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Highlights 

 
• Quaternary spin-coated thin films with specular optical quality were prepared. 
• Separately dissolved As40S60 and Ge20Sb5S75 were mixed for film composition tuning. 
• Compositional, structural, optical properties and chemical resistance were studied. 
• Linear dependence of physico-chemical properties on films composition observed. 
 
Abstract 
In this work, the chalcogenide glass thin films of As-Ge-Sb-S system were prepared in specular optical 
quality by spin-coating from mixtures of separate As40S60 and Ge20Sb5S75 glass solutions. The five 
compositions were studied in total (0, 25, 50, 75 and 100 at.% of As40S60) to examine the possibility 
of deposition of quaternary chalcogenide glass thin films from mixture of simpler compositions 
solutions.  The composition, organic residual content, structure, thickness, surface roughness, optical 
properties and chemical resistance of prepared films were studied in dependence on annealing 
temperature (up to 180 °C) and targeted composition. Thermally induced structural changes resulted 
in thin films with high optical quality and chemically stable polymerized glass structure. 
Physico-chemical properties of prepared mixed compositions thin films showed nearly linear 
combination of properties observed on As40S60 and Ge20Sb5S75 thin films. 

1. Introduction 

Chalcogenide glasses are interesting optical materials, which have been studied for several decades 
for their wide IR transparency region, high refractive index and frequent sensitivity to various kinds 
of radiation [1-3]. Chalcogenide glasses can be used as a bulk material (e.g. windows or lenses for IR 
optics [4,5]) or as thin film on appropriate substrate (e.g. planar waveguides, high resolution 
photo- and/or e- beam resists, phase change memories media [6-8]). Chalcogenide thin films can be 
deposited from their solution in organic bases, using techniques such as spin-coating, spiral 
bar-coating, electrospray, inkjet printing [9-12], or from gaseous phase by thermal vapour deposition, 
sputtering, laser ablation or chemical vapour deposition [13,14,15]. 

Solution deposition route exploits solubility of chalcogenide glasses in alkaline solvents, mainly 
in aliphatic amines. One of the major advantage of solution deposition route is the possibility 
to integrate different substances or materials to the glass solution or co-dissolution of chalcogenide 
glass and dopant material.  Deposited thin films may have significantly modified physico-chemical 
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properties [16,17] or some new additional properties can be introduced (e.g. photoluminescence 
or photoconductivity [18-21]). 

This study investigates the possibility of using mixtures of two separately dissolved chalcogenide 
glasses (As40S60 and Ge20Sb5S75) for preparation of thin films in optical quality. The chalcogenide glasses 
were chosen due to the significant differences in their refractive index n and optical band gap Eg

opt 
[22-24]. Moreover, the As40S60 bulk glass and thin films were already thoroughly studied and bulk glass 
is commercially available as AMTIR 6, IRG 27 or IRRADIANCETM Classic-1. The annealed Ge20Sb5S75 
solution processed thin films showed very high chemical stability that allows thickness tuning using 
layer stacking [25] and proved to be suitable for preparation of solution processed thin films with high 
optical quality. In this paper, we show the influence of composition and thermal post-deposition 
treatment on structure, thickness, surface roughness, organic residual content, optical properties 
and chemical resistance of spin-coated thin films prepared by mixing of two different glass solutions. 

2. Experimental details 

The source chalcogenide glass bulks of As40S60 and Ge20Sb5S75 compositions were prepared 
using standard melt-quenching method. Quartz ampules were cleaned using aqua regia to remove 
organic and inorganic impurities then rinsed with redistilled water and dried. Appropriate quantities 
of high purity 5N elements were weighted into cleaned ampules and subsequently the ampules were 
evacuated (  ̴ 10-3 Pa) and sealed. The synthesis were performed in rocking tube furnace at  800 °C 
for 32 hours for As40S60 bulk glass and at 950 °C for 72 hours for Ge20Sb5S75 glass. The quartz ampules 
with melted glass were quenched in cold water. 

 Both source bulk glasses were powdered in agate bowl and separately dissolved 
in n-butylamine (BA) with concentration of 0.075 g of glass powder per 1 ml of BA solvent. After 
complete dissolution of chalcogenide glasses the solutions were mixed in corresponding quantities 
to reach required compositions of mixed thin films (As40S60)x(Ge20Sb5S75)100-x , where x =  0, 25, 50, 75 
and 100. All Prepared chalcogenide glass solutions and their mixtures were clear without any 
precipitate or turbidity. 

 Chalcogenide glass thin films were deposited onto soda lime square 2.5 x 2.5 cm substrates by 
spin-coating (SC) technique (spin-coater SC110, Best Tolls) in argon atmosphere at 3000 rpm for 120 s. 
Immediately after deposition the thin films were stabilized on a hot plate (HP-20D hotplate, Witeg) by 
annealing at 60 °C for 20 minutes (hereafter referred as as-prepared thin films). As-prepared thin films 
were annealed at 100, 140 and 180 °C for 60 minutes in argon filled chamber. The highest annealing 
temperature was chosen with respect to the Tg of As40S60 chalcogenide glass (   ̴ 184 °C [26]). 

 Compositions of prepared thin films were investigated using energy dispersive X-ray analysis 
(EDS) by Aztec X-Max 20 detector (Oxford Instruments) installed in scanning electron microscope LYRA 
3 (Tescan). The analysis were performed using 5 kV acceleration voltage. Samples were measured 
at four 400 × 400 μm areas and obtained compositions were averaged. Error bars represent standard 
deviation of measured values. 

Structure of prepared thin films were studied by Raman spectroscopy using MultiRAM (Bruker) 
FT-Raman spectrometer equipped by 1064 nm Nd:YAG laser. Measurement were performed using 
excitation beam intensities of 55 mW with resolution of 2 cm-1 and averaging of 64 scans. Presented 
Raman spectra were normalized by the intensity of the band at 344 cm-1. Due to the high luminescence, 
no measurements of the spin-coated thin films annealed at 180 °C were performed. 



The transmission spectra of thin films were measured using UV-VIS-NIR spectrometer UV3600 
(Shimadzu) in spectral range 190 – 2000 nm. The thicknesses and refractive index values of thin films 
were determined using evaluation method described in [27] based on Wemple-DiDomenico's 
parametrization of spectral dependence of refractive index [28] and the model of thin film 
transmission spectra presented by R. Swanepoel [29]. Presented data of thickness and refraction index 
represent average values obtained by measurement and evaluation of six samples of each treatment. 
Error bars represent standard deviation of obtained values. 

Measurement of thin film roughness were performed using Solver Next (NT-MDT) atomic force 
microscope equipped with NSG10 tips (NT-MDT). Surface roughness of thin films was determined from 
the AFM scans measured at four 5 × 5 μm areas on samples of each treatment as root mean square 
value (RMS) according to ISO 4287/1 norm. Error bars represent standard deviation of calculated 
values. 

Prepared thin films were etched in solution of 5 vol. % BA in dimethylsulfoxide at 25 °C. Etching rates 
were evaluated using procedure described in [30]. 

3. Results and discussion 

  Composition of prepared spin-coated thin films was analysed by EDS. Experimental data (figure 
1) showed minor deviations from the targeted compositions.  The results show that the most 
significant composition deviation are in sulfur and arsenic content. Depletion in arsenic content (up to  
 ̴ 4 at. % in case of As40S60 thin films) can be caused by partial oxidation of thin films during storage and 
transport of samples at ambient conditions, which subsequently leads to evaporation of arsenic oxides 
in SEM vacuum chamber. Similar observation of arsenic depletion in solution processed thin films were 
observed in our previous results in [31]. Sulfur deficiency in annealed Ge20Sb5S75 thin films is probably 
caused by partial evaporation of non-bonded sulfur during high temperature annealing due to the 
significant sulfur overstoichiometry. With increasing content of As40S60 in mixed chalcogenide glass thin 
films the effect of thermally induced sulfur loss is less pronoun as the total sulfur overstoichimetry is 
gradually decreasing. The composition of mixed (As40S60)x(Ge20Sb5S75)100-x thin films are close to 
the targeted values (experimental error of EDS analysis ±1 at. %).  

 

Fig. 1: The elemental composition of as-prepared and annealed (180 °C) solution processed  

(As40S60)x(Ge20Sb5S75)100-x thin films. 
 



 The total nitrogen content in thin films was also studied by EDS analysis. The BA molecule 
contains only one atom of nitrogen and no other nitrogen sources are expected due to the thin film 
deposition method applied. Thus, nitrogen content in thin film represents the residua of solvent 
molecules and their salts in thin film matrix. The nitrogen content in thin films (figure 2) of all studied 
compositions decreases monotonously with increasing annealing temperature.   Significantly less steep 
decline of nitrogen content between 60 – 100 °C in case of Ge20Sb5S75 and 25 % As40S60 thin films 
confirms the previous findings about different thermal stability of alkyl ammonium arsenic sulfide 
(AAAS) salts and alkyl ammonium germanium sulfide (AAGS) analogues.  According [32] majority 
of AAAS salts decompose between 80 - 90 °C in comparison with AAGS salt which decompose 
at temperatures higher than 120 °C [33]. 

It is also evident from figure 2 that nitrogen content decreases with increasing content of As40S60. 
The higher nitrogen content (and thus content of organic residuals) in Ge-Sb-S based thin films can be 
explained by different size of glass dissolution products. According to [34] dissolution of Ge-Sb-S bulk 
glass leads to the nearly molecular sizes clusters. Contrary, dissolution of As-S bulk glasses results 
in significantly larger clusters with dimension of several nanometers [35,36). Lower size of glass 
clusters leads to higher solvation ratio that is subsequently reflected in a higher content of organic 
residues in thin films with higher Ge20Sb5S75 content. 

 

Fig. 2:  Annealing temperature dependence of the nitrogen content in studied solution processed 
(As40S60)x(Ge20Sb5S75)100-x thin films. 

The structure of deposited (As40S60)x(Ge20Sb5S75)100-x chalcogenide glasses thin films was 
determined by Raman spectroscopy. The Raman spectra of as-prepared thin films and thin films 
annealed at 100 and 140°C are present in figure 3. Measurements of thin films annealed at 180°C were 
not performed due to oversaturation of detector by luminescence signal even at lowest excitation laser 
power.  



 

Fig. 3: Raman spectra of as-prepared and annealed solution processed thin films of source As40S60 and 
Ge20Sb5S75 as well as mixed (As40S60)x(Ge20Sb5S75)100-x compositions.  

The dominant band of as-prepared As40S60 thin films is situated at 369 cm-1 and corresponds to the 
vibrations of arsenic-rich realgar-like As4S4 units [37,38]. The presence of arsenic rich units in 
stoichiometric As40S60 thin films is compensated by content of S-S chains (490 cm-1) or rings S8 

(475 cm-1) [39, 40]. All of these structural units originated from chalcogenide glass dissolution process 
and they can be regularly found in as-prepared thin films of As-S system [40]. The distinctive shoulder 
around 345 cm-1 give evidence of presence of pyramidal polymer AsS3/2 structural units [38,41,42]. 
The band at 420 cm-1

 corresponds to the vibration of ionic alkyl ammonium arsenic sulfide (AAAS) salts 
[40,42,43]. The annealing process induces thermal decomposition of AAAS salts connected 
with release of organic residuals (as seen on EDS) and structural polymerization of chalcogenide glass 
matrix [43]. The bands of As4S4, S8 ring and AAAS salts are decreasing while the band of AsS3/2 pyramidal 
units is increasing. 

The dominant band of as-prepared Ge20Sb5S75 chalcogenide glass thin film is situated at 340 cm-1 
and can be attributed to the vibrations of corner shared GeS4/2 tetrahedral units [41,42]. Sharp shape 
of band is probably caused by high fragmentation and small size of molecular clusters (as discussed 
above). The main Raman band at 340 cm-1 is accompanied by wide band around 300 cm-1

, which 
corresponds to the vibrations of SbS3/2 pyramidal units [22]. Significant overstoichiometry of sulfur 
in Ge20Sb5S75 composition is manifested by presence of bands at 150, 219 and 475 cm -1 belonging 
to sulfur rings S8 [39,40] and sulfur chains S-S at 490 cm-1 [39,40]. Three additional bands at 142, 190 
and 455 cm-1 can be attributed to the vibrations of ionic dissolution products in form of AAGS salts 
[22,25,42]. Similarly to the As40S60 thin films, the annealing induces decomposition of AAGS salts and 
consequently structural polymerization. As the annealing temperature increases, the main band 
of corner shared GeS4/2 tetrahedral units at 340 cm-1 is widening, band of edge-shared GeS4/2 units 
at 368 cm-1 [44,45] starts to appear in measured spectra and intensities of bands of sulfur rings S8 and 
AAGS salts are gradually decreasing. Based on results of thickness, optical properties and etching, 
presented below, we assume, that thermally induced structural changes are not completely finished 



at  140 °C, but due to the strong luminescence of samples annealed at 180 °C we cannot provide Raman 
spectra with structure of fully stabilized thin films. 

The Raman spectra of as-prepared thin films of mixed (As40S60)x(Ge20Sb5S75)100-x compositions show 
typical bands of both As40S60 and Ge20Sb5S75 thin films. With increasing content of As40S60 in thin film 
composition, the sharp band of GeS4/2 tetrahedral units at 340 cm-1 becoming less dominant and 
the wider bands of realgar-like As4S4 (369 cm-1) and pyramidal AsS3/2 (345 cm-1) structural units appear. 
Decreasing total sulfur overstoichiometry is reflected in decreasing intensities of S8 bands at 150, 219 
and 475 cm -1. Annealing induces structural polymerization of all present As-S, Ge-S and sulfur based 
structural units to the form of more compact material with less content of organic residuals. 

  

Transmission of all studied samples were investigated in UV-VIS-NIR spectral region. Transmission 
spectra presented in figure 4 confirmed the high optical quality of the deposited thin films.  Measured 
transmission spectra were evaluated by the procedure published in [27] to obtain refraction index 
at 1550 nm (n1550 nm) and thickness values (d).     

 

Fig. 4: Transmission spectra of solution processed as-prepared thin films (left) and thin films annealed 
at the highest temperature 180°C (right) . 

Thickness d of all studied thin films decreases continuously with increasing content of As40S60 

and increasing annealing temperature (figure 5 left) due to the decrease of organic residua content, 
which  corresponds well to the findings from the EDS analysis and Raman spectroscopy. Higher amount 
of organic residuals in Ge20Sb5S75 rich thin films is also reflected in higher thickness contraction, which 
decrease with increasing As40S60 content from    ̴45 % for Ge20Sb5S75 thin films to   3̴6 % for As40S60 thin 
films (both annealed at 180 °C).  High optical quality is maintained due to very low surface roughness 
of studied samples (figure 5 right), especially for samples annealed below 180 °C, where their surface 
roughness does not exceed 1 nm. In case of the samples annealed at highest temperature (180 °C), the 
surface roughness increases up to   ̴ 3.4 nm, but it is still too low to significantly influence optical quality 
of annealed thin films. Increase of thin film roughness is probably caused by both annealing induced 
structural changes given at temperatures close to the Tg  of As40S60 glass composition (  ̴ 184°C [26]) 
and observed volume contraction.  



 
Fig. 5: Compositional dependence of the thickness (left) and annealing temperature dependence of 

surface roughness (right) of studied (As40S60)x(Ge20Sb5S75)100-x thin films. 
 
AFM scans of as-prepared and the highest temperature annealed thin films showing the topography 
of the thin films surfaces are shown in figure 6. 

 
Fig. 6: AFM scans of as-prepared and annealed (180°C) thin films. 

 
 

Refractive index at 1550 nm (n1550nm) of solution processed thin films increases both with 
increasing annealing temperature and As40S60 content (figure 7). Significant increase of refractive index 
with annealing temperature is caused by release of the organic residuals and structural polymerization 
of the thin film matrix, which is in good agreement with conclusions from EDS and Raman spectroscopy 
and previously published results of similar systems [32,43]. Refractive index shows almost linear 
dependence on thin film composition.  



 
Fig. 7: Compositional dependence of refraction index at 1550 nm of studied (As40S60)x(Ge20Sb5S75)100-x 
thin films. 

 
Due to the close position of shortwavelength absorption edge of the substrate and Ge20Sb5S75 

and 25 % As40S60 thin films, as it is apparent from figure 4, it is not possible to evaluate correctly optical 
band gap Eg

opt using standard Tauc´s method for semiconductors [46]. Darkening of thin film with 
increasing content of As40S60 is still obvious from position of shortwavelength absorption edge. Thus, 
the shortwavelength absorption edge is represent here by the wavelength at 5% of transmission (from 
measured transmission spectra). Figure 8 shows that absorption edge shifts to the longer wavelengths 
(red shift, darkening) with increasing content of As40S60. Similarly to the refractive index, values 
of wavelength at 5% transmission show almost linear dependence on thin films composition. The red 
shift (darkening) is also apparent with increasing annealing temperature. This suggests a decrease 
in the optical bandgap, which is in good agreement with previously observed results on spin-coated 
thin films of both As- and Ge-based chalcogenide glass systems [33, 47, 48].  Because both refraction 
index and position of the shortwave absorption edge exhibit a nearly linear increase with increasing 
content of As40S60, it is possible to use the layers prepared by mixing of As40S60 and Ge20Sb5S75 solutions 
for preparation of suitable optical materials in specular optical quality and tailoring of their optical 
properties. 



Fig. 8: Compositional dependence of shortwave absorption edge position (at 5 % of transmittance) 
of studied (As40S60)x(Ge20Sb5S75)100-x thin films. 

 
The chemical resistance of thin films was investigated by measuring the etching kinetics 

in 5 vol. % n-butylamine in dimethylsulfoxide etching solution at 25°C. The etching rates were 
evaluated using procedure described in [30]. Obtained averaged values of etching rates are provided 
in figure 9. In case of as-prepared thin films the etching rates decrease sharply with increase of As40S60 
content from    ̴210 nm∙s-1 for Ge20Sb5S75 thin film to    ̴40 nm∙s-1 for As40S60 thin film. This significantly 
lower chemical resistance of as-prepared Ge20Sb5S75 thin film can be explained by higher content 
of organic residuals and high fragmentation of the glass structure confirmed by sharpness of the main 
band in Raman spectrum (see Fig. 3). With increasing annealing temperature the chemical resistance 
of thin films also increases due to the thermally induced structural polymerization and release 
of organic residuals. In case of thin films annealed at 100 °C with 50, 75 and 100% of As40S60  similar 
chemical resistivity can be observed, because substantial part of organic residuals (in form of AAAS 
salts) are already decomposed between 80-90 °C. It results in more polymerized and chemically stable 
thin films in comparison with Ge20Sb5S75 rich samples (0 and 25% of As40S60), where more dominant 
AAGS salts are decomposed at significantly higher temperatures (over 120 °C [33]). For all As40S60 
containing thin films annealed at 180 °C the chemical resistance is almost identical. However, chemical 
resistance of Ge20Sb5S75 glass thin films (0% As40S60) annealed at 180°C is still sharply increasing. This 
shows that even 25% addition of As40S60 significantly reduces chemical resistance of annealed 
Ge20Sb5S75 thin films. It can be potentially explained by different reactivity of As-S and Ge-S structural 
units in both chalcogenide glasses (As40S60 and Ge20Sb5S75). Based on dissolution mechanism proposed 
by Chern and Lauks [49], the arsenic with non-bonding electron pair offers another center 
for nucleophilic substitution which probably fastens whole dissolution process. We can also speculate 
that the significantly smaller sizes of Ge20Sb5S75 glass dissolution products also significantly decrease 
the dissolution rate of studied samples. Obtained results of high chemical resistance of annealed 
Ge20Sb5S75 are in a good agreement with our previous studies on Ge-Sb-S thin films [22,25]. 

 



 

Fig. 9: Annealing temperature dependence of thin films etching rates in 5 vol. % BA 
in dimethylsulfoxide etching bath. 

4. Conclusions 

In presented work we report on the possibility to prepare spin-coated thin film in specular 
optical quality using mixtures of two separate source chalcogenide glass solutions of different 
compositions (As40S60 and Ge20Sb5S75). Thin films with compositions (As40S60)x(Ge20Sb5S75)100-x , where x 
=  0, 25, 50, 75 and 100 were deposited by spin-coating using solution mixtures of As40S60 and Ge20Sb5S75 

separately dissolved in n-butylamine. Due to the almost linear dependence of thickness and optical 
parameters on mixtured composition (obtained by changing the source chalcogenide glass solution 
ratios), the described solution mixing process is suitable for easy and technologically simple 
preparation of chalcogenide thin films with tailored properties. 
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