
1 
 

Structure of GeSe4-In and GeSe5-In glasses 
 

I Kaban1*, P Jóvári 2, T Petkova3, P Petkov4, A Stoilova4, W Hoyer1, B Beuneu5 

 
1Institute of Physics, Chemnitz University of Technology, D-09107 Chemnitz, Germany 
*Present address: IFW Dresden, Institute for Complex Materials, PB 270116, D-01171 

Dresden, Germany 
2Research Institute for Solid State Physics and Optics, H-1525 Budapest, POB 49, Hungary 
3Institute of Electrochemistry and Energy Systems, BAS, Acad. G. Bonchev Bl.10, 

1113 Sofia, Bulgaria 
4Department of Physics, University of Chemical Technology and Metallurgy, 8 Kliment 

Ohridsky Blvd, 1756 Sofia, Bulgaria 
5Laboratoire Léon Brillouin, CEA-Saclay 91191 Gif sur Yvette Cedex France 

 
E-mail: ivan.kaban@physik.tu-chemnitz.de; i.kaban@ifw-dresden.de 

 

Abstract 

(Ge0.2Se0.8)100-xInx and (Ge0.17Se0.83)100-xInx (x = 0, 5, 10, 15 at.%) chalcogenide glasses have 

been studied with high-energy x-ray diffraction, neutron diffraction and extended x-ray 

absorption spectroscopy at Ge, Se and In K-edges. The experimental data were modelled 

simultaneously with the reverse Monte-Carlo simulation method. GeSe4/2 tetrahedra are 

shown to be the main structural units in the binary and ternary glasses investigated. Indium 

bonds to the excess Se atoms in the ternary Ge-Se-In glasses. While majority of In atoms 

have three Se neighbours, some In atoms may be tetrahedrally coordinated by Se. 

 

PACS numbers: 61.43.Dq, 61.05.cp, 61.05.fm, 61.05.cj 

 

(Figures in this article are in colour only in the electronic version) 

 

 

 

1. Introduction 

Chalcogenide glasses have found use in various applications such as information storage devices, 

chemical sensor systems, optical transmitters and amplifiers [1-5]. The physical properties of 

amorphous chalcogenides can be easily varied by addition of some metals or semimetals that enables 

extending the application field. For example, introduction of Bi or Pb into Ge-Se glass induces the 

change of electrical conduction type from p to n, the decrease of electrical resistivity, and the change 
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of optical properties [6,7]. On the other hand, amorphous Ge-Se-Ag alloys are characterized by a very 

high electrical conductivity with essential ionic component [8]. Also, the charge carrier concentration 

increases remarkably upon addition of Cu into Ge-Se glass [9]. This makes possible using 

chalcogenide glasses as membranes in ion selective electrodes for detection of metals in aqueous 

solutions [10]. Photoconductivity, thermal diffusivity and the optical band gap of chalcogenide glasses 

can be considerably changed by alloying of a third element to Ge-Se [11-14]. For, example, addition 

of B, Ga or Tl causes an increase of the optical band gap Eg [11]. The optical band gap decreases and 

photoconductivity increases if In or Cd is added to Ge-Se [12-15]. 

Based on analysis of the composition dependences for electrical conductivity, photocurrent, 

optical absorbance spectra and X-ray diffraction patterns of glassy (Ge0.28Se0.72)95In5 and 

(Ge0.28Se0.72)95Cd5 Bakr [13] suggested that the main glass structure of Ge-Se is interrupted by bonding 

of In or Cd with the dangling Se atoms. Petkov and Petkova [16] studied far-infrared and Raman 

spectra of Ge-Se-Tl thin films and supposed that the films are basically composed of GeSe4/2 

tetrahedra, and Tl atoms link Se chains without any influence on the Ge–Se bonding. It has been 

suggested [14] that the changes in the glass structure upon addition of In to Ge-Se are associated with 

Se chains shortening and an increase in defect concentration. This results in formation of new 

localized states in the band structure and a decrease of the optical band gap. 

Ge-Se-In alloys are good glass formers over a wide compositional region as reported by 

Boncheva et al [17]. Along the quasibinary GeSe4-In and GeSe5-In tie-lines, amorphisation is possible 

up to 20 mol.% In. Ge-Se-In glasses do not show any phase separation neither after preparation nor 

after annealing at temperatures under the glass transition temperature for a given composition. Heating 

above the glass transition temperature but below crystallization temperature facilitates the appearance 

of the crystalline phases In2Se3 and In6Se7 as reported in [18]. 

The atomic structure of Ge-Se-In chalcogenide glasses is not as well studied as their 

physical properties. Ledru et al [19] found that the extended x-ray absorption fine structure (EXAFS) 

spectra at indium K absorption edge of Ge-Se-In glasses are virtually the same for different 

compositions. Fitting the first coordination shell, they established that each In atom has on average 

three Se nearest neighbours at the distance of about 2.6 Å. However, Kosek et al [20] suggested that 

indium atoms can also be tetrahedrally coordinated in Ge-Se-In glasses. 

In the present work we perform an experimental and modelling study of the structure of 

ternary Ge-Se-In glasses based on the binary GeSe4 and GeSe5 compositions. X-ray diffraction (XRD), 

neutron diffraction (ND), and EXAFS experimental techniques and reverse Monte Carlo (RMC) 

simulation method have been applied. Simultaneous modelling of several experimental datasets for 

each composition enabled obtaining partial pair distribution functions and extracting information on 

the local atomic distribution in glasses. 
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2. Experimental details 

Chalcogenide glasses with the nominal compositions (Ge0.2Se0.8)100-xInx and (Ge0.17Se0.83)100-xInx (x = 0, 

5, 10 and 15 at.%) were prepared from elemental Ge, Se and In of 99.99% purity. For convenience, we 

will further denote the alloys as GeSe4-Inx and GeSe5-Inx respectively. The proper quantities of alloy 

constituents were sealed in quartz ampoules under residual pressure of 10-3 Pa. The ampoules were 

heated in a furnace with a rate of 2 K/min up to 1273 K applying vibration stirring. Then the samples 

were rapidly quenched in a mixture of water and ice. 

 The XRD experiments were carried out at the BW5 experimental station [21] at HASYLAB, 

DESY (Hamburg, Germany). The samples were powdered and filled into thin walled (0.02 mm) 

quartz capillaries of 2.0 mm inner diameter. The energy of the incident beam was 100 keV. The size of 

the incident beam was 1 x 4 mm2. The scattered intensity was recorded by a Ge solid-state detector. 

The raw data were corrected for background, absorption, polarization, detector dead-time and 

variations in detector solid angle [22]. 

The EXAFS measurements were carried out on all samples at Ge, Se and In K-edges at the 

beam line X [21] of HASYLAB in transmission mode. The samples were finely ground, mixed with 

cellulose and pressed into tablets. The sample quantities in the tablets were adjusted to the alloy 

compositions and to the selected edges. The transmission of the samples was about 1/e. The EXAFS 

spectra were obtained with the step 0.5 eV in the vicinity of the absorption edge. The measuring time 

was k-weighted during the collection of the signal. 

The ND measurement on GeSe5-In15 glass was carried out at the 7C2 diffractometer at the 

Léon Brillouin Laboratory, CEA-Saclay, France. The sample was packed into thin walled (0.1 mm) 

vanadium container with 7 mm diameter. The raw data were corrected for detector efficiency, empty 

instrument background, scattering from the sample holder, multiple and incoherent scattering, and 

absorption. 

 

 

3. Experimental results 

The experimental X-ray and neutron scattering intensities were converted into the total structure 

factors using Faber-Ziman [23,24] formalism. The total structure factor S(Q) of an alloy is related to 

the partial structure factors Sij(Q) by the relationship: 
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Here, Q is the magnitude of the scattering vector Q=4πsinθ/λ (θ is half the scattering angle and λ is 

the wavelength used in the scattering experiment). In the Faber-Ziman formalism, the weights wij are 

expressed as 
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where the upper index X stands for XRD and index N stands for ND; δij is the delta symbol of 

Kronecker; ci is the mole fraction of the i-th constituent; fi(Q) is the atomic form factor and bi is the 

coherent neutron scattering length. The Faber-Ziman partial structure factors Sij(Q) are linked to the 

partial pair correlation functions gij(r) by the expression: 
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where ρ0 is the average number density of the alloy. 

 The experimental energy dependences of the X-ray absorption coefficient μ(E) are converted 

into the EXAFS functions χ(E) with the expression: 
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Here μ0(E) is a smooth background function representing the absorption of an isolated atom, and 

Δμ0(E) is the measured jump in the absorption μ(E) at the absorption edge E0. As the EXAFS is best 

understood in terms of the wave behaviour of the photo-electron created in the absorption process, it is 

common to present the EXAFS spectra as a function of the wave number k of the photoelectron 

( h/)(2 0EEmk e −= ; me is the electron mass, and ħ is the reduced Planck constant). The details on 

EXAFS can be found for example at the site for the X-ray absorption spectroscopy [25] or in the Ref. 

[26]. In the present work, the experimental EXAFS data were treated with the VIPER program [27]. 

The experimental total structure factors obtained with XRD and the corresponding pair 

distribution functions for the GeSe4-In and GeSe5-In glasses are plotted in Figs. 1 and 2. Figure 3 

shows as an example the whole sets of the experimental data – XRD, ND and EXAFS – for the ternary 

GeSe5-In15 glass. To emphasize the EXAFS oscillations, which decay quickly with k, the χ(k) spectra 

are multiplied by the k3. 

The effect of In on the structure of ternary Ge-Se-In glasses is well reflected on the XRD total 

pair distribution functions plotted in Figs. 1b and 2b. Remarkable is the decrease of the first maximum 

of the g(r) functions (peak at r = 2.36 Å, Figs. 1b and 2b) and appearance of a shoulder on its right 
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side which develops into a new peak at 2.6 Å for 15 at.% In. The first peak on the g(r)s reflects Ge–Se 

and Se-Se bonding. Indeed, Ge-Se nearest neighbour distance of 2.36±0.02 Å and Se-Se distance of 

2.32±0.02 Å were determined in the ND study of Ge-Se glasses with isotopic substitution in [28]. The 

shoulder/peak at 2.6 Å can be related to the In-Se pairs as this value (2.6 Å) agrees with the sum of 

covalent radii for In and Se [29] and with the In-Se distance in ternary Ge-Se-In glasses found by 

Ledru et al with EXAFS [19]. As it has been shown in the studies of binary Ge-Se glasses (e.g. Ref. 

[28] and citations therein), Se atoms are in excess in the alloys with Se concentration > 2/3. The area 

under the first peak on the total pair distribution functions for the ternary compositions (Figs. 1b and 

2b) reduces simultaneously with formation of the In-Se bonds. It is reasonable to suppose that GeSe4/2 

units remain intact in the ternary glasses as long as Se atoms are in excess, and the formation of In-Se 

bonds is at the expense of Se-Se and not Ge-Se bonds. All these suppositions can be verified if the 

partial pair distribution functions are known. For this purpose, the reverse Monte-Carlo modelling 

technique has been used. 

 

 

4. Reverse Monte-Carlo modelling of Ge-Se-In glasses 

4.1. RMC simulation details 

In the present work, atomic structures of Ge-Se-In glasses have been modelled with the new RMCPP 

code [30]. The simulation boxes contained 18000 atoms. The number densities ρ used in the 

simulations (Table 1) were calculated by compilation of the experimental mass densities reported in 

the literature [1,31] and own measurements (unpublished). The minimum interatomic distances (cut 

offs) applied in the final simulation runs (used to produce configurations for further analysis) are listed 

in Table 2. Initial configurations were obtained via the following steps: 1) random atomic coordinates 

were generated; 2) atoms were moved to satisfy cut off constraints. Then several simulation runs were 

carried out to test the validity of the cut offs (e.g. the necessity of Ge-In bonds was checked by 

lowering the Ge-In cut off to 2.4 Å). Finally it was concluded that by assuming Ge-Se, Se-Se and Se-

In bonds all measurements could be fitted properly. In the next step coordination constraints were 

applied (see below). 

 The backscattering amplitudes and phases needed to obtain the model EXAFS curves from the 

pair distribution functions were calculated by the FEFF8.4 program [32]. In line with the pair 

correlation formalism of RMC only two-atom calculations were carried out (one absorber and one 

backscatter). This approximation proved to be adequate far above the absorption edge (k ≥ 4.5 Å-1 or 

about 80-85 eV above the edge) where the contribution of multiple scattering processes to EXAFS 

spectra becomes negligible (see e.g. [33]). The absorber-backscatterer distance was changed in 0.1 Å 

steps. This binning was sufficient to reproduce EXAFS datasets up to the highest k values measured. 

The minimum distance used in these calculations coincided with the corresponding cut offs, while the 

maximum separation was equal to the first minimum of the pair correlation functions. For more details 



6 
 

of fitting simultaneously diffraction and EXAFS datasets with the reverse Monte Carlo method we 

refer to some recent publications [30,33,34]. 

 Fits obtained by the simultaneous modelling of XRD, ND as well as Ge-, Se- and In K-edge 

EXAFS measurements for the glass GeSe5-In15 are compared with the experimental data in Fig. 3. For 

the other compositions XRD, Ge-, Se- and In K-edge EXAFS data were fitted with a quality similar to 

that of Fig. 3 (not shown). The partial pair distribution functions gij(r) corresponding to the model 

configurations for the GeSe4-In and GeSe5-In glasses are presented in Figs. 4 and 5. The 

corresponding mean nearest neighbour distances rij and coordination numbers Nij are presented in 

Tables 3 and 4. It should be noted that only neighbours within the first coordination shell are 

considered. The uncertainty of rij is usually around ±0.02 Å but it can be significantly higher (0.05 – 

0.1 Å) for atomic pairs with low contribution to the total pair distribution function. The error of the 

total coordination number for alloy constituents NiX is around 5-10%, while that of partial coordination 

numbers Nij can again be higher (up to 15-20% for unconstrained coordination numbers).  

 

 

4.2. Binary GeSe4 and GeSe5 glasses 

The structure of Ge-Se binary glasses has been extensively investigated so far (a detailed list of 

publications can be found, for example, in the paper of Salmon [28]). All studies point to the existence 

of GeSe4/2 tetrahedra as basic structural units in the binary Ge-Se glasses. The number of possible 

homonuclear bonds Ge-Ge and Se-Se is a minimum in the stoichiometric GeSe2 glass 

(NGeGe=0.25±0.05 and NSeSe=0.20±0.05 were found in Ref. [28]) and increases in the compositions 

either side of GeSe2. 

In the present work, the following values have been obtained with the reverse Monte-Carlo 

modelling. In the GeSe4 glass, each Ge atom is coordinated by about four Se atoms, while Se atoms 

have both Ge and Se neighbours (NSeGe = 1, NSeSe ≈ 1.1, Table 3). In the GeSe5 glass, each Ge atom is 

coordinated by about four Se atoms, while Se atoms also have both Ge and Se neighbours (NSeGe = 0.8, 

NSeSe ≈ 1.3, Table 4).  

 

 

4.3. Ternary GeSe4-In and GeSe5-In glasses 

As the ternary Ge-Se-In glasses studied in the present work are based on the binary GeSe4 and GeSe5 

compositions, existence of Ge-Ge homonuclear bonds there can be safely excluded. Also, it is very 

improbable that In can bond to Ge when all Ge atoms are already coordinated by Se atoms. Finally, 

due to the small concentrations of In, formation of In-In homonuclear bonds is also unexpected. As it 

has been mentioned, Ledru et al [19] found in their EXAFS study that In atoms are bonded to Se in 

ternary Ge-Se-In glasses. Thus, only Ge-Se, Se-Se and In-Se bonds were allowed in the RMC 

simulations. Assuming that the basic behaviour of Ge and Se in the Ge-Se-In glasses is the same as in 
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the binary Ge-Se glasses, the following coordination constraints were used: NGeSe = 4; NSeSe + NSeGe = 

0, 1, 2 for each Se (that is, the number of Se and Ge atoms around a Se atom cannot increase upon 

adding In). NInSe cannot be 0 or 1 for each In. 

With these constraints, the pair distribution functions presented in Figs. 4 and 5 and the 

structural parameters listed in Tables 3 and 4 have been obtained. The shape of the first peaks on the 

model pair distribution functions suggests that the peak positions are determined by the experimental 

data and not by the constraints. Indeed, the position of Ge-Se and Se-Se peaks is much higher than the 

cut offs applied though in some cases small spikes can be found on the low-r side of the peaks.  The 

position of these spikes was sensitive to the choice of the cut offs. In most cases it was possible to 

merge them into the main peak. However, sometimes it was not possible to eliminate them 

simultaneously from gGeSe(r) and gSeSe(r). As the uncertainty caused by the spikes is rather small and it 

does not influence the conclusions of the paper this highly methodological question was not addressed 

in detail. 

Due to their similar size and scattering properties it is not possible to separate Ge and Se 

merely on the basis of experimental information (except neutron diffraction with isotopic substitution 

which is, unfortunately, prohibitively expensive for larger series of samples). Thus, the similarity of 

gGeGe(r) and gSeSe(r) beyond the first coordination sphere – where coordination constraints do not apply 

– may be regarded as an artefact. However, the second peak of a pair correlation function in a covalent 

network is mostly due to the second neighbour distances. In case of gGeGe(r) and gSeSe(r) these 

distances are determined by the corresponding nearest neighbour distances (rGeSe and rSeSe) and bond 

angles (Ge-Se-Ge for gGeGe(r) and Se-Se-Se and Se-Ge-Se for gSeSe(r)) which all have quite similar 

values (2.35-2.37 Å for the distances and 100-109o for the angles). Therefore, we believe that the 

coincidence of the second peak positions on gGeGe(r) and gSeSe(r) is not necessarily an artefact, 

especially if we take into account the different amplitudes of the peaks. 

Usually, around 95% of atoms satisfied coordination constraints. Thus, NGe = NGeSe = 4 was 

forced for all ternary compositions studied. This yields, NSeGe = 1 for the GeSe4-Inx series and NSeGe = 

0.8 for the GeSe5-Inx series. The following coordination numbers, which were unconstrained, are 

found due to the RMC modelling both in the GeSe4-Inx and GeSe5-Inx glasses: NSeSe = 0.9-1, NIn = 

NInSe = 3.3 - 3.5, NSeIn = 0.2, 0.5, 0.7 for 5, 10, 15% In. 

According to our model, Ge and Se form GeSe4/2 tetrahedra, while In atoms bind to the Se 

atoms which are in excess. As the mean Se-Se coordination number decreases from 1.1-1.2 in the 

binary GeSe4 and GeSe5 glasses down to 0.9-1, it can be suggested that indium breaks some Se-Se 

pairs and intrudes between the Se atoms and bonds them. The mean coordination number NInSe 

obtained in the present study (3.3 - 3.5) is somewhat above the value found in the EXAFS study of 

Ledru et al [19] (NInSe=3). Actually, this difference (0.3-0.5) is comparable with uncertainty of the 

coordination number for a minority component. However, the uncertainty decreases with increasing In 

concentration. Therefore, it is more probable that, while majority of In atoms is three-fold coordinated 
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by Se, some In atoms get four Se neighbours. As it has been mentioned, tetrahedral coordination of In 

in Ge-Se-In glasses has been supposed by Kosek et al [20]. Besides, it should be taken into account 

that indium is four- and fivefold coordinated in the crystalline γ-In2Se3 [35]. 

Figure 6 shows the Se-Ge-Se and Se-In-Se bond angle distributions for the binary GeSe4 and 

ternary (Ge0.2Se0.8)100-xInx glasses extracted from the final model atomic configurations. The bond 

angle distributions are practically independent of the In content. As it can be expected, the peak of the 

Se-Ge-Se bond angle distribution (~105o) is close to the tetrahedral angle (109.47o). The main peak of 

the Se-In-Se bond angle distribution is around 95o with a tail towards 180o. A similar picture (not 

shown) is observed in the (Ge0.17Se0.83)100-xInx glasses. These observations confirm our supposition 

derived from the analysis of coordination numbers that In atoms do not affect strongly the GeSe4/2 

tetrahedra, but bind Se atoms which are in excess. 

 

 

Conclusions 

Atomic structure of Ge-Se and Ge-Se-In chalcogenide glasses with the constant ratio Ge:Se=4 or 5 

and containing up to 15 atomic percent of In has been studied experimentally and modelled using the 

reverse Monte-Carlo simulation technique. According to our model, Ge is bonded to four Se nearest 

neighbours forming GeSe4/2 tetrahedral structural units in all binary and ternary glasses investigated. 

Consequently, each Se atom has one Ge nearest neighbour in the GeSe4-Inx alloys, while the average 

Se-Ge coordination is 0.8 in the GeSe5-Inx compositions. The excess Se atoms make homonuclear 

bonds in the binary glasses GeSe4 (NSeSe≈1.1) and GeSe5 (NSeSe≈1.3). In the ternary Ge-Se-In glasses, 

indium bonds to selenium, probably by breaking some Se-Se pairs. The mean coordination number of 

Se increases from 2 to about 2.5 upon increasing In concentration in Ge-Se-In glasses. The average 

coordination number of In is about 3.3-3.5 suggesting that while majority of In atoms have three 

neighbours some In atoms are tetrahedrally coordinated by Se. 
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Table 1. Number density of (Ge0.2Se0.8)100-xInx and (Ge0.17Se0.83)100-xInx glasses used in the RMC 

simulations. 

In concentration (at.%) System 

0 5 10 15 

GeSe4-In 32.8 nm-3 33.5 nm-3 34.1 nm-3 34.7 nm-3 

GeSe5-In 33. 8 nm-3 33.7 nm-3 33.7 nm-3 33.4 nm-3 

 

Table 2. Minimum interatomic distances (cut offs) applied in the RMC simulation of Ge-Se-In glasses. 

Pair Ge–Ge Ge–Se Ge–In Se–Se Se–In In–In 

Cut off (Å) 3.0 2.1 3.1 2.1 2.4 3.3 

 

Table 3. Mean interatomic distances rij and coordination numbers Nij for (Ge0.2Se0.8)100-xInx glasses 

obtained with RMC modelling. Ge-Ge, Ge-In and In-In pairs were not allowed in the models. 

 

Table 4. Mean interatomic distances rij and coordination numbers Nij for (Ge0.17Se0.83)100-xInx glasses 

obtained with RMC. Ge-Ge, Ge-In and In-In pairs were not allowed in the models. 

xIn 0 5 10 15 

Pairs rij (Å) Nij rij (Å) Nij rij (Å) Nij rij (Å) Nij 

Ge–Se 2.37 3.97 2.37 3.93 2.37 3.99 2.37 4.01 

Se–Ge 2.37 0.79 2.37 0.79 2.37 0.80 2.37 0.80 

Se–Se 2.34 1.32 2.33 1.02 2.34 1.04 2.33 0.92 

Se–In –  – 2.57 0.21 2.57 0.47 2.58 0.74 

In–Se – – 2.57 3.40 2.57 3.55 2.58 3.52 

Ge–X – 3.97 – 3.93 – 3.94 – 4.08 

Se–X – 2.11 – 2.23 – 2.31 – 2.46 

In–X – – – 3.40 – 3.55 – 3.52 

xIn 0 5 10 15 

Pairs rij (Å) Nij rij (Å) Nij rij (Å) Nij rij (Å) Nij 

Ge–Se 2.37 3.87 2.36 3.92 2.36 3.99 2.36 3.89 

Se–Ge 2.37 0.97 2.36 0.98 2.36 1.0 2.36 0.97 

Se–Se 2.35 1.12 2.34 1.01 2.32 0.92 2.36 0.95 

Se–In – – 2.56 0.22 2.57 0.46 2.58 0.73 

In–Se – – 2.56 3.39 2.57 3.29 2.58 3.33 

Ge–X – 3.87 – 3.92 – 3.99 – 3.89 

Se–X – 2.09 – 2.23 – 2.38 – 2.65 

In–X – – – 3.39 – 3.29 – 3.33 
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Figure 1. XRD total structure factors S(Q) and pair distribution functions g(r) for (Ge0.2Se0.8)100-xInx 

glasses. 
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Figure 2. XRD total structure factors S(Q) and pair distribution functions g(r) for (Ge0.17Se0.83)100-xInx 

glasses. 
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Figure 3. XRD and ND structure factors, and EXAFS spectra for (Ge0.17Se0.83)85In15 glass: circles – 

measurement; lines – data obtained by simultaneous RMC simulation of the experimental 

XRD, ND and EXAFS data.  
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Figure 4. Partial pair distribution functions for (Ge0.2Se0.8)100-xInx glasses obtained with RMC.  
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Figure 5. Partial pair distribution functions for (Ge0.17Se0.83)100-xInx glasses obtained with RMC. 

 
Figure 6. Se-Ge-Se (a) and Se-In-Se (b) bond angle distributions in (Ge0.2Se0.8)100-xInx glasses extracted 

from the RMC final atomic configurations. 


