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a b s t r a c t

One of most important properties of some tellurium-based chalcogenide glasses is the optical and elec-
trical switching between two states: the glass and the crystalline state. The understanding in these sys-
tems of the glass to crystal transition and its transformation kinetics is essential for their application in
non-volatile memories. GeTeSb and GeTe amorphous samples of compositions close to the eutectic point
Ge15Te85 were obtained by rapid solidification from the liquid state employing melt spinning technique.
The glass forming ability of this system, for this cooling technique, is restricted to a small composition
range nearby the binary eutectic. The crystallization kinetics of the samples was studied by means of dif-
ferential scanning calorimetry (DSC) under both isothermal and continuous heating regimes. The
quenched samples and the crystallization products have been characterized by X-ray diffraction with
Cu(Ka) radiation. The crystallization temperature, activation energy, crystallization enthalpy and the
dependence of these properties on concentration are reported. The crystallization study of Ge15Te85

glasses shows: a primary crystallization of Te superimposed with a secondary crystallization of GeTe.
The addition of Sb (5 at.%) to the eutectic point Ge15Te85 modifies this behavior: the crystallization of
Ge13Sb5Te82 glasses consists on the crystallization of Te and Ge2Sb2Te5. The crystallization of the ternary
glasses was modeled.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction obtained by rapid solidification from the liquid state; a higher cool-
GeSbTe amorphous films are widely used in rewritable compact
disks (CD-RW), digital versatile disks (DVD-RW) and are found to
be suitable for electrical memories (i.e.: non-volatile memories)
[1]. In optical applications, information is recorded using the fact
that a thin film of this system can be reversibly switched by laser
heating between the amorphous and the crystalline state [2,3].
The amorphous films with compositions on the GeTe–Sb2Te3 pseu-
do–binary system are utilized in these massive memory storage
applications. The compounds Ge2Sb2Te5, GeSb2Te4 and GeSb2Te7

of this pseudo–binary system have been extensively studied and
have the following characteristics: high thermal stability at room
temperature, high crystallization rate and very good reversibility
between amorphous and crystalline phases. Yamada et al. [4] re-
ported that Ge2Sb2Te5, GeSb2Te4 and GeSb2Te7 compounds present
two crystalline states, one is a meta-stable face centered cubic and
the other is a stable hexagonal structure. Ge2Sb2Te5 composition
(fcc cell – amorphous material transition) exhibits the best perfor-
mance when used in DVD-RAM in terms of stability and speed [5–
8]. However, glasses GeTe–Sb2Te3 pseudo–binary system cannot be
ll rights reserved.
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ing rate is needed.
The glass forming ability of GeTeSb system, for rapid solidifica-

tion from the liquid, is restricted to a small composition range near
the binary eutectic Ge15Te85[9]. GeTe system has a eutectic point at
Te � 648 K formed by the co-precipitation of GeTe and Te. The crys-
tallization kinetic of these ternary composition samples has not
been studied yet, as far as we know.

The aim of this work is to analyze the influence of the addition
of Sb on the thermal stability of glasses which compositions lie
close to the binary eutectic Ge15Te85, as well as the crystallization
kinetics and crystallization products of these glasses. To answer
these questions, a ternary composition was chosen: Ge13Sb5Te82.
The main mechanisms that drive the crystallization process of this
ternary glass are analyzed and compared with those acting on the
binary eutectic.

2. Experimental

Samples with compositions Ge15Te85 and Ge13Sb5Te82 were
synthesised from the elemental blend of Ge, Sb and Te (4 N purity)
in stoichiometric proportions located in quartz ampoules previ-
ously evacuated. Fusion and homogenization of the alloys was per-
formed in a furnace at 700 �C for 8 h. The process to produce
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amorphous samples was done in two steps. Firstly, melts were
quenched by immersing into an ice–water bath (melt quenching
technique - MQ). Secondly, the obtained ingots were melted again
and then were rapidly quenched employing melt spinning tech-
nique (MS). Small and fragile flakes were obtained.

Thermal properties were measured using a power compensa-
tion differential scanning calorimeter (DSC) under dynamic Ar
atmosphere. DSC experiments were carried out employing always
the same mass (5.00 ± 0.05 mg) to avoid the effects of temperature
gradients between the furnace and the sample, and within the
sample itself. The samples were sealed in aluminum pans. Contin-
uous heating experiments were performed from 323 K to about
623 K at scan rates b = 5, 10, 20, 40 and 80 K/min. Isothermal
experiments of Ge13Sb5Te82 samples were carried out at several
temperatures (443, 448 and 453 K). In these measurements, previ-
ous heating of the amorphous samples from room temperature to
the annealing temperature was performed at a rate of 80 K/min.

The quenched samples and their crystallization steps were
analyzed by X-ray diffraction at room temperature in a H�H
diffractometer using monochromatized Cu(Ka) radiation.
Partially-crystallized Ge13Sb5Te82 samples (with 10% of crystalline
fraction) were examined using optical microscopy.

3. Results

X-ray diffractograms (XRD) of the Ge15Te85 and Ge13Sb5Te82

samples, rapidly quenched by both techniques MQ and MS, are
shown in Figs. 1 and 2. The cooling rate of the MQ technique is
not enough to produce amorphous samples, whereas the XRD ob-
tained for the samples cooled by the MS technique have broad
peaks due to an amorphous phase. Figs. 1 and 2 also show XRD ob-
tained after thermal annealing of samples Ge15Te85 and
Ge13Sb5Te82.

Fig. 3 shows the differential scanning calorimetry (DSC) curves
(dH/dT vs T, where H is the enthalpy and T the temperature), for a
heating rate of 20 K/min, of samples Ge15Te85 and Ge13Sb5Te82,
rapidly quenched by the MS technique. XRD of Ge15Te85 and
Ge13Sb5Te82 samples were obtained at different steps of the
crystallization process (see Fig. 3): (i) after annealing at a heating
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Fig. 1. XRD of the Ge15Te85 sample rapidly quenched and carried out after thermal treat
indicate the X-ray patterns of the crystalline phases: Te and GeTe. MQ: rapidly quenche
DSC1: after the thermal treatments up to point A in Fig. 3 (at 20 K/m), DSC2: after cont
rate of 20 K/min up to point A (in Fig. 3) for the binary sample
and point B (in Fig. 3) for the ternary sample (samples were then
cooled down to room temperature at a rate of 200 K/min) and
(ii) after the crystallization processes ended. XRD were also ob-
tained after isothermal annealings.

A glass transition is detected in both samples. The glass temper-
ature Tg and the heat capacity change DCp in the glass transition
were obtained and the results are shown in Table 1.

Two main exothermic peaks can be observed in Ge15Te85 DSC
curve. They correspond to a primary crystallization of the Te phase
and a secondary crystallization (with overlapping process) of the
GeTe phase as it is shown in the XRD of Fig. 1 (see DSC1 and DSC2).

DSC curve of the Ge13Sb5Te82 sample shows a single exothermic
peak corresponding to the crystallization of Te phase (with many
diffraction lines) and other non identified phase; a few remaining
diffraction peaks are associated to the stable ternary phase
Ge2Sb2Te5 with a hexagonal cell [8] (see DSC3 in the Fig. 2). The
crystallization of these phases is not simultaneous, only Te crystal-
line phase is detected by X-ray diffraction in the first steps (about
10% of crystalline fraction, point B in Fig. 3) of this single crystalli-
zation peak (see DSC1 in Fig. 2). Optical micrograph of the
Ge13Sb5Te82 sample after the thermal treatments up to point B
(in Fig. 3) is shown in Fig. 4. The structure observed consists of
spheroidal Te crystal particles (dark) in a matrix of glass (grey).

Te phase and an only incipient diffraction line corresponding to
Ge2Sb2Te5 (hexagonal cell) are detected by X-ray in the ternary
sample under isothermal regime (see DSC2 in Fig. 2). The depen-
dence with the heating rate of the crystallization onset tempera-
ture Tx, the peak temperature, Tp, (I and II), and the enthalpy of
the crystallization (DHc) are also shown in Table 1. Since on
increasing b, the transformations shift to higher temperatures, evi-
dencing the well-known characteristic of activated processes [10].
The apparent activation energy, Ea, for the crystallization processes
was deduced by the Kissinger method [11] (from continuous heat-
ing data) and the results are shown in Table 1.

Kauzmann ratio Tg/Tm [12] is the most extensively used param-
eter for determining the glass forming ability (GFA). Tg/Tm is about
2/3 for good glass formers. Considering that the melting tempera-
ture Tm is close to the GeTe eutectic temperature (Tm = 648 K) we
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Fig. 2. XRD of the Ge13Sb5Te82 sample rapidly quenched and carried out after thermal treatments. The peaks corresponding to the crystalline phase are indicated. The
symbols indicate the X-ray patterns of the crystalline phases: Te, GeTe, Ge2Sb2Te5 (Hexagonal structure) and Ge2Sb2Te5 (fcc structure). MQ: rapidly quenched by melt
quenching technique, MS: rapidly quenched by melt spinning technique, DSC1: after the thermal treatments up to point B in Fig. 3 (at 20 K/m), DSC2: after isothermal DSC
experiment, DSC3: after continuous heating DSC experiment for the whole T range.
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Fig. 3. DSC curves (dH/dT vs T) of the Ge15Te85 and Ge13Sb5Te82 samples at a heating rate of 20 K/min. The A and B points (in Ge15Te85 and Ge13Sb5Te82 samples respectively)
indicate the reached temperature before the XRD experiment (at room temperature).
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can determine Tg/Tm, which is in the range between 0.61 and 0.64.
Therefore we can conclude that the samples studied are good glass
forming alloys. Recently, a new criterion for evaluating GFA was
proposed [13]. These authors show that the GFA is strongly corre-
lated with the parameter c = Tx/(Tg + Tm). c is in the range 0.35–0.50
for most bulk metallic glasses. For the studied alloys c results in the
range 0.41–0.44 indicating also a good GFA. The glass stability can
be analyzed with a parameter of Hruby Kgl = (Tx�Tg)/
(Tm�Tx) [14–15]. Alloys with larger Kgl show a higher stability
against crystallization on heating indicating a better GFA (for
Kgl � 0.1, the preparation of glasses is very difficult whereas for
Kgl � 0.5 glasses are obtained by quenching in air [16]). The values
of Kgl for the different heating rates are in the range 0.24–0.31 for
the Ge15Te85 glass and in the range 0.24–0.26 for the Ge13Sb5Te82

sample. This result shows that the binary amorphous alloy is a lit-
tle more stable than the ternary glass.

4. Discussion

Comparing the crystallization results obtained for the binary
eutectic amorphous sample with previous works [17–18], we ob-
serve: (a) the reported crystalline phases (Te and GeTe) are the
same, (b) the appearance of the DSC curve is similar, (c) the glass
and crystallization temperatures are different from the reported



Table 1
Heating rate dependence of the calorimetric parameters: the glass temperature Tg, the heat capacity change DCp in the glass transition, the crystallization onset temperature Tx,
the peak crystallization temperature Tp, the crystallization enthalpy DHc, and the activation energy Ea of the samples Ge15Te85 and Ge13Te82Sb5. In the case of the binary sample,
DHc is the sum of the crystallization entalphy of the peaks I and II.

Sample Glass transition Crystallization peak Activation energy Ea (kJ/mol)

b (K/m) Tg (K) DCp (J/gK) Tx (K) TpI (K) TpII (K) DHc (J/g) I peak II peak

Ge15Te85 5 – – 446 473 488 43
10 405 0.32 452 478 493 45
20 408 0.29 459 486 499 36 190 262
40 412 0.32 464 491 503 40
80 416 0.23 471 499 509 42

Ge13Te82Sb5 5 399 0.22 434 463 30
10 401 0.30 449 470 36
20 403 0.27 450 474 36 207
40 406 0.22 452 480 38
80 408 0.23 458 487 44

D(Tg) = 3 K, D(DCp) = 0.02 J/gK, D(Tx) = 2 K, D (Tp) = 0.5 K, D(DHc) = 5% and D(Ea) = 5%.

Fig. 4. Optical micrograph of the Ge13Sb5Te82 sample after the thermal treatments
up to point B in Fig. 3 (Optical magnification: 1000�).
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values in less than 10 K (d) the activation energy Ea of the first
crystallization peak is similar whereas Ea associated to the
crystallization of GeTe phase (shown in Table 1) is considerably
different from the reported values (Ea = 345 ± 26 kJ/mol [17]).
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Fig. 5. Crystallization rate dx/dt (normalized by the heating rate b) vs. Temperature obtai
rates.
Consequences of adding Sb (5 at.%) to the binary eutectic are:

(a) first of all, the crystallization temperature in Ge13Sb5Te82

sample is lower (about 10 K) than those of binary
composition,

(b) although Te crystal is the main crystallization product in
both samples, the secondary crystallization is different
(GeTe phase in the binary composition, Ge2Sb2Te5 (hexago-
nal cell) in the ternary alloy). Moreover, the appearance of
the stable phase Ge2Sb2Te5 at this temperature (about
450–485 K) is in agreement with experiments of Yamada
et al. [4]. They observed that the transition between meta-
stable phase (fcc cell) and stable phase (hexagonal cell)
occurs at 473 K.

(c) the appearance of the DSC curve is different (two overlapped
exothermic peaks in the binary composition, one exothermic
peak in the Ge13Sb5Te82 sample),

(d) Ea associated to the Ge13Sb5Te82 sample crystallization is
similar to Ea of the Te crystalline phase in the eutectic com-
position (primary crystallization). Furthermore, thisvalue
(Ea = 207 kJ/mol) is proper because it is intermediate
between Ea of the crystallized phases (Ea for Te crystalline
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ned for the crystallization of the Ge13Sb5Te82 amorphous sample at different heating



Table 2
Estimated and assessed values used to model the first crystallization steps of the
samples Ge15Te85 and Ge13Te82Sb5.

Estimated parameters:
DHm (kJ/mol) 17.0
Tm (K) 648
C 1.2
r 0.33 DHm

ao (m) 2.8 10�10 m
L2/k 10
Fitted parameters:
Sample Ge15Te85 Ge13Te82Sb5

Nv/L2 (1/m3) 1.27 � 1017 1.16 � 1019

± 10%
g (Tm)(P) 0.010
A (K) 1250.0
± 5%
To (K) 370
± 4
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Fig. 6. Calculated temperature-heating rate-transformation (THRT) and tempera-
ture–time-transformation (TTT) curves for different values of the crystallized
fraction (x = 10�6, and 0.1) as well as the experimental data obtained for x = 0.1 for
the crystallization of the Ge13Sb5Te82 sample and the first crystallization peak of the
Ge Te sample (associated to the crystallization of the Te phase).
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phase in binary eutectic, that is Ea = 190 kJ/mol, and
Ea = 215 kJ/mol obtained for the crystallization of Ge2Sb2Te5

thin film [4,6]),
(e) the glass temperature is similar in both compositions.

The temperature dependence of the crystallization rate dx/dt
for Ge13Sb5Te82 sample is shown in Fig. 5. A clear dependence of
dx/dt curve appearance on the heating rate b can be observed. This
fact let us conclude that the Ge13Sb5Te82 sample crystallization is
not isokinetic (a process is isokinetic if it does not depend on the
kinetic parameters [19]). Moreover, following above ideas, the ter-
nary sample crystallization is constituted by leastwise two pro-
cesses being the Te crystallization the most important and the
earliest process.

4.1. Initial steps of crystallization

Following previous work, [20–22,27] the initial steps of the for-
mation of crystals (crystalline fraction x < 0.1) are modeled from
experimental calorimetric data. As mentioned above, the crystalli-
zation of these glasses is complex. However, the first steps of the
crystallization of the samples can be modeled assuming homoge-
nous nucleation with frequency, I, followed by three-dimensional
interface-controlled crystal growth of the crystal with a rate, u
[24].

The classical equations used are expressed as [22,25,26]:

IðTÞ ¼ ½4ðr=RTÞ1=2Nv � b=g� � expð�DG�=RTÞ; ð1Þ
uðTÞ ¼ ðao � k � b= � gÞ:½1� expð�DG=RTÞ�; ð2Þ
b ¼ kT=ð3pL2a3

oÞ;

where Nv is the mean density of atoms, ao the mean atomic diame-
ter, T the temperature, r the molar interface energy between the
nucleus and the liquid, k is the product of the fraction of surface
sites where atoms are preferentially added and the length of the
interface in units of ao, L is the mean interfacial thickness in units
of ao, and g is the viscosity which dependence on T obeys a
Vogel–Fulcher expression [20,21]:

g ¼ go expðA=ðT � ToÞÞ; ð3Þ

DG� is the Gibbs free-energy of formation of a nucleus of critical size
[14,15]:

DG� ¼ 16pr3ð3DG2Þ; ð4Þ

where DG is the Gibbs free-energy difference between thesuper-
cooled liquid and the crystal [26,27]:

DG ¼ DHm � ½ð1� TrÞ � ð1� CÞ � CTrInðTrÞ�; ð5Þ

Here Tr = T/Tm, C = DCp/DSm, DCp is the heat capacity difference be-
tween the liquid and the crystal, Tm, DSm and DHm are the melting
temperature, melting entropy and melting enthalpy.

For a process of homogenous nucleation with frequency, I, fol-
lowed by three-dimensional interface-controlled crystal growth
of the crystal with a rate, u, the time temperature transformation
(TTT) and temperature-heating rate-transformation (THRT) dia-
grams can be calculated using [20–23]:

xðT; tÞ ¼ 1� expð�ðp=3Þ:IðTÞ:uðTÞ3:t4Þ
½TTT diagrams — nucleation and growth�; ð6Þ

with t the time,

xðT; bÞ ¼ 1� expð�b�1:

Z T

0
IðT 0Þ � vngðT 0; TÞ � dT 0Þ

� ½THRT diagrams — nucleation and growth�; ð7Þ
with b the heating rate and vng(T’,T) the volume at temperature T of
a nucleus formed at temperature T’, given by:

vngðT 0; TÞ ¼ ð4p=3Þ½b�1 �
Z T

T 0
uðTÞ � dT 00�3; ð8Þ
4.2. Initial steps of the Ge15Te85 and Ge13Sb5Te82 sample crystallization

As mentioned above, we assume that only Te phase crystallizes
in the initial steps of the Ge13Sb5Te82 sample crystallization.
15 85



J. Rocca et al. / Journal of Non-Crystalline Solids 355 (2009) 2068–2073 2073
The first steps of the crystallization of the samples Ge15Te85 and
Ge13Sb5Te82 were modeled assuming homogenous nucleation fol-
lowed by three-dimensional interface-controlled crystal growth.
We calculated the TTT and THRT curves using calorimetric data
obtained under both isothermal and continuous heating rate re-
gimes in the case of the ternary sample, whereas only continuous
heating data were used in the Ge15Te85 sample. We assumed that
some parameters (DHm, r, ao, L2k, Tm and C) used in Eqs. (1)–(8) are
the same in both samples and some of those (DHm, r, C, ao, L2k) are
obtained from previous works for the crystallization of Te phase in
Ga20Te80 and GaSnTe alloys [27–28]. Some parameters (Tm and C)
in Eqs. (1)–(8) were determined or estimated as follow: Tm is as-
sumed the same in both samples and equal to melting temperature
of the binary eutectic, C was estimated using DCp, DHm and Tm. We
assumed that the viscosity parameters (g(Tm), A and To) are the
same in both samples because the glass temperature and the melt-
ing temperature are similar and the samples composition is close.
The different compositions only modify the parameter Nv/L2.

The parameters (Nv/L2, g(Tm), A and To) were fitted using Eqs.
(6) and (7) to reproduce the experimental DSC data (x = 0.1) in
both samples with an additional condition: g(Tg) � 1013 P.

Estimated as well as fitted parameters are given in Table 2. Cal-
culated temperature-heating rate (THRT) and time temperature
transformation (TTT) curves for different crystallized fractions
(x = 10�6 and 0.1) as well as experimental data obtained for
x = 0.1 are reported in Fig. 6. The agreement between the calcu-
lated curve and the experimental data is very good.

5. Conclusions

The glass forming ability of GeTeSb system, for rapid solidifica-
tion from the liquid, is restricted to a small composition range near
the binary eutectic Ge15Te85. The crystallization of Ge13Sb5Te82

amorphous samples is mainly governed by the crystallization of
Te phase, so is the binary eutectic composition. The addition of
Sb (5 at.%) to the eutectic binary generates that the ternary amor-
phous alloy is less stable than the binary eutectic (lower crystalli-
zation temperature) and modifies the secondary crystallization
observing the appearance of the stable hexagonal phase Ge2Sb2Te5.
Ge13Sb5Te82 sample crystallization is not isokinetic. The first steps
of the Te phase crystallization are modeled considering that the
changes in composition only modify the nucleation frequency
pre-exponential factor (parameter Nv/L2). The model proposed fits
the experimental data as a process of homogeneous nucleation and
3-D growth controlled by the interface.
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