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A B S T R A C T   

Using thermal co-evaporation techniques, we show that various glassy compositions can be obtained along the GexSbxTe100-2x join in the ternary Ge–Sb–Te system 
which is known to display dramatic crystallization tendencies. Earlier attempts to produce bulk glasses have been limited to Sb-poor compositions close to the 
eutectic GeTe6. Results indicate a weak variation of Tg with composition x and also a thermal stability that is weak for most systems, and especially for compositions 
close to the domain where Ge2Sb2Te5 can be formed. Our results are put in perspective with other network-forming chalcogenides and the Tg variation suggests the 
preferential formation of Te–Sb–Te, at variance with isochemical compounds such as Ge–Sb–Se. Data are discussed within the framework of topological based 
approaches which not only indicate that optimal glass formation is achieved for compositions satisfying the Maxwell stability criterion but also predict a flexible to 
rigid transition at x = 8.5%. Most of our glasses could be formed around this composition.   

1. Introduction 

Amorphous telluride thin films are now present as starting material 
in many electronic devices and setups, and found huge applications in 
the phase change (PC) memory industry [1,2]. In order to design new 
material functionalities for other future applications such as improved 
infrared transmitting waveguides or stable phase change data storage, 
there is a demanding need to understand in more detail the underlying 
factors which control the glass-forming tendency of tellurides and the 
relationship between structure and functional properties. In contrast 
with light chalcogenides (selenium and sulphide) however [3], tellu
rides do not form easily bulk glasses due, in part, to a high crystallization 
tendency and a difference in chemical bonding so that their 
glass-forming region (GFR) is substantially reduced as compared to 
corresponding selenides and sulphides. In fact, in contrast with the latter 
which show a weak bonding between Se/S chains, there is indeed an 
increased interchain cohesion in tellurium coming from a delocalized p 
bonding [4] so that tellurides often do not fulfill the 8-N rule, N being 
the number of outer shell electrons. 

The halogenation of tellurides has shown to reduce crystalline 
nucleation by reducing Te chain lengths and the number of free elec
trons [5]. This has led to an extended investigation of the so-called TeX 
glasses (TeCl, TeI, etc.) which display increased glass-forming tendency 
but are also weakly connected [6]. More recently, it has been shown that 
a combination of Gallium and Germanium could lead to larger 

glass-forming regions [7,8]. 
One of the challenges remains still the development of Te-glasses 

resistant to crystallization. An interesting means in this context is to 
avoid the standard melt quench strategy and to search for alternative 
methods of glass synthesis. Recently, the deposition of Ge–Ga–Te films 
by thermal co-evaporation has permitted [9,10] to obtain very thick 
films (with thicknesses up to 17 µm) with very well controlled compo
sitions over an increased GFR compared to the one obtained for corre
sponding bulk materials [11]. Similarly, the amorphous domain of the 
Ge–Te system could be extended not only by using thermal 
co-evaporation but also by employing a twin roller quenching method 
[12,13]. In both methods, higher quenching rates (≃ 106 K/s) are 
applied as compared to that used in classical melt quenching methods to 
prevent from crystallization. As a result, in the Ge–Te binary glasses 
could be formed from 10% up to 45% Ge and glass transition temper
atures Tg as well as crystallization temperatures were measured from 
differential scanning calorimetry experiments, together with a structural 
characterization [13,14]. 

Among chalcogenide ternary systems, the Ge–Sb–Te displays prob
ably one of the smallest GFR (Fig. 1) that is limited to Sb-poor compo
sitions close to the eutectic GeTe6 where bulk glasses can be formed 
[15–20]. This is due, in part, to the large fragilities which are charac
teristic of liquids having small viscosities even in the deep supercooled 
state so that activation barriers for crystallization are low. 

In the present contribution, we follow the path previously followed 
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for Ge-Te [12] and Ge–Ga–Te [10] and investigate the possibility to form 
glassy Ge–Sb–Te using thermal co-evaporation techniques. We explore 
the GexSbxTe100− 2x join (red line in Fig. 1) which adds equivalently Ge 
and Sb atoms into the base Te network, in contrast with previous in
vestigations targeting compositions close to the binary GeTe6. Results 
lead to the formation of twenty-one different glassy compositions in the 
Ge–Sb–Te system (Fig. 1) and a weak variation of Tg with composition x 
is obtained, underscoring specific structural features. Calorimetric glass 
transitions are evidenced essentially for compositions being close to the 
Maxwell stability criterion that has been previously used to identify 
optimal glasses. The thermal stability Tx − Tg (Tx being the temperature 
of crystallization onset) is close to zero for Te- and (Ge,Sb)-rich systems, 
especially close to the domain where Ge2Sb2Te5 (GST225) can be 
formed, and for the latter no glass transition can be obtained at the 
heating rate used. The present results not only extend the glass-forming 
range of the technologically important Ge–Sb–Te phase change material 
but also reveals aspects of structure which control the glass-forming 
ability and Tg. 

2. Preparation methods 

2.1. Film elaboration 

The exploration of the Ge–Sb–Te system was conducted by studying 
twenty-one compositions close to the composition line GexSbxTe100− 2x. 
Films with different compositions and thicknesses (ranging from 3 to 9 
µm) were obtained by varying the evaporation rates of the three ele
ments Ge (Goodfellow, lump, 99.999%), Sb (Sigma-Aldrich, beads, 
99.999%) and Te (Sigma-Aldrich, pieces, 99.999%) and the deposition 
duration. GexSbxTe100− 2x films were deposited by thermal co- 
evaporation using a PLASSYS MEB 500 device equipped with two cur
rent induced heating sources and an electron beam evaporator. The 
three sources were placed in a configuration that allowed the deposition 
of films with uniform composition and thickness over a surface of about 
4 cm in diameter [21]. The two current induced heated sources were 
used to evaporate Antimony and Tellurium, whereas the electron beam 
was used to evaporate Germanium. Sb and Te were placed in two 
homemade carbon crucibles inserted in Molybdenum nacelles covered 
with a perforated Molybdenum foil, in order to ensure a stable evapo
ration rate. Germanium was placed in the electron beam using a Copper 
crucible. The microscope slides used as substrates were cleaned with 
alcohol and dried with dry air. Before the deposition, the chamber was 
evacuated down to approximately 10− 5 Pa. During the deposition pro
cess, the substrate holder was rotating at 8 rpm. The evaporation rate 
and thickness for each element were automatically controlled with 
pre-calibrated quartz crystal monitors. A typical film deposition rate of 
420 nm/min was applied. Let us note that no further annealing treat
ment was carried out prior to proceeding to the film characterization. 

2.2. Film characterization 

The chemical composition of ternary GexSbxTe100-2x glasses was 
estimated by Electron Probe Micro-Analyser (EPMA) using a CAMECA 
SX-100 instrument with an acceleration voltage of 20 kV and a probe 
current of 10 nA. Table 1 displays the comparison between targeted 
compositions and the measured compositions. 

The amorphous nature of the film was checked by X-ray diffraction 
(DRX) using a Panalytical XPERT diffractometer. A Cu (Kα) source (λ =

1.5406 Å) was used for the excitation with operating voltage of 40 kV 
with a beam current around 30–40 mA. The X-ray diffractograms of all 
deposited films, whatever their thickness, showed broad peaks indi
cating an amorphous structure (Fig. 2). 

The thermal behavior of eight glass compositions close to the 
GexSbxTe100-2x line was investigated by Differential Scanning Calorim
etry (DSC) using a METTLER DSC30 (Table 1). The thicknesses of the 
films being around 3 µm, it was possible to study their thermal behavior 
using calorimetry. Around 8–10 mg of sample were put into Aluminum 

Fig. 1. Glass-forming region in the Ge–Sb–Te system (light blue zone, Kat
suyama and Matsumura [15], Wei et al. [16], Lebaudy et al. [17], Fritzche and 
Ovshinsky [18], Dargan et al. [19], Iglason [20]). In Ge–Sb–Te, the present 
obtained compositions (open boxes) are found on the red line GexSbxTe100− 2x. 
The filled boxes indicate samples for which it was possible to measure a glass 
transition temperature. The typical PC materials are given in blue and are found 
on the Sb2Te3-GeTe join (Ge2Sb2Te5 (GST225) and Ge1Sb2Te4 (GST124)). (For 
interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 

Table 1 
Targeted compositions and EPMA analyzed compositions for the DSC study with measurements of the glass transition temperature (Tg), the temperature of crystal
lization onset (Tx) and the crystallization temperatures (Tc1, Tc2, Tc3) (in ∘C).  

Measured composition Targeted composition Tg (∘C)  Tx (∘C)  Tc1 (∘C)  Tc2 (∘C)  Tc3 (∘C)     

±2 ∘C  ±2 ∘C  ±0.5 ∘C  ±0.5 ∘C  ±0.5 ∘C   

Ge4.6Sb6.0Te89.4  Ge5.3Sb5.3Te89.4  81 86 104.0    
Ge8.8Sb8.3Te82.9  Ge8.6Sb8.6Te82.8  99 111 130.6    
Ge9.1Sb11.0Te79.9  Ge10Sb10Te80  104 113 131.5    
Ge12.4Sb10.2Te77.4  Ge11.3Sb11.3Te77.4  114 132 150.9 161.1 297.5  
Ge14.4Sb14.7Te70.9  Ge14.5Sb14.5Te71  124 133 149.1 165.6   
Ge17.4Sb16.5Te66.2  Ge17Sb17Te66   134 153.2 176.2   
Ge20.5Sb20.4Te59.1  Ge20.5Sb20.5Te59   129 141.2 179.7 224.2  
Ge23.3Sb24.6Te52.2  Ge23.9Sb23.9Te52.2 (≃ GST225)   118 136.4     
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pans. The container was afterward hermetically closed under atmo
sphere. The experiments were performed under Argon flux with a 
continuous heating rate of 10 ∘C/min from room temperature up to 500 
∘C. 

The powders used for DRX and DSC measurements were obtained by 
scraping the previously deposited films. 

The transmission spectra of the thick films were recorded between 
800 and 2500 nm using a CARY5000 spectrophotometer from VARIAN. 
They were used to determine the optical band gap Eg for the different 
compositions, thanks to the Tauc’s method [22]. 

3. Results 

As represented in Fig. 3, the DSC curves obtained for Ge–Sb–Te films 
with 4.6%≤ x ≤ 23.3% Ge show i) a change in the baseline related to the 
change in specific heat at the glass transition, ii) at least one exothermic 
peak due to the crystallization and iii) an endothermic peak linked with 
the melting of the structure. The characteristics temperatures of the 
various transitions are given in Table 1. 

Fig. 3. Typical DSC scans of Ge–Sb–Te glasses obtained by thermal co- 
evaporation techniques. The inset shows the DSC signature of a typical glass 
transition (here Ge4.6Sb6.0Te89.4). 

Fig. 4. (a) Evolution of the glass transition temperature Tg with Te content in 
GexSbxTe100− 2x glasses (red squares), compared to corresponding measure
ments in GexTe100− x [14]. The black line in Ge–Te is a parameter-free predi
cation from SAT [28]. The blue dotted line corresponds to Tc1. (b) Thermal 
stability ΔT = TX − Tg for both systems. (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of 
this article.) 

Fig. 2. Diffractograms of the various investigated compositions.  

A. Piarristeguy et al.                                                                                                                                                                                                                           



3.1. Glass transition 

From the available data, one can observe that, between ≃ 70.9 and 
89.4 at.% Te, the glass transition temperature Tg decreases while the Te 
content increases. This trend is similar to the one obtained for a parent 
system (binary GexTe100-x) in which Tg steadily increases with x 
(Fig. 4a), whereas the crystallization temperature Tx, defined as the 
onset temperature of the first exothermic peak, is maximum for the 
compositions with intermediate Te content (≃66–74%) and lower for 
the Te-rich and Te-poor compositions. 

To determine the stability of the glass, we calculate the difference ΔT 
between Tx and the glass transition temperature Tg (Fig. 4b). It is 
generally admitted that a good glass former displays a difference of 
ΔT ≥ 100∘C. As detected from both Table 1 and Fig. 4b, for the present 
Ge–Sb–Te glasses, this difference is always lower than 20 ∘C, and this 
clearly indicates the strong tendency to crystallize at those composi
tions. This tendency also observed in GeTe glasses, is stronger in the 
GeSbTe system, probably because of the presence of Sb, kwown to easily 
crystallize close to room temperature [23]. 

Interestingly, the crystallization process depends dramatically on the 
tellurium content and can be single step, two-steps or even three steps 
which suggests that depending on the composition, the crystallization 
leads to different phases underscoring the complexity of the Ge–Sb–Te 
phase diagram [24], and might be initiated even in the glassy state, as 
crystallization kinetics appears to be present even in the glassy state [25, 
26]. 

With increasing Ge/Sb content, Tg and Tc1 first increase up to 124 ∘C 
and 153.2 ∘C, respectively, up to approximately x ≃14–17% (Fig. 4). 
Once x is further increased, glass transition temperatures are barely 
measurable. The limit in Te-concentration of amorphous samples dis
playing a Tg is found to be close (70.9%) to the one found for the parent 
Ge–Te system obtained with the same co-evaporation technique (67%, 
Jóvári et al. [13], Piarristeguy et al. [14]). It is also important to 
recognize the absence of a calorimetric signature of Tg in the PC region 
(i.e. GST225) at the used heating rate. 

At low modification, the Tg values are very close to those obtained for 

the parent Ge–Te system [14] and a linear fit down to elemental Te (x =

0) yields Tg(0) = 58.5(8)∘C for Ge–Te and 58.4(6)∘C for Ge–Sb–Te, i.e. 
rather close to a previous reported value of amorphous Te [27]. In the 
Te-rich domain, the Tg linear variation furthermore reflects the random 
addition of Ge/Sb atoms in the structure that can be predicted using 
stochastic agglomeration theory (SAT, Micoulaut [28]) which displays a 
parameter-free slope equal to : 
[

dTg(x)
dx

]

x=0
=

Tg(0)
ln2

(1)  

3.2. Crystallization temperature 

As mentioned above, for select compositions the shape of the crys
tallization peak (Fig. 3) indicates the coexistence of at least two separate 

Fig. 5. Optical gap Eg measured in the present Ge–Sb–Te (red filled boxes), and 
compared to similar results for Ge-Te (black [29] and blue filled circles [30]). 
Independent results are given for GeTe (black open box [31], triangle [32]) and 
GST225 (red open box [31], triangle [32], diamond [33], circle [34]). (For 
interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 

Fig. 6. (a) Ratio Tg(x)/Tg(0) as a function of x in Ge–Sb–Se [40] and Ge–Sb–Te 
(present results) with Tg(0) = 316 K for Se system and the determined Tg(0) =

58.4 ∘C = 331.8 K for Te system. Note that x represents here the Ge content. The 
blue solid line is a prediction from SAT assuming coordinations rSb = 3 and 
rGe = 4 [39], whereas the broken blue line is a GDM fit with β = 0.76. The solid 
red curve is also a GDM fit but with β = 0.44, and the broken red line corre
sponds to a SAT prediction assuming the preferential formation of Sb2Te3. (b) 
Compilation of data represented as a function of mean coordination number r : 
Ge–As–Se [40], Ge–As–Te [16], GST124 [42], Ge15Sb2Te83 [16], GST225 [42, 
43]). For the GST systems, compositions in Table 1 have been used. The green 
curve is a GDM fit [44] with β = 0.80. (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of 
this article.) 
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crystalline phases in the sample (e.g. for Ge17.4Sb16.5Te66.2). The DSC 
signals exhibit, indeed, several strong exothermic peaks at different 
crystallization temperatures Tck (k = 1,2,3), the number of such events 
being dependent on the considered composition (Fig. 3). We note that 
for Te-rich glasses, there is only a single peak at e.g. 104 ∘C for 
Ge4.6Sb6.0Te89.4 and the same prevails for compositions close to GST225, 
with a peak at 136.4∘C for Ge23.3Sb24.6Te52.2 (Table 1). 

3.3. Optical band gap 

Fig. 5 represents the behavior of the optical gap Eg in Ge–Sb–Te 
glasses as a function of the Ge/Sb content. When compared to Ge–Te, it 
is found that Eg(x) displays a similar trend with increasing Ge/Sb con
centration, i.e. starting from a gap Eg ≃ 0.85 eV for pure Te (compatible 
with 0.90 eV, [35]), the gap slightly increases and passes a maximum at 
about 15% Ge, prior to an important decrease that is also acknowledged 
in the corresponding Ge–Te glasses [29,30]. The gap measured in the PC 
region for GST225 is consistent with other experimental measurements 
[31–34]. Note that in the Te-poor region data of GexTe100− x and 
GexSbxTe100− 2x nearly coalesce on a single line with a similar slope 
dEg(x)/dx ≃0.07, which indicates that Eg is essentially driven by the 
reduction of the presence of Te atoms. 

4. Discussion 

Based on our measurements, we are now able to state that the GFR of 
Ge–Sb–Te is larger than previously believed, and our results extend the 
previously reported Sb-poor domain close to the GeTe6 eutectic [15–20] 
to compositions containing an equivalent amount of Ge and Sb atoms. 
Previous co-evaporation investigations have also led to an extension of 
GFR as in Ge-Te [12] or Ge–Ga–Te [10], and the technique appears, 
therefore, as a promising tool for the generation of amorphous alloys 
prone to crystallization. It is known that glass-forming ability is 
increased close to eutectics which bring the supercooled liquid to lower 
temperatures and higher viscosities, the latter acting as barriers against 
crystallization [36]. It is interesting to note from the Te-Ge2Sb2Te5 
isopleth which corresponds exactly to our GexSbxTe100− 2x join, that a 
freezing-point depression (i.e. eutectic-like transformation) does exist 
for x ≃ 7.5%, and it extends the liquid phase down to 406 ∘C [24]. Based 
on this observation, one can reasonably argue that an optimal glass 
formation can be expected around the Ge7.5Sb7.5Te85 composition. 

It is insightful to compare the obtained glass transition temperatures 
Tg with respect to chemical analogues or parent systems. The iso
coordination rule signals [37,38], indeed, that for a variety of chalco
genide glasses, physico-chemical properties essentially depend on the 
network topology that is characterized by the average coordination 
number or connectivity: 

r =
∑

k
rkxk (2)  

where rk is the coordination of species k with concentration xk. For 
ternary chalcogenides studied along the present compositional join and 
involving atoms of Group IV and V, at a first approximation this average 
coordination number, thus, should behave as r = 2(1 - 2x) + 4x + 3x = 2 
+ 3x (rGe = 4, rSb = 3 and rTe = 2). As a result, one might expect that the 
glass transition temperature in e.g. Ge–Sb–Se, Ge–Sb–Te or Ge–As–Te 
should behave rather similarly as it is the case when binary chalco
genides are represented as a function of the single quantity r [28,39]. 

4.1. Learning from Tg variation 

Fig. 6 a represents the glass transition temperature variation of two a 
priori similar systems, i.e. GexSbxSe100− 2x [40] and the present 
GexSbxTe100− 2x one. Results clearly indicate a radically different 
behavior encoded in the way the initial chalcogen chain network is 

altered by (Ge,Sb) atomic crosslinks, an observation that can be also 
made for Ge-As-X (X = Se,Te) glasses [16,40] (panel b). Here, Tg is given 
as a function of r (Eq. (2)) in order to represent on the same plot sets of 
data accumulated from different compositional joins in the ternary 
phase diagram, and for all, it was chosen rGe = 4, rSb = 3 and rTe = 2. 
While this is of course partially valid in tellurides, alternative coordi
nation numbers (i.e. rSb >3 and rTe >2 [41]) do not afffect the conclu
sions but are discussed below. 

4.1.1. Connectivity driven Tg 
For the selenide compounds, Tg can be predicted from a parameter- 

free equation from SAT (broken blue line, Fig. 6a, [39]) : 

r = 2rBrC
2rCα2(1 − γ) + 2rBγ2(1 − α) + rBrCαγ(αγ − α − γ)

(2rCα + 2rBγ − rBrCαγ)2
− 8rBrCαγ

(3)  

where rB = rGe = 4 and rC = rSb = 3. 

α =

(
2
rC

)T0/Tg

, γ =

(
2
rB

)T0/Tg

, δ =

(
4

rBrC

)T0/Tg

(4)  

Alternatively, it has been shown [44] that such glasses also follow a 
modified Gibbs Di Marzio (GDM) equation [45] initially proposed for 
cross-linked polymers, and which writes: 

Tg(r) =
Tg(r = 2)

1 − β(r − 2)
(5)  

with β a parameter that can be fitted to the data (β = 0.80 for Ge–As–Se, 
Fig. 6b) or calculated [46,47]. Both predictions reproduce very accu
rately the Tg data for the selenide compounds but the direct application 
of Eq. (3) to the tellurides obviously fails, and a fit of Eq. (5) to the data 
collection of Ge–As–Te [16] and the present Ge–Sb–Te leads to a value in 
the Te-rich region (β = 0.44) that is incompatible with its microscopic 
origin which usually leads to values close to 0.65–0.80 [46–48], unless 
some additional structural assumptions are tested. Different network 
based models of the glass transition have, indeed, shown that for chal
cogens β scales e.g. [46] as : 

β− 1 =
∑N

k=1
(rk − rX)ln

[
rk

rX

]

(6)  

with X = S,Se,Te and N the number of cross-linking species involved. 
Corresponding coordinations rk = 4,3, and 2 for k = Ge, Sb, and Te, 
respectively, lead to β− 1 = ln 2+ln 3, i.e. β = 0.56 that is also rather 
different from the fit to the data (0.44). Coordinations determined from 
molecular simulations do not alter the conclusion, i.e. with rk = 3.85,
3.12 and 1.99 for k = Ge, Sb, and Te [41], one obtains β ≃ 0.57. The 
trend in Tg in Ge–Sb–Te must be driven from some other microscopic 
alteration of the base Te network. 

4.1.2. Signature of preferential bonding 
Given the trend in Tg, it appears more likely that these Ge–Sb–Te 

display a tendency towards preferential bonding and eventually nano
scale phase separation possibly induced by the rather stressed rigid 
nature of their network structure [14]. This feature has been also 
determined in e.g. Ge–Se glasses [49], and usually manifests by a 
maximum in Tg as e.g. detected at x ≃ 17% in Ge–Sb–Se (Fig. 6a, [40]), 
followed by a nearly constant value of the glass transition temperature. 

Our argument builds on the SAT functional forms of Tg given in Eqs. 
(3)–(6). Effect of chemical ordering can be taken into account by 
considering an amorphous network of the form Te1− x− yGeySbx and 
assuming a general tendency to form Te–Sb–Te bonds and a compound 
cluster of stoichiometry Sb2Te3 inside a Te-rich random network. This 
compound cluster has a constant connectivity and does not contribute to 
the increase in Tg [48]. Once the system is rewritten as 
[Sb2Te3]x/2GeyTe1− 5x/2− y, this defines an effective concentration yeff for 
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the Ge atoms in the glassy matrix given by: 

yeff =
y

1 − 5x
2

(7)  

and a corresponding average coordination number of : 

r = rTe +
(rGe − rTe)y

1 − 5x
2

(8) 

Using Eq. (7) with x = y and in combination with (3), we can now 
represent the predicted glass transition temperature variation Tg(x) in 
the case where a preferential formation of Sb2Te3 is assumed (broken 
red line in Fig. 6). Using rGe = 4 and rTe = 2, results now agree with the 
measured Tg data up to the limit of the present glass-forming range 
(0 ≤ x ≤ 15%), where it should be also noted that a moderate change in 
coordination numbers (see above) does not alter the tendency drawn by 
the equations derived from SAT. The present Ge–Sb–Te systems, thus, 
clearly departs from its selenide analogue. 

4.1.3. Nanoscale phase separation 
In Ge–Sb–Se, a maximum in Tg is obtained at x ≃ 17% (Fig. 6a). This 

anomaly is usually linked with the onset of a nanoscale phase also 
characterized from spectroscopic probes [50,51] which signals the 
occurence of homopolar Ge–Ge and Sb–Sb bonds and the emergence of 
Ge ethane- and Sb ethylene-like units for x ≥ 17%. The loss in global 

connectivity of the glass network upon nucleation of these Ge and 
Sb-rich nanophases leads to a reduction of the Tg increase with con
nectivity [50], a maximum and a near constant value of the glass tran
sition temperature for larger x [40,49]. Once different data are collected 
from the PC region [16,42,43], the near constant value of Tg with 
composition for r ≥2.45 (Fig. 6b) also signals the reduction in connec
tivity that might arise from such nanoscale phase tendencies which have 
been detected in the related binary Ge–Te [14], and have also been 
suggested from connectivity arguments [52]. 

Related binary Sb chalcogenides display strong tendencies to phase 
separation and crystallization of the melts. In selenides SbxSe100− x, a 
decoupling into a Se-rich phase and a stoichiometric-like Sb2Se3 phase is 
observed [53] and this extends within compositions belonging to an 
immiscibility dome over 5 ≤ x ≤ 35% Sb [54]. As a result, Tg of such 
glasses remains constant for x ≥ 5% and display a plateau behavior 
[55]. For the Sb–Te tellurides, we are not aware of any glass forming 
range and this system appears to be subject to important crystallization 
tendencies. 

4.2. The special case of GST225 

There have been a certain interest in determining Tg of the prototypal 
phase change material Ge2Sb2Te5 given its use in crystalline-amorphous 
transition for applications in data storage. Different measurements 
apparently lead to a spread in reported values ranging from 100 ∘C to 
200 ∘C. Using a variety of probes (DSC but also impedance and optical 
transmission measurements [56]), Morales–Sanchez found for sputtered 
films Tg = 100 ∘C, whereas Kalb et al. determined Tg at some higher 
value (182 ∘C) from the lower bound of evaluated viscosities [57], or 
from DSC on pre-annealed samples [42]. Additional studies have also 
confirmed the temperature range where the glass transition occurs in 
GST225, the determined values being largely dependent on measure
ment method and sample preparation which relies mostly magnetron 
sputter deposition from stoichiometric targets [43,58–60], the spread in 
Tg measurements being possibly influenced by the film thicknesses 
which is known to influence Tg [61]. 

Our DSC measurement on the composition that is the closest to 
GST225 (Ge23.3Sb24.6Te52.2) indicates absence of a calorimetric Tg 
(Table 1). We interpret such an absence from the applied scan rate of 10 
∘C/min which is too slow to avoid the rapid crystallization above Tg. 
Recent ultrafast DSC experiments have, indeed, indicated that an 
endotherm related to Tg starts to be visible in GST225 for scan rates 
larger than 40 K/min [25]. 

4.3. Glass formation and rigidity transitions 

In the rigidity picture of Phillips [62] and Thorpe [63], an amor
phous network can be seen as a mechanical truss where the nodes (i.e. 
the atoms) are constrained by bending and stretching interactions. This 
network is rigid but stress-free when the density of such topological 
constraints nc equals 3. The system is then at a mechanical critical point 
defining a flexible to rigid transition that influences the glass-forming 
ability, and which lead to a nearly vanishing of the relaxation 
enthalpy at the glass transition [64]. In fact, the number of internal 
degrees of freedom (i.e. flexible modes) nearly vanishes at nc = 3, and 
decreases the corresponding relaxation in the potential energy land
scape that would bring an additional increase to the heat of vitrification 
[65]. Conversely, the absence of excess constraints/stress prevents from 
phase separation which manifests only at the limit of the GFR for glasses 
having a large cross-link density [40,50]. Glass formation at the rigidity 
transition composition nc = 3 is therefore identified as optimal, and 
different authors have reported signatures of the enhanced ability to 
form glasses [66,67]. 

While the notion of covalency which is central to the rigidity 
approach may not be fully valid in tellurides due to the increased 

Fig. 7. (a) GFR (bars) and locus of the flexible-rigid transition satisfying the 
Maxwell stability criterion nc = 3 (filled circles) for various telluride glasses 
reported in the literature: GexSbxTe100− 2x (present work) compared to melt- 
quenched GexSi15Te85− x [74,75], GexGaxTe100− 2x [6], GexSixTe100− 2x [70], 
SixTe100− x [76], Si15CuxTe85− x [77]. The GFR of the present Ge–Sb–Te corre
sponds to the filled squares in Fig. 1. (b) GFR of melt-quenched (orange, same as 
panel a) and co-evaporated samples (green): GexTe100− x [14] and 
GexGaxTe100− 2x [9,10]. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.) 
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metallic character and the partial loss of covalent bonding, recent al
gorithms have permitted to enumerate topological constraints from 
classical or ab initio molecular dynamics simulations [68], the latter 
permitting to treat exactly the chemical bonding within density func
tional theory. Also, experiments have indicated that the usual anomalies 
found in e.g. selenides are also observed in tellurides [69–71] but with a 
probable failure of the isocoordination rule and an obvious breakdown 
of the 8-N (octet) rule as e.g. Gallium has a coordination of four in 
Te-based glasses [12]. 

An application of such algorithms on density functional based 
models of select Ge–Sb–Te compositions has led to the recognition of a 
flexible to rigid transition (i.e. a Maxwell stability line) close to the 
compositional join GeTe4− SbTe4 or to the GeSbTe8 compound 
(xc ≃ 10%) on the present GexSbxTe100− 2x line [72]. A more recent and 
systematic analysis using such tools but in an improved fashion gives a 
similar result (xc ≃ 8.5%, [73]). 

It is interesting to note that GexSbxTe100− 2x glasses obtained by 
coevaporation are found from either side of the locus xc of the rigidity 
transition defining optimal glasses according to Phillips [62]. A perusal 
of the GFR of different melt-quenched telluride glasses (Fig. 7a) shows 
that this correlation holds for different telluride systems involving e.g. 
Group IV and V elements. While some of these GFR are reduced with 
respect to their selenide or sulfide counterparts, previous use of coeva
poration on amorphous tellurides have demonstrated that the GFR can 
be extended with respect to ordinary melt-quenched composition [9,10] 
as in Ge–Te or Ge–Ga–Te (Fig. 7b). 

In Ref. [30], it was argued that for GexTe100− x a Maxwell stability 
line and an underlying flexible to stressed transition could be detected 
from conductivity measurements as stressed rigid glasses (x > xc =

26.5%) exhibit rather strong resistance drift with time. The transition 
manifests also in the optical band gap Eg(x) which displays a maximum 
at xc (Fig. 5) and drives the anomalous conductivity behavior of the 
amorphous phase, and also the ageing behavior [29]. In the present 
Ge–Sb–Te, while the maximum is less evident than for Ge–Te, a clear 
change in regime is found at x ≃ 15% as Eg decreases substantially for 
larger compositions. 

5. Conclusion 

Amorphous GexSbxTe100− 2x thick films have been deposited by co- 
thermal evaporation and have permitted to extend for the first time 
the glass-forming domain in the Ge–Sb–Te ternary, a system which is 
known to be prone to enhanced crystallization tendencies. Previous in
vestigations were, indeed, limited to Sb poor compositions close to the 
GeTe6 eutectic. Here, glasses with thicknesses as large as 9 µm could be 
formed over a wide range of composition between 52.2% and 89.4% Te. 
DSC experiments have revealed that the stability of the glasses against 
crystallization decreases with increasing the Te content, and for select 
compositions a multi-step crystallization process has been observed 
which is related to the complex phase diagram of Ge–Sb–Te and the 
crystallization of stoichiometric distinct phases within a reduced tem
perature interval. 

The analysis of the Tg(x) variation and its comparison with parent 
systems (Ge–Sb–Se, Ge–As–Te,...) reveals profound differences but also 
similarities. The effect of network connectivity as well as the tendency to 
form select preferential bonding Te–Sb–Te has been analyzed within the 
framework of stochastic agglomeration theory that permits to predict Tg 

with x or r. Finally, using the salient observations, features and results 
valid in Se- and S-based glasses, we acknowledge the possible link be
tween the GFR and a flexible to rigid transition close to Ge10Sb10Te80 
[72,73]. Along the targeted join in the Ge–Sb–Te diagram, a calorimetric 
Tg can be measured in this GFR which ends at x ≃ 15% so that the PC 
region close to GST225 is characterized by a rapid recrystallization 
which overwhelms the glass transition signature that cannot be detected 
using our DSC scan rate. 

On the overall, these results clearly reveal an increased complexity of 
the diagram of amorphous Ge–Sb–Te and the possibility to produce 
glasses far away from the GeTe6 eutectic, and with a balanced amount of 
Ge and Sb atoms. As a final comment we stress that the Ge–Sb–Te GFR 
initially represented in Fig. 1 obviously needs a serious update. Open 
questions remain such as (i) the possibility to form melt-quenched 
glasses on the GexSbxTe100− 2x join, (ii) the nature of the underlying 
dynamic behavior encoded in e.g. the fragility evolution of the corre
sponding supercooled melts, and (iii) the direct link with flexible-rigid 
transition and intermediate phases which are generic to chalcogenides. 
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