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Raman spectroscopy and optical transmission spectroscopy were used to study the 

structure of Cux(AsSe1.4I0.2)100-x amorphous thin films and the influence of copper content 

on some optical properties important for applications. It was shown that 25 at.% of copper 

content in investigated system induces changes in the structure of glass matrix. In 

investigated amorphous thin films with high copper concentration of 25 at.% presence of 

one or a mixture of cage-like molecules (As4Se4, As4Se3) and As2(Se1/2)4 ethylene-like 

units has been confirmed; those structural units were not detected in samples with 0 to 5 

at.% of copper. 
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1. Introduction 
 

The unique properties of the chalcogenide glasses, based on S, Se and Te, make them of 

particular interest because of their potential usage for industrial applications; this has meant that 

they have long been the subject of academic study [1-4]. The so-called halo-chalcogenide glasses, 

containing elements from Ib group, represent, in particular, amorphous materials with both 

covalent and ionic contributions to bonding in the network. The tendency for a glass to form is 

known to increase in these alloys with the halogen radius [4]: iodine forms stable glasses with all 

chalcogens. The investigations have shown that halogen doping improves the electrophotographic 

properties of the amorphous selenium [4]. Halo-chalcogenide glasses are promising materials for 

fiber optics and all-optical switching devices at the telecommunication wavelengths due to their 

high transparency in the infrared region and nonlinear refractive index [5, 6].  

Previous investigations of glasses from the Cu-As-Se-I system have shown that increasing 

the copper content significantly changes their physical properties [7, 8]. These alloys also show 

reversible photo-induced changes in the optical parameters. It has been shown that sequences of 

subsequent recording and erasing can be observed cyclically with good reproducibility [7]. A 

direct correlation between the photo-induced changes in the optical parameters and the number of 

defects present in the glass matrix and the present structural units has been determined [1]. It has 

been shown that introduction of Cu into chalcogenide glass causes the increase in the efficiency of 

optical recording, by interacting with Se atoms and producing an additional number of As–Se 

bonds and As ‘dangling’ bonds, which are responsible for the process of optical recording [9]. 

There is considerable variation in the existing reports on the structure of copper containing glasses. 

While some techniques make it possible to obtain chalcogenide glass films with rather low highest 

copper concentration [5], certain authors have reported that the maximum amount of copper in 

these glasses is as high as 35 at.% [4]. Our previous investigations on the glass system investigated 

in this work, indicated that copper content of 20-25 wt.% is a critical, from the viewpoint of 
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positive effect on strength of the glass matrix [8]. Bearing this in mind, the specific film 

compositions were selected for examination in this work. 

The present paper reports on the optical and structural characterization of amorphous 

Cux(AsSe1.4I0.2)100-x thin films, with x = 0, 1, 5 and 25 at.%. The standard method for determining 

the optical constants of thin film samples, so called envelope method [10], is a very useful and 

commonly used method [11, 12]. However, it does require that the glass substrates are absolutely 

transparent. In practice, this is not the case and most glass substrates show significant absorption 

which, if neglected, can lead to incorrect values of determined optical parameters [13, 14]. In the 

present analysis, envelope method that does take substrate absorption into account is applied for 

obtaining relevant optical parameters. Mathematical expressions of the envelope method can be 

found in References [15 - 17]. Raman spectroscopy, widely used method for determining bonds in 

glass network, is also applied, for determining the structure of investigated films. Some of the 

preliminary results of optical and structural properties of film samples from Cu-As-Se-I glass 

system were previously analysed [18]. 

 

 

2. Experimental 
 

Amorphous chalcogenide thin films of Cux(AsSe1.4I0.2)100-x type where x = 0, 1, 5 and 25 

at.%, were prepared under a vacuum of 10
-5

Torr on glass substrates by a vacuum thermal 

evaporation technique. Bulk samples were synthesized in the cascade regime from high purity 

elemental components (99.998%) and air quenched [19]. Powdered bulk samples were used as 

starting components for thin films preparation. Standard glass microscope slides were used as 

substrates. Because of the complex composition of the starting glass, use was made of a special 

quartz cell as the evaporation chamber allowing discrete evaporation at optimal temperatures 

which were in the range of 600K-800K. In order to obtain homogenous films of high optical 

quality, an evaporation system with a special quarz-cell was constructed (detailed scheme was 

published in Reference [20]). The quartz-cell comprised of a Ni-Cr heating shell, sample inlet, 

vapor outlet, quartz shield, and molybdenum seal. The film thickness was controlled during the 

vapor-deposition process by an interference-based optical method. After spectroscopy 

measurements, the exact thin film thicknesses were determined.  

A composition, homogeneity, amorphicity and uniformity check of each individual sample 

was made. The analysis of samples homogeneity and composition was conducted by scanning 

electron microscopy method (SEM, EDAX technique). The amorphous character was checked by 

X-ray diffraction and polarization microscopy. The quality of the surface was examined by atomic 

force microscopy (AFM) method.  

Transmission and reflection spectra of obtained samples and substrates were recorded by a 

double-beam UV/VIS/NIR Perkin-Elmer spectrophotometer, model Lambda-950. The spectra 

covered spectral region from 400 nm to 2500 nm and the spectrophotometer was set with slit width 

of 1 nm. Additionally, Raman spectra were recorded on Senterra (Bruker) Raman 

spectrophotometer, with laser wavelength of 785 nm and power reduction up to 10 mW. All 

experiments were performed at room temperature (300 K). 

 

 

3. Results and Discussion 
 

Optical transmission spectra of Cux(AsSe1.4I0.2)100-x thin films deposited onto transparent 

substrate, taken at normal incidence are presented in Fig. 1. Envelope method has been applied for 

obtaining relevant optical parameters.  
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Fig. 1. Transmission spectra of Cux(AsSe1.4I0.2)100-x thin films 

 

 

The values for the static refractive index n0, single oscillator energy Eo and dispersion 

energy Ed have been calculated by using Wemple and Di Domenico – the WDD model [21]. 

Obtained values of absorption coefficients  in high absorption area will be discussed in 

terms of Tauc's law [22]: 
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gE  is optical band gap and B is constant. The so-called Tauc slopeB
1/2

, also known as 

disorder parameter, can be expressed by the following expression according to Mott and Davis 

[23]: 
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where min is the minimum electrical conductivity, with a typical value of min = 350 

-1
cm

-1 
for 

amorphous chalcogenides [24], Etail is localized state tail width, n is refractive index and c is the 

light speed in vacuum. 

 

 
Fig. 2.a. Refractive index dispersion ofCu25(AsSe1.4I0.2)75 thin film 
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Fig. 2.b.Wemple and Di Domenico fit of the optical - dispersion data 

corresponding to Cu25(AsSe1.4I0.2)75 thin film 

 

 

Refractive index dispersion and WDD fit of the optical-dispersion data corresponding to 

Cu25(AsSe1.4I0.2)75 thin films are shown in Figs. 2a and 2b, respectively. Obtained parameters are 

listed in Table 1. It is observed that the disorder parameter decreases while localized state tail 

width increases with increasing copper content (Fig. 3). Fig. 4 shows the single oscillator energy 

dependence on the optical band gap for Cux(AsSe1.4I0.2)100-x thin films, along with the values for 

these parameters reported by other authors [6, 25, 26]. According to Tanaka [25] the 

correspondence between the parameters Eo andEg, in the case of binary amorphous chalcogenides, 

could be expressed by gEE  9.10 . Ticha and Tichy [25] have reported the phenomenological 

relation 50.125.10  gEE , instead, also for binary compositions. It is worth mentioning that 

Marquez et al. [6] verified the empirical correlation 39.0+×03.2=0 gEE , which stands for four 

component Ag-Ge-Sb-S amorphous thin films. 

 
Fig. 3. Disorder parameter and localized state tail width dependence on copper content in  

Cux(AsSe1.4I0.2)100-x thin films: disorder parameter B
1/2

 – mark □, tail widths ΔEtail – mark ○ 
 

 

Experimental data indicates that thin films from Cux(AsSe1.4I0.2)100-x system do not show 

linear dependence of Eo on Eg. However, experimentally obtained values are comparable with 

values calculated by the use of models from References [6, 24, 25]. Furthermore, all investigated 

thin films that contain copper are fitting to the empirical correlation determined by Marquez et al. 

while the AsSe1.4I0.2 performs according to the model proposed by Tanaka.  



79 

 

 

 
Fig. 4. Single oscillator energy dependence on optical band gap, of Cux(AsSe1.4I0.2)100-x 
thin films; experimental data and calculated values by the use of models and empirical  

correlations determined by different authors 

 

 
Table 1. Thin film thickness d, single oscillator energy E0, dispersion energy Ed, static 

refractive index n0, optical band gap Eg, disorder parameter B
1/2

 and localized state tail  

widths Etail 

 

Cu content [at.%] 0 1 5 25 
d[nm] 314 ± 28 283 ± 12 234 ± 25 928 ± 46 
E0 [eV] 3.53 ± 0.10 4.04 ± 0.11 3.90 ± 0.15 3.93 ± 0.05 
Ed [eV] 22.9 ± 0.6 26.8 ± 0.7 26.7 ± 1.0 24.0 ± 0.3 
n0 2.738 ± 0.009 2.763 ± 0.006 2.800 ± 0.013 2.6640 ± 0.0029 
Eg [eV] 1.800 ± 0.011 1.750 ± 0.011 1.730 ± 0.011 1.750 ± 0.022 
B

1/2
 [eV

-1/2
 cm

-1/2
] 833± 3 772.6 ± 2.8 746 ± 3 646 ± 5 

Etail [meV] 69 80 85 118 
 

 

Figs. 5 and 6 show Raman spectra of Cux(AsSe1.4I0.2)100-x thin films. These spectra were 

used to obtain information about the local structure of the investigated thin chalcogenide films.  

The Raman spectrum of AsSe1.4I0.2 glass shown in Fig. 5 (broad band at 224 cm
-1

) is 

similar to Raman spectrum of As2Se3 glass [27, 28] structure, characterized by AsSe3/2 pyramids. 

Substitution of Se by I in As2Se3 glass, results in formation of mixed structure units As(Se1/2)2I 

[29]. Considering relatively small concentration of I in the investigated system, significant changes 

in the shape of Raman spectrum are not expected and are not observed.  
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Fig. 5. Raman spectra of Cux(AsSe1.4I0.2)100-x glasses for x=0, 1, 5 at. %. For the sake of 

clarity, the spectra are presented with the same maximum intensity, but with the different  

baselines 

 

 
Fig. 6. Experimental Raman spectrum of Cu25(AsSe1.4I0.2)25 thin film with  

As4Se4, As4Se3units modes and Network modes [29] 

 

 

Addition of copper in low concentrations (x = 1 and 5 at.%) to AsSe1.4I0.2 does not produce 

significant alterations of Raman spectra for glasses Cux(AsSe1.4I0.2)100-x, as observed in Fig. 5. 

Bearing in mind the elemental components used for the synthesis and their atomic percentage 

ratio, some presumptions can be made. Firstly, it can be assumed that during the synthesis process 

copper reacts with iodine. Secondly, arsenic and selenium, in the initial atomic ratio (1: 1.4), are 

most likely to form glass matrix, composed of corner shared AsSe3/2 pyramids. Those pyramids are 

forming the layered structure, of linked few-member rings [30]. Previously published results [28] 

indicated that CuI introduced in As2Se3 glass matrix changes the glass structure, but this effect is 

significant and can be detected by Raman spectroscopy only if CuI concentration is 70% and 

more. This is not the case in the investigated system and vibrational modes due to the CuI presence 

cannot be seen. Based on the investigated system composition and results of the Raman 

spectroscopy, the structural units that can be expected in investigated compositions with 0 to 5 

at.% Cu are corner shared AsSe3/2 pyramids, As(Se1/2)2I pyramids and CuI molecules.  

Addition of copper into AsSe1.4I0.2 of x = 25 at.% leads to essential alterations of Raman 

spectrum, as reported in Fig. 6. New distinct peaks at 144, 156, 205 and 236 cm
-1

 can be noticed. 
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New peaks can be attributed to vibrations of As4Se4 and As4Se3 cage like structure units [30], or, in 

addition, As2(Se1/2)4 ethylene-like units [29]. These results imply that high copper concentration of 

25 at.% of Cu induces significant changes in glass structure. It is likely that it conditions formation 

of some Cu structural units with As and Se atoms (Cu3AsSe4, CuAsSe2[31], Cu2Se [32]). Even if 

all I atoms are bonded to Cu atoms, the concentration of Cu is high enough so that Cu atoms will 

bind to As and Se atoms in varying proportions.  Furthermore, formation of any of Cu+As+Se 

structural units will significantly shift the As:Se ratio from 2:3 toward 1:1. This will induce the 

formation of one or a mixture of cage-like molecules (As4Se4, As4Se3[30]) and As2(Se1/2)4 

ethylene-like units, which has been experimentally confirmed by Raman spectroscopy. Fig. 6 

presents experimental Raman spectrum of Cu25(AsSe1.4I0.2)25 thin film, with modes of As4Se4, 

As4Se3 units and Network Modes (corner shared pyramids and ethylene-like units) [30]. 

Earlier investigations conducted on arsenic based thin amorphous films with sulphur have 

shown that main maximum in Raman spectrum shifts to the higher wavenumber side with the 

increase of copper content in thin film composition [33]. Such shift has not been detected in 

Raman spectra of the investigated thin Cux(AsSe1.4I0.2)100-x films, which is in agreement with the 

results of experiments performed on Ag and Cu photodoped, chalcogenide films with selenium 

[33]. It was shown that the metal with V valence in the chalcogenide melt forms V normal covalent 

bonds in the place of broken bonds and 4 - V coordinative bonds formed with the participation of 

the lone pair electrons from chalcogene atoms [34, 35]. 

As it has been previously reported [33] after metal-chalcogene coordinative bonds 

formation there is no destruction of pyramidal structural units, but only partial redistribution of the 

charge density of the lone-pair electrons from the chalcogene to metal atom. The wavenumber of 

the valence vibrations depends on the stretching and compression force constant Kr of As-X bond 

and can be calculated according to the Gordy rule [35, 36]: 

 

bdXXaNK xAsr  4/32 )/(
                                                             (3)

 

 

wherea and b are empirical constants, N is the order of the bond, XAs and Xx are the 

electronegativities of the corresponding elements, and d is the bond length. 

An increase of the force constant Kr, due to the effective electronegativity of the 

chalcogene increase, leads to the shift of the main maxima in the Raman spectra to the higher 

wavenumber side. The absence of the main maximum shift in the Raman spectra of investigated 

thin films with selenium can be explained by the fact that ratio of atomic masses of selenium and 

sulphur is more than two. Therefore, same relative increase of the force constant Kr will not have 

the same effect on redistribution of density of phonon states in films with selenium instead of 

sulphur. 

It is interesting to notice that Raman spectra do not show any features that can be assigned 

to the presence of structural units containing copper, which is also previously reported for thin 

chalcogenide films with copper and thin chalcogenide films with silver, up to the silver content of 

6.1 at.% [5, 33]. The lack of bands in Raman spectra corresponding to bonds with copper (even at 

high copper concentration of 25 at.%) can be explained in two ways. First explanation is that 

Raman modes of Cu-containing units are overlapping with bands peculiar to As4Se4, As4Se3 and 

glass network. Second explanation is that copper-chalcogenide atoms bonds have low effective 

cross-section for Raman scattering and therefore is hard to detect them by Raman spectroscopy. 

For example, it has been confirmed that Ag-Se bond in Ag2S(Se) has low effective cross-section 

and cannot be detected in Raman spectra, although it is normally formed in amorphous 

chalcogenide glasses with silver [38]. 

Combining the results of optical and Raman spectrometry, some further conclusions can 

be made. As it is previously said, the dispersion of the refractive index is discussed in terms of 

WDD single-oscillator model [21], according to which the dielectric response of a solid at low 

optical frequencies is given by the following equation: 
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where  is the photon energy, the parameters E0 and Ed stand for the oscillator resonance energy 

and oscillator dispersion energy, respectively, and 
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is the overall oscillator strength, which is related to the electric-dipole oscillator strength, kf , 

associated with transitions at frequency k , p  the plasma frequency, 1  the first (strong) 

resonance oscillator frequency. WDD model also relates the dispersion energy to other physical 

parameters of the material through an empirical formula: 

 

 eVNZNE eacd       (6) 

 

where β is a constant with either an ionic or a covalent value, Nc is the coordination of the cation, 

Za is the formal valency of the anion and Ne is the effective number of valence electrons per anion. 

Linearity in Ed leans on the sum rule, and, in turn, in the consideration of the optical dielectric 

response of a solid as a linear combination of the electronic contributions of the distinct building 

blocks occurring in the solids, which is mathematically expressed as: 

 

 i

i

did EE       (7) 

 

where
i

dE reflects the contribution to the overall dispersion energy of the i
th
 structural building 

block, existing in the material with weight wi. Considering previous equation, the findings of the 

Raman spectroscopy and the experimentally obtained values for Ed, the estimations can be made 

about the weight wi of the selected structural units in the investigated compositions.  

Based on the Raman results and considering the ratio of the elemental components in the 

investigated composition, it could be assumed that glass of As38.5Se54I7.5 composition is formed by 

67.4% AsSe3/2 corner sharing units and 32.6% As(Se1/2)2I units. In such a case, and on the basis of 

the electron counting as it can be seen in Reference [39], calculated value for Ed is 23.25 eV, 

which is consistent with experimentally obtained value.  

For other compositions, the one that are containing copper, the variations of the possible 

structural units are disabling the exact calculation of the weight for the each structural unit. 

However, for copper concentrations lower than 5 at.% there are no significant changes in the 

Raman features in comparison with the sample with x = 0 at.%, while a higher value of Ed is 

found. This could indicate that copper is not necessarily primary reacting only with iodine, as it is 

previously assumed; it could also be making bonds with Se, with different coordination, which is 

previously reported in bulks from the same system [40]. Furthermore, for copper concentration of 

25 at.%, the decrease in Ed value confirms Raman findings about the presence of cage-like 

molecules (As4Se4, As4Se3).  

 

 

4. Conclusions 
 

Papers on the research of different chalcogenide bulk glasses and thin films with copper 

had been previously published. However, much more is known and published about the physical 

properties of these systems than on their structure. In this context, this paper deals with an 
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important topic: the structure of the four - component chalcogenide system with copper in the form 

of thin films and its influence on some optical properties important for applications.  

Raman spectroscopy and optical transmission spectroscopy have been employed to study 

structural and optical properties of Cux(AsSe1.4I0.2)100-x amorphous thin films. The dispersion of the 

refractive index discussion in terms of WDD single-oscillator model supported the discussion of 

Raman spectra. The study showed that structural units that can be expected in compositions with 0 

to 5 at.% of copper are corner shared AsSe3/2 pyramids, As(Se1/2)2I pyramids, probably CuI 

molecules and structural units containing Cu, As and Se atoms. Addition of 25 at.% of copper 

leads to essential changes in structure of glass matrix. Formation of one or a mixture of cage-like 

molecules (As4Se4, As4Se3) and As2(Se1/2)4 ethylene-like units has been confirmed. In turn, these 

structural changes lead to specific dependence of optical parameters on copper content, in 

experimentally detected way. 
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