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Abstract: A systematic investigation of the optical and structural properties of chalcogenide glasses in 

Ge–Sn–Se ternary system is presented. We have found a threshold behavior of optical property, namely, 

existence of transitional composition of the Ge-Sn-Se glasses, with progressive replacement of Se by Sn. 

Calculation of mean coordination number indicates that the transition-like feature of optical property is 

associated with the evolution of chemical ordering of the Ge–Sn–Se network. Analysis of Raman spectra 

of the glasses explains that the interaction between Se–Se bonds, Sn(Se1/2)4 tetrahedra, and Sn–Sn 

homopolar bonds is the origination of such optical phenomenon. 
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1. Introduction 

Selenium-based chalcogenide glasses (Se–ChGs) refer to a group of amorphous materials that contain chalcogen 

element Se as main constructing units that are covalently bonded with other glass-forming elements, such as As, 
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Ge, and Sb. These Se–ChGs are well known1–3 for their large third-order nonlinear (TONL) susceptibility (χ(3), 

magnitude of two orders larger than that of silica glass) and exceptional infrared transparency with a spectral 

range from ~1 µm to over 15 µm. With the rapid development of infrared technologies, a number of recent 

studies4–7 have realized the fabrication of Se–ChG-based infrared photonic devices with high performance that 

utilize the high TONL susceptibility and form flexibility, such as bulk, fiber, thin film, and solute. 

The TONL susceptibility of amorphous materials has wavelength dependence as a result of multi-photon 

absorption (MPA).8 For Se–ChGs, the MPA behavior can be influenced by the photoinduced phenomena caused 

by the flexibility of their network structure and presence of defect states. Therefore, a reliable method to tune 

the TONL susceptibility of Se–ChGs is to engineer their optical bandgap energy(Eg) ,9,10 which is related to 

density of defect states and chemical compositions of the glasses. Early studies11-13 have reported a threshold 

behavior of Eg value in various Se–ChGs systems, such as Ge–Se, Ge–As–Se, and Ge–Sb–Se. Prasad et al.12 

found that such threshold behavior in Ge–As–Se glasses was associated with the total number of homopolar 

bonds. In our recent research13 on Ge–Sb–Se glasses, we discovered that threshold behavior was also related to 

the type of homopolar bonds in the glasses. However, little effort has been focused on finding the threshold 

behavior in other Se–ChG systems, as well as its detailed correlation with structure of glass network. 

In this work, tin (Sn) is selected to replace arsenic (As) and antimony (Sb) considering its environmental 

friendliness, as well as its improvement to optical transmittance of Ge-containing ChGs.14 Two sets of Se–ChGs 

in germanium–tin–selenium (Ge-Sn-Se) ternary system are selected and synthesized by melt-quenching method. 

An evident Eg threshold behavior from both sets of Ge–Sn–Se ChGs is observed and its correlation with structure 

of glass network is studied by Raman spectra. 

2. Experimental 

The ChGs were prepared from high purity polycrystalline of germanium (5N), tin (5N) and selenium (5N). The 

first set of glasses are in molar composition of Ge20SnxSe80-x (Ge20 set, x=0, 5, 10, 11.5, 12.5 and 13), and the 

second ones are Ge15SnxSe85-x (Ge15 set, x=0, 5, 10, 13, 15, 16.5, 17.5 and 18). The raw materials were weighed 

carefully and mixed in sealed quartz ampoules in vacuum which were then put into rocking furnaces. The quartz 

Acc
ep

ted
 m

an
us

cri
pt



 3 

ampoules were heated to 950 oC slowly in furnaces and then maintained for 12 h at this temperature. All of 

quartz ampoules were quenched in ice water very quickly to avoid crystallization. All of the samples were 

annealed at the temperature that 20 oC lower than Tg for 5 h to minimize internal tension and then slowed down 

to room temperature. To test optical characteristics of the samples, the glass rods were cut and optically polished 

to thickness of 0.5 mm. 

Density of the samples was measured by using Archimedes method with distilled water as immersion liquid. 

Differential scanning calorimetry (TA Q2000) was used to obtain translation temperature (Tg) and crystallization 

temperature (Tx) of the GhGs. Powder X-ray diffraction (XRD) patterns were recorded using a Bruker AXS D2 

PHASER diffractometer (voltage = 30 kV; current = 10 mA; Cu Ka radiation) with a step width of 0.02° at room 

temperature to confirm the amorphous state of the ChGs. The infrared transmission spectra in the range of 2.5–

20 m were obtained using Nicolet 381 Fourier Transform Infrared spectrometer (FTIR). Absorption spectra 

were recorded in the range of 400~2500 nm using Perkin-Elmer-Lamda 950 UV-VIS-NIR spectrophotometer. 

Raman spectra of the samples were obtained through back (180°) scattering configuration with a Renishaw inVia 

laser confocal Raman spectrometer with an excitation wavelength of 488 nm and a frequency resolution of ±0.15 

cm-1, in order to distinguish the vibration energy of different bonds and structural units within the glass network. 

3. Results and Discussion 

The X-ray diffraction patterns of ChGs and two crystallized samples with slightly higher Sn content are shown 

in Fig. 1. The broad diffraction bands in the patterns of the glass samples confirmed that they are in amorphous 

state, and further addition of Sn would cause crystallization, as shown by the multiple sharp diffraction peaks. 

As noted in the figure, the possible assignments of these peaks are SnSe2 (JCPDS-file No.: 23–602) and GeSe2 

(JCPDS-file No.: 16–80), indicating that both Sn and Ge are four coordinated. Notably, from the chemical 

compositions in Table 1, all glasses present Se-rich compositions, and those in stoichiometry and Se-insufficient 

prepared using the same procedure cannot form glass. FTIR spectra of the glasses are present in Fig. 2, and it 

can be seen that both sets of the Ge-Sn-Se ChGs have high infrared transmittance (≧ 60%) to over 16 μm. 

The relationship between macroscopic properties and chemical ordering of ChGs can be discussed in 
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terms of mean coordination number (MCN).15,16 For the present GexSnySez (x + y + z = 100) glasses, MCN was 

given by the formula:  

MCN = (xCNGe + yCNSn + zCNSe)/100     (1) 

where coordination numbers (CNs) of 4, 4, and 2 were accorded to Ge, Sn, and Se, respectively. As shown in 

Table 1, MCN value increases as Se is further substituted by Sn. Interestingly, the maximum MCN that kept both 

sets of samples in the amorphous state is 2.66, which has been considered as the mechanical threshold value for 

the transition of ChG network from an overconstrained “rigid” phase to a “stress-rigid” phase.17 This result 

demonstrates that Ge–Sn–Se glasses possessing such network structure would present a higher possibility of 

forming a uniform network, namely, crystallization. 

 Characteristic temperatures of the ChGs measured by DSC method are shown in Table 1. The replacement 

of Se by Sn evidently increased Tg, which is due to the high coordination number of Sn restraining the movement 

of structural units in the glasses. In other words, the connectivity of the Ge–Sn–Se network is enhanced by the 

incorporation of Sn. By contrast, Tx first appears as Sn is introduced to the Ge–Se glasses and increases with the 

increase in Sn content. Then, the value decreases in both ChG sets as the MCN value reaches ~2.63, indicating 

the transition of thermal properties with the evolution of the Ge–Sn–Se network. When Sn was over-doped 

(MCN > 2.66), structural units related to Sn begin to aggregate and cause fragmentation in the molecular cluster 

network of the amorphous Ge–Se region,18 which promotes the crystallization tendency of glasses. The variation 

of Tg and Tx results in a decrease in the thermal stability parameter (ΔT = Tx–Tg) of ChGs with the increase in 

Sn content. However, most ChGs possess ΔT over 100 °C (except those with MCN over 2.66), indicating that 

Ge–Sn–Se ChGs present high stability against crystallization as the glass network is maintained in an 

overconstrained “rigid” phase.   

The absorption spectra of Ge–Sn–Se ChGs are shown in Fig. 3. A similar variation in the fundamental 

absorption band edge (bandgap wavelength) with the addition of Sn can be observed in both glass sets: the 

bandgap wavelength red shifts remarkably with the first addition of Sn and then blue shifts with the progressive 

increase in Sn content. Then, as the MCN value of ChGs reaches 2.63, the bandgap wavelength red shifts again. 

The fundamental absorption band of ChGs is related to electronic transitions between the long pair (valence) and 
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antibonding (conduction) bands, and the optical bandgap energy(Eg) can be used to numerically present 

variations in the bandgap wavelength.19 For the present Ge–Sn–Se ChGs, Eg values are estimated from the high-

absorption region, where the absorption coefficient a = 1000 cm–1. As seen in Fig. 4, Eg shows a maximum in 

both glass sets as MCN value reaches 2.63. This observation is similar to those found in Ge–As–Se12 and Ge–

Sb–Se11,13 ternary systems, whereas the threshold MCN value of the other two systems presents a slight deviation 

due to the difference in chemical properties among As, Sb, and Sn. The transition of Eg value at the MCN 

threshold between 2.6 and 2.7 can be explained in terms of the “demixing” effect of the glass network13, and 

Tanaka20 had demonstrated that the enhanced degree of cross linking of the layers in glass network is the main 

contribution to the decrease of Eg above the MCN threshold. Fig. 5 gives the dependence of molar volume (Mv) 

of the ChGs on the MCN value, it is clear that the variation of Mv exhibits threshold behavior as well. The 

maximum Mv in both glass sets was found at MCN = 2.63 indicating the condensing of glass network at the 

threshold point, which supported the experimental results11-13,17 that transition of ChGs network from rigid phase 

to stressed-rigid phase occurred at MCN between 2.6 and 2.7. 

On the other hand, it is well-known that bandgap energy of amorphous materials present by Eg has positive 

dependence on total bonding energy of the corresponding materials.21,22 Accordingly, the decrease in Eg as Sn 

was first introduced to the Ge–Se network can be attributed to the lowest electronegativity of Sn in the ternary 

system (χSe = 2.4, χGe = 2.0, χSn = 1.7). With further addition of Sn, Eg of the glasses increased until MCN reached 

the threshold point (2.63), which indicated the variation of total bonding energy of the Ge–Sn–Se network. 

Therefore, the detailed structure change in glass network after Sn incorporation is needed to be clarified, which 

can be used to explain the Eg threshold behavior of the Ge–Sn–Se ChGs. 

Raman spectra of the Ge–Sn–Se ChGs are shown in Fig. 6, and it should be noted that the peak at 125 cm-

1 is the artificial peak due to the superposition of the decreasing flank of the background and the filter 

implemented in the FT apparatus. Raman spectra of the present ChGs correlate well with the spectra reported 

earlier from other Se–ChGs.23–25 The main peak can be assigned to the overlapping of the vibration modes of 

Ge–Se bonds (~195 cm–1) and Sn-Se bonds (~184 cm–1) in corner-shearing tetrahedral units. The second largest 

band at ~260 cm–1 is assigned to the characteristic vibration of Se–Se bonds in Sen chains or rings. The 
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appearance of the above-mentioned structural units is also in good agreement with those reported earlier in the 

similar glass system by FT-IR spectra.26 

With the addition of Sn, the Raman spectra of the ChGs varied significantly. The most evident evolution 

of Raman signal present in both ChGs sets is the significant decreasing intensity of Raman band belonging to 

Se–Se bonds at ~260 cm–1. Besides, it is also apparent that the main peak shifted to a lower energy region as a 

result of the increasing number of Sn–Se bonds (as noted by red arrow in Fig. 6). These findings indicate the 

breakage of Se–Se chains and increased Sn number in the outrigger sites of Sn(Se1/2)4 tetrahedra.26 In other 

words, the chain fragments (Sen chains) have been replaced by the spatial units, namely, Sn(Se1/2)4 tetrahedra, 

leading to the formation of an overconstrained glass network. As the MCN of ChGs reached 2.63, the Raman 

band belonging to Se–Se bonds almost disappears and a new peak appears near ~150 cm–1 (as shown inset of 

Fig. 6), growing with increasing content of Sn, as confirmed by the increasing integral area of the Raman band 

shown in Fig. 7. As shown in previous studies,12,13 the Raman signal in such energy range belongs to the vibration 

of homopolar (metal) bonds. For the present Ge–Sn–Se ChGs, this newly formed Raman peak can be reasonably 

assigned to the vibration of Sn–Sn homopolar bonds because the characteristic Raman vibration of Ge–Ge 

homopolar bonds at ~170 cm–1 can only be observed in the spectra of Sn-free ChGs (as indicated in the inset of 

Fig. 6). 

To numerically explain the threshold behavior of the present Ge–Sn–Se ChGs, the energy of heteroatom 

bonds (D) that are involved in structural variation was calculated by both arithmetic and geometric means 

according to the relation assumption proposed by Pauling:27  

   
 

     

2

arithmetic A B

2

geometric A B

A-A B-B
= 23

2

= A-A B-B 23

D D
D χ χ

D D D χ χ


 

  

    (2) 

where χA is the electronegativity of atom A and D(A–A) is the bond energy of the A–A homopolar bond, which 

is similar for atom B. Notably, the Ge–Sn bond does not exist. As presented in the results in Table 2, the 

heteroatom bonds are considerably stronger than that of homopolar bonds. Thus, the substitution of Se–Se bonds 

by Sn–Se bonds in the Sn(Se1/2)4 tetrahedra would logically increase the total bonding energy in the ternary 
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system, leading to increased Eg value. As the Sn content reaches the threshold value, the number of Sn(Se1/2)4 

tetrahedra begin to become saturated, and excess Sn enters the tetrahedra and substitutes part of Se, leading to 

the formation of Sn–Sn homopolar bonds that reduce the total bond energy of ChGs. However, the conversion 

of Sen chains to Sn(Se1/2)4 tetrahedra and the formation of Sn–Sn homopolar bonds occur simultaneously, as 

shown by the Raman spectra. Thus, the total bonding energy Eg exhibits a maximum for the first appearance of 

Sn–Sn homopolar bonds at MCN = 2.63. As the Sn content passes the threshold value, Sn–Sn bonds dominate 

the total bonding energy, and decreasing Eg value is observed, which results in the transition of optical properties. 

According to information from the above Raman analysis, a possible structural model of the Ge–Sn–Se 

glasses can be figured out. The schematic in Fig. 8 illustrates the Ge–Sn–Se glass network, as well as its evolution 

with replacement of Se by Sn. By using the same number of atoms in the three graphs, the glass network 

evidently becomes compact as the flexible Sen chains are replaced by the stable Sn(Se1/2)4 tetrahedra. This result 

indicates the increasing possibility of transformation of the glass network from amorphous to uniform 

(crystallized) structure, which is consistent with results from the above thermal studies. Besides, the number of 

non-coordinated Se atoms at the border of the glass network decreases significantly as Sn is introduced, which 

visually demonstrated the results from an early study18 which showed that the addition of Sn could cause 

fragmentation of the molecular cluster network of Ge–Se glasses. 

4. Conclusions 

As the mean coordination number (MCN) value of Ge–Sn–Se glasses approaches 2.63, an evident threshold 

behavior is observed: both optical bandgap energy (Eg) and molar volume (Mv) of the glasses exhibit the 

transition-like feature at MCN = 2.63. By employing Raman spectra, the threshold behavior of the Ge–Sn–Se 

glasses has been correlated with the variation of glass structure: the conversion of Se–Se bonds in Sen chains or 

rings to Sn(Se1/2)4 tetrahedra with Sn-doping caused increases of the Eg and Mv, while depletion of the Se–Se 

bonds and presence of Sn–Sn homopolar bonds at MCN = 2.63 results in decreases of the Eg and Mv, namely the 

threshold behavior. Accordingly, modifying and optimizing various properties of the Ge–Sn–Se glasses, which 

are considered green candidates for photonic devices in infrared systems, are possible. 
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Figure captions 

 

Fig. 1 X-ray diffraction patterns of the Ge-Sn-Se glasses (a) Ge20 set and a crystallized sample in molar 

composition of Ge20Sn13.5Se66.5; (b) Ge15 set and a crystallized sample in molar composition of 

Ge15Sn18.5Se66.5. Acc
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Fig. 2 FT-IR transmittance spectra of the Ge-Sn-Se glasses (a) Ge20 set and (b) Ge15 set.  
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Fig. 3 Absorption spectra of the Ge-Sn-Se glasses (a) Ge20 set and (b) Ge15 set. In the inset, the absorption 

spectra are enlarged to show the variation tendency of the UV fundamental absorption band edge. 
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Fig. 4 The variation of the optical bandgap energy (Eg) with the mean coordinate number (MCN) of the two 

Ge-Sn-Se glass sets. 
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Fig. 5 The variation of the molar volume (Mv) with the mean coordinate number (MCN) of the two Ge-Sn-Se 

glass sets. 
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Fig. 6 Raman spectra of the Ge-Sn-Se glasses (a) Ge20 set and (b) Ge15 set. In the inset, Raman spectra are 

enlarged to show the present of Raman signal belongs to vibration of Sn-Sn and Ge-Ge homopolar bonds. The 

red arrow in each figure notes that the main Raman peak shifts to low energy region with addition Sn. 
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Fig. 7 The variation of integral area of Raman peak belonging to Sn-Sn homopolar bonds with the mean 

coordinate number (MCN) of the two Ge-Sn-Se glass sets. 
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Fig. 8 A possible structural model of the Ge-Sn-Se glasses, and its evolution with incorporation of Sn. The 

number of atoms used is kept at 42. 
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