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Abstract 

      Quaternary Ge-Sb-Se-Te thin films deposited from Ge19.4Sb16.7Se63.9−xTex (x=5, 10, 15, 

20) glass-ceramics targets by rf magnetron sputtering were studied using laser ablation

quadrupole ion trap time of flight mass spectrometry. Binary, ternary, and quaternary 

GeaSbbSecTed clusters were formed and their stoichiometry was determined. By comparison 

of the clusters obtained from quaternary Ge-Sb-Se-Te thin films and those from ternary Ge-
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Sb-Te materials, we found that Ge-Te species are not detected from the quaternary system. 

Furthermore, Ge-Se and Se-Te species are missing in mass spectra generated from Ge-Sb-Se-

Te thin films. From the Ge-Sb-Se-Te thin films, 16 clusters were detected while ternary Ge-

Sb-Se glasses yielded 26 species. This might be considered as a signal of higher stability of 

Ge-Sb-Se-Te thin films which is increasing with a higher content of Te. The missing (Se2
+
,

GeaSb
+ 

(a = 1-4), and GeSec
+
 (c = 1, 2)) and new (Ge

+
 and SbbTe

+ 
(b = 1-3)) clusters may

indicate that some of the structural features of the films (Ge2Se6/2 and Se2Sb-SbSe2) were 

replaced by (GeSe4−xTex and SbSe3−xTex) ones. In addition, when comparing the 

stoichiometry of clusters formed from Ge-Sb-Se-Te thin films with those from the mixtures 

of the elements, only Sb3
+
 and SbSe

+
 were observed in both cases. The knowledge gained

concerning clusters stoichiometry contributes to the elucidation of the processes proceeding 

during plasma formation used for the chalcogenide thin films deposition. 

KEYWORDS 

Ge-Sb-Se-Te, amorphous chalcogenides, thin films, magnetron sputtering, laser ablation, 

clusters, mass spectrometry 

1 | INTRODUCTION 

Chalcogenide glasses and amorphous thin films are widely used
1-4

 because of their unique

advantages of broad transmission window in IR spectral region, high refractive index, and 

photosensitivity to light exposure.
5-9

 Moreover, chalcogenide glasses exhibit huge Kerr

nonlinearities at a femtosecond time scale which can reach values of several orders of 
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magnitude larger than that of silica glass, variable two-photon absorption depending on their 

bandgap, and insignificant free carrier absorption.
10

 Given the above-mentioned properties,

the application of chalcogenide glasses in all-optical signal processing based on nonlinear 

effects for telecommunication systems has been studied.
2

      Ternary Ge-Sb-Se glasses are important members of the chalcogenide group of glasses; 

their physicochemical properties have been intensively studied.
8, 11-14

 Furthermore, Ge-Sb-Se

amorphous thin films fabricated using different physical vapor deposition techniques are in 

the center of interest of several research groups.
15-19

      The attention of some authors has been already attracted by modifying of Ge-Sb-Se 

glasses by tellurium. The substitution of selenium by heavier tellurium atoms may lead to the 

decrease of phonon energies which may result in a broadening of IR transparency. Besides 

that, the increasing tellurium concentration may cause the increase of the (non)linear 

refractive index which can make Ge-Sb-Se-Te glasses and thin films promising materials for 

nonlinear optical applications. In fact, the quaternary Ge-Sb-Se-Te system was studied from 

the point of view of glass-forming ability,
20

 structure,
21

 thermal properties,
22

 optical, and

other properties.
23-24

 Finally, thin films from the Ge-Sb-Se-Te quaternary system might be

considered as a promising alternative to Ge-Sb-Te layers in phase-change memory 

applications as proposed recently by Wang
25

 and Zhang.
26

      It has been shown that exposure of amorphous chalcogenides (in both bulk and thin film 

forms) with a pulsed laser, having high enough pulse energy density, leads to laser ablation 

(LA). The plasma plume, which is formed due to laser ablation, contains many clusters which 

can be detected by time-of-flight mass spectrometry (TOFMS). Indeed, this technique can be 

used to elucidate the composition of the structural fragments present in the plasma generated 
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during the interaction of high energy laser pulses with chalcogenide glasses
27

 or amorphous

thin films.
28

      The aim of this paper is to evaluate the changes in amorphous Ge-Sb-Se-Te thin films 

when Se is partially replaced by Te by studying the chemistry of clusters formed by LA. In 

parallel, the comparison of the stoichiometry’s of clusters detected by laser ablation of thin 

films with those of the species generated via laser ablation synthesis (LAS) from binary, 

ternary, and quaternary mixtures of the elements (i. e. Ge-Sb, Ge-Te, Sb-Te, Se-Te, and Ge-

Sb-Se-Te) was performed. 

2 | EXPERIMENTAL PROCEDURE 

2.1 | Chemicals 

Acetonitrile and (germanium, antimony, selenium, and tellurium of 99.999% purity) were 

purchased from Sigma-Aldrich (Steinheim, Germany). A quartz apparatus from Heraeus 

Quarzschmelze (Hanau, Germany) was used to produce ultrapure double distilled water. All 

the other reagents were of analytical-grade purity. 

2.2 | Thin films fabrication and characterization 

Glass-ceramics Ge19.4Sb16.7Se63.9−xTex (x=5, 10, 15, 20) sputtering targets, whose basic 

composition (Ge19.4Sb16.7Se63.9) corresponds to (GeSe2)70(Sb2Se3)30 identified earlier (from 

the point of view of its nonlinear optical properties and photostability) as promising glass 

composition in (GeSe2)100-x(Sb2Se3)x pseudobinary system,
8 

were fabricated by a

conventional melt-quenching technique as described elsewhere.
29

 Thin films with thickness

in the 780-840 nm range were deposited at room temperature by rf (13.56 MHz) magnetron 
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sputtering onto single crystalline silicon <100> substrates employing the MPE600 multi-

chamber deposition system (Plassys-Bestek, France). The deposition conditions varied in 

terms of electrical power applied on targets (10 or 15 W) and argon pressures (0.5 or 1 Pa). 

      The chemical composition of thin films was determined through energy-dispersive X-ray 

analysis (EDS) connected with a scanning electron microscope (JSM 6400-OXFORD Link 

INCA, JEOL Ltd., Japan). The amorphous state of the layers was confirmed by the X-ray 

diffraction measurements. 

2.3 | Sample preparation for mass spectrometry 

Germanium, antimony, selenium, and tellurium were separately crushed into powder using an 

agate mortar and then suspended in acetonitrile (1 mg/ml). From the suspensions, 1 μL 

sample was deposited on a target and dried. When the thin films were analyzed, a narrow 

piece of parafilm was used to fix the Ge-Sb-Se-Te thin films on the target. 

2.4 | Mass spectrometry 

Mass spectra were recorded using either an AXIMA CFR or AXIMA Resonance mass 

spectrometer, both from Kratos Analytical Ltd (Manchester, UK), in both positive and 

negative ion modes. Both instruments were coupled with a time-of-flight detection and 

equipped with a nitrogen laser (337 nm). The AXIMA Resonance was equipped with a 

Quadruple Ion Trap. The laser repetition rate was set to 5 Hz with a pulse time width of 3 ns. 

Mass spectra were obtained by accumulating 1000 laser shots. The laser energy was scaled in 

arbitrary units (a.u.) from 0 to 180; this relative scale will be used hereafter. The irradiated 

spot size was approximately 150 μm in diameter. The maximum laser pulse energy was 

250 μJ. The laser fluence was ~1 J/cm
2
.
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2.5 | Software and computation 

The stoichiometry of clusters was determined via a comparison of theoretical and 

experimental isotopic envelopes using Launchpad software (Kompact version 2.9.3, 2011) 

from Kratos Analytical Ltd. (Manchester, UK). 

3 | RESULTS 

An overview of the thin films deposition parameters with resulting thin films chemical 

composition is given in Table 1. We note that there is good agreement between the nominal 

chemical composition of deposited thin films and corresponding sputtering targets.      

      The mass spectra were recorded in both positive and negative ion modes by using the 

reflectron mode. The formation of clusters generated from mixtures of elements and thin 

films via LA was studied. It was shown that in positive ion mode, mass spectra were of 

higher intensity compared to the negative ion mode and a higher number of species was 

observed. Therefore, the results presented here are for the positive ion mode. We note that 

LAS of antimony-selenium and germanium-selenium mixtures with different ratios have 

already been studied.
30-31

3.1 | LAS of germanium-antimony clusters from Ge:Sb = 1:1, 1:10, and 10:1 mixtures 

A comparison of mass spectra of germanium-antimony mixtures with different molar ratios is 

shown in Figure 1. For the ratio with a high excess of antimony, GeSb3
+
 was the only

germanium-antimony cluster observed apart from Sbb
+
 (b = 2-4) species. In addition, low

intensity SbbO
+
 (b = 2, 3), Sb3O4

+
, Sb4O5

+
, and Sb5O7

+
 clusters were also identified. For the

1:1 ratio of germanium to antimony, or for high content of Ge, there were many germanium-
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antimony clusters detected such as GeSbb
+
 (b = 2-4), Ge2Sbb

+
 (b = 1-3), Ge3Sbb

+
 (b = 1-3),

Ge4Sbb
+
 (b = 1, 2), and Ge6Sb

+
 and also germanium unary species Gea

+
 (a = 1-7) were found.

A comparison of experimental and theoretical isotopic patterns demonstrating the overlap of 

GeSb4
+
 and Ge6Sb

+
 clusters is shown in Fig. S1. As seen in the figure, there is a good

agreement between experimental and theoretical mass spectra. 

3.2 | LAS of germanium-tellurium clusters from Ge:Te = 1:1, 1:10, and 10:1 mixtures 

A comparison of mass spectra for germanium-tellurium mixtures in different ratios at the 

laser energy of 120 a.u. is shown in Fig. S2A. It can be seen that the spectra features are 

similar. The GeTed
+
 (d = 2, 3) clusters are the germanium-tellurium species observed (in the

mass spectrum of a mixture with large excess of Ge (Ge:Te = 10:1)). In addition to the Ge4
+
,

Ge5
+
, Ted

+ 
(d = 2-6), GeTed

+
 (d = 2, 3), and Ge2Ted

+
 (d = 2, 3) clusters, some oxidized TedO

+

(d = 2-4) and hydroxylated TedOH
+
 (d = 2, 3) species were also generated. A good agreement

of the theoretical isotopic pattern of the GeTe2
+
 cluster with the experimental pattern can be

seen in Fig. S2B. 

3.3 | LAS of antimony-tellurium clusters from Sb:Te = 1:1, 1:10, and 10:1 mixtures 

Fig. S3A shows a comparison of mass spectra for antimony-tellurium mixtures at different 

ratios measured at the same laser energy (120 a.u.). It is shown that only for the ratio with 

high antimony concentrations, antimony-tellurium clusters like SbTed
+
 (d = 1, 2), Sb2Te

+
, and

Sb3Te
+ 

were observed, while Ted
+
 (d = 2-6) species were observed in all spectra. In addition

to the clusters mentioned, Sbb
+
 (b = 3-6) and oxidized SbbO

+
 (b = 2, 3), Sb2O2

+
, Sb3O4

+
, and

Sb3TeO6
+
 species were also detected. A comparison of experimental and theoretical isotopic

patterns for Sb3Te
+
 provided in Fig.

 
S3B shows that they are in good agreement.
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3.4 | LAS of selenium-tellurium clusters from Se:Te = 1:1, 1:10, and 10:1 mixtures 

An example of LAS mass spectra for selenium-tellurium mixtures (concerning the generation 

of SebTed
+
 clusters) is shown in Fig. S4A. For the ratio in which the tellurium was in high

excess over selenium, the intensity of the spectra features was high. When the tellurium 

concentration was higher than or equal to selenium, Sec
+
 (c = 2-8), Ted

+
 (d = 2-5), SecTe

+
 (c

= 1-6), and SecTe2
+
 (c = 1, 3) clusters were observed. Even when the selenium was in  high

excess to tellurium, besides Sec
+
 (c = 2-8), only the SeTe4

+
 cluster was detected. The good

agreement between the experimental and theoretical mass spectra related to the formation of 

SeTe4
+
 is shown in Fig. S4B.

3.5 | LAS of germanium-antimony-selenium-tellurium clusters from Ge:Sb:Se:Te = 

1:1:1:1 mixtures 

An example of mass spectra for the clusters generated from quaternary element mixture is 

shown in Figure 2. In addition to Sb3
+
, Te2

+
, Ge3Sb

+
, Se3Te2

+
, Sec

+
 (c = 2-8), SbSec

+
 (c = 1, 2,

5), and SecTe
+
 (c = 3, 4, 6, 7) clusters, some low-intensity Sb3O4

+
, Sb4O5-6

+
, and Sb5O7

+

species were also observed. Arbitrary, signal corresponding Se4Te
+
 species was selected and

it is shown in Fig.
 
S5; the experimental and theoretical isotopic patterns for Se4Te

+
 cluster are

 

in good agreement. 

3.6 | LA TOF MS of Ge-Sb-Se-Te thin films with different Se:Te ratio 

A comparison of LA TOFMS data of four selected thin films (Nr. 3, 7, 11, and 15) at the 

same laser energy (150 a.u.) is shown in Figure 3. It was observed that when tellurium is 

incorporated into thin films and its content increases, the stability of the thin film increases. 

This is deduced from the fact of decreased intensities of the spectra with the increased 
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content of tellurium. The clusters produced from the 16 quaternary Ge-Sb-Se-Te thin films 

are the same. In addition to the Ge
+
, Sb

+
, Sb3

+
, and binary SbbSe

+
 (b = 1-3), Sb2Se2

+
, Sb3Sec

+

(c = 2-4), SbbTe
+
 (b = 1-3) clusters, ternary Sb3SeTe

+
, Ge4SbSe4

+
, and quaternary

GeSb2SeTe2
+
 species were also observed. A comparison of experimental and theoretical

isotopic patterns for the ternary Sb3SeTe
+
 cluster is given in Fig. S6, showing a good

agreement of the experiment with the theoretical model. The clusters formed from quaternary 

Ge-Sb-Se-Te thin films are from more than 50% the same as the clusters detected from 

ternary Ge-Sb-Se glasses (nine Sbb
+ 

(b = 1, 3), SbSe
+
, Sb2Sec

+ 
(c = 1, 2), and Sb3Sec

+
 (c = 1-

4) species are identical).
27 

Contrary, the clusters originating from quaternary Ge-Sb-Se-Te

thin films were mostly different from those generated from the ternary Ge-Sb-Te system.
32

For example, only three species are common (Ge
+
, Sb2Te

+
, and Sb3Te

+
).

4 | DISCUSSION 

A review of the species identified in LA TOFMS data of mixtures of elements and those 

detected from thin films is provided in Table 2 and Table 3. When comparing the 

stoichiometry of the clusters generated from quaternary system Ge-Sb-Se-Te to those 

generated from ternary Ge-Sb-Te materials,
32

 it was found that Ge-Te clusters are missing.

This can be explained that Te was at least partially replaced by Se in the structure. It was also 

observed that no Ge-Se clusters were detected from the quaternary system. Probably it is 

because the bond energy Ge-Se is higher than Ge-Sb, Ge-Te, Se-Se, and Sb-Se (Ge-Se = 2.44 

eV, Ge-Sb = 1.48 eV, Ge-Te = 1.87 eV, Se-Se = 2.14 eV, and Sb-Se = 2.25 eV).
33-34

 While

Se-Te clusters were not detected from the quaternary system, many of them were generated 

during LAS of the mixtures of elements. The missing Se-Te species is probably because that 
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the entity SbSe3−xTex
35

 is present in the structure (bond energy of Se-Te = 2.00 eV is higher

than Sb-Te = 1.73 eV), so we observed not Se-Te but Sb-Te species. On the other hand, Sb-

Se clusters were detected from Ge-Sb-Se-Te layers which demonstrate that Se is the most 

probably bonded to Sb in the structure of studied quaternary materials. 

      When comparing the stoichiometry of the clusters obtained from Ge-Sb-Se-Te thin films 

to those observed from ternary Ge-Sb-Se glasses,
27

 it was found that

i) A lower number of clusters is formed. Furthermore, for tellurium doped thin films it is

demonstrated that the formation of binary and ternary clusters is diminished. A review of the 

species (Ge-Sb, Ge-Se, Sb-Se, and Ge-Sb-Se) detected both in Ge-Sb-Se and Ge-Sb-Se-Te is 

given in Table 4. These indicate that the quaternary system shows greater stability than the 

ternary system; 

ii) Sbb
+
 (b = 1, 3) and the most of Sb-Se clusters (SbSe

+
, Sb2Sec

+ 
(c = 1, 2), and Sb3Sec

+ 

species (c = 1-4)) are the same. Comparing LAS of mixtures of elements, Sb-Se mixtures are 

the easiest ones to form clusters. Indeed, these bonds are high energy bonds, and once they 

are formed it is not easy to incorporate other elements especially when there have some lower 

energy bonds that coexist in the system; 

iii) Se2
+
, GeaSb

+
 (a = 1-4), and GeSec

+
 (c = 1, 2) clusters are missing whereas Ge

+
 and SbbTe

+

(b = 1-3) clusters were generated. The SbSe3/2 pyramids, GeSe4/2 tetrahedra, Ge2Se6/2 entities, 

and Se2Sb-SbSe2 species form the structure of Ge-Sb-Se glasses. From the point of view of 

chemical boding, homopolar Ge-Ge, Sb-Sb, and Se-Se bonds, as well as heteropolar Ge-Se 

and Sb-Se (perhaps also Ge-Sb) bonds, are present in the structure.
8
 We suggest that

SbSe3/2 pyramidal and GeSe4/2 tetrahedral are too stable (pyramidal, tetrahedral structure, and 

high bond energy of Sb-Se or Ge-Se bonds) to be decomposed by MS. A similar observation 

was observed for sulfides.
36

 This probably means that the entities (Ge2Se6/2 and Se2Sb-SbSe2)
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were replaced by the entities (GeSe4−xTex and SbSe3−xTex),
35

 and thus the reactions in the

plasma plume changed. In addition, when comparing the stoichiometry of the clusters 

generated from Ge-Sb-Se-Te mixtures of elements with those generated from Ge-Sb-Se-Te 

thin films, only two clusters (Sb3
+
 and SbSe

+
) are common. The Sec

+
 (c = 2-8) clusters were

not observed in thin films. The bond energies of Ge-Se, Sb-Se, and Se-Te are higher than Ge-

Sb, Ge-Te, and Sb-Te, which leads to the difficult decomposition of the Se-containing 

species. 

5 | CONCLUSION 

Laser ablation with quadrupole ion trap time of flight mass spectrometric analysis was used 

to characterize Ge-Sb-Se-Te thin films. The LAS of the clusters from the elements was found 

to be a suitable method to follow tellurium incorporation, i.e. the replacement of Se by Te in 

ternary Ge-Sb-Se system. It was demonstrated that the replacement of selenium with 

tellurium is causing that fewer clusters are produced which might indicate greater stability 

of the quaternary Ge-Sb-Se-Te thin films. Furthermore, it was observed that when the 

percentage of tellurium is increasing, the stability of the thin films increases. The species 

present in the plasma originating from quaternary Ge-Sb-Se-Te thin films were discussed. It 

was found that (Se2
+
 and Ge containing clusters GeaSb

+ 
(a = 1-4), and GeSec

+ 
(c = 1, 2) are

missing), (Ge
+
 and SbbTe

+ 
(b = 1-3)

 
clusters are new), and (nine clusters (Sbb

+ 
(b = 1, 3),

SbSe
+
, Sb2Sec

+ 
(c = 1, 2), and Sb3Sec

+ 
(c = 1-4)) are the same) when comparing the clusters to

those generated from ternary Ge-Sb-Se glasses. These observations indicate some 

chemical/structural changes induced by Te incorporation. Besides, the comparison of 

quaternary Ge-Sb-Se-Te layers and ternary Ge-Sb-Te materials demonstrating the chemistry 
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changes was discussed. In addition, comparing the stoichiometry of clusters observed from 

Ge-Sb-Se-Te thin films with those from mixtures of its constituting elements was described. 

These results would enable a better understanding of the plasma processes for Ge-Sb-Se-Te 

thin films deposition as well as a description of structural motifs and chemical bonding in the 

plasma plume. 

SUPPLEMENTARY INFORMATION 

The supplementary information file contains mass spectra. 
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Captions to the figures 

FIGURE 1 Mass spectra from LAS of germanium-antimony mixtures with different molar 

ratios in the 250-650 m/z range. Conditions: positive ion mode; laser energy 120 a.u. 

FIGURE 2 Mass spectra from LAS of germanium-antimony-selenium-tellurium mixtures 

with the molar ratio of 1:1:1:1 in the 150-750 m/z range. Conditions: positive ion mode; laser 

energy 120 a.u. 
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FIGURE 3 LA TOFMS data of Ge-Sb-Se-Te thin films in the 50-750 m/z range. Conditions: 

positive ion mode; laser energy 150 a.u. 
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Captions to the tables 

TABLE 1 The summary of deposition parameters of Ge‐Sb‐Se-Te thin films. Chemical 

composition (±1 at. %) was determined by EDS. 

Film 

Nr. 
Sputtering target 

Power 

(W) 

Ar pressure 

(Pa) 

Composition 

(at. %) 

1 

Ge19.4Sb16.7Se58.9Te5 

10 0.5 Ge22.0Sb16.9Se54.6Te6.5 

2 10 1 Ge19.5Sb16.6Se56.5Te7.4 

3 15 0.5 Ge20.7Sb17.3Se55.0Te6.9 

4 15 1 Ge19.3Sb17.0Se56.4Te7.4 

5 

Ge19.4Sb16.7Se53.9Te10 

10 0.5 Ge21.7Sb17.9Se49.8Te10.7 

6 10 1 Ge19.3Sb17.4Se51.2Te12.1 

7 15 0.5 Ge20.5Sb18.1Se50.1Te11.3 

8 15 1 Ge20.0Sb17.7Se50.9Te11.4 

9 

Ge19.4Sb16.7Se48.9Te15 

10 0.5 Ge21.3Sb18.1Se45.6Te15.0 

10 10 1 Ge19.9Sb17.6Se46.4Te16.2 

11 15 0.5 Ge19.4Sb19.1Se45.0Te16.6 

12 15 1 Ge19.1Sb17.9Se46.0Te16.9 

13 

Ge19.4Sb16.7Se43.9Te20 

10 0.5 Ge19.1Sb17.4Se42.1Te21.4 

14 10 1 Ge17.8Sb19.8Se39.8Te22.7 

15 15 0.5 Ge18.7Sb20.2Se39.3Te21.7 

16 15 1 Ge17.7Sb19.7Se40.0Te22.6 
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TABLE 2 Clusters generated from mixtures of elements (the molar ratio of elements in 

binary mixture was 1:1, 1:10, and 10:1). 
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System Clusters   References 

Ge-Sb Ge
+

Ge2
+

Ge3
+

Ge4
+

Ge5
+

Ge6
+

Ge7
+

  This work 

Sb2
+

Sb3
+

Sb4
+

Sb5
+

GeSb2
+

GeSb3
+

GeSb4
+

Ge2Sb
+

Ge2Sb2
+
 Ge2Sb3

+

Ge3Sb
+

Ge3Sb2
+
 Ge3Sb3

+

Ge4Sb
+

Ge4Sb2
+

Ge6Sb
+

Ge-Te Ge4
+

Ge5
+

This work 

Te2
+

Te3
+

Te4
+

Te5
+

Te6
+

GeTe2
+

GeTe3
+

Ge2Te2
+

Ge2Te3
+

Ge-Se Ge4
+

[31] 

Se2
+
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+
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Se5
+
 Se6
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 Se8
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GeSe2
+

GeSe3
+

GeSe4
+

GeSe5
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+
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+
 GeSe2
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+
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+

Ge4Se
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Ge4Se2
+

Ge4Se3
+

Ge4Se4
+

Ge5Se
+

Ge5Se2
+

Ge5Se3
+

Ge5Se5
+

Sb-Se Se4
+

Se5
+

Se6
+

Se7
+
 Se8

+
 Se9

+
[30] 

SbSe2
+

SbSe3
+

SbSe4
+

SbSe5
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 SbSe6
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 SbSe7
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 SbSe8
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Sb2Se
+

Sb2Se2
+
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+

Sb2Se4
+
 Sb2Se5
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+
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+
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+

Sb4Se3
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Sb5Se
+
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Sb4
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Sb5
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Sb6
+

This  work 
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+

Te3
+

Te4
+

Te5
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SbTe
+

SbTe2
+

Sb2Te
+

Sb3Te
+

Se-Te Se2
+

Se3
+

Se4
+

Se5
+

Se6
+

Se7
+

Se8
+

This work 

Te2
+

Te3
+

Te4
+

Te5
+

SeTe
+

SeTe2
+

SeTe4
+

Se2Te
+

Se3Te
+

Se3Te2
+

Se4Te
+

Se5Te
+

Se6Te
+

Ge-Sb-

Se-Te 

1:1:1:1 

Sb3
+

This work 

Se2
+

Se3
+

Se4
+

Se5
+

Se6
+
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+

Se8
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Te2
+

Ge3Sb
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+

SbSe2
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System Clusters References 

Ge-Sb-Se Se2
+

[27] 

Sb
+

Sb3
+

GeSb3
+

Ge2Sb3
+
 Ge3Sb3

+
Ge4Sb3

+

GeSe
+

GeSe2
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SbSe
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SbSe2
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Sb2Se
+
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+
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+

Sb2Se4
+

Sb3Se
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+
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GeSbSe2
+
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+
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+
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+
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Sb
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TABLE 3 Clusters generated from Ge-Sb-Se bulk glasses, Ge-Sb-Te thin layers/bulk glasses, 

and Ge-Sb-Se-Te thin films. 

TABLE 4 The number of  clusters observed from ternary Ge-Sb-Se glasses and from thin 

films analysed in this work. 

Sb2Se
+

Sb2Se2
+

Sb3Se
+

Sb3Se2
+

Sb3Se3
+

Sb3Se4
+

TeSb
+

TeSb2
+

TeSb3
+

Sb3SeTe
+

Ge4SbSe4
+

GeSb2SeTe2
+

 

Accepted manuscript / Final version



24 

 [27] This work 

Ge-Sb 4 0 

Ge-Se 2 0 

Sb-Se 11 7 

Ge-Sb-Se 6 1 
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