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Abstract Differential scanning calorimetry (DSC) was
performed at different heating rates under non-isothermal
conditions to probe the glass transition kinetics of several
Ge-As—Se glasses with different chemical compositions.
The change of the glass transition temperature T, with the
heating rate and composition was investigated and the
activation energy of the glass transition was estimated.
The fragility index was calculated and the correlation to the
mean coordination number of Ge—-As—Se glasses was
discussed.

1 Introduction

Chalcogenide glasses, typically non-oxide based glasses
containing the chalcogen elements S, Se and Te, have re-
ceived much attention for many applications. They exhibit
many attractive optical properties including high refractive
index, excellent transmission at 1.55 um, large optical
nonlinearity, ultrafast broad-band response, and low optical
loss [1-3]. The low glass transition temperature 7, of the
amorphous state of these twofold coordinated pure chal-
cogen elements can be increased by adding three-fold As
and four-fold Ge coordinated elements [4]. Assuming Ge,
As and Se to possess a coordination number of 4, 3 and 2
respectively, mean coordination number (MCN), which is
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defined as a sum of their respective concentration times
their coordination number, can be achieved [5]. For binary
and ternary chalcogenide glasses, many physical properties
have been found to correlate with the MCN. When the
MCN increases to 2.4, Phillips and Thorpe [6, 7] predicted
a floppy-to-rigid transition in the glass network which has
been confirmed by Raman spectroscopy measurements [8].
Boolchand found an intermediate phase bound by the two
transitions, revealing that the glass transition becomes
almost thermally reversing in this composition window.
This floppy-intermediate-stressed rigid phase transition is
classified in terms of a structure-based approach to the
elastic thresholds. Defining n. as the count of Lagrangian
bonding constraints per atom, intermediate phase consists
of optimally constrained (n. = 3) backbones that appear
between mechanically floppy (under constrained, n. < 3)
and stressed rigid (over constrained, n. > 3) phases [5-7].
The intermediate phase with a thermally reversing window
is closely related to the ageing behavior, and thus is
important for the application of the glasses.

In Ge—-As—Se ternaries containing equal concentrations
of As and Ge, nucleation of binary nanocrystalline phases
is suppressed due to the same concentration of As(Se;;)s
pyramids and Ge(Se),), tetrahedra [5, 8—11]. Therefore the
so-called nanophase separation which is characteristic of
the global maximum in 7, on a composition dependence
plot, cannot be observed in Ge,As,Se;_,, system. However,
a global maximum of 7, near MCN = 2.8 was found in
ternary (Ge,Ses),(As>Sez);_, glasses [12]. To resolve this
difference, in this paper we investigated the glass transition
kinetics of Ge—As—Se glasses with five different chemical
compositions, Ge;3As|>Sess, GernAsyoSess, Gep1As»Seqr,
GesAs;gSes; and GesAssgSegs. The activation energy of
the thermal relaxation processes present in the glasses was
also studied. The concentration of As(Se;,,); pyramids and
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Ge(Sey)»)4 tetrahedra would not be equal in these five Ge—
As—Se glasses. Therefore the investigation may provide
further information regarding nanophase separation and
whether the Boolchand’s intermediate phase still exists
since these five samples span a MCN from 2.4.to 2.8 which
is characteristic of stressed-rigid glasses. Our preliminary
results show a linear correlation between logistic T, and
MCN. By changing the heating rate, the activation energy
of the glass transition was derived and the fragility index
was calculated for each glass. The dependence of these two
parameters on MCN seems to support the existence of a
thermally reversing window. The possible physical origin
of these results is also discussed.

2 Experiments

High purity germanium, arsenic and selenium metals
were used as starting materials. They were weighed
within a dry nitrogen-filled glove box, and then intro-
duced into a pre-baked quartz ampoule before being
sealed under vacuum. The sealed ampoule was placed
into a rocking furnace, which was heated to 900 °C at a
ramp rate of 3 °C/min. To obtain good homogeneity of
the melt, the ampoule was rocked for 2 h and the melt
liquid was then held statically in the furnace for 24 h.
After the melt was removed from the furnace and
quenched in air, the ampoule was subsequently annealed
in another furnace for 15 h at a temperature slightly
below T, in order to reduce the internal stress. A de-
tailed description of the sample preparation can be seen
in our previous paper [13]. The glasses obtained were
ground into fine powder for differential scanning calo-
rimetry (DSC, Shimadzu DSC-50) measurement. Usually
15-20 mg powder was sealed into Al sample pans and
then heated at constant heating rate, and the changes in
heat flow with respect to an empty reference pan were
measured. No devitrification or crystallization was
observed for the samples in this study.

3 Results and discussion

The measured T, of our five samples as a function of
MCN, as well as the T, of those samples with smaller
MCN from [9] are shown in Fig. 1. The MCNs are
evaluated using the standard procedure described by
Tanaka, where the coordination numbers for Ge, As, and
Se are 4, 3 and 2, respectively [11]. Thus for the glassy
system Ge,AspSec.(a + b + c = 1), the value of MCN is
given by:

MCN = 4a + 3b + 2, (1)
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Fig. 1 T, as a function of mean coordination number. The squares
represent our five samples, and open circles are those from [9]

As previously mentioned, it is well established that T,
depends on the connectivity, and consequently on the
rigidity of the vitreous network [4, 5]. Therefore adding an
element with coordination number larger than two to a
linear polymeric structure such as that exhibited by amor-
phous Se will result in a vitreous matrix with higher 7,
proportional to the content of the added atom. In fact a
linear correlation between logistic 7, and MCN has been
proposed in chalcogenide glasses [14]. In this study ab-
sence of a global maximum in 7, indicates that there is no
nanophase separation despite the different concentrations
of As(Sey;)s; pyramids and Ge(Se;), tetrahedra in these
materials.

Figure 2 shows DSC curves of GeyAsygSesg samples
with different heating rates, where T, is simply defined as
the temperature of the endothermic peak observed during
heating. Clearly with increasing heating rate, a more in-
tense endothermic relaxation peak can be observed. Based
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Fig. 2 T, as a function of heating rate
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on Ritland equation, T, and the heating rate obey the
relationship [15],

d(In(f))/d(1/Ty) = —AH/R, (2)

where 5, AH and R are the heating rate, the apparent
activation energy and the universal gas constant, respec-
tively. The plots of Inf versus 1/T, are shown in Fig. 3 for
the five samples investigated in this paper. The apparent
activation energy involved in the molecular motions and
rearrangements around 7, can be extracted from the slope
of each plot, and the results are shown in Fig. 4. It should
be emphasized that AH is an apparent activation energy
which normally depends on the thermal history and is
generally smaller than the ‘‘true’’ glass transition activa-
tion energy obtained from cooling scans [16]. (The
apparent activation energy depends on the product of
partition parameter x and the actual activation energy as
observed in cooling scans). Nonetheless, we can still use
AH to examine how it changes with the composition and
MCN.

The fragility indexes of these five samples were calcu-
lated using the relation of F = AH/(T,In(10)) in which
AH is determined from heating scans vis-a-vis cooling
scans expressed in units of temperature and T, is glass
transition temperature [17]. The calculated values are
slightly lower than those obtained by viscoelastic shear
compliance and modulus measurements in the tensile
modes for Ge gAs pSegy and GejzAs;zSeqy [17].

Since the works of Phillips [6] and Tanaka [11], it is
well accepted that glassy covalent networks exhibit two
topological thresholds. Describing these glassy structures
by means of virtual atoms bonded together with a MCN,
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Fig. 3 Plots of T, versus Inf for the five samples, Ge33As;,Sess(W),
GeyrAsyoSess(e), GejAsySeq7(A), GesAszgSes; (V) and
GesAs3oSess (¥)
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Fig. 4 Activation energy as a function of mean coordination number

these two thresholds appear at MCNs of 2.4 and 2.67,
respectively, corresponding to the chemical composition
dependence of floppy-intermediate-stressed rigid phase
transition. On the other hand, instead of rigid transition
involving a change in network dimensionality [11],
nanoscale phase separation [l12] was proposed to
explain the network anomalies near MCN = 2.6 in
(Ge»S3),(As,S3) 1, systems. Absence of the global maxi-
mum of 7} in these preliminary results seems to rule out the
possibility of nanoscale phase separation in our Ge—As—Se
systems. A detailed investigation of the compositional
dependence of T, will be helpful to elucidate this point.
We note that a prerequisite condition to get the global
maximum of 7, is the existence of As,Se; monomers
which can lead to a progressively loss of the As(Sey/)s
backbone and therefore a loss of global connectivity of
network. For Ge—As—Se ternary glasses, the electronega-
tivity difference between Ge(2.01) and Se(2.48) is larger
than that between As(2.18) and Se(2.48) [18]. This sug-
gests that Se will first select to covalently bond with Ge
rather than As atoms to low free energy of all network
structure. For the Se-rich glasses like Ge;jAs;;Seq; and
GesAsszoSees, Se chains could be part of the backbone of
the network except the tetrahedral Ge(Se,;), and pyrami-
dal (AsSe;;), units. Moreover, optimally coordinated
quasi-tetrahedal Se—As(Seq,,); units could also be formed
in Se-rich ternary glasses [9]. On the other hand, for the
Se-poor glasses like Ges3Asi>Sess and GeprAsypSess,
Ge—Ge and As—As bonds can corporate into the backbone
to suppress the formation of binary nanocrystal phase. It
has also been found that in As,Se;_, binary, ethylene-like
As,Se(y2)4 units were firstly formed as a part of the
network, and then gradually transformed into As,Sey
monomers at x > 0.5 [19]. If it is true for Se-poor ternary
Ge—As—Se glasses, instead of forming AssSe; monomers,
As atoms will share Se atoms which have a priority to bond
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Fig. 5 Fragility index as a function of mean coordination number

with Ge atoms because of the difference of the electro-
negativity. Therefore we conclude that for both Se-rich and
-poor ternary glasses, the independent As,Se, monomers
are hardly formed. That is the reason why we cannot
observe the global maximum of 7.

Noteworthy is a discontinuous change of activation en-
ergy and fragility index at the MCN around 2.6 in Figs. 4
and 5, which is in good agreement with the rigidity tran-
sition around 2.67 predicted by the mean field theory. The
MCN dependence of decreasing tendency of activation
energy and fragility index is in qualitative agreement with
those in [9], supporting the existence of Boolchand’s
intermediate phase in the glassy system.

4 Conclusion
In summary, DSC measurements were performed to

investigate five Ge—As—Se glassy samples with different
compositions. A linear correlation between logistic T, and
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could be explained by the formation tendency of the dif-
ferent structural units in the glassy backbones. The change
of the glass transition temperature T, with the heating rate
and composition was investigated. The activation energy of
the glass transition was derived and the fragility index was
calculated. Their correlation to the MCN of Ge-As—Se
glasses was discussed.
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