag 7 in silicate glasses. Moreover, the
Collins—Kashchiev equation provides the values of I and 7,
which are in a good agreement with those from numerical
solutions.”’ The authors expressed the non-steady-state
nucleation rate I(t) as

un=h1+zi(4ykwpm%ﬁ

m=1 1

()

which results in the following equation for the time
dependence of number of nuclei N:

(1"

m

exp(—mziy
Yl®
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The test of the fitting of our experimental N—t data for 241 °C
using the Collins—Kashchiev equation is depicted in Figure 3.

0.010 5008
0.008+¢
0.006 1
=
23'0'004- 0 5 20 25 3 6 40 45 5
L {min)
0.002 4
5 = exp. datal
s R C-K
0.000+ 3 e Sy
0 1I0 ZIU 3IO 4‘0 50
t (min)

Figure 3. Experimental N—t curve for 241 °C along with calculated
curves using Collins—Kashchiev*”*® (C—K; dashed line) and
Shneidman®*’ (Sh; solid line) theories for transient nucleation; the
inset shows the time dependence of the nucleation rate.

Another analytical solution was suggested by Shneidman*’
for the time dependent nucleation rate for nuclei of sizes
sufficiently larger than the critical size. According to Shneid-
man a double-exponential time-dependent nucleation rate I(r,
t) is given by the expression:

100 =teen]-en{ -1}

3 4
with
t(r) = tipa(r) — 17

where 7 is Euler’s constant (7 = 0.57721...). In order to find the
expression for the time dependence of number of nuclei N eq 4
can be integrated:

N(r, t) = 7l ,E [exp(—2)]
with
z=[(t = ta(r))/7] + 7

where E, is the exponential integral. The fitting of our
experimental N—t data using the Shneidman equation was
tested, and Figure 3 shows the results for the temperature 241
°€

()

Figure 3 depicting the experimental results and theoretical
interpretation of the time dependence of number of nuclei
using Collins—Kashchiev*””” and Shneidman*’ theories for the
temperature 241 °C reveals discrepancies between the
calculated curves. Although both theories for transient
nucleation describe the N—t curve sufficiently, one can see in
the inset of Figure 3, which shows time development of non-
steady-state nucleation rate toward its steady-state value, that a
better description of experimental data is provide by the
Shneidman theory. The found values of I, t,4, and 7 obtained
by fitting experimental data for 241 °C using Collins—
Kashchiev equation were I, = 0.0011 gm™ min™), f, =
58.2 min, and 7 = 35.4 min. Employing the Shneidman theory
for description of experimental data for 241 °C, we got more
realistic values: I, = 0.00049 ym™ min~!, t,,4 = 30.9 min, and 7
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= 7.6 min. The value of I, is consistent with the value obtained
from the linear part of the N—t curve: I, = 0.00041 ym™
min~!. The Collins—Kashchiev equation overestimates the
steady-state nucleation rate, induction time, and time-lag and is
not the proper theory for the description of transient
nucleation in Ge,gSbi¢Ss; 4 thin films. Therefore, we
employed the Shneidman equation for the description of N—
t curves.

The experimental data for the number of nuclei N for a
given nucleation temperature T vs nucleation time t were
described by the Shneidman theory"” to obtain the value of
steady-state nucleation rate I, induction period 4 and time-
lag 7. The parameters I, t, 4, and 7 were determined from
nonlinear fitting of the N—t curves using eq 5. The steady-state
nucleation rates I, at various temperatures along with the
appropriate induction periods f,y and time-lags 7 for
Ge,; 4Sb3S;4 thin films are summarized in Table 1. The

Table 1. Steady-State Nucleation Rates I, Induction
Periods 4, and Time-Lags 7 in Ge, gSb;4S¢; 4+ Thin Films”

T(°C) I x 10 (min™ pm™) tng (min) © (min)
236.1 0.088 46.7 11.5

241 041 + 007 30.7 + 1.6 77 +£08
2459 1.3+09 218 £ 4.1 55+ 14
250.7 041 £ 007 79 £ 09 13 +£02
255.6 32 %32 94 + 2.5 1.5+ 14
260.5 19 £ 08 53:#13 12 £ 0.6
265.4 23 %15 2207 0.39 £ 0.08
270.3 21+14 12 + 04 03 +02
275.2 52425 13 £0.1 04 £02
280.1 6.6 + 1.5 06 £ 0.1 021 £ 0.10
284.9 23155 04 + 0.1 0.12 + 0.03
287.4 47 + 3.1 0.09 + 0.09 0.05 + 0.04
289.8 TA+ 52 0.07 £ 0.02 0.058 £ 0.003
292.3 13.1 £ 77 0.07 + 0.08 0.05 + 0.04
294.7 30+28 0.04 £ 0.07 0.02 + 0.04

“Temperature was constant within +£0.5 °C.

results of t;,; and 7 are graphically presented by plotting log f;,4
vs 1/T and log 7 vs 1/T in Figure 4. One can see that the ratio
between f,; and 7 is not constant in temperature, which is
contrary to the prediction of the Collins—Kashchiev solution
for transient nucleation.*””

Temperature Dependence of Steady-State Nuclea-
tion Rates. According to CNT, commonly used for the
analysis of crystal nucleation in glass-forming liquids, the
steady-state homogeneous nucleation rate at temperature T
can be written as'

#*

L= Ay E,(P[ _W+7AGD]

kT (6)
where W* and AGy, are respectively the thermodynamic and
kinetic barriers of nucleation, ky is the Boltzmann constant,
and Ay is pre-exponential term which is only weakly
temperature dependent. In the temperature range used for
nucleation measurements Ay can be approximated by Ay =
ngkyT/h, where ng &~ 1/4* is the number of structural units,
with a size 4, per unit area and h is the Planck constant. For a
spherical nucleus, the thermodynamic barrier of nucleation is
given by
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Figure 4. Logarithm of the induction period £, and 7 vs 1/T. The
characteristic standard deviations of log #,4 and log 7 are shown. The
straight lines are least-squares fits.
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3AG?

w#*
(7)

where & is the crystal-liquid surface energy, V,, is the molar
volume of the crystalline phase, and AG is the thermodynamic
driving force for crystallization, i.e., the free energy difference
between crystalline phase and undercooled melt. Due to the
absence of the experimental data on heat capacities of
crystalline phase and undercooled melt, AG is frequently
approximated using the Turnbull expression AG = AH AT/
T,, = AS, AT with AT being undercooling (AT = T,,—T) and
AH,, and T, being melting enthalpy and melting temperature.
DTA of Ge—Sb—S thin films performed by Bartak et al®*
showed a large distortion in the measured data, which prevent
finding the appropriate melting parameters. Moreover, the
crystalline phase is formed by pure Sb,S;. Therefore, we use
melting parameters of pure Sb,S; published by Johnson et al.*
for calculations (T, = 550 °C, AS,/R = 5.94). The kinetic
barrier of nucleation AGy, is usually related to the experimental
available parameter, viscosity 5. It is assumed that the
molecular transport for nucleation process is controlled by
diffusion and can be described in terms of an effective diffusion
coefficient D:

kyT22 [ AGD]
exp| —
h kT (8)

where 4 is the diameter of the diffusing molecules or the jump
distance. The measurement of diffusion is complicated, and the
temperature dependence of diffusion coefficient is mostly not
available, so D is usually related to the viscosity via the Stokes—
Einstein relation:

D=

_ kT
B 3min

©)

Viscosity of the Ge—Sb—S system was published in the work of
Shanélova et al.”” Temperature dependence of viscosity was
studied in the bulk glass; nevertheless, it is assumed that the
viscosity behavior in bulk glass and thin films is similar.”

Combining eqs 6, 7, 8, and 9 and relations for Ay and AG,
we obtained the expression for the steady-state homogeneous
nucleation rate in the following form:
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st

_ ngkyT [

lﬁ:w“V:1
T3y ¢

" 3k, TASZAT (10)

The logarithm of eq 10 can be rewritten in the simple
parametric form as

L
In [i) =lnA-——
T TAT (11)

The plot of In(Iy/T) vs 1/TAT? depicted in Figure S gave a
good straight line in the studied temperature range, which is in
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Figure 5. Dependence of In(L/T) vs 1/TAT* for GegsSbsg S0
thin films.

accordance with CNT. The parameters A and B determined
from the plot were found to be 3.66 X 10* Pa m™2 K™! and
1.25 X 10° K3, respectively.

The CNT is based on the assumption that the Stokes—
Einstein relation D ~ ' (eq 9) for the description of
molecular transport in nucleation process is valid. The
standard growth models are also based on this assumption,
and it was shown that below 1.2 T, the crystal growth rate and
viscosity can decouple.” In this case the correction of growth
models in the form of D & 17%, where exponent & expresses the
extent of decoupling, is necessary.5 5 Nascimento et al.*
investigated the effects of decoupling of dynamics of crystal
nucleation and growth from those of viscous flow and found
that decoupling between nucleation rate and viscous flow
occurs at a lower temperature near T, and is not so significant
as that of the growth rate and viscous flow. Taking into
account these findings, the extent of decoupling between the
nucleation rate and viscous flow was tested. Assuming the
classical nucleation model for the homogeneous steady-state
nucleation and introducing the exponent & In (I,;/T) is a linear
combination of In # and 1/(TAT?):

ln[&) =InA-¢lnn - B(;Z)

T TAT (12)
The parameters A, B, and £ were obtained by least-squares fit
in three dimensional space. The exponent ¢ is equal to 1, and
parameters A and B are the same as that estimated using eq 11.
The Stokes—Einstein relation is fulfilled near the melting point
T,, as well as in highly supercooled liquid down to T,. No
other correction of classical nucleation model by exponent & is
necessary.
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According to the basic assumption of CNT, the crystal—
liquid interface energy is treated as a macroscopic property
with a value equal to that of a planar interface, which is known
as capillarity approximation. The semiempirical Skapski—
Turnbull equation®”*” can be used for the estimation of the
crystal—liquid surface energy o:

O = (’A!'lxnv.;zml\lgl/3 (13)

where N, is Avogadro’s number and « is coefficient obtained
from nucleation experiments. The value of @ was found to be
on average 0.3 for a nonmetallic material,"* and this value was
used for calculation of 6. The necessary crystallographic data
of $b,S; (V,,, 4) were published by Bayliss and Nowacki:** V,,
=7.35 % 107> m® mol™". Combining these data and using the
eq 13, the surface energy of crystal-liquid interface was
determined to be og; = 0.082 J m™> Another way for
estimation of the crystal—liquid surface energy with the same
assumption of constant ¢ is from the plot of In(I/T) vs 1/
TAT®." The slope yielded crystal-liquid surface energy
(6cny) of 0.077 Jm™2

It is well-known that usually CNT fails in calculation of I-T'
curve if a constant crystal-liquid surface energy o is used so
the temperature-dependent interfacial energies should be
employed. Only a few methods exist for the determination of
o(T), which are based on the transient nucleation data."**"*
With the knowledge of theoretical pre-exponential term of the
nucleation rate equation (see eqs 10 and 11) Ay,,, the crz'stal—
liquid surface energy can be calculated from CNT.'>'"°! In
this case, calculations lead to the temperature-dependent
surface energy. The theoretical pre-exponential term Ay,,, was
expressed in the following form utilizing 4 as the diameter of
the Sb,S; molecule (2 = 6.15 x 107'° m):**

e

3}
1
2? (14)
The value of Ay, was found to be 1.7 X 10?2 J m™ K™%
Experimental value of pre-exponential term A, was found as
the intercept of In(Iy/T) vs 1/TAT? plot: A, = 3.7 X 10* ]
m™ K Usually there is a strong disagreement (up to many
orders of magnitude) between the value of theoretical and
experimental pre-exponential term.'>'”°" For that reason, it
was proposed that the crystal—liquid surface energy is
calculated from eq 10, employing the theoretical value Ay,
and the experimental values of nucleation rates.'> The
discrepancy between Ay, and A, was explained by
postulating a temperature-dependent surface energy.'”'” In
our case, the discrepancy is not so significant; nevertheless, the
temperature dependence of surface energy was determined
even for our experimental data. Using the above-described
method, the values of & at measured nucleation temperatures
were calculated, and following dependence was found:

6 =1597 X 107 T(K)" = 1.439 X 107*T(K) + 0.1033

(15)
The dependence o(T) is depicted in Figure 6 showing a slight
increase of ¢ with increasing temperature. This increase
observed also for silicate glasses'® was widely discussed,
attributed, and can be partly removed by the size dependence
of the surface o‘energy.él'63 On the other hand, the results of 6(r,
T) are strongly affected by the choice of Tolman’s parameter
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Figure 6. Temperature dependence of crystal-liquid surface energy
calculated using eq 10 with the theoretical pre-exponential term and
experimental nucleation rates. The characteristic standard deviation is
shown.

(the width of the interfacial region between phases), which is
included in eqﬂuations for the curvature dependence of the
surface energy.”** Another interpretation of the increase of &
with increasing temperature discussed by Spaepen® is based
on increased ordering of the liquid near the crystal, resulting in
an entropy decrease and thus the increase of surface energy.
Comparing our results with the most famous phase-change
materials GST and AIST, the crystal—liquid surface energy of
studied Geg gSbo;S0,; is nearly the same as that of GST (o =
0.075 ] m™%)** and somewhat lower as that of AIST (& = 0.11]
m™2).” The crystal-liquid surface energy can be also
estimated from crystal growth data, which are described
using a 2D surface-nucleated growth model. This calculation
was performed by Bartik et al.*' The found ¢ = 0.389 ] m™
from the growth data is substantially larger than the others
derived from nucleation data. Such a discrepancy was also
found in the study of (GeS,)o9(Sb,S;)o, thin films."” This
discrepancy can be explained as a possible consequence of the
stress induced changes in thin films due to growth of complex
crystallites or by compositional shifts due to crystallization."”
In accordance with CNT the thermodynamic barrier for
nucleation W* defined via eq 7 is given by the crystal—liquid
surface energy ¢ and the thermodynamic driving force for
crystallization AG. CNT assumes that the thermodynamic
properties of the critical cluster and the evolving macroscopic
phase are equivalent. Following that and the validity of the
capillarity approximation, the thermodynamic driving force for
crystallization AG increases with decreasing temperature, the
crystal—liquid surface energy ¢ is constant, and hence
monotonic decrease of the thermodynamic barrier for
nucleation W* with decreasing temperature is expected. An
anomalous behavior of W¥*, ie, decrease of W* with
decreasing T and then increase of W* with any further
decrease of T below the temperature of nucleation rate
maximum T, was observed in silicate glasses. Therefore,
some additional assumptions and corrections were introduced,
and different hypothesis for the explanation of unexpected
behavior of W* were tested (outlined in refs 66—69). Figure 7
shows the temperature dependence of reduced thermodynamic
barrier W#/kT calculated from experimental nucleation rate
data along with the reduced thermodynamic barrier calculated
via eq 7 employing o(T) for Ge,gSbss5Ss 4 thin films. The
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Figure 7. Dependence of the reduced thermodynamic barrier for
nucleation on temperature. The points refer to values calculated from
the experimental nucleation rates on the basis of eq 10; solid line was
calculated using eq 7 employing o(T). T, corresponds to the
temperature of the maximum nucleation rate.

deviation from the theoretic course of W*/kT vs T is not
apparent in the studied temperature range. It seems, therefore,
that CNT approximation is fulfilled, and therefore no
correction of thermodynamic barrier for nucleation is needed
for the studied Ge—Sb—S thin films.

Figure 8 shows the experimental nucleation data along with
the calculated classical nucleation model using eq 10 and

10 -
nucleation
8
6
~ 44
H crystal growth S
o] 2 \
g Tl \ N
= 048 = \\
2 |5 \
= ol E |
10 v
44 5
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Figure 8. Experimental steady-state nucleation data (points) along
with the calculated classical nucleation model utilizing constant &
(dashed line) and with the calculated classical nucleation model
utilizing (T) (solid line) of Ge,SbyssSs, 4 thin films (the
characteristic standard deviation of experimental data is shown).
The inset shows the experimental crystal growth data of
GegSbs91S60, thin films (points) described with the calculated 2D
su:t:ace nucleated growth model (solid line) published by Bartik et
al.

utilizing the constant or the temperature-dependent crystal—
liquid surface energy (eq 15). The classical nucleation model
for homogeneous steady-state nucleation provided satisfactory
agreement with the experimental nucleation rates in both
cases. However, the inclusion of the temperature-dependent
crystal—liquid surface energy in model took better the
experimental observations into consideration. According to
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observations the steady-state nucleation rate above T, should
decrease faster with increasing temperature than is the
prediction of the model utilizing constant . The classical
nucleation model utilizing the temperature-dependent crystal—
liquid surface energy was used for the construction of Figure 9.

—— nucleation
1.0 4—— crystal growth
084
é
2 064
=
g
S= 0.4+
0.2 J
00 T T K T
200 250 300 350 400
T(°C)

Figure 9. Calculated nucleation and crystal growth curve normalized
to the maximum rate (I, = 1.2 X 10° m™ 7% u,,. = 9.9 X 107
ms™').

A slight discrepancy between the model and experimental data
observed at temperatures above T,,,, (around 288 °C) can be
caused by the simplifying assumptions of CNT, such as
identifying the properties of the critical clusters with those of
the evolving macroscopic phase, or by the significant influence
of crystal growth on nucleation and thus reducing the
nucleation rates. The calculated 2D surface nucleated growth
model (depicted in the inset of Fi§ure 8 and Figure 9) was
taken from the work of Bartik et al.”' It was mentioned earlier
that the composition of thin films is slightly different from that
of studied in this paper, so we verified the crystal growth in our
thin films. The experimental results on crystal growth in
Ge, 3Sb345S41 4 thin films shown in the inset of Figure 8 are in
agreement with the calculated growth model. Thus, we can
compare the presented nucleation data and previously
published growth data. The normalized nucleation and crystal
growth curve (Figure 9) show the strong overlap with the
maxima at 288 °C for nucleation and 309 °C for crystal
growth. In comparison with the results of nucleation and
crystal growth in (GeSl)o_‘,(Sb,_S})o_,lq (in fact opposite
composition of the (GeS,).(Sb,S;);_, row), where the
nucleation and growth curve are weakly intersecting, the
maximum of the nucleation rate and crystal growth rate is
shifted to the lower temperatures.

B CONCLUSION

The nucleation behavior and kinetics in the Ge, 3Sbs45Sg; 4 thin
films were studied in situ using optical microscopy coupled
with a computer-controlled heating stage in the temperature
range 236—295 °C. The single stage annealing method was
chosen for the study of nucleation due to the previously
published results on crystal growth in Ge—Sb—S$ thin films
which showed broad size distribution of formed crystals. The
Sb,S; crystals grow in the volume of thin films from randomly
distributed nuclei, and the crystallization is not initiated at the
surface. Number of grown nuclei increases as the heat
treatment of the sample continues. The time evolution of
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number of nuclei at various temperatures revealed transient
behavior at low nucleation times. For the description of the
obtained transient nucleation data and finding the values of
steady-state nucleation rate, induction period, and time-lag of
nucleation, the Shneidman equation was used.

The nucleation rate data obtained from microscopy
measurements were discussed in terms of CNT. The
semiempirical Skapski—Turnbull equation was used for the
estimation of the crystal—liquid surface energy (g = 0.082 ]
m™?). The value of crystal-liquid surface energy was also
evaluated from the linearized CNT model for homogeneous
steady-state nucleation (Gony = 0.077 J m™2). For a better
description of experimental nucleation data by the classical
nucleation model, the temperature-dependent crystal—liquid
surface energy was assessed. With the knowledge of theoretical
pre-exponential term of classical nucleation model for
homogeneous steady-state nucleation and experimental
nucleation rates for various temperatures, the dependence of
crystal—liquid surface energy on temperature was found.

The extent of decoupling between the nucleation rate and
viscous flow was tested. The exponent & was found to be 1,
which means that the Stokes—Einstein relation describing the
process of molecular transport in nucleation is valid, and no
correction of nucleation model by exponent £ is necessary.

It was confirmed that the thermodynamic barrier calculated
from experimental nucleation data is in good agreement with
CNT prediction. It seems, therefore, that no additional
correction or adjustment of the thermodynamic barrier for
nucleation is needed in this case.

The calculated classical nucleation model utilizing the
temperature-dependent crystal—liquid surface energy describes
the experimental steady-state nucleation data sufficiently. The
nucleation and crystal growth curves show the strong overlap
with the maxima of curve at 288 °C for nucleation and 309 °C
for crystal growth.
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ABSTRACT: The isothermal crystal growth in Se o, Te, bulk glasses (x =
10, 20, and 30) was studied directly using infrared microscopy. The crystals
grew spherulitically and linearly in the course of time, which is typical for
crystal growth controlled by liquid-crystal interface kinetics. An operative
growth model was found using a combination of growth and viscosity data,
and using two different approaches for calculations of the Gibbs free energy
change between the undercooled melt and crystalline phase. The study
shows that the exact knowledge of the Gibbs free energy change calculated
from both, heat capacities, and the simple approximation proposed by
Turnbull, can provide comparable results regarding determination of an
operative crystal growth model. A detailed discussion about the relationship
between the kinetic coefficient of crystal growth rate and viscosity (1, &
) is presented. Moreover, the activation energies of crystal growth were

log (u/um-min’)

——Se,Te,,
- = - Segle,
Se, Te,
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found to be higher than the activation energies of the overall crystallization process obtained by differential scanning calorimetry.
The relation between these two quantities is considered under the experimental conditions.

B INTRODUCTION

Chalcogenide glasses and thin films are very interesting
materials that exhibit unique physical properties. Because of
their diverse active properties, chalcogenide materials can be
used in various optical and optoelectronical devices or in
various electronic thresholds and switches.' ™ Interesting
applications of chalcogenide materials also are found in modern
high-tech memory devices."™®

Thermal stability and crystallization play a key role in
processing and usage of the materials. In particular, the
crystallization process needs to be considered from two points
of view—in order to obtain an ideal glass the crystallization has
to be prevented, and, on the other hand, the controlled
amorphous-to-crystalline transformation is a fundamental
process of considered technology (modem phase change
materials, PCM). Thus, knowledge and understanding of
crystal growth kinetics and nudeation in such materials are
essential for their future applications. The crystallization
studies’ ™" focus on evaluation of mechanism of crystal growth
and nudeation, and on prediction of crystallization behavior in
a wide temperature range. Such a description can be useful for
tailoring and optimization of new high-tech materials as they
provide a possibility to predict the crystallization behavior in
similar materials by revealing the basic mechanisms and
properties of the material.

Selenium-based materials have been commercially applied in
photoreceptors, photovoltaic materials, etc.'> The properties of
pure selenium can be significantly improved by alloying with
other elements such as tellurium, germanium, antimony,
arsenic, etc. Se—Te glasses and thin films are very attractive
materials that exhibit an intermediate behavior between pure
selenium and tellurium. The Se—Te mixtures exhibit numerous
advantages in comparison with pure Se, for example, greater

i i © 2015 American Chemical Society
<7 ACS Publications
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hardness, higher electrical conductivity, and photosensitiv-
ity.'*"? The Se—Te alloys form a completely miscible
isomorphous system in both liquid and solid states.'* The
Se—Te mixtures consist of mixed chains in which atoms of Se
and Te are randomly distributed, and the crystalline phase is
coma:osed of a hexagonal lattice similar to those of pure Se and
Te.' "> Owing to properties of the Se—Te system mentioned
earlier, Se—Te glasses and thin films have been intensively
studied recently. Structural relaxation in Se-rich bulk glasses
was studied using differential scanning calorimetry (DSC).'*"”
Different experimental techniques (DSC, microscopy, electrical
measurements, in situ X-ray diffraction) were used to study
crystallization behavior in bulk glasses'®™*° and thin films*’ ™’
of the Se—Te system.

In this article, the crystal growth in Se,_Te, (x = 10, 20,
and 30) bulk glasses was studied directly by infrared
microscopy. The crystal growth data are combined with
viscosity and heat capacity data to obtain an appropriate
crystal growth model and to predict the crystal growth behavior
in a wide temperature range.

B MATERIALS AND METHODS

Chalcogenide glasses of compositions Se ., Te,, where x = 10, 20 and
30, were prepared from pure elements (SN, Sigma-Aldrich) by the
conventional melt-quenching method. Appropriate amounts of these
elements were placed into quartz ampule. The ampule was then
evacuated to a pressure 107 Pa and sealed. The sealed ampule was
annealed in a rocking furnace at 600 °C for 20 h. The glasses were
then prepared by quenching the melt in ampule in cold water. The
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Figure 1. Morphology of formed spherulitical crystals in Se—Te system observed by IR microscopy and SEM (a) Sey,Te,,, polarized light, T = 101.5
°C, t = 45 min; (b) SeyoTeyo T = 101.3 °C, t = 40 min; (c) Seg Tey, T = 1183 °C, t = 30 min; (d) SegTe,q T = 118.3 °C; t = 30 min; (e) Se; Teyq
polarized light, T = 132.6 °C, t = 7 min; (f) Se; Tey, SEM micrograph, fully crystallized sample.

amorphous nature of prepared glasses was checked by X-ray diffraction
analysis.

In order to examine the crystal growth process, microscope
Olympus BXS1 equipped with an infrared XM10 camera was used
in the reflection mode. The bulk samples were previously heat treated
at selected temperatures in a computer-controlled furnace (central hot
zone was constant within +0.5 °C). The heated samples were in the
form of small cylinders with a size of ca. 4.3 mm in diameter and ca.
1.5 mm in height. Because of quite fast surface crystallization, the
samples were polished or broken to remove the surface crystalline
layer to observe bulk crystallization.

Differential scanning calorimetry (DSC) was used to study the
melting of fully crystallized samples of Seg,Te,,, Seg,Te,, and Se;Tey,
compositions. The measurements were performed using a conven-
tional DSC 822e (Mettler, Toledo) equipped with a cooling accessory.
Dry nitrogen was used as the purge gas at a rate of 20 cm®min™". The
calorimeter calibration was performed based on the melting temper-
atures and heats of melting of pure In, Zn, and Ga. The samples with
an average mass of approximately 10 mg were measured in the form of
very fine powder (d < 125 ym) in standard aluminum pans. The
samples were heated from room temperature (RT) to 300 °C at a
heating rate of § °C'min™'. From the endothermic peak, the
temperature of melting was determined, and the enthalpy of melting
was evaluated.

B RESULTS AND DISCUSSION

The crystal growth in Se;p_.Te, (x = 10, 20, and 30) was
observed directly using infrared microscopy in the temperature
range of 70—135 °C. Regarding the bulk crystallization, crystals

grew spherulitically and from randomly distributed nuclei as
shown in Figure 1.

Figure 1 shows that for the compositions of SegTe,, and
Se;Tesy, the cross-section of formed 3D spherical aggregates
reveals concentric equidistant rings. A similar structure was
observed by Ryschenkow and Bisault”® in crystal growth of
pure selenium, These so-called “Mode B” crystals have been
observed in the crystallization of pure selenium at temperatures
below 130 °C, which corresponds to the temperature range
where the crystal growth in Se—Te bulk glasses was studied
(70-135 °C). According to Bisault,® the Mode B crystals are
subdivided into microlamellae parallel to the basal plane and
ending in the liquid by two prismatic facets forming an
hexagonal vertex. In the case of the SeyTe;, composition, the
concentric rings were not found. This phenomenon can be
explained that the described concentric rings are only visible in
crystals with a size larger than cca 15 gm. This behavior can be
explained on the basis of photography from SEM measure-
ments (Figure 1f), where a small, compact core can be seen,
and the as-described facets are growing from this core or nuclei.
Nevertheless, for the SegTe,; composition it was not possible
to grow crystals with a larger diameter than ~20 #m because of
signiﬁcaznt overlapping of nucleation and crystal growth
regions.”

A size of well-developed crystals was measured as a diameter
(D) of formed spherulites. Figure 2 shows the time dependence
of crystal sizes at selected temperatures. Every point in Figure 2
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Figure 2. Linear time dependence of diameters of grown crystals in Se;g_,Te, bulk samples annealed at different temperatures.

corresponds to a mean value of independent measurements of
30—100 separated crystals. For better clarity of Figure 2, typical
standard deviation is shown only for one point. Note that
standard deviation was found to be in the range of 5—12% of
the crystal size. The data shown in Figure 2 demonstrate a
linear increase of crystal size in time during the isothermal
crystallization. Crystal growth rates (u) were determined as
slopes of the linear fits of these dependences and are listed in
Table 1 for the three studied compositions.

As was anticipated and shown in Figure 2, the size of
spherulitical crystals changed linearly with time during the
isothermal heating. This type of behavior is typical for crystal
growth controlled by liquid-crystal interface kinetics. There are
three basic phenomenological’'** growth models that can be
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used to describe crystal growth controlled by liquid-crystal
interface kinetics: normal, screw dislocation, and 2D surface
nucleated growth model. According to Jackson,® the
appropriate growth mechanism can be assessed from depend-
ence of reduced crystal growth rate (Ug) on undercooling (AT
= T,, — T, where T,, is temperature of melting of the studied
system):

u-n

UR:l—exp(

5
RT

where u is crystal growth rate,  is viscosity, R is universal gas
constant, and AG is change of Gibbs free energy between the
undercooled melt and crystalline phase. The appropriate crystal

(1)
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Table 1. Crystal Growth Rates in the Se o, ,Te, System

SegTe;y Seg,Te,, SejTes,
(um: u (um:
T(C) min!) TCC) u(@mmin) TEC) min?)
71 0.0072 + 783 0.0024 + 0.0004 77.5 0.0026 +
0.0005 0.0002
751 00153 £ 825 00063 + 0.0002 804 00103 +
0.0005 0.0003
789 0032 = 854 0.021 + 0.004 83.8 0.047 +
0.008 0.002
82.1 0.049 + 888 0.037 + 0.004 86.2 0074 +
0.003 0.002
86.1 0.088 + 94.8 0.139 + 0.018 87.1 0084 +
0.004 0.005
87.7 0.110 £ 972 0.195 + 0.017 91.6 0076 +
0.007 0010
89.7 0.15 + 987 022 + 0.03 92 0.131 +
0.02 0.004
90.2 0.143 + 1002 0273 £ 0.014 92.5 0.165 +
0.009 0010
933 0210 £+ 1017 0268 + 0.011 96.1 0269 +
0.007 0022
94.6 0204 103 035 + 0.04 1014 068 +
0.003 0.03
95.2 0316 = 1063 077 + 0.09 105.6 14 £02
0.008
97.5 032 1119 133 £ 0.03 1062 134 =
0.02 0.06
101 043 + 113.8 237 + 0.02 1125 19+02
0.05
10L.3 0428 + 1183 2903 1141 30x02
0.005
103.4 0.56 + 1279 102 £ 1.9 117.3 62 +£03
0.06
108.5 0.68 + 1214 97 £ 0.5
0.03
106.5 0.81 + 1261 119 £ 07
0.04
109.3 1.00 + 1326 2336 +
0.03 0.00
1109 135 + 1326 31+4
007

growth model can be then assessed from a plot of Uy vs AT,
where AT is undercooling of the system with respect to the
melting point Ty, (AT = T, — T). The Ug vs AT plot then
results in a shape of horizontal line for the normal growth
model, or a straight line with a positive slope for the screw
dislocation growth model, and for the 2D surface nucleated
model the Uy versus AT plot is exFected to be in the form of a
curve of increasing positive slope.”

To estimate the reduced crystal growth rates from the
growth data, temperature dependences of 7 and AG are
needed.

Temperature dependence of viscosity in the Se—Te system
was described in the work of Ko3til,** and is redrawn in Figure
3. Combining the viscosity data with viscosities of correspond-
ing melts, reported by Perron,™ the temperature dependence of
viscosity could be described by Vogel—Fulcher—Tammann
equation in the temperature range of 35—530 °C, which
corresponds to the viscosity region of 107>~10'* Pass.

The change in Gibbs free energy can be calculated directly
from a difference of heat capacity (AC,) between crystalline
phase (C,*) and undercooled melt (C,"™):

T, T,
AG=AHm£—/mAC dT+T/’“ACd—T
T T 4 T i)
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Figure 3. Temperature dependence of viscosity in Se,q_,Te, system,
the data were taken from the article of Kostal.** The inset shows

dependence of kinetic coefficient uy, (see the text below) on viscosity
for the studied compositions.

where AH,, is enthalpy of melting. Nevertheless, measurements
of specific heat capacities in highly undercooled liquids are
difficult, and for chalcogenide glasses and undercooled melts
they are often missing. Owing to this, the AG can be
. . S 36-39

approximated by simpler expressions. The most conven-
ient and widely used approximation of AG is the relation
proposed by Turnbull:**

AT
AG = AH,,

(3)

The temperature dependence of AG in the studied
Sejgo_ Te, system was calculated using both expressions
described by eqs 2 and 3. The melting parameters (AH,, and
T,,) were measured by DSC and are listed in Table 2. The

m

Table 2. Temperatures and Enthalpies of Melting in the
Se; g0 Te, System

T, (°) AH, (K-mol™)
SegoTeyy 2314 + 03 6.18 + 0.02
SegoTeyy 2463 + 05 6.64 + 0.06
SessTey, 2646 + 1.0 7.28 + 025

change of Gibbs free energy between the undercooled melt and
crystalline phase (AG) was directly calculated using the heat
capacity data for the Se—Te system published by Svoboda.**
Temperature dependences of AG are shown in Figure 4 for all
studied compositions. It can be seen from Figure 4 that with
increasing undercooling the difference in AG that was
calculated according eqs 2 and 3 is higher. In the growth
region the difference is in the range of 100—500 J-mol ™' (8—
15% relatively). Nevertheless, in the following text we will show
that for the modeling of reduced crystal growth rate Uy eq 1)
and further for calculation of the crystal growth model and its
parameters, it is possible to use both expressions (eq 2 and 3 of
AG obtaining comparable results.

With knowledge of AG and viscosity (17), the reduced crystal
growth rate can be calculated according to eq 1 using the
growth data in Table 1. Figure 5 shows the dependence of
reduced crystal growth rate (Uy) on undercooling (AT) of the
studied compositions. Standard deviations of the Uy were
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calculated using the error propagation model in QCExpert
software (TriloByte Statistical Software, Ltd.). Considering the
Uy errors, the Uy vs AT dependence appears to be constant
which suggests a normal crystal growth model® for the
SegyTeyp and Se;;Tez, compositions. In the case of SegTe, the
plot of Uy versus AT appears to be constant for lower
undercooling (AT < ~135 °C). With increasing undercooling
it appears that the Uy, increases slightly, linearly with AT, which
can suggest the screw dislocation growth model. Similar
behavior was also observed in crystal growth in pure selenium,
which was measured in a wide temperature range from the glass
forming temperature (T,) to the melting temperature (T.):*®
This type of behavior can be ascribed to the change of crystal
growth mechanism. The screw dislocation growth model was
also used for description of crystal growth in thin films of
SegpTe1p and SegoTes0.”* Nevertheless, owing to the calculating
errors of Uy and to the narrow temperature range, the crystal
growth rate may not be able to clearly distinguish which growth
model is appropriate for the description of SegTe,
experimental data. Taking into account the constant depend-
ence of Uy vs AT within the calculated errors for the
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compositions SegTe,; and Se; Tey, and similar temperature
and viscosity regions, it is reasonable to assume similar crystal
growth behavior for the SegTe,;, composition. Taking into
account what have been mentioned earlier, the normal crystal
growth model was used to describe growth behavior in the
three studied compositions.

The normal crystal growth model can be expressed as
follows:*"

kT [1 ( AG )]
u= —:f e —
Sﬂaozr] 5 RT

where ky is the Boltzmann constant and a, is the mean
interatomic distance in the interface layer. The normal crystal
growth model was calculated for all studied compositions of the
Sejpo—Te, system using nonlinear regression. The calculated
growth model is shown in Figure 6 along with corresponding
crystal growth rates from Table 1. Insets of Figure 6 show a
reasonable agreement between the experimental data and the
calculated curves for the normal crystal growth model for
compositions SegTey, and Se;;Tey, Regarding the composi-
tion SegyTe,y the inset of Figure 6a shows deviation of the
experimental data from the calculated normal growth model at
lower temperatures. That is probably caused by change in a
growth mechanism, which can be described by the screw
dislocation growth model at lower temperatures. At higher
temperatures the growth can be described by the normal
growth model, as was predicted by the dependence of reduced
crystal growth rate on undercooling of the system. A similar
crystal growth behavior was observed also in pure selenium,*
The change in crystal growth mechanism can be associated with
the change of structure of the formed spherulites (change from
mode B to mode A), as was mentioned at the beginning of this
section. In consideration of the mentioned phenomenon, the
growth data of SegTe;, composition were also fitted by the
screw dislocation growth model. The inset of Figure 6a shows
that the crystal growth data for the composition SegTe,, can
be described by screw dislocation model at lower temperatures
(T < ~100 °C). At higher temperatures the growth mechanism
is changing, and the data can be described by the normal
growth model. The screw dislocation growth model can be
expressed as follows:”'

[~ -5

. RT
Parameters of eq S have the same meaning as in eq 4.

The fitting parameter a, was calculated using nonlinear
regression for all compositions and the values are listed in
Table 3 along with parameters calculated for crystal growth in
pure selenium.”’ It is obvious that with increasing tellurium
content in pure selenium, the parameter a, decreases. As
anticipated earlier, two expressions of AG egs 2 and 3 were
used for calculation of the parameter a, of the normal crystal
growth model. Table 3 provides a comparison of parameters a,
calculated using different expressions of AG. The values of
parameter a, listed in Table 3 are comparable within the
experimental errors for both used expressions of AG. These
calculations showed that the growth models can be estimated
without proper knowledge of heat capacity data to calculate
changes of Gibbs free energy between the undercooled melt
and crystalline phase. Even a simple approximation of AG,
proposed by Turnbull,* can provide comparable results.

(4)

_ AT kT
2xT,, 3maln

(5)
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Figure 6. (a—c) Temperature dependence of crystal growth rates in
the Se;p-.Te, system fitted by the normal crystal growth model.

As is shown in Table 3, there is a significant change in the
parameter a, for the studied Se,y_,Te, system. For the
SegyTe;y composition this parameter is comparable with the
one found for pure selenium.*” However, the a, parameter
further decreases with tellurium content as evident from Table
3. The reason for such a decrease is unknown. Nevertheless, we
would like to point out, that the a, parameter is quite sensitive
to the applied kinetic model. The difference can be seen in case
of the SeyyTe,, composition, where the growth data were fitted
by normal and screw dislocation growth model, and the
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Table 3. Mean Interatomic Distance g, in Interface Layer
Calculated from the Normal Crystal Growth Model in the
Sejg0—.Te, System and for Pure Selenium™* Using Heat
Capacity Data and Turnbull Approximation of AG

heat capacity Turnbull
ay (A) a (A)
Se 279+ 0.5
SegTeyo 278 03 267 03
SegsTez 17.8 + 02 17.1 + 02
SesTes 7.10 + 0.11 650 + 0.1

parameters a, were determined to be 27.8 + 0.3 A and 5.48 +
0.06 A, respectively.

The standard crystal growth models assume a simple inverse
proportionality of crystal growth rate to viscosity (u o 7").
This assumption is valid at small undercooling of the studied
system. Nevertheless, with increasing undercooling the crystal
growth rate and viscosity can decouple, as was shown by several
authors.*' ™" The decoupling can be caused by breake-down of
the Stokes—Einstein relationship between diffusivity and
viscosity. Ediger*' proposed a power law dependence of kinetic
coefficient u;, on viscosity:

g SN

(6)

The wug, represents crystal growth rate corrected for the
thermodynamic factor:

u

(-3 o)

The exponent £ < 1 represents extent of decoupling of crystal
growth rate and viscous flow. Ediger’' demonstrated for several
inorganic and organic glasses, that the exponent & depends
linearly on fragility (m) of the system (& = 1.1—0.005m).
Fragility of the studied compositions of the Se—Te system
can be taken from the work of Kostil* and their values are
shown in Table 4. According to Ediger’s assumption, the

Upin

Table 4. Kinetic Fragility (m) Values** and Values of
Exponent £ for the Se,q_,Te, System

m ¢
SegTeyy 872 0.80 + 0.02
SegTex 876 105 + 016
SesoTey 768 0.89 + 001

exponent & should be in the range 0.66—0.72 for the studied
samples. However, the linear logarithmic dependence of u, on
7 (inset of Figure 3) provides the values of exponent & in the
range of 0.80—1.05 (Table 4). The difference between the
predicted & using the relation proposed by Ediger, and the
calculated values suggest that the proposed relation might not
be generally valid. The values of the exponent £ are close to the
value of 1;, thus it can be assumed that the Stokes—Einstein
relationship is nearly fulfilled in the studied system even at
higher undercooling.

The finding of the crystal growth model and its parameters is
one part of the primary kinetic analysis of crystal growth
process.

An alternative way to study crystallization process is based on
calorimetric measurements. The heat released during the crystal
growth can be measured nonisothermally by differential
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scanning calorimetry (DSC). In this case, however, both
nucleation and growth processes are involved. The crystal
growth proceeds until the whole or substantial part of the
sample has been transformed. The fraction crystallized (@) can
then easily be obtained by partial integration of DSC curve. It is
assumed that the measured heat flow (®) is proportional to the
rate of crystal growth, provided that the entire nucleation
process takes place during the early stages of transformation
and it becomes negligible afterward. Then the Johnson—Mehl—
Avrami (JMA) kinetic model can be applied and the heat flow
corresponding to crystallization process can be written as*’

)n(l - &)[~In(1 — @)]"

DSC

@ = AHA exp(
(8)

where AH corresponds to the total enthalpy change associated
with the crystallization process, A is the preexponential factor, n
is the JMA exponent, and Ejy is the apparent activation energy
describing the overall crystallization process assuming the
Arrhenian type temperature dependence.

The crystallization behavior in Se—Te powders, bulk and thin
films has recently been studied quite extensively by DSC.>****’
The values of apparent activation energy obtained from these
calorimetric experiments are summarized in Table 5. It is quite

Table 5. Activation Energies of Crystal Growth in Bulk
Samples (E;) and Activation Energy of Crystallization
Evaluated from DSC Experiments (EDSC)z'3 in the Se o Te,
System

Eg (KJ'mol™) Epsc (KJ:mol™)
SeyTey 135 £ 10 86 +3
SegoTes, 193 £8 N+t6
SezTes 176 + 8 114 + 3

interesting to compare these values with direct microscopic
measurements of crystal growth kinetics. In a narrow
temperature range we can expect a simple exponential
dependence of crystal growth rate on temperature as shown
in Figure 7. From the slope of these dependences, we can
estimate the apparent activation energy of crystal growth Eg for
all three studied compositions of the Se—Te system (Table S).

The activation energy for the Seg;Te,q is comparable with the
activation energy of crystal growth found by Calventus'” (Eg =
146 + 16 kJ/mol). The E; values are also comparable with data
reported in previous studies on crystal growth in Se—Te thin
films.”® However, there are significant differences compared to
the values of activation energy obtained from DSC experiments.
This can be explained assuming the calculated crystal growth
rates for the normal crystal growth model. The temperature
dependence of log u versus 1/T is in fact highly nonlinear as
shown in Figure 8. The slope corresponding to “activation
energy” is in fact meaningful only in a relatively narrow interval
corresponding to temperature range of the measurement.
Assuming this, the activation energies of crystal growth were
calculated from the model growth data in the temperature
region corresponding to DSC measurements, as shown in the
inset of Figure 8 for the SegTe o composition. The activation
energies of crystal growth were then found to be 88 + 2 kJ/
mol, 102 + 2 kJ/mol, and 127 + 2 kJ/mol for SeyTe,,
SegyTeyp and Se;yTey, composition, respectively. These values
are in good agreement with the apparent activation energy of
the overall crystallization process found from the DSC
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in Se;p_,Te, bulk glasses.

measurements™> (Table 5). A similar change of activation
energy of crystallization was observed in pure selenium in a
wide temperature region for both microscopy7‘w and DSC***
measurements.

B CONCLUSIONS

Crystal growth kinetics was studied in Se,p_,Te, bulk glasses,
where x = 10, 20, and 30. The isothermal crystal growth was
observed directly using infrared microscopy. The diameter of
the growing spherulitical crystals depended linearly on time,
which is typical for crystal growth controlled by liquid-crystal
interface kinetics.

Using the crystal growth rates combined with viscosity data,
reduced crystal growth rates were calculated. The specific
dependence of reduced crystal growth on undercooling
suggested normal crystal growth model for the compositions
of SegTey and Se;Tes. In the case of SeggTeyy composition,
the growth data show a change of a crystal growth mechanism,
which can be described by the normal crystal growth model at
smaller undercooling, and by the screw dislocation growth
model at higher undercooling. The change in crystal growth
mechanism can be associated with the change of structure of
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the formed spherulites. Parameters of the growth models were
found and the models appear to be operative for description of
the found growth data in bulk glasses of all studied
compositions. For the calculations of reduced crystal growth
rates and the normal crystal growth model, the knowledge of
temperature dependence of Gibbs free energy change (AG)
between the undercooled melt and crystalline phase was
needed. Two different expressions of AG were used: direct
calculation from heat capacity data and simple approximation
using enthalpy of melting and temperature of melting. It was
shown that in case of missing heat capacity data the AG can be
substituted by a simple expression proposed by Turnbull to
provide results with reliable accuracy.

The relationship between crystal growth rate and viscosity
was tested using a re]ationship proposed by Ediger. The
predicted dependence u, o 1~° showed, that even for highly
fragile Se;_,Te, system (m ~ 76—88), the exponent ¢ is close
to 1. Thus, we can assume that the Stokes—Einstein
relationship between crystal growth rate and viscosity holds
in this particular case even for relatively high undercooling of
the system.

Activation energies of crystal growth were calculated from
the simple exponential behavior of crystal growth rate on
temperature and were compared with activation energies of the
overall crystallization process evaluated from DSC data.
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The isothermal crystal growth kinetics in SejoTe;q thin films was investigated using the
microscopy and in situ X-ray diffraction (XRD) measurements. Plate-like crystals grew linearly
with time which is the sign of liquid-crystal interface kinetics. In the studied temperature range,
from 68 °C to 88 °C, crystal growth rates exhibit simple exponential behavior with an activation
energy of crystal growth Eg= 168 = 12kJ mol ™', The growth data obtained from the microscopy
measurements were combined with viscosity data, melting parameters and the appropriate crystal
growth model was assessed. The relation between the kinetic coefficient of crystal growth and vis-
cosity (uocy™®) is described in detail, and a correction of the standard growth model is suggested.
The crystal growth data obtained from the in situ XRD measurements were described using the
Johnson-Mehl-Avrami nucleation-growth model with the Avrami exponent m =2.2 *0.2. The
activation energy of the overall crystallization process E4 was estimated and its value is

171 =+ 11 kJ mol™". Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4964425]

INTRODUCTION

Chalcogenide glasses are interesting materials because
of their unique structural, electronic, optical and thermal
properties. They can be used as photo-resistant, microelec-
tronic, optoelectronic and holographic media.' Tellurium-
based glasses are also used as phase change materials in
rewritable optical and non-volatile electronic memories due
to their sensitivity to laser beam and easy amorphization pro-
cess.*” Storage mechanism is based on the change of optical
or electrical properties due to a reversible switching from an
amorphous to a crystalline phase.®’ Switching speed and
data retention of memories are related to crystallization
kinetics.” This is the reason why it is important to study and
understand nucleation and crystal growth kinetics and mech-
anisms in these materials.

Se-Te glasses exhibit intermediate behavior between
pure selenium and tellurium. They have higher hardness,
photosensitivity, electrical conductivity and smaller aging
effect than pure selenium.™’ Various studies have already
been reported for Se-Te bulk glasses and thin films.'""
Crystallization Kinetics has been investigated by differential
scanning calorimetry (DSC)'” > and by the measurements
of dc conductivity.” There are some investigations on direct
observation of crystal growth using microscopy techni-
ques,”>#?7% on electric and optical properties® ** and on
thermodynamic properties of the Se-Te system.** "’

In this work, the crystal growth kinetics in Se;oTesq thin
films was studied using scanning electron microscopy
(SEM), infrared microscopy (IR) and in situ X-ray diffrac-
tion measurements (XRD). The results found for the studied
SeTesp composition (activation energies of crystal growth
and the overall crystallization process, and growth model)

“Author to whom correspondence should be addressed. Electronic mail:
simona.martinkova@student.upce.cz
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are compared with the previously found results for the
SegpTe o and SeggTes thin ﬁ]l’l‘lS.20

EXPERIMENTAL

Se;oTesp bulk glass was prepared by the conventional
melt-quench technique. The adequate amounts of pure ele-
ments (SN purity, Sigma Aldrich) were inserted into a quartz
ampule. The ampule was evacuated to a pressure of 10~3Pa,
sealed and placed into a rocking furnace afterwards. The sealed
ampule was annealed at 650 °C for 20 h. After heat treatment
and homogenization, the ampule was quenched in cold water.
The prepared bulk glass was used as a starting material for the
preparation of thin films. The thin films were prepared by ther-
mal deposition on clean microscopy glass substrates. The glass
substrates were rotated by means of a planetary rotation system
during deposition to ensure high homogeneity in the film thick-
ness. Deposition rate was measured using a quartz microbal-
ance technique. Two different sets of samples were prepared
with the film thicknesses of 1 yum and 520 nm. Energy disper-
sive X-ray (EDX) microanalyzer Bruker coupled with a scan-
ning electron microscope (Low Voltage Hitachi FE-SEM SU
8000) was used to measure the Se:Te ratio. The composition
of thin films corresponds well with the stoichiometric composi-
tion of the prepared bulk glass.

Amorphous nature of the prepared thin films was veri-
fied by an X-ray diffraction analysis (XRD). The XRD anal-
ysis of amorphous and fully crystallized samples was
performed using Rigaku XRD SmartLab with parallel beam,
utilizing CuK, radiation (40kV, 30 mA). The scans were
taken over scattering angles, 26, from 10° to 80° at the scan-
ning speed of 1°/min.

The crystal growth in Se;Tes, thin films of the thickness
of 1 um was observed using a scanning electron microscope
(Low Voltage Hitachi FE-SEM SU 8000). The samples were
cut into smaller pieces (0.5 x 0.5 mm?) and heat-treated in a

Published by AIP Publishing.

76



145301-2 Martinkova et al.

computer-controlled furnace at selected temperatures for a
specific amount of time. The micrographs were taken by the
SEM. The sizes of well-developed crystals grown in thin films
were measured. The crystal growth in Se;oTes, thin films of
lower thickness (520nm) was observed using an optical
microscope Olympus BX51 with an infrared XM10 camera in
the reflection mode and using SEM JEOL JSM-7500F; 1kV,
gentle beam mode. Samples were prepared and sizes of crys-
tals were evaluated like in the case of thin films with 1 ym
thickness.

In situ XRD Rigaku TTR-III (CuK, radiation —50kV,
300mA, parallel plate method) with Pt heater was used to
study isothermal crystal growth kinetics of thin films with
520 nm thickness. The samples were heat-treated in the tem-
perature range from 68°C to 88 °C. The XRD scans were
taken during isothermal treatment over scattering angles, 20,
from 15° to 45° at the scanning speed of 15°/min.

RESULTS
Crystal growth followed by microscopy

The crystal growth in SesoTes thin films was studied
using microscopy. The plate-like crystals grew in the vicinity
of the surface of thin film; therefore, it can be assumed that the
roughness of the substrate did not affect the crystal growth.

Crystal growth in Se;Te;q thin films of 1 um thickness
was studied in the temperature range from 68°C to 88°C
using SEM. The samples were heat-treated for various times
at temperatures where optimum crystal growth rates were
observed. Figure | shows a typical morphology of growing
crystals. Crystals grew from randomly distributed nuclei
(Figure 1(b)). Crystal size was measured as the length of crys-
tal’s long axis. The mean crystal size was calculated as the
average size of 10-30 crystals found in the thin films. The
crystals grew linearly with time which is typical for crystal
growth controlled by liquid-crystal interface kinetics. Time
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FIG. 1. Crystals growing in SejoTeso
thin films of 1 ym thickness (SEM pho-
tographs): (a) sample was annealed at
81°C for 45min; (b) sample was
annealed at 73 °C for 75 min; (c) sam-
ple was annealed at 73 °C for 120 min,
and upper detector was used for detec-
tion of secondary electrons; and (d)
sample was annealed at 73°C for
120 min, and lower detector was used
for detection of secondary electrons.

dependences of crystal sizes at different temperatures are
shown in Figure 2. Slopes of these dependences correspond
with the crystal growth rates summarized in Table 1.

Crystal growth in Se;yTes, thin films of 520 nm thick-
ness was studied using an infrared microscope. Three tem-
peratures were chosen to verify that no change in crystal
growth rate and morphology occurs as the film thickness is
reduced. It can be seen in Figure 3 that the morphology of
the formed crystals is the same as in | ym thin films. The
crystals grew linearly with time, and the dependences of
crystal sizes on time at different temperatures are shown in
Figure 2. Crystal growth rate was evaluated in the same way
as in the case of the thin films of | ym thickness.

Crystal growth followed by in situ XRD measurements

The study of crystal growth kinetics in SesoTesq thin films
of 520nm thickness was performed in the same temperature

9
= 863°C
8 e 844°C
o 84.1°C
7] o 812°C
A 807°C
6+ e 793°C
a 78°C
54 v 772°C
€ e 733°C
et N < 707°C
= e 68.1°C
34
24
1 /’/‘
0 T T T T

0 20 40 60 80 100 120 140 160
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FIG. 2. Dependences of crystal sizes on time at various temperatures; the
point size corresponds with the experimental error of the crystal size, and
the empty and full symbols are used for thin films of 520nm and 1 pm thick,
respectively.
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TABLE 1. Crystal growth rates. The stability of the temperature was
£057¢.

SesoTeso (1 um) SesTes (520nm)

T (°C) u (pm min~") u (pum min~")
68.1 0.015 £ 0.001

70.7 0.019 = 0.002

733 0.034 = 0.003

772 0.069 * 0.002

78 0.084 = 0.007
793 0.092 * 0.009

80.7 0.17 £0.02

81.2 0.17 £0.01
84.1 0.22 £0.03
84.4 0.22 +0.01

86.3 0.22 £ 0.01

FIG. 3. Crystals growing in Se;oTes thin films of 520nm thickness.

range as in the microscopy measurements using the in sifu
XRD measurements. Figure 4 shows an XRD pattern of fully
crystallized thin film in the range of 26 = 10°-80°. The diffrac-
tion lines occur between the diffraction lines of pure selenium
and tellurium. This could be expected because of the complete
miscible system, where the atoms in Se-chains are randomly
substituted by Te-atoms.™ The crystallized fraction is formed
by hexagonal crystals with lattice parameters a = 4.402 A,

=
2
©
-
2
7]
5
,E Te| [Se
se [Se e

Te

o
Ti

10 20 30 40 50

20 (°)

Tor,
T

T“;\Sﬁ;“‘: Te Y
Se . Selsel
L
60 70

80

FIG. 4. XRD patterns of fully crystallized Se;,Tes, thin films.
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¢=5.273 A. The most intensive peaks are situated in the range
of diffraction angles, 20, from 15° to 45°. This region was,
therefore, chosen to follow the changes in diffraction peaks
during isothermal annealing. The XRD profiles were used for
determining the amount of phase transformed. The crystallized
fraction, o, was calculated using the following formula®”

_I-L

o ’
Ix'r == lu

()
where / is the integrated intensity of diffraction peak at dif-
ferent time, /,, is the integrated intensity of diffraction peak
of fully crystallized sample, and /,, is background correction
to the diffraction pattern measured for amorphous samples at
room temperature (RT). The evolution of the crystallized
fractions as a function of time at different measured tempera-
tures is shown in Figure 5.

DISCUSSION

Crystal growth kinetics from microscopy
measurements

Crystal growth was also observed in Se;oTes thin films
of 520nm thickness. Raoux ef al. found*” that crystallization
temperature can increase as film thickness is reduced, espe-
cially in case of thickness lower than about 20nm. In our
case, no change in crystal growth kinetics in 520nm and
1 um thin films was noted.

A simple exponential dependence of crystal growth rate
on temperature can be assumed in narrow temperature range.
The activation energy of crystal growth can be estimated
from the slope of linearized dependence of log u on /T,
which is shown in Figure 6. The value of activation energy
of crystal growth was found to be Eg= 168 = 12kJ mol .
This value is in good agreement with the value of activation
energy of crystal growth in Se;oTeso bulk glass.zx The values
of activation energies of crystal growth in the SegoTe o and
SegoTe,o thin films®™ are slightly higher (Eg =193 = 4kJ
mol ™! for SeggTe o composition and Eg = 195 £ 4kJ mol ™!
for SegyTe,, composition) than the value found in Se;oTes,
thin films.

1.0z

0.8

0.6
3 = 88°C
0.4 o 85°C
e 83°C
o 79°C
A 77°C
02 a 73°C
® 71°C
© 68°C
0.0 b=ty T T
0 100 200 300 400 500

t (min)

FIG. 5. Time evolution of crystallized fraction at different temperatures.
Lines correspond with the JMA plot (see the following text in the
Discussion part).
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FIG. 6. Dependence of log « vs. 1000/T. Activation energy of crystal growth
in SezgTesq thin films was estimated from the slope of this dependence.

As shown in Figure 2, the time evolution of crystal sizes
was linear. This is a sign of crystal growth controlled by
liquid-crystal interface kinetics. Three phenomenological
growth models*' are usually used for describing the crystal
growth controlled by liquid-crystal interface kinetics: normal
growth model, screw dislocation growth model and 2D sur-
face nucleated growth model. According to Jackson,™ the
appropriate growth model can be assessed from the depen-
dence of reduced crystal growth rate Ug on undercooling AT.
Reduced crystal growth rate Ug is given by following
equation:

URZ—'—AG—- (2
1 - exp(——)
R

where u is crystal growth rate measured at temperature 7', 5
is viscosity, AT is undercooling (AT = T, — T; T, is melting
point) and AG is change of Gibbs free energy between
undercooled melt and crystalline phase. AG can be easily
expressed by Turnbull’s approximationu (AG = AH, AT/
T,,), which is the most widely used approximation and is suf-
ficient for calculating Uy and crystal growth models in this
system.”

The crystal growth rates u at different temperatures 7'
(Table I), temperature dependence of viscosity #, enthalpy of
fusion AHyand temperature of melting T, of the crystalline
phase are needed for calculating the reduced crystal growth
rate. Melting parameters were measured by DSC;
AH=728k) mol™', T,,=264.6°C.>* Temperature depen-
dence of viscosity of Se-Te system was studied in bulk
glasses. It is assumed that the viscosity of thin films is not
different that of bulk glasses.*

The plot of Ug on AT of the studied Se;oTes thin films is
shown in Figure 7. The standard deviations of the Up were
calculated using the error propagation model in the QCExpert
software (TriloByte Statistical Software, Ltd.). The depen-
dence of Uy on AT appears to be a straight line with a positive
slope, which suggests a screw dislocation growth model.
Nevertheless, more data on crystal growth rates in wider tem-
perature region are needed for clearly distinguishing the
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FIG. 7. Dependence of reduced crystal growth rate on undercooling.

appropriate growth model from the dependence of reduced
crystal growth rate on undercooling. This is out of possibility
for the used techniques. With increasing temperature, the crys-
tal growth rate increases and even for short annealing times
(5 min) the crystals became partially overlapped. The overlap-
ping crystals make difficult the measurement and evaluation
of the crystal growth rate at higher temperature. Sometimes,
the signs of spirals are observed in materials, where the
growth can be described by the screw dislocation model. **’
This was observed in the SeyTe, and SegyTe,, thin films.”’
Nevertheless, the micrographs of the crystals formed in the
studied Se;gTesq thin films do not clearly show such curvature
or spiral-like structure (Figures | and 3). Previous studies on
crystal growth in the SegoTe;n and SegoTeso thin films”’
showed that the screw dislocation growth model is operative
for the description of the crystal growth in this system.
Therefore, the screw dislocation growth model was considered
for the description of the crystal growth behavior in Se;oTesq
thin films.

Screw dislocation growth model can be expressed by
following equation:4l

= o ksl [l ex| ( AG)] 3)
"~ 2aT,, 3naly P\"®rT/]’

where kg is Boltzmann constant and @, is the mean inter-
atomic distance in the interface layer. Figure 8 shows experi-
mental crystal growth data along with calculated crystal
growth model (dashed line). It is clearly shown that the simple
screw dislocation growth model does not fit the experimental
data well. The value of the only parameter of the growth
model a; was found to be 0.358 = 0.013 A which corresponds
with the cca 1/10 of elementary cell. The reason that the screw
dislocation growth model does not correspond with the exper-
imental growth data might be caused by the deviation from
the Stokes-Einstein (SE) relation, which assumes that the tem-
perature dependence of diffusion coefficient can be described
by inverse shear viscosity.” This assumption is valid at small
undercoolings, just below the melting point. Below 1.2 T, the
change in the diffusion mechanism can occur and the crystal
growth rate and viscosity can decouple.*’”" Ediger’® pro-
posed a power law dependence of uy;, on the liquid viscosity
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FIG. 8. Temperature dependence of crystal growth rates in SejoTesq thin
films fitted by standard (dashed line) and corrected (solid line) screw dislo-
cation growth model (see the following text in the Discussion part). The
inset shows the crystal growth rates in Se;yTes, (this work), and SegTe,,
and SeqTe o (Bartak™) thin films fitted by the corrected screw dislocation
growth model.

Ugin <17, 4

where uy, is a kinetic part of the crystal growth rate
(Upin = u/[1-exp(-AG/RT)]). The values of the exponent ¢ < |
express the decoupling of viscosity and crystal growth rate.
Plot uy;, versus 1 in the log-log scale yields straight line with
a slope ¢. This plot is depicted in Figure 9. Exponent ¢ was
found to be 0.64 = 0.04 which is the sign of breakdown of
the Stokes-Einstein relationship between viscosity and diffu-
sivity. The same analysis was also performed for the data
published earlier by Bartdk.”” In the case of SegTe;o and
SegoTey, the values of the exponent ¢ were found to be
0.88£0.01 and 0.75 =0.02, respectively. Taking into
account this decoupling of viscosity from the growth rate,
the Eq. (3) can be combined with Eq. (4)

()
u_27rT,,,31m(3,r;5 P\~ RT /|

Using the corrected growth model for the exponent ¢ = 0.64,
the calculated fit agrees well with the experimental data
(Figure 8, solid line). The corrected parameter a, was found

144

-1.6

log (ukin/pm.min'1)

-1.8

6.0 6.5 7:0 7t5 8‘.0 8.5
log (n/Pa.s)

FIG. 9. Dependence of kinetic coefficient u;, on viscosity .
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to be 5.47 = 0.10 A that corresponds with the size of elemen-
tary cell. The improvement of the growth model was also
performed to the previously published data for the SegoTe;q
and SegyTe,, thin films®” (Figure 8, inset) to find the cor-
rected values of the parameter a,, with the values estimated
to be 2.96+ 0.03 A and 3.47 = 0.06 A for the SesoTe;o and
SegoTey thin films, respectively. These values are more
plausible for the meaning of the parameter @y, which sup-
posed to mean an interatomic distance in the interface layer.

Crystal growth followed by in situ XRD measurements

Isothermal crystal growth kinetics was also studied
using the in situ X-ray diffraction measurements. These
measurements were performed in the same temperature
range as the growth measurements followed by microscopy.
Experimental data (Figure 5) can be fitted by the Johnson-
Mehl-Avrami (JMA) nucleation-growth model,”>* which
can be expressed by following equation:

a=1-—exp[-(K)"], 6)

where o is the crystallized fraction at time ¢, K is the rate
constant that reflects the rates of both nucleation and growth
process and m is Avrami exponent reflecting the characteris-
tics of nucleation and growth process. The values of Avrami
exponent m were obtained from the linearized JMA plot

In[—In(l —o)] =m-Int+m-InK. 7)

Taking into account the experimental errors, Avrami expo-
nent m was estimated from o values in the interval of
0.3-0.7. The dependence of In(-In(1-2)) vs. Inf is shown in
Figure 10. The average value of Avrami exponent m was
found to be 2.2 = (0.2, which indicates two-dimensional crys-
tal growth. This value was expected because the direct obser-
vations using microscopy show that nucleation occurs at the
beginning of the crystallization process and the growth of
crystals is two-dimensional. In comparison with the values
of Avrami exponent m found in the SeggTe;n and SegoTesq
thin films,>” the value of Avrami exponent m found in
SeqgTesp thin films is slightly higher. As was reported by
Svoboda®* the m for SesoTeso thin films from DSC data is
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FIG. 10. JMA linearized plots for different temperatures. The values of
Avrami exponent m were obtained from the slope of the linear dependences.
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2.2+0.3, it could be caused by the tendency to change the
mechanism toward three-dimensional growth with an addi-
tion of tellurium.

The values of Avrami exponent m found from a linear-
ized JMA plot were used to calculate the theoretical fits of
JMA plot. The rate constant K was then determined as the fit-
ting parameter. Figure 5 shows experimental data of the evo-
lution of crystallized fraction with time along with the
calculated theoretical JMA plots.

Temperature dependence of the rate constant K can be
described using the Arrhenius equation™

Ey
K = Koexp( RT>' (8)
where K, is pre-exponential factor and E, is the activation
energy of the overall crystallization process. Linearized
dependence of the rate constant K on temperature T is shown
in Figure 1 1. Activation energy of nucleation-growth process
E, was found to be 171 = 11 kJ mol .

This value is the same within the experimental error as
the value of the activation energy of crystal growth deter-
mined using the microscopy measurements (Eg; = 168 = 12kJ
mol™"). The fact that the activation energy of the overall
nucleation-growth process is similar to the growth one can be
explained in two possible ways. According to microscopy,
there was no difference in crystal density, so it can be
assumed that the nucleation process has been finished before
the measurements in this particular temperature region started.
Moreover, the XRD technique is quite insensitive in detecting
nuclei, and only the crystal growth is followed.

In comparison with the activation energies of overall
crystallization process and of crystal growth in the SeqyTe;q
and SegoTesq thin films,” the activation energies found in
SezoTesp thin films are lower. Crystallization kinetics in Se-
Te thin films using DSC measurements was studied by
Svoboda.>* The value of activation energy of overall crystal-
lization process in Se,Tesq thin films obtained from DSC
measurements was found to be E4 = 147kJ mol™". The dif-
ference in values of the activation energies of overall crystal-
lization process obtained from DSC and in situ XRD
measurements can be explained by different temperature
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FIG. 11. Temperature dependence of the rate constant K.

Paper 111

J. Appl. Phys. 120, 145301 (2016)

range where the activation energies were evaluated (DSC
measurements: 90—135°C:>* in situ XRD: 68-88 °C). The
temperature dependence of log u versus 1/T is in fact highly
nonlinear and the activation energy is changing with temper-
ature as was shown in the article of Bartak.>

CONCLUSIONS

The isothermal crystal growth kinetics in Se;qTesq thin
films was studied using the microscopy and in situ X-ray dif-
fraction (XRD) measurements. Two-dimensional crystal
growth was observed in the temperature range 68-88 °C.
The plate-like crystals grew from randomly distributed
nuclei and their length increased linearly with time so the
interface controlled crystal growth kinetics. The activation
energy of crystal growth was found to be 168 = 12 kJ mol~".

The dependence of reduced crystal growth rate on
undercooling suggested screw dislocation growth model as
the most probable. Simple screw dislocation model does not
fit the experimental data well which is probably caused by
the breakdown of the Stokes-Einstein relationship between
viscosity and diffusivity. Taking into account the decoupling
of viscosity from growth rate, the corrected screw dislocation
growth model was used for the description of crystal growth
data in Se;Tes thin films. The improvement was also per-
formed to the previously studied data found in the SeyyTe,q
and Seg,Te,, thin films. Parameter of the growth model was
found and discussed with the parameters of the growth mod-
els describing crystal growth in the SeggTe o and SegoTerq
thin films.

The crystal growth was also studied by in situ XRD. The
measured crystallization data were interpreted using the
Johnson-Mehl-Avrami (JMA) model with Avrami exponent
2.2 *0.2. This value indicated that crystal growth showed
two-dimensional growth. The activation energy of nucleation-
growth process was estimated from the linearized dependence
of rate constant on temperature (E£,=171 = 11kJ mo]").
The activation energy of overall crystallization process is
comparable with that of crystal growth estimated from the
microscopy measurements.
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ABSTRACT: Crystal growth rates in Ge Sb,sSes, bulk glass and thin film
were measured using optical and scanning electron microscopy under
isothermal conditions, The studied temperature region was 255—346 °C
and 254-286 °C for bulk glass and thin film, respectively. The compact
crystalline layer growing from the surface into the amorphous core was
formed in bulk glasses and no bulk crystallization was observed. In the case
of thin films, needle-shape crystals were formed. The crystalline layer and
needle-shape crystals grew linearly with time that corresponds to a crystal
growth controlled by the crystal-liquid interface kinetics. In the narrow
temperature range, crystal growth rates exhibit simple exponential behavior,
so the activation energies of crystal growth for the studied temperature
regions were estimated (E‘J =294 + 6 kJ/mol for bulk glass and E; = 224 +
12 kJ/mol for thin film). Viscosity of Ge,sSb,Ses, material was measured in
the region of the undercooled melt and glass. The extrapolation of viscosity
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data into the immeasurable, but important, temperature range is discussed. The experimental growth data were combined with
melting and viscosity data and the appropriate growth models were proposed to describe crystal growth in a wide temperature
region. The standard crystal growth models are based on a simple proportionality of the crystal growth rate to the viscosity (u o
#7"). This simple proportionality holds for the bulk material. Nevertheless, in the thin films the decoupling of the crystal growth
rate from the inverse viscosity occurs, and the standard kinetic growth models need to be corrected. Such corrections provide
better description of experimental data and more realistic value of the parameter describing the mean interatomic distance in the
crystal—liquid interface layer, where the crystal growth takes place.

B INTRODUCTION

Many researchers have taken an interest in glassy alloys of
chalcogen elements for several decades because of their unique
structural, electronic, optical, and thermal properties. Thermal
stability and crystallization play a key role in processing and
applicability of these chalcogenide materials. The thermal
stability of amorphous state is important also for optical
applications. Ge—Sb—Se glasses are attractive candidates for
infrared applications, such as optical components used in
thermal imaging systems, or integrated optical waveguides
devices. They are good transmitters in the infrared region (2—
16 ym) and more environmentally favorable compared to the
Ge—As—Se glasses."” Various studies related to the optical,
electric, thermodynamic, and structural properties'>~’ have
already been reported for Ge—Sb—Se system. Crystallization
kinetics and thermal stability of this system has been
investigated using differential scanning calorimetry
(DSC).*~"* Direct microscopy measurements have been used
to study morphology and crystal growth in Ge,Sb,Se; bulk
glass.l“'

Knowledge of viscosity and crystallization behavior plays a
key role in preparation, processing, and possible application of
glasses. Understanding the crystallization process is a

i i © 2017 American Chemical Society
<7 ACS Publications
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fundamental phenomenon, either to prevent, or control the
amorphous-to-crystalline transformation. The crystallization
takes place in undercooled melt, in this region the viscosity
influences the transport of structural units from the under-
cooled melt to the growing crystal surface. The relation
between viscosity and crystal growth rate is then very important
for description and prediction of the crystallization process in a
wide temperature region. Standard crystal growth models
assume a simple proportionality of crystal growth rate to
inverse viscosity (u o 77"),'”"” according to the standard
Stokes—Einstein equation, which is frequently used to replace
the effective diffusion coefficient by the viscosity. Nevertheless,
during the past two decades the relation between viscosity and
crystal growth rate was investigated and tested in different types
of glasses."”'*™** This analysis was found to be important
because some fragile glasses show a decoupling of the crystal
growth rate from the inverse viscosity, and the relation between
them is corrected for the parameter & (u o 17%). The growth
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models can be then corrected to describe the growth data in the
measured temperature range.Z =

The aim of this work is direct investigation of the crystal
growth kinetics in GeSbygSes, bulk glasses and thin films
using optical and scanning electron microscopy. The extended
study of Ge SbyzSes, system is performed including the study
of melting parameters and temperature dependence of viscosity
for the bulk material. It is shown that the viscosity of the
undercooled liquid is closely coupled with crystal growth
velocity in bulk glasses. A weaker viscosity dependence of
crystal growth kinetics is found for thin films of the same
composition. Consequence of these dependences for phenom-
enological kinetic models of crystal growth is analyzed and
discussed.

B EXPERIMENTAL SECTION

Thin films were prepared by flash evaporation on the
microscopy glass substrates. Bulk glass of the Ge,;Sby;Sesq
composition which was prepared by conventional melt-quench
technique was totally crystallized in a computer-controlled
furnace at 350 °C for 30 min, ground, and used as a starting
material for preparation of the thin films. The glass substrates
were rotated by means of a planetary rotation system during
deposition to ensure high homogeneity in the film thickness.
The deposition rate (1—2 nm/s) was measured using the
quartz microbalance technique. Final thickness of the thin films
was 520 nm. The composition and the homogeneity of the thin
films were confirmed by energy dispersive X-ray (EDX)
microanalyzer Bruker coupled with scanning electron micro-
scope (low voltage Hitachi FE-SEM SU 8000). The
composition of the prepared thin film was shifted from the
starting material to the composition GegSbysSes;. For
comparison of crystal growth in thin film and bulk material,
the bulk glass of the Ge 4Sb,sSes, composition was prepared by
conventional melt-quench method. The adequate amounts of
pure elements were weighed into a quartz ampule. The ampule
was evacuated to a pressure of 107> Pa, sealed, and placed into a
rocking furnace afterward. The sealed ampule was annealed at
800 °C for 20 h. After the heat treatment and homogenization,
the ampule was immersed in cold water to avoid crystallization.
EDX microanalyzer coupled with SEM was also used to
measure the composition and homogeneity of prepared
GeysSb,gSes, bulk glass.

Amorphous nature of the prepared bulk glasses and thin
films was verified by X-ray diffraction analysis (XRD). The
XRD analysis of amorphous and crystallized bulk samples was
performed using Bruker AXS X-ray diffractometer D8 Advance
equipped with a scintillation counter, utilizing CuK,, radiation
(40 kV, 30 mA). The scans were taken over scattering angles,
26 from 5° to 70° at the scanning speed 0.03°/min. In the case
of thin films, Rigaku XRD SmartLab with parallel beam,
utilizing CuK,, radiation (40 kV, 30 mA), was used to analyze
amorphous and crystallized samples. The scans were taken over
scattering angles, 26 from 5° to 70° at the scanning speed 1°/
min,

Crystallization and melting of the amorphous bulk samples
were measured using differential scanning calorimeter (DSC)
SensysEvo DSC (Setaram co.). Samples with a mass of 30—50
mg were placed into open silica ampules and heated to 650 °C
at a heating rate 10 °C/min. Heat flow was calibrated using the
Joule effect method. Calibration of heat flow and real
temperature was verified using melting of pure Zn.
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Viscous behavior of the prepared material was studied by
thermomechanical analyzer, TMA CX 03 (RM.I, Czech
Republic). Penetration method using two different shapes of
indenters was performed. Penetration method is based on a
measuring of penetration rate of an indenter, which is
isothermally pushed into a sample applying a constant
force.”® A stainless steel cylindrical indenter (1 mm in
diameter) and a corundum hemispherical indenter (3.98 mm
in diameter) were used for measurements of Ge;sSbygSes,
viscosity. Bulk samples approximately 6 X 6 X 2.5 mm® in
size were cut from the glassy samples, ground by corundum
abrasive powder and used for these measurements. More details
about the instrument and experimental arrangement can be
found elsewhere.”*® The temperature was calibrated on
melting of pure metals (Ga, In, Sn, Pb, Zn, Al).

Crystal growth was directly studied in bulk glasses and in the
thin films of the GeSbySes, system using microscopy
techniques. In the case of the Ge,sSbasSes; bulk glasses, crystal
growth was observed using optical microscope Olympus BXS1
equipped with camera DP72 and using optical microscope
Olympus BXS1 equipped with infrared camera XM10, both in
the reflection mode. Due to the presence of the surface
crystallization, samples were sectioned to follow crystal growth.
The presence of the bulk crystallization was not observed. The
samples were previously heat treated in a computer-controlled
furnace at selected temperatures for different times. The surface
crystalline layer thickness was measured by optical microscopy.
The crystal growth in thin films of the same composition was
observed using scanning electron microscope low voltage
Hitachi FE-SEM SU 8000. The samples were also heat treated
in a computer-controlled furnace at selected temperatures for
specific time. Samples were etched using 0.5 M NaOH solution
afterward to improve visibility of grown crystals by SEM. The
sizes of well-developed crystals grown in thin films were
measured in SEM micrographs.

B RESULTS

Crystal Growth in Bulk Glasses and Thin Films. The
crystal growth in the Ge SbysSes, bulk glasses was studied in
the temperature range from 255 to 346 °C using optical and
infrared microscopy in the reflection mode. This temperature
interval was optimal for observation of the crystal growth in the
bulk glasses by microscopy. At higher temperatures the crystal
growth was too fast, and at lower temperatures too slow to
follow. The samples were heat-treated at different temperatures
for various times. Figure la—c shows typical morphology of the
formed crystals in the bulk glasses. Figure la represents a
micrograph of the surface of previously heat-treated sample. It
is obvious that the crystals grew from the randomly distributed
nuclei formed on the surface (Figure la) and there was no
visible bulk crystallization. Regarding the surface crystallization,
the crystals grew as hemispherical particles (Figure 1b) and as
the crystal growth proceeded, surface was covered by a compact
crystalline layer growing from the surface to the amorphous
core (Figure 1c). The crystalline layer was uniform around the
whole sample. Figure la shows that crystals started growing
from one point. The same morphology and type of crystal
growth were observed in the Ge,Sb,Se; bulk glasses.15

The crystal growth in the Ge,4Sb,sSes, thin films was studied
in the temperature range from 254 to 286 °C. Scanning
electron microscopy (SEM) was used to observe crystal growth.
The samples were previously heat-treated at different temper-
atures for various times. The needle-shape crystals grew from
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Figure 1. Crystals formed in the Ge,Sb,Se;, bulk glasses and thin
films: (a) surface of a bulk sample, T = 2802 °C, t = 120 min, optical
microscopy; (b) fracture of a bulk sample, T = 280.3 °C, ¢ = 120 min,
infrared microscopy; (c) fracture of a bulk sample, T = 326 °C, t = §
min, optical microscopy; (d) thin film, T = 276.5 °C, t = 10 min, SEM;
(ef) thin film, T = 2815 °C, t = 15 min, SEM.

randomly distributed nuclei (Figure 1d,e). As can be seen in
Figure lef, the crystals formed aggregates as the growth
continues. The etching of samples using NaOH solution was
necessary because crystals were covered by an amorphous layer.

The thickness of the crystalline layer for the bulk glasses and
the length of crystal’s long axis for the thin films were measured
to find out crystal size and determined crystal growth rates
afterward. The way of determination crystal sizes and crystal
growth rates in bulk glasses and thin films is shown in Figure 2.
In both cases, crystals grew linearly with heat-treatment time
(Figure 2) and the slopes of the time dependences of crystal
sizes at different temperatures correspond with the crystal
growth rates summarized in Table 1. In the case of the thin
films, crystals can grow in two directions, on the other hand, in
the bulk glasses the crystal growth can occur only in one
direction according to the surface crystallization. The crystal
growth rates found in the thin films were divided by two so the
comparison with the crystal growth rates found in the bulk
glasses was possible. In a narrow temperature range, Arrhenius
behavior is observed, and a simple exponential dependence of
crystal growth rate on temperature can be assumed. The
activation energy can be evaluated from the linear dependence
oflog u on 1/T, which is depicted in Figure 3. The value of the
activation energy of the crystal growth was found to be E; =
294 + 6 kJ/mol and E; = 224 + 12 kJ/mol for the bulk glasses
and thin films, respectively.

Viscosity. The viscosities of the Ge,3Sb,sSes, bulk samples
were measured in the region of the undercooled melt and glass
using the penetration method. The experimental data are
summarized in Table 1. The dependence of viscosity logarithm
on reciprocal temperature is plotted in Figure 3. This
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Figure 2. Dependences of crystal sizes on time at T = 264.8 °C for the
Ge 5SbysSes, bulk glass (a) and at T = 254.9 °C for Ge,sSbysSes, thin
film (b) along with typical crystals growing in the bulk glasses and thin
films, and with the way of the determination of crystal sizes.

dependence shows a straight line behavior. Hence simple
Arrhenius type equation can be used for fitting of experimental
data. This equation contains two empirical parameters. One of
them is apparent activation energy of viscous flow E, which is
equal to 410 + 4 kJ/mol for GesSb,gSes,. Arrhenius type
equation can be rewritten to the form:>

I 12— m+ 20

oER LA )
where T, is viscosity glass transition temperature and m is
kinetic fragility parameter. This form of the eq lis usually more
suitable in glass science because both parameters are often used
for description of glass-formers viscosity behavior. Viscosity
glass transition temperature is a temperature at which viscosity
value corresponds to 10'? Pa-s. This point was determined by
definition but it is generally accepted. The value of T,, for
studied GegSbygSes, is 222.8 + 0.5 °C. Kinetic fragility is
defined accordin% to normalized Arrhenius plot (better known
as Angell plot).” The kinetic fragility influences behavior of
undercooled melts and its value lies usually between two limits,
corresponding to a strong and fragile behavior. The value of the
kinetic fragility for the studied Ge zSb,sSes, glass is 43.2 + 0.4
that is approximately in the middle between two limits in
Angell plot. Temperature dependence of viscosity of systems
exhibiting this “intermediate” behavior can be typically
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Table 1. Crystal Growth Rates in the Ge,Sb,3Ses, Bulk Glasses and Thin Films along with Viscosities in the Ge,Sb,sSe, Bulk

Material”
bulk glass thin film bulk material
T (°C) u (pm/min) T(Ee) u (um/min) i G log (n/Pas)
255.0 0.0071 £ 0.0009 2549 0.00572 - 0.00007 2169 1245 .
264.8 0.027 + 0.004 2559 0.009 2 0.002 220.6 12.15 °
268.5 0.046 = = 0.007 257.6 0.00755 + 0.00015 2228 12.03 .
269.3 0.077 + 0.009 261.6 0.013 + 0.002 2238 11.94 .
2719 0.114 . 0.004 2629 0013 & 0.002 2270 11.58 .
276.0 021 - 0.03 263.7 0.0142 + 0.0006 2311 11.36 .
280.2 0.168 + 0.003 265.0 0.0157 + 0.0014 2352 11.00
280.3 026 + 0.04 2659 0.021 + 0.002 2384 10.65
285.5 023 =+ 0.03 266.0 0.020 2 0.002 2419 10.44
290.0 0.44 + 0.08 2679 0016 e 0.002 244.5 10.24
293.9 095 - 011 271.1 0.022 + 0.003 2458 10.16 .
294.1 1.8 =+ 02 271.6 0.043 - 3 0.005 2474 990
299.8 20 + 03 276.5 0.043 - 0.003 2514 9.65
300.9 23 + 0.6 280.8 0.083 + 0.005 2544 9.38
303.9 3.6 + 04 2838 0.102 + 0.003 2586 9.03
3112 6.4 = 0.7 285.7 0.089 = 0.007 264.0 863
315.8 133 o 12 2673 845
317.8 14 o 2 270.5 823
319.7 25 . 2
3226 219 + 0.7
326.0 25 + 3
326.5 26 + 2
328.6 38 + S
33L5 40 = 2
3425 110 2k 16
346.0 163 & 36

“Temperature is constant within 0.5 °C. Accuracy of the viscosity data is £0.05 in log units. Viscosity values determined by penetration method
with a hemispherical indenter are marked with e. Data without mark were measured using penetration method with a cylindrical indenter.
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Figure 3. Temperature dependence of crystal growth rates for the
Ge;sSbysSes; thin film and bulk glass along with temperature
dependence of viscosity for the Ge;sSbysSes; bulk glass. The
experimental viscosity data were fitted using Arrhenius (dashed line)
and MYEGA (solid line) equations (see the text in the Discussion
Section).

described by simple Arrhenius type equation in measurable
region of undercooled melt and glass. On the other hand, the
viscous behavior in a broad temperature interval, incduding
region of melt, cannot be described by such a simple equation,
and an equation with three or more parameters should be used
(Figure 3; see the text in the Discussion Section).
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Structure and Melting. The XRD analysis of fully
crystallized sample of the bulk glass and thin film was
performed. XRD patterns of fully crystallized samples are
depicted in Figure 4. GesSbysSes, crystalline phase has a
complicated structure. Nevertheless, diffraction patterns reveal
characteristic peaks of three phases, GeSe, GeSe,, and Sb,Se;,
which crystallize into an orthorhombic structure. It can be
expected that the Ge3SbysSes, crystalline phase is formed by

100 i
504
A thin film
100 . : - =
I » ¥ eSe
g » Gese,
> B H (- .
£ LA s shse
s | . i R
£ 100 +—— Ji ]Pl 2 I o
50+
i\ ' h bulk glass
- ; VS :
10 20 30 40 50 60 70

20(°)

Figure 4. XRD patterns of fully crystallized Ge,sSbysSes; bulk glass
and thin film. The positions and relative intensities of diffraction lines
of possible formed phases are depicted.
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mixed crystals of the found compounds. This crystalline phase
has not been listed in the available databases. Similar findings
have been published for Ge—Sb—Se system,®'>!%303!

Quite complex structure of the formed crystalline phase can
be also assumed from the melting process shown in Figure S.

@ (mW)

T T T
300 400 500

T(°C)

T
200

Figure 5. Crystallization and melting behavior in the Ge,Sb,¢Se;,
bulk glass followed by DSC at heating rate 10 °C/min.

The melting process in Ge—Sb—Se system exhibits a camk)lex
behavior according to available literature data.>™'*!55%33
Melting parameters of the GegSbySes, bulk glass were
evaluated from the DSC measurements that were performed
under nonisothermal conditions at a heating rate 10 °C/min.
Figure 5 shows crystallization and melting of an amorphous
sample. The crystallization, which occurs at ~347 °C, is
followed by the melting of one part of the material at ~459 °C,
and another part of the material melts at ~487 °C. The
temperature of melting was assumed as the onset of the first
melting peak, T, = 432.3 + 1.2 °C.

B DISCUSSION

The crystal growth kinetics was studied in the Ge;gSbysSes,
bulk glasses and thin films. As can be seen in Figure 3, a simple
exponential behavior of crystal growth rate on temperature can
be assumed in a narrow temperature range. The values of
activation energy of the crystal growth were estimated from the
linearized dependence of log u on 1/T: E = 294 + 6 k]/mol
for bulk glass and E; = 224 + 12 kJ/mol for the thin film,
Svoboda et al.” studied thin films of similar composition
Ge,;Sb,3Seq, using DSC, and the found value of the activation
energy of crystallization was E, 299 + 3 kJ/mol. The
difference between the activation energy of Ge;sSb,sSes, thin
films and Ge;Sb,;Seq, thin films can be caused by the slightly
different compositions or by the fact that the direct microscopic
measurements observed the crystal growth and we obtain the
activation energy of crystal growth, on the other hand, DSC
measurements studied the overall nucleation—growth process.
The difference in activation energies can be also explained by
the different temperature regions where the studies were
performed (microscopic measurements: 254—286 °C; DSC
measurements: 310—340 °C). The dependence of log u on 1/T
is, in fact, highly nonlinear in a wider temperature region.”
Crystal growth in amorghous materials can be described by
different kinetic models."”**** One of the most important
properties for evaluation and calculation of the crystal growth
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kinetic models is viscosity. The Figure 3 shows viscosity
behavior of the Ge3SbysSes, glass and undercooled melt. As
was mentioned in Results Section, viscosity in measurable
region of undercooled melt and glass exhibits an exponential
Arrhenius type behavior. The highest temperature where the
viscosity was measured reliably is 270 °C. The viscosity cannot
be measured at higher temperatures due to the rapid
crystallization of samples. Nevertheless, the crystal growth
was studied almost up to 350 °C. According to the fragility of
the studied system (m = 43.2), it is expected that the viscosity
temperature dependence of undercooled melt can hardly
exhibit Arrhenius type behavior at this temperature. It is typical
for nonstrong systems that their viscosity dependences show
non-Arrhenius behavior in a broad temperature interval.”’
Large extrapolation of viscosity into the immeasurable region
by use of Arrhenius type equation can hence cause the
distortion of estimated viscosity values. Therefore, it is
necessary to estimate viscosity values as accurate as possible.
The best way how to obtain viscosity values in immeasurable
region of undercooled melt is the interpolation between
measurable regions of undercooled melt and melt. The
viscosities for the Ge 4SbysSes, melt were not reported yet,
and measuring of chalcogenide melt viscosities is generally very
difficult due to their high chemical reactivity and strong
volatility. When viscosities in melt of the studied material are
not available, there is another possibility to extrapolate viscous
behavior into the undercooled melt region using three-
parameter viscosity equations. A simplistic application of
these equations can provide unrealistic estimation of viscosity
values in some cases, especially if there is no fixed viscosity
point in high temperature region. Such fixed point can be the
viscosity at infinite temperature. According to the Angell plot,
all viscosity dependencies presumably converge to one point at
infinite temperature, ie, 10~ Pas. In compliance with
measurements of temperature dependencies of viscosity in
different materials, it is obvious, that the viscosity value of 107°
Pa-s at infinite temperature is a simplification of the Angell plot.
The viscosity behavior seems to be more complex. On the
other hand, there is probably some, relatively narrow, viscosity
interval of infinite temperature viscosities. According to
Nemilov, the interval is in range of 107° to 107 Pas.*®
However, according to our experience, the fixation of viscosity
to log 1, = =5 at infinite temperature provides reasonable
results with acceptable error limits. It is probably the best way
how to estimate viscosities in immeasurable region of
undercooled melt if viscosity of melt is not available. We
used well-known MYEGA (Mauro, Yue, Ellison, Gupta, Allan)
equation®” for our extrapolation:

tog 1 = logn + 1--exp(
og 1 = log 1, T P\ T @)

This equation contains three parameters (1, K, C). Main
advantage of this equation, according to the authors, is ability to
better describe extreme behavior of melts at very high
temperatures and glasses at very low temperatures. Extrap-
olation of measured data for Ge zSbySes, by MYEGA equation
with fixed viscosity at infinite temperature is plotted in Figure 3.
The extrapolated Arrhenius type equation is also depicted for
comparison. The significant differences between viscosity data
estimated by both equations are apparent.

A reliable viscosity data and, especially, the extrapolation is
important for further description and modeling of crystal
growth in the studied Ge SbySes, system. As was mentioned
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earlier, the crystalline layer in the bulk glasses and crystals in
the thin films grew linearly with time (Figure 2), which is a sign
of crystal growth controlled by liquid-crystal interface kinetics.
Three standard phenomenological models'® are applicable for
the description of the crystal growth: normal growth model,
screw dislocation growth model and 2D surface nucleated
growth model. Jackson'” proposed a simple way to determine
an appropriate crystal growth model based on the dependence
of reduced crystal growth rate Uy on undercooling AT (AT =
T,, — T). This dependence results in a shape of horizontal line
for the normal growth model, a straight line with a positive
slope for the screw dislocation growth model, or a curve with
increasing positive slope for the 2D surface nucleated growth
model. Reduced crystal growth rate is given by

1 - ep(-25)

Up = @l

3)

,where u is crystal growth rate measured at temperature T, 7 is
viscosity given by MYEGA equation (eq 2), R is universal gas
constant, and AG is change of Gibbs free energy between
undercooled melt and crystalline phase. The Gibbs free energy
between undercooled melt and crystalline phase AG can be
calculated from the heat capacity difference between under-
cooled melt and crystalline phase. The heat capacity data are
not available for many systems. Nevertheless, the AG can be
easily expressed by the most widely used Turnbull's
approximation® (AG AH,AT/T,,), which is usually
sufficient for calculating Uy and crystal growth models.”?

The reduced crystal growth rate can be calculated using eq 3
in the case of knowledge of crystal growth rates u at different
temperatures T (Table 1), temperature dependence of viscosity
7 (Table 1), enthalpy of melting AH,, and temperature of
melting T, of the crystalline phase. Temperature dependence
of viscosity was studied only in the bulk samples, nevertheless,
it is assumed that the viscosity behavior in thin films and bulks
is similar.”’ Melting process in Ge—Sb—Se system is very
complicated and even a slight change of composition
substantially influences melting behavior, especially the melting
enthalpy.’; Relatively complex melting of the GegSb,gSes,
material is shown in Figure 5. The melting is immediately
followed by evaporation and the melting enthalpy can be
influenced by the evaporation. This can cause a significant
distortion of the melting enthalpy value. Therefore, in
calculations, the melting enthalpy is replaced by the enthalpy
of crystallization, which corresponds directly to the studied
crystal growth process. Similar assumption was made by Bartak
et al."® in the study of crystal growth in the Ge,Sb,Ses bulk
glass. The enthalpy of crystallization was found to be AH =
—40 + 4 J/g, and the temperature of melting was found to be
T, = 4323 + 12 °C.

Experimental crystal growth, viscosity, and melting data were
used to calculate the reduced crystal growth rates Ug. The plot
of Uy vs AT for the Ge 4SbysSes, bulk glass and thin film is
depicted in Figure 6 along with characteristic standard
deviations of the Uy for the bulk glass and the thin film. The
standard deviations of the Uy were calculated using the error
propagation model. Taking into account standard deviations of
the Uy, the dependence of the reduced crystal growth rate on
undercooling does not show clearly which crystal growth model
is appropriate for the description of the crystal growth in the
studied bulk glasses and thin films. The studied temperature
region is quite short and more data on crystal growth in a wider
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Figure 6. Dependence of the reduced crystal growth rate Uy on
undercooling AT for the Ge;3SbysSes; bulk glass and thin film. The
characteristic standard deviations of the Uy are shown.

temperature region are necessary to distinguish the crystal
growth model. The crystal growth is too fast at high
temperatures even for short times of annealing to be
determined by the used techniques. Nevertheless, the depend-
ence of Uy on AT (especially for the bulk glass) seems to be a
cloud without any trend which could suggest the normal
growth model. Previously published study on crystal growth in
the Ge,Sb,Se; bulk glasses'® showed screw dislocation growth
model as the most probable. Therefore, the experimental crystal
growth data in the Ge Sb,Ses, bulk glasses and thin films were
fitted using the normal growth model and the screw dislocation
growth model.

The normal growth model assumes a rough liquid-crystal
interface on atomic scale where molecules can attach to the
crystal at essentially any site.'®>* The crystal growth rate of the
standard normal growth model can be expressed by the
following equation:

kT

u=
3ﬂa02']

(4)

,where ky is Boltzmann constant and 4, is the mean interatomic
distance in the interface layer. The screw dislocation growth
model assumes a smooth liquid-crystal interface on atomic scale
with dislocations on which crystals can gmw}("34 The crystal
growth rate can be expressed by equation:

= AT kT [l - e (_E):I
g RT (5)

2T, 3magn

The standard growth models are based on the assumption
that the Stokes—Einstein relation describes the transport
process of the attachment of atoms to the growing crystal
and the diffusion coeflicient can be described by the inverse
shear viscosity (u o 77).% It was shown that this assumption is
not valid below 1.2 T, where the crystal growth rate and
viscosity can decouple. It was also shown in our previous
published work® that the standard growth models do not
describe the experimental growth data well if the decoupling of
the crystal growth rate and viscosity occurs, and the correction
of standard models is necessary. Ediger20 proposed a simple
way to test the decoupling which is based on a power law
dependence of w, on the viscosity:
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gy < ° (6)
where u,, is a kinetic part of crystal growth rate (1, = u/[1 —
exp(—AG/RT)]) and the exponent & < 1 expresses the extent
of decoupling between crystal growth rate and viscosity. The
dependence of log u, vs log i for the GeSb,gSes, bulk glass
and thin films, which yields a straight line with the slope &, is
depicted in Figure 7. The kinetic exponent & is equal to 0.98 +

4 .
= bulk glass
4 thin film
34
= &
=
E
g 11
=
£
2 o4
g
14
<2 T T T T T
4 5 6 7 8 9 10

log (n/Pa.s)

Figure 7. Dependence of kinetic part of the crystal growth rate u,;, on
the viscosity 5 for the Ge;sSbysSes; bulk glass and thin film.

0.02 for the bulk glass and to 0.67 + 0.04 for the thin film. In
the case of the bulk glass, the value of & is close to 1, so it
seems, that the Stokes—Einstein relation is fulfilled near the
melting point as well as below 1.2 T and the experimental
crystal growth data can be described using standard crystal
growth models. On the other hand, in the case of the thin films,
the value of £ is significantly smaller than 1 which is the sign of
breakdown of the Stokes—Einstein relation and, therefore, for
the description of the crystal growth in wide temperature
region is necessary to use corrected crystal growth models.
Taking into account the decoupling of the crystal growth and
viscosity, the eq 4 or eq S is combined with eq 6 and the crystal
growth rate of the corrected normal growth model and screw
dislocation growth model can be expressed by the following
equations, respectively:

kT [1 ( AG )]
u= —exp| ———
3ragn® . RT @)
AT kT [1 ( AG )]
u= - exp|———
22T, 3zaln® "k ()

Figure 8 shows the experimental growth data along with the
calculated growth models for the Ge gSb,sSes, bulk glass.
Taking into account the shape of the dependence of reduced
crystal growth rate on undercooling, previously studied
Ge,Sb,Se;s bulk glass, and the extent of decoupling of crystal
growth rate and viscosity, experimental crystal growth data
were fitted using the standard normal and screw dislocation
model. It is apparent from Figure 8 that it is not possible to
distinguish which model is better for description of crystal
growth in this system. The calculated models mainly differ in
the region closed to the melting where the experimental growth
data cannot be obtained reliably. Only one fitting parameter a,
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Figure 8. Temperature dependence of crystal growth rates in the

Ge 14Sb,Ses, bulk glass fitted using the standard normal growth model
and the standard screw dislocation growth model.

(the interatomic distance in the interface layer) is needed for
both models which was found to be 0.109 A for the normal
growth model and 0.039 A for the screw dislocation growth
model. For both calculated parameters, the standard deviation
was statistically negligible below 1.2 X 107> A.

Figure 9 shows experimental growth data along with
calculated standard and corrected growth models for the

10000
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=
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=
2 0014
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1E-4 o —— normal model
—— screw dislocation model
1E-5 4 ---- corrected normal model
1E6 -- - - corrected screw dislocation model
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Figure 9. Temperature dependence of crystal growth rates in the
Ge gSb,¢Se;, thin films fitted using the standard normal and screw
dislocation growth models (solid lines), and the corrected normal and
screw dislocation growth models (dashed lines).

GegSbyeSes, thin films. The experimental growth data were
also fitted using the normal and screw dislocation growth
model. Taking into account the extent of decoupling of the
crystal growth rate and viscosity, the standard growth models
are not appropriate for description of the crystal growth, and it
is necessary to use corrected growth models which can be seen
in Figure 9. As in case of the bulk glasses, it is not possible to
distinguish which corrected model is the appropriate one.
Nevertheless, from Figure 9 it is apparent, that without the
viscosity correction (¢ o 77%), the standard crystal growth
models cannot describe the experimental data well. Using the
correction, both growth models (normal and screw dislocation)
describe the experimental data sufficiently, the parameters a, of
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the models can be evaluated 9.199 =+ 0.006 A for the corrected
normal growth model and 1.698 + 0.001 A for the corrected
screw dislocation growth model.

The parameter aj is usually assigned to the mean interatomic
distance in the interface layer, which is equivalent to the jump
distance, or to the crystal lattice ?arameter or the unit distance
advanced by the interface.'®'”**** In the case of the bulk glass
studied in this work, both models can describe the experimental
data equally within the experimental errors. The parameters a,
found for the normal and screw dislocation growth model are
more than ten times lower than covalent radii of the
component elements in Ge—Sb—Se glasses."’ Focusing on
the crystal growth and evaluation of crystal growth models in
the thin films of the studied samples, the kinetic growth models
corrected for the decoupling provide better description of the
experimental data and the evaluated parameters a, give more
meaningful values. The value 1.698 A evaluated from the screw
dislocation growth model correspond to 2/3 of the nearest
neighbor bond length found for Ge,Sb,Se; giass.g' On the
other hand, the parameter a, = 9.199 A from the normal
growth model might correspond to lattice parameter, which
could be close to those expected for Ge,Sb,Se;.*" Nevertheless,
it needs to be considered if the parameters g, for the thin films
samples have the same meaning even when the correction for
viscosity is used (u o 77%).

As was shown in last paragraph, all the calculated growth
models can be used for description of crystal growth in the
GeShygSes, bulk glasses and thin films within experimental
errors. Nevertheless, it is not possible to distinguish which
model, normal or screw dislocation, is better for extrapolation
into the higher temperature region to describe the crystal
growth near the melting point. Without growth data from the
temperature region near to the melting it is uneasy to
distinguish which model is appropriate within the current
knowledge of crystal growth in amorphous materials.

B CONCLUSION

The isothermal crystal growth kinetics in the Ge gSb,gSes, bulk
glasses and thin films was directly studied using optical,
infrared, and scanning electron microscopy. The study of
temperature dependence of viscosity and melting behavior were
performed using thermomechanical analysis and differential
scanning calorimetry, respectively.

In the case of the bulk glass, the crystal growth starts on the
surface of a sample and continues with the formation of the
compact crystalline layer. The needle-shape crystals which grew
from randomly distributed nuclei were formed in thin films.
Both types of crystals grew linearly with time indicating crystal
growth controlled by liquid-crystal interface kinetics. The
activation energies of crystal growth in the Ge,zSbySes, bulk
glasses and thin films were estimated.

Viscosity data were measured in the region of the
undercooled melt and glass in the range of 10° — 10'** Pa-s.
Simple Arrhenius equation was used to fit the experimental
data. The apparent activation energy of viscous flow E, was
found to be 410 + 4 kJ/mol. The fragility index of the studied
GegShyeSes, bulk glass is m = 432 * 0.4. The viscosity
behavior in the wide temperature region, including the region
of melt, is not possible to describe using Arrhenius equation
and the equation with three parameters should be used. The
extrapolation of viscosity from undercooled melt region was
performed using the MYEGA equation.
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Melting process in Ge—Sb—Se system, which was measured
under nonisothermal conditions, is very complicated. The
temperature of melting was found as the onset of the first
melting peak, T, = 432.3 + 1.2 °C.

The extent of decoupling between the crystal growth rate
and viscous flow was tested. The exponent £ was found to be
0.98 + 0.02 for the bulk glass. This value is close to 1, therefore
the standard growth models are appropriate for description of
crystal growth in this system. On the other hand, the exponent
£ for the thin films was found to be much smaller than 1 (¢ =
0.67 + 0.04). For the thin films, it was shown that the kinetic
models corrected for the decoupling provide better description
of the experimental data, and more realistic value of the
parameter describing the mean interatomic distance in the
crystal—liquid interface layer where the crystal growth takes
place.

The growth, melting, and viscosity data were combined and
the most probable growth models were calculated. Taking into
account the dependence of reduced crystal growth rate on
undercooling and the results from the previously studied
Ge,Sb,Se;s system, the normal and screw dislocation growth
models were used for fitting the experimental growth data. Both
models and their parameters were discussed within the current

knowledge of crystal growth.
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ABSTRACT: The crystal growth velocity of spherulitic As,Se; in a supercooled
melt of the same composition was studied by optical microscopy and
thermoanalytical methods in isothermal and nonisothermal conditions. The
time dependence of crystal size is linear, which suggests the crystal growth is
controlled by interface kinetics. Crystal growth velocity was determined as the
slope of these linear dependences. The experimental results presented in this
paper considerably extend the previously reported range of crystal growth
velocity. All isothermal crystal growth velocity data can be well described by the
standard two-dimensional surface nudeated growth model (2Dsg) including
crystal growth viscosity decoupling (¢ = 0.647). The activation energy of crystal
growth for microscopic experiments is in a good agreement with values obtained
from thermoanalytical experiments, and the ratio of the activation energy of
crystal growth and the activation energy of viscous flow well corresponds to an

Crystal growth rate ( um/min)

e N b oo o

350
Temperature (°C)

independently determined decoupling parameter. The same model successfully describes also crystalline layer thickness and

growth pattern at the amorphous As,Se; surface in nonisothermal conditions.

B INTRODUCTION

Chalcogenide glasses are known as excellent optical materials in
the infrared spectral region (3—12 ym) for more than 60 years.
These glasses can be easily molded with high precision to
aspheric or diffractive lenses and are now produced industrially,
reducing the price of infrared optical systems used in night
vision cameras, e.g, in the automotive industry." Especially,
arsenic—selenium glasses are resistant to devitrification and can
easily be drawn into optical fibers transparent in the mid-
infrared spectral region.”” Such fibers are investigated as a
potential for medical applications and bio-optical sensors based
on monitoring the response of living cells to toxins by detecting
change in their IR spectrum.” Important issues, unfortunately
often overlooked in the literature, are chemical and phase purity
of «:halcogenides5 as well as melt processing and homoge-
nization.” The chalcogenide glasses are very sensitive to
moisture and oxygen impurities, causing that the transparency
window is partially closed due to the strong absorption in the
3—12 pum spectral region. Therefore, industrial chalcogenide
glass production takes place in vacuum sealed quartz glass
ampules, which considerably increases production cost.
Recently, a new route to synthesize As,Se; glass under argon
that does not require sealing of reaction container has been
described.”

Glass transformation, structural relaxation, and viscosity of
supercooled liquid were studied by several authors.”” However,
one of the most important properties of amorphous material is
its long-term stability and resistance to crystallization. The
crystallization kinetics characterized by isothermal differential
scanning calorimetry (DSC) and microscopy was thoroughly

i i © 2017 American Chemical Society
<7 ACS Publications
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investigated by Henderson and Ast.'” These authors proposed
the Johnson—Mehl—Avrami kinetic model with kinetic
exponent m = 4.5 for the description of isothermal
crystallization data obtained by DSC. This model was also
confirmed by others, however, with a different kinetic exponent,
reflecting dimensionality of crystal growth'' and the influence
of mechanically induced defects.'” Recently, a quadratic
approximation of the nucleation—growth process was also
reported.'” The nucleation process was studied by DSC,'*'
and the crystal growth kinetics was also monitored by
thermomechanical analysis (TMA).'® Apart from the thermoa-
nalytical experiments represented by DSC and TMA, there is a
notable crystal growth measurement reported by Henderson
and Ast.'"’ However, these crystal growth data were compared
with DSC just in terms of activation energy'”'® and any
attempt to apply quantitative models of crystal growth data has
not been made.

In this paper, we considerably extend previousm isothermal
crystal growth velocity measurement of As,Se; to higher
temperatures, including the region dose to the melting point.
All of these isothermal experimental data are then well
described by a two-dimensional surface nucleation growth
model involving temperature dependent As,Se; viscosity data.
It is shown that this model successfully describes also
development of crystalline layer thickness and growth pattern
at the amorphous sample surface in nonisothermal conditions.
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B MATERIALS AND METHODS

Arsenic selenide glass was prepared from high purity elements
(selenium: SN, Sigma-Aldrich, arsenic: 6N, ESPI Metals) by the
conventional melt-quenching method. Stoichiometric amounts of
polycrystalline arsenic and selenium pellets were placed into a carefully
washed and dried quartz glass ampule (16 mm diameter, 1 mm wall
thickness). The ampule was then evacuated to a pressure of 107 Pa
and sealed. The sealed ampule was annealed in a rocking furnace at
750 °C for 24 h. The glass was then prepared by a rapidly quenching
the ampule in the air. Then, the ampule was opened and the as-
prepared As,Se; glass ingot was broken into small pieces. These
samples were used for isothermal crystal growth studies. The As,Se;
glass samples for nonisothermal crystal growth and nucleation studies
were also prepared from high purity elements by the conventional
melt-quenching method. The difference was in the size of the quartz
glass ampule (4 mm inner diameter). The glass ingot was sectioned by
a diamond saw to cylindrical samples with a diameter of 4 mm and
height of 1 and 2 mm. Some of these samples were polished to optical
quality. The composition of prepared bulk glasses was confirmed by an
energy dispersive X-ray (EDX) microanalyzer IXRF Systems (detector
GRESHAM Sirius 10) coupled with a scanning electron microscope
(JEOL JSM-5500 LV). The amorphous nature of bulk glasses was
verified using X-ray diffraction analysis (Bruker AXS X-ray
diffractometer D8 Advance, Cu Ka (40 kV, 30 mA)).

Thin films were prepared by thermal deposition on microscopy
glass substrates. Bulk glass, which was prepared by a conventional
melt-quenching method, was used as starting material for the
preparation of thin films. The glass substrates were rotated by
means of a planetary rotation system during deposition to ensure
homogeneity in the film thickness. Deposition rate was measured
using a quartz microbalance technique. Final thickness of the thin films
was 1 gm. The composition of prepared thin films was confirmed by

an energy dispersive X-ray (EDX) microanalyzer IXRF Sy

instrument are described elsewhere.” The temperature was calibrated
on melting of pure metals (Ga, In, Sn, Pb, Zn, Al). The temperature
was constant within £0.2 °C. The nonisothermal experiments were
performed in the temperature range from 233 to 374 °C at heating
rates of 0.1, 0.5, 1, 1.5, 2, and 3 K/min. The force of 10 mN was
applied. The sample was first nucleated at a temperature of 233 °C for
1 h and then heated to the selected temperature at various defined
heating rates. After heat treatment in a TMA fumace, the sample was
cooled down in the air in order to avoid further crystal growth, and
sectioned (in case of bulk sample), and the crystalline layer or formed
crystals in thin film were observed using an optical microscope
(Olympus BX 51 with DP 72 camera). The thickness of the surface
crystalline layer (bulk samples) or the length of crystal’s long axis (thin
films) was measured.

The same TMA instrument was also used for nucleation
experiments. The cylindrical samples sandwiched between two
synthetic sapphire plates were nucleated in the TMA furnace at a
temperature of 233 °C for different times. The force of 10 mN was
applied. Then, the samples were quenched to room temperature (RT)
in the air. The quenched-in nuclei were then visualized by
nonisothermal thermal treatment in the DSC (hermetically sealed Al
sample pans, heating from 230 to 360 °C, heating rate 1 K/min). After
heat treatment in TMA and DSC, the samples were observed using an
optical microscope. The formed crystals were counted at the surface as
well as within the fresh fracture of the bulk sample.

A SenSys-Evo DSC (Setaram) equipped with a 3D Calvet sensor
was used for the measurement of melting enthalpy of the crystalline
As,Se; sample. Dry nitrogen was used as the purge gas at a rate of 100
em’/min. For temperature calibration of the calorimeter, high purity
melting standards were used (In, Zn). The heat flow calibration was
improved using the Joule effect method in the whole temperature
range. The pieces of crystalline bulk sample (~75 mg) were placed in
closed aluminum pans and used for the measurement. During the DSC

(detector GRESHAM Sirius 10) coupled with scanning electron
microscope (JEOL JSM-5500 LV). The crystal growth in thin films
was studied under nonisothermal conditions.

Crystalline As,Se; was prepared by a slow cooling of the melt in an
evacuated quartz ampule from 750 to 380 °C for 3 days. The ampule
was then maintained at 380 °C for 1 day and then slowly cooled to
355 °C. After annealing for 3 days at this temperature, the ampule was
slowly cooled to 340 °C and then rapidly quenched to room
temperature. The cooling rate during the cooling steps was set
approximately to —S K/day. In this way, we were able to prepare a
fully crystallized ingot of As,Se;. This material was composed of a large
array of single sheet crystals that were used for single crystal X-ray
diffraction analysis as well as for the determination of melting enthalpy
(DSC measurements ).

The isothermal crystal growth kinetics was studied by an Olympus
BXS1 optical microscope equipped with a DP72 camera and by an
Olympus BX51 optical microscope equipped with the infrared XM10
camera, both in the reflection mode. The As,Se; bulk samples were
placed in a preheated computer-controlled furnace (within £0.5 °C).
The time needed for thermal equilibration of the specimen was
estimated to be less than 2 min. Samples were first nucleated at a
temperature of 233 °C for 6 h to be sure that crystals grew from
preexisting nuclei. Immediately after thermal treatment at selected
temperatures for various times, the samples were quickly cooled down
and thoroughly analyzed by optical microscopy. This system exhibits
only surface crystallization, so the samples were partitioned to follow
crystal growth. The presence of bulk crystallization was not observed.
The thickness of the surface crystalline layer was recorded and
measured. The time evolution of the thickness of surface crystalline
layers was measured at selected temperatures, and crystal growth
velocities were obtained from the slopes of these dependences. The
morphology of the formed crystals was observed using a scanning
electron microscope (JEOL JSM-7500 F; 1 kV, gentle beam mode).

The nonisothermal crystal growth in As,Se; thin films and bulk
samples was studied by a thermomechanical analyzer (TMA CX 03;
RMI, Czech Republic). More details about specification of this
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5, the sample was heated to 420 °C (above melting
point) at a heating rate of 1 K/min.

X-ray diffraction analysis of the As,Se; single crystal sheet
(approximately 0.211 mm X 0.120 mm X 0.011 mm) was performed
by a Bruker D8-Venture diffractometer equipped with a Mo (Mo/Ka
radiation; 4 = 0.71073 A) microfocus X-ray (IuS) source, a Photon
CMOS detector, and an Oxford Cryosystems cooling device. Full sets
of diffraction data for As,Se; were collected at 150(2) K. The frames
were integrated with the Bruker SAINT software package using a
narrow-frame algorithm. Data were corrected for absorption effects
using the Multi-Scan method (SADABS). Obtained data were treated
by XT-version 2014/S and SHELXL-2014/7 software implemented in
the APEX3 v2016.5-0 (Bruker AXS) system.'”

B RESULTS

Nucleation in arsenic selenide glasses appears to be a quite
complicated heterogeneous process that takes place at the
sample surface well above the glass transition temperature.
Nucleation density depends on many factors such as surface
roughness, surface tension, particle size distribution, thermal
history, etc. The nucleation process exhibits a significantly long
time lag (hours to days) and stochastic behavior even in well
prepared glass with minimum defects and stresses. On the other
hand, the nucleation can be accelerated by mechanical grinding
or contact with other materials. To minimize the time lag and
stochastic effects, we measured the nucleation process at 233
°C by using cylindrical samples sandwiched between two
synthetic sapphire plates in the TMA instrument with an
applied force of 10 mN. Quenched nuclei created at this
temperature after different periods of time were subsequently
visualized by nonisothermal thermal treatment from 230 to 360
°C at a heating rate of 1 K/min. Figure 1 shows the number of
nuclei per unit area (nudei density) in As,Se; as a function of
nucleation time.
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Cryst. Growth Des. 2017, 17, 4990-4999

Paper V

95



Crystal Growth & Design

500

450 |
400
3504 l
300 l
— >
£ 250
£ 200 Y
- #1
150

]

100
50"

0 T T T T T T T T T
0 20 40 60 80 100 120 140 160 180

t (min)

Figure 1. Time dependence of nuclei density in As,Se; at 233 °C.
Dotted line is drawn as a guide to the eye.

Every point in Figure 1 corresponds to about 10 independent
measurements. It is seen that the steady state number of nuclei
316 + 64 mm™2 is achieved after 60 min. The same steady state
was observed also for small pieces of bulk sample; nevertheless,
in this case, it took a considerably longer time (about 6 h) for
most of the samples. The nucleation rate determined at 233 °C
is 5.0 + 0.7 mm 2min~". This temperature is close to the
maximum nucleation rate in As,Se; reported by Holubovi et
al,"* though their nucleation rate data are relative.

As,Se; crystallizes as relatively open spherulitic arrays of
individual crystallites as shown in Figure 2. A typical faceted

Figure 2. Morphology of As,Se; crystals grown in a supercooled liquid
of the same composition. Optical microscopy of fractured samples: (a)
T =311°C; t = 15 min, (b) T = 365 °C; t = 15 min. SEM microscopy
of etched surface of sample: (c) T = 311 °C; ¢ = 30 min, (d) T = 365
°C; t = 30 min.

triangular “arrow-like” morphology, described previously by
Henderson and Ast,'’ was observed below 350 °C (Figure
2a,c). A more open “rodlike” morphology was observed at
higher temperatures where individual crystals exhibit a relatively
high degree of correlation in crystallite orientation (Figure
2b,d).

Figure 3 shows the time dependence of crystal size measured
as the thickness of the formed crystalline layer (spherulitic
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Figure 3. Time dependence of the thickness of crystalline layer grown
in As,Se; supercooled melt at a temperature of 349 °C.

radius). Every point in this figure corresponds to a mean value
of 20—40 measurements of the thickness of the crystalline layer
in different places of the sample. Typical standard deviations
are shown as error bars for all data points. The linear behavior
of this dependence is typical for crystal growth controlled by
interface kinetics.

Crystal growth velocity u was determined as the slope of the
linear fit illustrated in Figure 3. Experimental crystal growth
velocity data for As,Se; determined in this way are summarized
in Table 1. These results considerably extend the previously
measured range of crystal growth velocity reported by
Henderson and Ast.'’

Table 1. Crystal Growth Velocities in As,Se; Glass

T (FC) u (um/min)
3113 6.0+ 02
317.0 79+ 0.6
331.0 121 +£03
3350 128 £ 04
3444 152+ 07
349.0 156 +£ 0.8
3552 138+ 13
361.0 9.8+ 09
3649 6.6 + 0.6
369.0 S51+10

Figure 4 shows combined data sets on a logarithmic scale.
The data of Henderson and Ast'® were adjusted by a factor of
!/, as these authors measured spherulitic diameter and not
radius.

The crystal growth velocity has been measured in a broad
range of temperatures, from 240 °C to the melting point, over 3
orders of magnitude. Maximum growth velocity of the As,Se;
supercooled melt is about 15.6 gm/min. Figure 4 shows also
DSC data in the whole temperature range at a slow scanning
rate of 1 K/min. The enthalpy change obtained by integration
of measured heat flow over the whole melting peak was found
to be 86.3 J/g. This is a considerably lower value than the
melting enthalpy of the completely crystallized As,Se; sample
obtained by a slow cooling of the melt, which was determined
by high precision calorimetry AH,, = 1069 + 0.7 J/g at T,, =
375.5 °C. Therefore, it seems that the As,Se; supercooled melt
cannot completely crystallize even during slow heating in the
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Figure 4. Temperature dependence of isothermal crystal growth

velocity of As,Se; and nonisothermal DSC curve measured at 1 K/
min.

the b axis.

DSC experiment. This probably explains the quite wide scatter
of melting enthalpy/crystallization enthalpy values of As,Se;
obtained from heating experiments found in the litera-
ture.' "' *'5'% Also, the determination of melting point from
the onset of DSC melting peak is not so accurate. Therefore,
the melting point was checked by optical microscopy in a quasi-
isothermal experiment (0.5 °C increase every 30 min) in the
same computer-controlled furnace used for growth experi-
ments. The complete melting was observed at 374.4 °C. This
temperature was used as the melting point in all the following
calculations of crystal growth models.

The crystal data for the unit cell of an As,Se; single crystal
are summarized in Table 2 (standard errors in parentheses refer

Table 2. Crystal Data for As,Se; Prepared by Slow Cooling
of the Melt

space group: P2,/n
a=4.2700(10) A
b=9.887(2) A
c=1208(3) A
£ = 90.441(9)°
Z=4

Vg = 510.1(2) A®

to the last digit). These results are in very good agreement with
previously regported crystallographic results by Stergiou and
Rentzeperis.'” Only negligible differences observed for these
structures were found in a slight shortening of all unit cell
length parameters by ~0.05 A, probably caused by the cell
volume contraction with lowering the temperature of measure-
ment to 150 K used in our experimental setup.

The structure of crystalline As,Se; is visualized in Figures §
and 6 where the covalently bonded monolayer and weakly
bonded bilayer are presented, showing mutual connectivity of
building blocks with essential interatomic distances. It can be
suggested that the crystal growth takes place from left to right
within the monolayer (Figure 5), propagating in a layer-by-layer
way. These layered structures are bound together by weaker
van der Waals forces as shown in Figure 6. It indicates the
brittleness of sheet-like crystals and their ability to form more
complex spherulitic structures. As the interlayer interatomic
distances are shorter than the sum of covalent radii for both Se-

4993

Figure 6. Projection of weakly bonded bilayer of As,Se, along the a

axis.

Se and As-Se, it can be speculated about the ordering of
substructures based on noncovalent contacts of a pair of
selenium atoms by chalcogen and arsenic selenium by
pnictogen bonds.

B DISCUSSION

Viscosity Scaling of Crystal Growth. The isothermal
crystal growth velocity in supercooled liquid can be expressed
as the product of the molecular growth rate at the crystal—
liquid interface uy;, and the probability that the new‘lny formed
molecular layer is retained in the growing crystal.**~** This
probability is typically expressed as [1 — exp(—AG/RT)],
where AG is the Gibbs energy difference between crystalline
and supercooled liquid phase. By definition AG is given by

AG = AH — TAS (1)

This can be expanded by using the well-known expression for
AH and AS by the integration heat capacity difference between
the supercooled melt and crystalline phase AC, = C," — C,".
However, it is not so easy to obtain reliable values of AC, due
to sublimation of crystalline As,Se; and the volatility of its melt.

DOI: 10.1021/acs.cod.7b01001
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The inset of Figure 7 shows nearly all available heat capacity
data'®**7%° for this material, clearly showing this difficulty.
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Figure 7. Temperature deper\]_dence of viscosity (Malek and
Shanelova,” other literature'®**™*") and heat capacity'***™° (inset)

of As,Se;. Dashed line was calculated by VFT (eq 4).

In this case, we should use an approximation for AG. The
expression of Thomson and Spaepen® is likely to be a
reasonable approximation for chalcogenides even for higher

supercoolings

AH AT
AG = —— .
T T 41T

m m

(2)

where AH,, is the melting enthalpy, T, is the melting
temperature, and AT = T,, — T is the supercooling.

For classical crystal growth mechanisms, the transport
process in the vicinity of the crystal-liquid interface is similar
to self-diffusion. The temperature dependence of the self-
diffusion coefficient is not always available, so it is usually
replaced by the inverse shear viscosity ™' according to the
Stokes—Einstein equation. Ediger et al.** reported uy;, scaling
with viscosity ~ 17 for several inorganic and organic materials
with the exponent & smaller than unity:

u X

M= 1 — exp(—AG/RT) el

(€)

Figure 7 shows the temperature dependence of dynamic
viscosity summarizing previously published data of supercooled
liquid AsZSe;?'w'ls*“ and kinematic viscosity of liquid
As,Se;” ™ converted using density taken from ref 38. All
data can be well approximated by the Vogel—Fulcher—Tamman
(VFT) equation:

log(n7/Pa-s) = A +
? T-T, @
where A = =5.78 + 0.18, B = 2965 + 96 K, and T, = 276 + 4
K
Figure 8 shows the u, plot in log—log format calculated
from crystal growth velocity by eqs 2 and 3, as a function of
As,Se; supercooled liquid viscosity (eq 4). Nearly identical
dependence is obtained for the simplest approximation of AG
~ (AH,/T,)AT that is attributed to Turnbull.’’ A key
parameter in this approximation as well as in eq 2 is the melting
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Figure 8. Viscosity scaling of crystal growth velocity of As,Se;
corrected for thermodynamic driving force.

entropy of As,Se;. The value obtained by high precision
calorimetric measurement (AS,, = AH,/T,, = 7.68 + 0.05 R) is
very similar to the value AS,, = 7.6 R reported by Myers and
Felty® that is also indirectly supported by a thermodynamic
study by O'Hare et al."® A linear dependence corresponding to
a power law anticipated by eq 3 is observed in nearly the whole
range, except for the vicinity of the melting point. The slope
corresponding to the kinetic exponent £ = 0.692 + 0.005
departs significantly from 1. Ediger et al.** demonstrated that,
for numerous organic and inorganic glasses, the exponent & is
linearly correlated with fragility m of superccoled liquid near the
glass transition (¢ = 1.1—0.005-m). Fragility of the As,Se; melt
reported by Malek and Shanglovd’ is m = 38, which is an
intermediate value between the strong and fragile pattern.
According to this correlation, it would provide an estimation of
£ = 091 that is, however, considerably higher than the
experimental value.

Spherulitic Growth Morphology. Spherulites are poly-
crystalline aggregates composed by highly anisometric crystal-
lites that grow independently by noncrystallographic branching
of their single crystalline progenitor.”' Spherulitic crystal
growth in As,Se; glass has been reported by Henderson and
Ast'” and it is also shown in Figure 2. These crystalline
aggregates are composed of thin plates showing triangular
“arrow-like” morphology for intermediate and high super-
coolings (AT > 30 K). The thickness of crystallites is
practically constant during the growth; however, the apex
angle increases slightly with temperature.'” A more open
“rodlike” morphology was observed at lower supercoolings (AT
< 25 K) as shown in Figure 2b,d. The spherulitic growth
habitat is maintained and the long axis of crystallites is oriented
along the radial axis of spherulites for both growth
morphologies.

The crystal structure of As,Se; is composed of trigonal
pyramids AsSe; linked together with common Se atoms to form
infinite covalently bonded sheets oriented along the b axis (see
Figure 5). As has been mentioned earlier, the crystal growth
takes place from left to right within these sheets (monolayers).
These sheets are bound together by weaker van der Waals type
forces forming the above-mentioned thin-plate crystallites.
Henderson and Ast'’ also confirmed by TEM that the crystal
growth on an atomic level takes place by addition of As,Se;
molecules to the edges of sheetlike structures, gradually
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forming layered crystallites that are aggregated to a macroscopic
spherulitic structure. However, the growth on an atomic scale
can be treated to a good approximation as two-dimensional
faceted growth of crystals of approximately constant thick-
ness.'® According to the theory of Jackson, Uhlmann, and
Hunt,™ faceted crystal growth might be also expected from the
re)latively high melting entropy of As,Se; (AS,, = 7.68 + 0.05
R).

It is interesting to compare spherulitic growth morphology in
As,Se; glass and pure amorphous selenium."* In both materials,
the spherulites are composed by thin plate crystallites. In both
cases, there are two distinct spherulitic morphologies, typical
for low and higher supercoolings. However, the spherulites
grown in As,Se; glass do not exhibit a banded structure
composed of twisted lamellae. Another striking difference is
related to the compactness and roughness of the spherulitic
structure. The spherulites formed in pure amorphous selenium
exhibit a compact structure and a nearly smooth surface. The
agreement of crystallization enthalpy and melting enthalpy
clearly indicates full crystallization with no amorphous phase
retained within spherulitic lamellae. Although the structure of
As,Se; spherulites seems to be compact with a rather rough
surface and several authors'”'*' reported full crystallization,
there is a clear difference between crystallization and melting
enthalpy that does indicate some uncrystallized amorphous
phase likely retained in spherulitic structure.

Isothermal Crystal Growth Velocity. The relaxation in
As,Se; supercooled liquid is relatively fast,” not affecting
significantly crystal growth velocity. It seems, therefore, that
standard methods of description of crystal growth kinetics can
be used. As has been anticipated earlier, the growth of As,Se;
crystals in a supercooled liquid of the same composition is
controlled by crystal-liquid interface kinetics. There are the
phenomenological models suitable for the description of such a
process: (i) normal growth, (ii) screw dislocation growth, and
(iii) two-dimensional surface nucleated growth.zo'l' For
molecularly complex liquids, it is usually assumed that
reorientation of the molecule or breaking bonds between
atoms at the crystal-liquid interface should precede the
incorporation of the molecule into the crystal. Such
reorientation and bond breaking actually controls the crystal
growth velocity u. It should involve similar molecular motions
as in a highly viscous liquid. Usually, it is assumed that the
temperature dependence of the interface process can be
represented by supercooled melt viscosity # through the
Stokes—Einstein equation. Jackson et al.* have shown that the
growth model can be assessed from the reduced growth rate Uy
given by the following equation

un

Up=—21
R - exp(—AG/RT)

(%)
where T is the temperature at which the crystal growth rate u
and viscosity 1) are known, and AG is expressed by eq 2, where
AH, /T, = 7.68 R.

The Up(AT) plot provides information about the fraction of
preferred growth sites at the interface. Therefore, for the
normal growth, it should be a constant, i.e.,, a horizontal line;
for screw dislocation growth, where the interface site factor is
linearly dependent on supercooling, this plot should be a
straight line of positive slope; and for two-dimensional surface
nucleated growth, this plot should be a curve with increasing
positive slope passing through the origin. Figure 9 shows the
Up(AT) plot calculated by eq S, for crystal growth velocities
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Figure 9. Reduced crystal growth velocity dependence on super-
cooling,

reported in this paper as well as for data previously reported by
Henderson and Ast.'” Both data sets clearly show the positive
curvature that indicates the standard two-dimensional surface
nucleated growth model (2Dsg). In this case, the growth
velocity should be expressed as™ "'

s Gl (_L)
n H (6)

where B and C are constants. From a logarithmic form of eq 6,
it is expected that the dependence of In(u-n) versus 1/(TAT)
should be linear. Figure 10a shows that this is not the case for
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Figure 10. Plot of logarithm (growth velocity X viscosity) versus 1/
(TAT) for crystal growth of As,Ses: (a) uncorrected data, (b) data
corrected for the crystal growth viscosity decoupling.

both As,Se; crystal growth velocity data sets. The linear
dependence is restored when the crystal growth viscosity
decoupling is introduced in the 2Dsg model:

=) 0

In this case, the logarithm of crystal growth velocity is a linear
combination of the logarithm of viscosity and 1/(TAT):
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s B

Inu=lhC-<¢Inpy R ®)
On the basis of this equation, the parameters B = (15.36 *
0.60) x 10° K* and In(C/N-m™) = —10.005 + 0.098 and & =
0.647 + 0.008 were obtained by least-squares fit in three
dimension space. The last point measured at 369 °C was
outlying, and it was excluded from regression.

Figure 10b shows the best linear In(u-5°) versus 1/(TAT)
dependence that is obtained for & = 0.647. This value is slightly
lower than £ extracted from the viscosity scaling of crystal
growth velocity of As,Se; corrected for thermodynamic driving
force mentioned earlier.

The parameter B is given by™

Vv, 0p

3kAS,,

)

where 4 is a molecular diameter, and V,, is the molar volume.
The parameter oy is the solid—liquid interface energy of the
nucleus that should be equivalent to the crystal-melt surface
tension, provided that there is not significant change in surface
structure associated with deformation. Assuming from crystal
data that V,; = 510 x 107° m® and Z = 4 (Table 2), we can
estimate the molecular diameter as 2 = (6V,/7Z)"® = 6.425 x
107" m. Then, we can estimate the solid—liquid interface
energy from eq 9 as 6; = 16 mJ-m 2 This appears to be
physically meaningful in comparison with experimentally
observed behavior of supercooled melt at the As,Se; surface
and the regorted values of solid—liquid interface energy of pure
selenium,™* 28 and 21 mj-m_z. The value of surface tension
of the As,Se; liquid measured by a silica capillary method,
recently reported by Mishinov et al, ™ is considerably higher,
~90 mJ-m 7 in the temperature range of measurable crystal
growth. Such a significant difference is in qualitative agreement
with our wetting experiments of As,Se; liquid at the quartz
glass and As,Se; crystal surfaces.

Figure 11 shows the crystal growth velocity of As,Se;
prediction for the 2Dsg model (solid line) calculated by egs
4 and 7 using founded parameters. It is evident that there is a
satisfactory agreement between the 2Dsg model prediction and
experimental data reported in this paper as well as for the data
reported earlier by Henderson and Ast.'® This model is
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Figure 11. Temperature dependence of crystal growth velocity in
As,Se; glass calculated by eqs 7 and 4.
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consistent with the expected two-dimensional faceted growth of
crystals of approximately constant thickness anticipated by
Henderson and Ast.'’

Nonisothermal Crystal Growth. The 2Dsg model used
for the successful description of isothermal As,Se; crystal
growth velocity data in the previous section can also be used in
nonisothermal conditions. The change of the crystalline layer
thickness dI at temperature T is given by

dT
dl = u(T)-dt = u(T)-7 (10)

where dT is a change of temperature, f/ is a linear heating rate,
and u(T) is given by eq 7. Let us suppose that an initial
thickness of the crystalline layer is zero (I, = 0) at sufficiently
low temperature (e.g., 150 °C in the glass transition range) and
a temperature step is small enough. Then, the differential eq 10
can be solved by the Euler method assuming the viscosity given
by eq 4 and u(T) by eq 7 with parameters (&, B, C) obtained by
least-squares fitting of isothermal data. Figure 12 shows the
I(T) dependence calculated in this way for heating rate f§ = 1.5
K/min (full line).

K
R
£ ) #£:3
2
200+ 1
)/4 .
04—a—
L )
220 240 260 280 300 320 340 360 380
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Figure 12. Temperature dependence of crystalline layer thickness in
As,Se; glass under nonisothermal conditions (f = 15 K/min)
calculated by eqgs 10, 7, and 4 (full line). Experimental data (points)
were determined by a direct optical measurement on bulk samples
(upper inset) and thin film (lower inset). Squares correspond to the
bulk samples with initial height of 2 mm, circles correspond to the bulk
sample with initial height of 1 mm, and triangles correspond to the
thin film (1 gm). Dashed lines are plotted as guides to the eye.

There is a good agreement between these curves and
experimental data obtained for the same heating rate (points)
up to about 300 °C. At higher temperature, however, we should
take into account that the sample thickness limits crystal size
even for this relatively slow heating rate. This is shown in
Figure 12 for thin film (triangles) and for the [, = 1 mm thick
sample (dircles). The crystalline layer growing in a sufficiently
thick sample of [, = 2 mm (squares) can fully develop in the
whole temperature range up to the melting point. Here, the
sample deformation caused by viscous flow at higher temper-
ature should be taken into account.

Figure 13 shows similar I(T) dependences calculated by eqs
10, 7, and 4 for different heating rates within 0.1 < # < 3 K/
min. These results clearly show that the 2Dsg model provides a
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Figure 13. Temperature dependences of crystalline layer thickness in
As,Se, glass under nonisothermal conditions calculated by egs 10, 7,
and 4 for different heating rates (full lines). Experimental data (points)
correspond to the bulk samples with initial height of 2 mm.

consistent description of As,Se; crystal growth kinetics both for
isothermal and for nonisothermal conditions.

The same nonisothermal model expressed can also be used
for the description of growth pattern at the sample surface. For
the steady state number of nuclei 316 + 64 mm 2 formed after
60 min annealing at 233 °C (see Figure 1), assuming their
random distribution at the sample surface, the most probable
growth pattern at the sample surface can be calculated by eq 10.
Figure 14 compares the result of such calculation for the

Figure 14. (a) SEM photograph of nucleated sample surface (etched)
after nonisothermal heat treatment from 233 to 295 °C at heating rate
1.5 K/min. (b) The growth pattern calculated by eq 10 for the same
thermal history assuming $% variation in growth rate of individual
crystals.

growth of these nuclei after nonisothermal heat treatment from
233 to 295 °C at a heating rate of 1.5 K/min with the SEM
picture of etched sample surface after the same thermal
treatment. It is seen that the 2Dsg model prediction is in good
agreement with the experiment.

Activation Energy of Crystal Growth. Crystallization
behavior is very often studied by a calorimetric method such as
DSC. Most of the papers related to crystallization of glassy
As,Se; found in the literature are based exclusively or partly'
on DSC. A key parameter elucidated from kinetic analysis of
these data is the apparent activation energy that is essential for
the description of experimental data by phenomenological
approaches such as the Johnson—Mehl—Avrami (JMA)
model.” ™ The apparent activation energy E, is usually
determined by a well-known Kissinger method"’ from the
temperature shift of the maximum of the DSC peak (T,) with
heating rate (f3):
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Ea

R

dIn(p/T}) B
a(1/1,) - (11)

Svoboda'? reported an averaged value of E, = 105 kj-mol™*
determined in this way for crystallization of slowly cooled and
hyperquenched bulk and powdered samples of As,Se; glass.
Very similar values were also found by isothermal DSC
crystallization experiments by Thornburg and Johnson™” (~120
kJ-mol™'), Henderson and Ast'® (~125 kJ-mol™!), and
Cernogkovi et al'' (~101 kJ-mol™). In these studies, the
JMA model was assumed where we can expect that nucleation
effects do not play an important role and the apparent
activation energy might be associated entirely with the crystal
growth kinetics.

In a relatively narrow temperature range of DSC experi-
ments, the crystal growth velocity can be described by a simple
exponential function of temperature that should be linear in log
scale. The activation energy of crystal growth then corresponds
to the slope of such linear dependence:

dlog(u) _ Eg
d(1/T) ~ 2303R

(12)

Figure 15 shows our experimental data for As,Se; crystal
growth velocity as well as the data reported by Henderson and

60 . DSC ks
] " m'ﬁ
654 & S
|
& 70+ 103 +-6kimol”!
[
g ]
3 189
= !
= 80~
85- 157 +/- 2 kJ.mol !
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Figure 15. Determination of activation energy of As,Se; crystal growth
by eq 12 in two different temperature ranges. The marked region
corresponds to the temperature range where nonisothermal DSC
peaks are observed.

Ast.'” In the high temperature range matching DSC experi-
ments, the crystal growth data can be approximated by the
dashed line with slope E; = 103 + 6 kJ-mol ™. This value is not
so different from E, determined from DSC experiments taking
into account different types of measurements and experimental
uncertainties involved.

At lower temperatures, the log u vs 1/T dependence can be
approximated by the full line with slope E; = 157 £ 6 kJ-mol".
A very similar value was reported by Cernoskova et al.'' (~152
kJ-mol™") for isothermal DSC experiments in the same
temperature range. Zmrhalova et al. ¢ reported also a similar
value of apparent activation energy (~162 kJ-mol™") elucidated
from interesting experiments where the sample deformation
controlled by viscous flow and crystal growth is being
monitored by thermomechanical analysis. Therefore, it seems
that the apparent activation energy determined by DSC and
TMA methods in fact corresponds to the value of activation
energy of As,Se; crystal growth Eg.
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The activation energy of viscous flow, defined as the slope of
the linear plot in a narrow temperature range, is

dlog(n) _ &
d(1/T) ~ 2303R

(13)

By using eq 4 for As,Se; VFT parameters, we can estimate the
activation energy of viscous flow in the same low temperature
range as E, = 233 + 3 kJ-mol". It can easily be shown that, for
relatively high entropy of melting (AS,, = 7.56 R) and higher
supercoolings (AT > 80 K), the exponential term in eq 3 can
be neglected. In a narrow temperature range, the decoupling
parameter £ then can be expressed by combining eqs 3, 12, and
13 as follows:
Eg

_ _dlog(u) -
dlog(n) ~ E, (14)

The decoupling parameter calculated in this way for low
temperature data is & = 157/233 = 0.67. This value agrees
within the combined error limits with the value determined
from log uy;, vs log 7 (£ = 0.692) and by least-squares fit of eq 8
in three dimensional space (£ = 0.647), which was also
confirmed by fitting the u(T) experimental data as described

earlier.

B CONCLUSIONS

The crystal growth velocity of spherulitic As,Se; in a
supercooled melt of the same composition was studied by
optical microscopy and thermoanalytical methods in isothermal
and nonisothermal conditions. It is shown that As,Se;
crystallizes as relatively open spherulitic arrays showing two
different faceted growth morphologies. The time dependence
of crystal size corresponding to both of these morphologies is
the same, and its linearity suggests the crystal growth is
controlled by interface kinetics. Crystal growth velocity was
determined as the slope of these linear dependences. The
experimental results presented in this paper considerably
extend the previously reported range of crystal growth velocity.

All isothermal crystal growth velocity data can be well
described by the standard two-dimensional surface nucleated
growth model (2Dsg) including crystal growth viscosity
decoupling (& = 0.647). The solid—liquid interface energy
extracted from this model is in reasonable agreement with
reported values for amorphous selenium as well as with
qualitative microscopic wetting experiments. The 2Dsg model
has been successfully applied for the description of crystal
growth kinetics as well as the growth pattern at the sample
surface in nonisothermal conditions. It is shown that the
activation energy of crystal growth from microscopic experi-
ments is in a good agreement with values obtained from
thermoanalytical experiments. The ratio of the activation
energy of crystal growth and the activation energy of viscous
flow well corresponds to the decoupling parameter confirmed
from the logarithmic crystal growth velocity vs viscosity
dependence of all experimental data.
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