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GexSb10Se90�x glasses with Ge content from 7.5 to 32.5 at. % have been prepared by melt-quench

technique, and the physical parameters including glass transition temperature (Tg), density (q),

compactness (C), shear elastic moduli (Cs), compression elastic moduli (Cc), refractive index (n),

and optical bandgap (Eg) have been investigated. While all these physical parameters show

threshold behavior in the glass with a chemically stoichiometric composition. Raman spectra

analysis also indicates that, with increasing Ge content, Se-chains or rings gradually disappear until

all Se-atoms are consumed in the glass with a chemically stoichiometric composition. With further

increasing Ge content, homopolar Ge-Ge and Sb-Sb bonds are formed and the chemical order in

the glasses is violated. The threshold behavior of the physical properties in the GexSb10Se90�x

glasses can be traced to demixing of networks above the chemically stoichiometric composition.
VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4869260]

I. INTRODUCTION

Chalcogenide glasses (ChGs), which contain the chalco-

gen elements (S, Se, or Te) as a major constituent covalently

bonded with other network forming elements such as Si, Ge,

As, and Sb, are attractive candidates for applications in pho-

tonics because of their excellent optical properties include

high linear and nonlinear refractive indices, high photosensi-

tivity, low transmission losses, and exceptional transmission

range (1–16 lm).1–3 The applications on the basis of ChGs

have been developed including chalcogenide optical fibers

and waveguides for telecommunication signals and chemical

sensors.4 For example, ternary GeAsSe glasses have been

well used in various waveguide devices for high-speed all-

optical signal processing and a de-multiplexer operating

at extreme data rates of 1.28 Tb � s�1 has recently been

demonstrated.5–7 Compared with Ge-As-Se, Ge-Sb-Se

glasses are less toxic and thus more environmentally accept-

able. Higher optical nonlinearity could be expected due to

the replacement of As by more metallic Sb. We therefore

concentrated on GeSbSe glasses in this paper.

It is well known that the physical properties of the

glasses can be tuned via chemical composition since ChGs

have a large glass-forming region. It was also suggested that,

with changing chemical composition, the physical parame-

ters could exhibit threshold transition that was assigned to

segregation of demixing of the heteropolar bonds from the

main backbone of the glasses.8 However, this has not been

examined systematically in Ge-Sb-Se glasses.

In this paper, we prepared numbers of the glasses with

fixed Sb concentration of 10 at. % but different Ge concentra-

tion changing from 7.5 to 32.5 at. %. Through systematic and

comprehensive investigations of the glass structure

and physical properties, we aimed at understanding the

evolution of structure and physical properties as a function

of glass composition and examining threshold behaviors in

GexSb10Se90�x glasses.

II. EXPERIMENTS

GexSb10Se90�x bulk glasses were synthesized by the con-

ventional melt quench technique. High purity (5N) Ge, Sb,

and Se metals were weighed inside a glove box and loaded

into a cleaned and dried quartz ampoule. The loaded ampoule

was then sealed under vacuum using an oxygen-hydrogen

torch, and introduced into a rocking furnace to melt the con-

tents at a typical temperature around 900–1000 �C for a pe-

riod not <30 h. The resulting ampoule was subsequently

annealed at a temperature 30 �C below the glass transition

temperature, and then slowly cooled to room temperature.

Following the annealing process, the glasses were sectioned

to form discs of 10 mm diameter and approximately 1 mm

thick. The discs had their opposite surfaces ground plane par-

allel and then polished to optical quality. The quality of the

glasses was examined using X-ray diffraction (XRD) and

infrared (IR) microscopy. XRD patterns indicated the glass

structure was amorphous, and IR microscopy revealed the ab-

sence of any observable bubbles for all of our glasses.

The glass transition temperature Tg was measured using

a differential scanning calorimeter (DSC) (Mettler-Toledo,

DSC 1) with a scanning rate of 10 �C min�1. The density (q)

was measured using a Mettler H20 balance (Mettler-Toledo

Ltd, Switzerland) based on the Archimedean method with a

MgO crystal as a reference and acetone as the immersion liq-

uid. Ultrasonic pulse interferometer was employed to mea-

sure both shear Vs and compression Vc wave velocities at

room temperature with an accuracy of 0.5% at a resonant fre-

quency of 20 MHz. The ultrasonic travel times were system-

atically corrected to reduce the effect of the bonding layer

between the sample and the transducer.9 The shear Cs anda)Electronic mail: lfang@cqu.edu.cn
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compression Cc elastic moduli were determined from the

measurements of q, Vs, and Vc using the formulas Cs¼qVs
2

and Cc¼qVc
2, respectively.

Raman spectra were recorded using a T64000 Jobin-

Yvon-Horiba micro-Raman spectrometer equipped with a

liquid-nitrogen-cooled CCD detector. The 830 nm laser line

was used for an excitation source, and the laser power was

kept as small as possible to avoid any photo-induced effects.

The absorption spectra were recorded using a Varian Cary

5000, UV-Vis-NIR spectrophotometer in the wavelength

range from 400 to 1500 nm. The optical gap was estimated at

a � 103 cm�1. The refractive indices of bulk GexSb10Se90�x

glasses were measured using a Metricon Model 2010 prism

coupler with a 1550 nm laser.

III. RESULTS AND DISCUSSION

Raman spectra of GexSb10Se90�x glasses are shown in

Fig. 1. Starting from the glasses with 7.5 at. % Ge content, the

spectra are dominated by the bands around 200 cm�1 and its

shoulder at �218 cm�1, together with a clear feature at

�256 cm�1. They were attributed to the heteropolar Ge-Se

bond vibrations in the corner-sharing and the edge-sharing

GeSe4/2 tetrahedra,10 and Se-Se chain structure,11 respectively.

Previously, the vibration of the Sb-Se bond in SbSe3/2 pyramids

was confirmed at 195 cm�1.12 However, we did not observe

any clear features that could be ascribed to the vibration of the

Sb-Se bonds. This could be due to its weak intensity as well as

its overlapping with corner-sharing Ge-Se vibrations.13

The intensity of peak at 200 cm�1 increases with

increasing Ge content, indicating that more Ge-Se corner-

sharing GeSe4/2 structure is formed. Its shoulder at 218 cm�1

becomes distinguishable with increasing Ge content,

especially in the glasses with a chemically stoichiometric

composition containing 25 at. % Ge. However, the shoulder

is further smeared out with increasing Ge content from

27.5 at. % to 32.5 at. %. Moreover, a new feature appears at

170 cm�1 and gradually shifts to 160 cm�1. The feature

could be ascribed to the vibration of homopolar Ge-Ge and

Sb-Sb bonds in the Se-poor glasses.14,15 Since atomic weight

of Sb is heavier than that of Ge, the vibration frequency of

Sb-Sb bonds should be less than that of Ge-Ge bonds; there-

fore, the shift of the peak from 170 to 160 cm�1 indicates

that, with increasing Ge concentration, Ge-Ge bonds are

formed before Sb-Sb bonds.

Another feature at 256 cm�1 corresponding to Se-chain

structure becomes weak in its intensity and slightly shifts to

high wavenumber with increasing Ge content, and this fea-

ture completely disappears at the stoichiometric glasses,

which could be attributed to a decrease in the concentration

of Se-Se units. In addition, with further increasing Ge con-

tent, the broad band at a region from 230 to 330 cm�1 was

assigned to the stretching vibration of Ge-Ge bonds in modi-

fied Se3Ge-(GeSe2)0.1-GeSe3 and in Ge-GemSe4�m (m¼ 1,

2, 3, 4) units16 due to the shortage of Se in the glasses.

Overall, the present Raman spectra clearly show a transi-

tion behavior in the stoichiometric glasses, the disappearance

of 256 cm�1 peak at the stoichiometric composition is a sym-

bol of complete consuming of Se-Se units, and the appearance

of 160–170 cm�1 band with increasing Ge content reflects the

formation of the homopolar Ge-Ge and Sb-Sb bonds.

It is well established that glass transition temperature (Tg)

depends on the glass network connectivity and average bond

energy.17,18 As shown in Fig. 2, it is clear that Tg increases

progressively with increasing Ge content in the Se-rich range

until it reaches a maximum at stoichiometric composition, i.e.,

Ge25Sb10Se65, and then decreases with further increase of Ge

content. On the one hand, from the structural viewpoint,

Raman spectra in Fig. 1 indicated that, for the glasses with

low Ge content, Se chains along with Se rings dominate glass

structures. With increasing Ge content, different molecular

units including SbSe3/2 pyramids and GeSe4/2 tetrahedra will

cross-link together, leading to an increase in Tg until all Se

FIG. 1. Raman spectra of GexSb10Se90�x glasses.
FIG. 2. Glass transition temperatures of GexSb10Se90�x glasses. The inset

shows the definition of glass transition temperature.
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atoms are consumed by Ge and Sb. Further addition of Ge

content leads to the formation of the homopolar Ge-Ge and

Sb-Sb bonds in order to compensate the deficiency of Se.

Moreover, previous results indicated that the homopolar

Ge-Ge and Sb-Sb bonds could destroy network connectivity

due to demixing, leading to a decrease of Tg for the glasses

with high Ge content above the chemical threshold.

On the other hand, the bond energies of Ge-Se, Sb-Se,

Se-Se, Ge-Ge, and Sb-Sb bonds are 56, 51, 49, 45, and 30

KCal �mol�1, respectively.19 From an energy point of view,

the formation of heteropolar bonds is favoured over the forma-

tion of homopolar bonds. The progressive increase in Ge con-

tent in Se-rich glasses results in an increase in average bond

energy of the system until the highest bond energy appears at

the stoichiometric composition. However, for the Se-poor

glasses, with the decrease of Se content, Ge-Se and Sb-Se

bonds correspondingly decrease; meanwhile, more Ge-Ge and

Sb-Sb structural units can be formed, leading to a decrease of

Tg due to lower average bond energy in Ge-Sb-Se glasses.

The compactness coefficient C reflects the normalized

change of the mean atomic volume due to chemical interac-

tions of the elements forming the network of a given solid.

Its correlation with the density can be expressed as,20

C ¼ q
X

i

Aixi

qi

�
X

i

Aixi

q

 !�X
i

Aixi; (1)

where q, Ai, xi, and qi represent glass density, atomic weight,

atomic fraction, and density of the ith element of the glass,

respectively. Figure 3 shows the density and the compactness

of GexSb10Se90�x glasses. Obviously, both the density and

the compactness have a minimum at 25 at. % of Ge con-

centration. Again, the transition threshold occurs at the

chemically stoichiometric glass. Noteworthy is that, in

GexSb10Se90�x glasses, since Ge is lighter than Se, the

replace of Se by Ge should lead to the decrease of the density

if the glass structure was kept same. Therefore, the threshold

behavior observed here can be attributed to that the covalent

glass network undergoes a structural rearrangement from

being less compact (Ge concentration< 25 at. %) to being

more compact (Ge concentration> 25 at. %).

Figure 4 shows the shear and compression elastic mod-

uli for GexSb10Se90�x glasses. Both the shear and the

compression elastic moduli increase with increasing Ge con-

tent, especially, a steep increase in elastic moduli above the

stoichiometric composition. For the glasses with low Ge con-

tent up to the stoichiometric composition, the density decreases

but the elastic moduli increase as Ge content increases, that is

due to the fact that glass structure gradually changes from

Se-chain or -ring dominated to SbSe3/2 pyramids and GeSe4/2

tetrahedra cross-linked. Such low-dimensional Se-chain or

-ring structural units are likely to weaken the network struc-

ture, while three-dimensional SbSe3/2 pyramids and GeSe4/2

tetrahedra strengthen the network. Above the chemically stoi-

chiometric composition, more three-dimensional structural

units and higher density contribute to the steep increase in the

shear and compression elastic moduli of the glasses.

Figure 5 shows refractive index and optical bandgap of

GexSb10Se90�x glasses as a function of chemical composi-

tion. It is evident that the refractive index decreases before it

reaches a minimum at 25 at. % Ge content, and then

increases with further increase in Ge concentration. On the

contrary, the optical bandgap increases until a maximum

appears at 25 at. % Ge content, then decreases with further

increasing Ge content. Again, the threshold behaviors occur

at the chemically stoichiometric glass. In addition, the corre-

lation of the bandgap and refractive index is in excellent

FIG. 3. Density and compactness of GexSb10Se90�x glasses.

FIG. 4. Shear and compressional elastic moduli in GexSb10Se90�x glasses.

FIG. 5. Refractive index and optical bandgap of GexSb10Se90�x glasses.
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agreement with the Moss rule21 where the value of Eg � n4

should be a constant, in our case the value is 73 6 0.5 eV for

GexSb10Se1�x glasses.

In chalcogenide glasses, the existence of defective units

like Se-Se, Ge-Ge, and Sb-Sb bonds forms band-tails,22 and

thus the increase of the defects will extend band-tails into

the gap and narrow the optical band gap. This is reflected in

Fig. 5 where Eg increases until the chemical stoichiometric

composition is reached, and then starts to decrease with

increasing Ge content. The decrease of Se-Se bonds in the

glasses with Ge content below 25 at. %, and the increase of

Ge-Ge and Sb-Sb bonds in the glasses with Ge content above

25 at. % are the main reason why we observe a maximum Eg

at the chemically stoichiometric glass, where all Se atoms

are consumed by Ge and Sb atoms and thus “more ordered”

structure is formed in chemically stoichiometric glass with a

minimum bandtail and a maximum Eg.

The present paper clearly shows that all the properties

exhibit threshold behavior at the chemically stoichiometric

glasses. Regarding the microscopic nature of the transitions

at a molecular level, the stochastic agglomeration theory

suggested that glass transition temperature (Tg) is a good

measure of global connectivity in glass network.23

Boolchand et al.24 investigated the threshold behavior in Tg

and suggested that, above the threshold, phase separation can

occur in the nano- or micrometer scale, i.e., the Ge-Sb-Se

glass network consists of demixed structural units of GeSe4/2

and SbSe3/2. The heteropolar bonds segregated from the

main backbone, destroying the connectivity of the glass net-

work and reducing Tg. The extreme value of Tg observed at

the chemical stoichiometric composition is strikingly similar

to the threshold behavior that has been observed in this pa-

per. This suggests that the threshold behavior of the physical

properties in the Ge-Sb-Se system can be traced to

“demixing” of networks above the chemical threshold.

IV. CONCLUSIONS

We have prepared a series of GexSb10Se90�x glasses and

systematically investigated their structural and physical

properties like glass transition temperature, density, com-

pactness, elastic moduli, refractive index, and optical

bandgap. While Raman spectra of the glasses show that,

with increasing Ge content, Se-chains or rings gradually dis-

appear until all Se-atoms are consumed in the glass with a

chemically stoichiometric composition, and homopolar

Ge-Ge and Sb-Sb bonds are formed with further increasing

Ge content. The formation of the homopolar bonds is consid-

ered to play an important role in “demixing” of networks

above the chemical threshold, leading to the threshold

behavior in the glasses.
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