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Abstract 

Quaternary Ge-Sb-Se-Te chalcogenide thin films were fabricated by rf magnetron sputtering from 

Ge19Sb17Se64−xTex (x=5, 10, 15, 20) sputtering targets in order to select appropriate compositions for 

infrared sensor and optical nonlinear applications. An influence of chemical composition and deposition 

parameters on the optical properties, structure and wettability was thus studied. The amorphous thin 

films seem to be constituted by selenide entities that can include tellurium atoms in variable proportion 

such as [GeSe4−xTex] and [SbSe3−xTex] (x = 0, 1, 2) and Ge(Sb)-Ge(Sb) bonds according to Raman 

spectroscopy. Contact angle measurements of the thin films showed values of 68–71° for water and their 

surface energies in the range of ~36–39 mJ∙m−2 seem suitable for surface functionalization required for 

photonic sensor development. Furthermore, the maximum nonlinearity at the telecom wavelength with 

respect to the highest figure of merit value was found for the thin film with composition Ge19Sb17Se56Te8 

having nonlinear refractive index of 28 × 10−18 m2∙W−1. Due to their low optical bandgap energies, they 

may find their full interest for nonlinear optics in the mid-infrared range. Wide IR transparency in 

combination with high (non)linear refractive indices make these materials attractive in the field of mid-

IR sensing and optical nonlinear devices. 
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1. Introduction 

Amorphous chalcogenides, non-crystalline solids based on the elements of chalcogens (i.e. S, Se, Te), 

are well known for their unique properties such as low phonon energies resulting in broad transmission 

window, photoinduced phenomena or high optical nonlinearities without free carriers [1-3]. These make 

them suitable for potential applications in various fields including phase-change materials [4], artificial 

neural networks [5], non-linear photonics [3], optical sensors [6], mid-IR sources [7] etc.  

Indeed, with the addition of a third element such as Sb to the Ge-Se binary system, the glassy material 

is stabilized by cross-links between more diverse structural entities that create configurational changes 

in the system, which could promote the broadening of the glass formation domain and influence the 

physical properties [8]. In detail, when a small amount of Sb is added to Ge–Se system, a significant 

decrease in optical loss can be observed [9]. Previously, Ge-Sb-Se (herein GSS) based infrared sensor 

devoted to evanescent wave detection was designed and fabricated [6]. The transducer was made of two 

superposed amorphous thin layers. The cladding and guiding layers were of Ge31Sb6Se62 and 

Ge15Sb24Se61 for the real compositions of the sputtered thin films deposited at 1 × 10−2 mbar and 20 W 

and 10 W, respectively and presenting a refractive index contrast of 0.330.02 at 7.7 µm [10]. Even if 

these two compositions have allowed the realization of efficient optical waveguides for sensor [6] and 
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nonlinear optical  applications [11], Ge12.5Sb25Se62.5 glass targets used for thin film sputtering are less 

resistant to thermomechanical stresses than Ge28.1Sb6.3Se65.6 ones. This induces a high material loss 

during the various stages of glass target fabrication.  

Causing higher financial and temporal cost, the authors were interested in finding a pair of compositions 

that also meet the criteria necessary for the fabrication of a waveguide for integrated optics, while being 

more robust from thermomechanical point of view. The (GeSe2)-(Sb2Se3) pseudo-binary system has 

been previously studied by Olivier et al. [12]. Subsequently, it was found that the particular composition 

of Ge19.4Sb16.7Se63.9 for the glass target, that corresponds to (GeSe2)70(Sb2Se3)30, is suitable for natural 

water pollution detection sensors in mid-IR region [13] as well as for nonlinear photonics devices 

limiting two photon absorption at 1.55 µm from 0.37 cm ∙ GW−1 for slab waveguide and photosensitivity 

related to optical nonlinearity effects [12, 14]. Nevertheless, the refractive index contrast of the mid-IR 

waveguide was lower due to mentioned composition change, with a refractive index contrast of n = 

0.210.02 at 7.7 µm between the buffer (Ge31Sb6Se63) and the guiding (Ge22Sb16Se62) layers deposited 

at an Ar pressure of 5 × 10−3 mbar and RF power at 15 W [13].  

The linear and nonlinear refractive index contrast would be increased by a substitution of tellurium to 

selenium. Quaternary Ge-Sb-Se-Te alloys also known as GSST have already attracted the attention of 

some authors [15-18]. First, it is considered to be a promising replacement of Ge2Sb2Te5 for high-

performance phase-change material applications due to the higher 10-year data retention as reported by 

Wang et al. [17]. Moreover, the substitution of selenium by heavier tellurium atoms causes the decrease 

of lattice phonon energies broadening the transparency within mid-IR region. Thus, Te-based glasses 

present extended transmission in the 6–20 μm range and consequently allow the detection of the 

greenhouse gases absorption peaks especially at longer wavelengths than usual [19, 20]. Besides that, 

an increasing tellurium concentration causes the rise of the linear refractive index making GSST 

promising materials for nonlinear optical applications [15].  

In this work, the influence of chemical composition and deposition parameters on the optical properties, 

structure and wettability of the GSST thin films was studied and the potential application of GSST thin 

film for mid-IR sensing and nonlinear optical (NLO) applications is discussed. 

 

2. Materials and methods 

Glass-ceramics sputtering targets having compositions of Ge19Sb17Se64−xTex (x = 5, 10, 15, 20) were 

obtained by a conventional melt-quenching technique. The maximum concentration of tellurium in the 

GSST targets was limited by the feasibility of fabricating sputtering targets of 50 mm diameter and 3.5 

mm thickness. The thermal analysis of the bulk targets was performed at 10 °C. min−1 by means of 

differential scanning calorimetry (DSC, TA Instruments DSC Q20, USA). Bulk material obtained from 

targets’ synthesis was also used for further analysis in order to investigate potential crystallinity of 

sputtering targets. The X-ray diffraction (XRD) data were recorded with a X'Pert Pro Malvern 

Panalytical diffractometer (Cu K, 2: 5°-90°, step size: 0.026°, step time: 40s, voltage: 40kV, current: 

40mA). 

Thin films were deposited at a room temperature by rf (13.56 MHz) magnetron sputtering in Ar plasma. 

The substrates used for the deposition were borosilicate glass (Schott, BK7) and single crystalline silicon 

<100>. The former was used for spectrometric and X-ray diffraction (XRD) measurements, the later for 

scanning electron microscopy with energy-dispersive X-ray analyser (SEM-EDS), atomic force 

microscopy (AFM) and the contact angle measurements. The electrical power applied on targets was 10 

and 15 W. Two different Ar pressures were maintained in the deposition chamber, specifically 5 × 10−3 

and 1 × 10−2 mbar, while the Ar flow was kept constant (i.e. 75 sccm). In order to be able to characterize 

the surface of the GSST thin films by AFM or contact angle techniques, they were kept in a desiccator 

in the dark because whatever the composition of the layer, the impact of visible light and UV as well as 

the moisture on the thin layers is documented and has to be minimized [21]. In case of both, the contact 

angle measurements as well as AFM, experiments are carried out with a minimum time delay after the 

deposition of thin films. Routinely, spectroscopic ellipsometry and AFM are performed with a highest 

priority compared to other experiments. 



Topography of fabricated films was measured by amplitude modulated AFM (Solver Next, NT-MDT, 

Russia). Furthermore, chemical composition of thin films was obtained from EDS analysis using joint 

SEM-EDS (JEOL IT 300 LA EDS, JEOL Ltd., Japan). EDS (ZAF standardless method) remains a 

relatively imprecise measurement as evidenced by its expected uncertainty (±1 at. %) especially for thin 

films where the contribution of the substrate can become significant. However, in similar acquisition 

conditions and films of the same thickness, the evolutions from one layer to another are generally well 

provided. The local structure of thin films was studied by μ-Raman scattering spectroscopy (LabRam 

HR800, Horiba Jobin-Yvon, NJ, USA) coupled with a ×100 microscope (Olympus, Japan) with the 

excitation wavelength of 785 nm. Thermal population effect at low wavenumbers was minimized by 

means of reduction of Raman intensity according Shuker and Gammon [22]. 

Two variable angle spectroscopic ellipsometers (J.A. Woollam Co., Inc., Lincoln, NE, USA) were 

employed in order to estimate the optical bandgap energy and refractive index dispersion of the 

fabricated films: first working in the UV-Vis-NIR range (300–2300 nm), the other in mid-IR (~300–

6,000 cm−1). The fundamental absorption edge was modelled by Cody-Lorentz oscillator model 

(described elsewhere [23]) to fit the ellipsometry data in the UV-Vis-NIR region. Within mid-IR range, 

the Sellmeier model was applied setting extinction coefficient to zero. The thickness of the films on 

borosilicate glass (Schott, BK7) was about 800 nm (±1 %) as determined by spectroscopic ellipsometry. 

Surface energy σ of thin films was determined following Owens-Wendt theory. Contact angles were 

obtained by computer controlled KSV CAM 100 USB video camera (KSV Instruments Ltd., Finland) 

at resolution of 640 × 480 px from curve fitting based on Young-Laplace equation of the sessile drop 

shape. Sessile drops of five standard liquids were recorded for 30 seconds immediately after the placing 

them onto the thin films surface. Equilibrium contact angle θeq was considered to be established after 30 

seconds. All the contact angle measurements were carried out at 20 °C and ~30 % of relative humidity. 

Thin films used for the contact angle measurements were deposited at the electrical power of 10 W and 

the Ar pressure of 5 × 10−3 mbar onto 2-inch silicon wafers. The thickness of these films specifically 

deposited for contact angle measurements was in the range of ~600–700 nm. Contact angle was 

measured on the virgin thin films stored for a short time in the light isolated desiccator in order to ensure 

good reproducibility of the contact angle measurements. 

 

3. Results and Discussion 

 

3.1 Glass target characterisation 

The average chemical composition of the targets is in good agreement with theoretical compositions. 

The DSC measurements performed with GSST glass targets have shown that the glass transition 

temperature Tg was decreasing with an increasing tellurium content from the initial value of 265 °C for 

tellurium-free composition of Ge19Sb17Se64. Obtained values of Tg for Ge19Sb17Se64−xTex with x = 5, 10 

and 15 were 247, 232 and 222 °C respectively (±2 °C). The Tg variation of about 40 °C with a 

substitution is observed for almost one quarter of selenium by tellurium. These results agree with the 

gradual introduction of tellurium atoms in substitution for selenium atoms, the binding energies of the 

vitreous network decreasing compared to those formed with selenium. This substitution could also have 

an effect on the crosslinking of the network, but probably to a lesser extent. The change in the difference 

between the Tg and the crystallization onset temperature Tx, one of the possible parameters showing the 

thermal stability of amorphous/glassy material, is also noticeable varying from Tx-Tg  150°C to Tx-Tg  

90 °C with x = 0 to 15. For the last target with the highest proportion of tellurium, the distinction between 

its glass transition temperature and crystallization onset temperature is no longer clearly discernible, 

probably resulting in the formation of a glass-ceramic target. It should be noted that these large diameter 

bulk targets have very altered conditions of rapid cooling compared to the synthesis of glass of smaller 

dimensions, which exacerbates the possible formation of crystalline phases.  

XRD analysis showed that obtained targets were vitreous with one exception. The diffraction peaks in 

the XRD patterns corresponding to GeSe2 and Sb2SexTey (with x + y = 3, x = 1 or 2 and y = 1 or 2) phases 

appeared for target with nominal composition of Ge19Sb17Se44Te20 as shown in Fig. 1. Since the average 

composition of the partially crystalline target remains unchanged from the theoretical composition, the 

nature of the Ge19Sb17Se44Te20 glass-ceramic target should marginally influence the composition of the 



final thin film and its deposition rate, which nevertheless needs to be verified.  The very fast quenching 

speeds during the sputtering process of GSST films on a silicon substrate at room temperature should 

make it possible to obtain amorphous films even if one of the targets is partially crystallized. The insert 

in Fig. 1 showing the XRD patterns of four GSST thin films deposited from the individual GSST targets 

under the same deposition conditions (15 W, Ar pressure of 5×10−3 mbar) fully confirms assumption 

described above. 

 

 
Figure 1. XRD patterns of bulk GSST target material with indicated powder diffraction patterns from 

crystallographic databases of Sb2Se2Te (a, COD ID 1008844), Sb2SeTe2 (b, COD ID 9007591), and 

GeSe2 (c, ICDD 00-042-1104); Insert with XRD patterns of four thin films deposited from individual 

targets (four compositions) at same conditions – 15 W, Ar pressure of 5 × 10−3 mbar. 

 

3.2 Chemical composition 

All the depositions together with indicated electrical power, Ar working pressure and composition 

determined by EDS are summarized in Table 1. EDS results indicate that some minor differences in 

composition may take part when the Ar working pressure increases from 5 × 10−3 mbar to 1 × 10−2  mbar. 

With respect to the target composition, it can be seen that the composition of the deposited films tends 

in general to be close to the nominal values of the target while experiencing an increase of Ge from 1 to 

3%, relatively stable values ( +1–2%) for antimony and tellurium, and a rather more significant 

decrease for selenium of about 3–4%.  Of course, these general trends will evolve more or less 

marginally with the variation of the composition and deposition parameters, which are for the latter 

relatively little adjustable in this work.  

Looking in more detail at the composition change of the targets, very similar trends can be noted for the 

first three target compositions with an average value of 21% for Ge and 18% Sb with related deviation 



of 1.1% and 0.6%, respectively and for which globally the Se deficit (of about −4%) and the small Te 

excess (+1–2%) is respected from one target to another.  A different behaviour is observed for the fourth, 

most Te-rich target, where a higher proportion of Sb (excess of +3%) compared to the target and lower 

concentration of Ge (19% on average, 1% deviation) compared with the other Se-richest films is 

consistently observed. This may be related to a somewhat enriched antimony concentration of the target 

itself for this (more difficult to fabricate) composition, but it would still appear that the increasing 

substitution of Te along the target compositions leads to a gradual increase in the proportion of antimony 

in the sputtered thin film. 

 

Table 1. Deposition parameters: sputtering targets nominal chemical composition (at. %), electrical 

power applied on the cathode (W) and Ar pressure in the deposition chamber (× 10−3 mbar). Properties 

of the deposited thin films: deposition rate (nm.min−1) chemical composition determined by EDS (±1 at. 

%), linear refractive index n0 at 1.55 and at 7.7 μm (both ±0.01), and optical bandgap energy in eV 

determined by Cody-Lorentz oscillator model (𝐸𝑔
𝐶𝐿, ±0.02 eV) from spectroscopic ellipsometry data 

analysis. 

Theoretical target 

composition  

(at. %) 

Power 

(W) 

Ar 

pressure  

(× 10−3 

mbar) 

Deposition 

rate 

(nm ∙ min−1) 

Thin film 

composition 

(at. %) 

Linear 

refractive 

index n0 𝑬𝒈
𝑪𝑳  

(eV) at 

1.55  

μm 

at 

7.70 

 μm 

Ge19Sb17Se59Te5 

10 5 9.9 Ge22Sb17Se55Te6 2.91 2.84 1.33 

10 10 10.4 Ge20Sb17Se56Te7 2.84 2.78 1.37 

15 5 19.8 Ge21Sb17Se55Te7 2.87 2.81 1.37 

15 10 20.0 Ge19Sb17Se56Te8 2.84 2.78 1.41 

Ge19Sb17Se54Te10 

10 5 10.2 Ge22Sb18Se50Te10 2.97 2.89 1.27 

10 10 9.9 Ge20Sb17Se51Te12 2.91 2.83 1.33 

15 5 21.0 Ge21Sb18Se50Te11 2.96 2.88 1.25 

15 10 20.1 Ge20Sb18Se51Te11 2.91 2.84 1.27 

Ge19Sb17Se49Te15 

10 5 10.0 Ge22Sb18Se45Te15 3.07 2.98 1.11 

10 10 10.1 Ge20Sb18Se46Te16 3.00 2.92 1.18 

15 5 20.4 Ge20Sb19Se45Te16 3.05 2.96 1.20 

15 10 20.7 Ge19Sb18Se46Te17 3.02 2.93 1.21 

Ge19Sb17Se44Te20 

10 5 16.0 Ge20Sb20Se40Te20 3.20 3.09 1.05 

10 10 15.6 Ge18Sb20Se40Te22 3.17 3.06 1.12 

15 5 28.3 Ge19Sb20Se40Te21 3.18 3.07 1.05 

15 10 28.4 Ge18Sb20Se40Te22 3.14 3.04 1.08 

 

The increase of Ar pressure slightly increases the amount of chalcogen elements, and thus the amount 

of heteropolar bonds in the films obtained when the Ar pressure increases from 5 × 10−3 to 1 × 10−2 mbar 

whatever the composition of the target and the applied power. An increased electrical power from 10 to 

15 W at the same Ar pressure seems to increase the amount of heteropolar to a smaller extent [24].  It 

has been shown in the literature for two Ge-Sb-Se targets with different ratio of Ge/Sb (RGe/Sb = 0.5 and 

4.5) that increasing the Ar pressure  increases the content of selenium and decrease the germanium 

concentration, while the electrical power has a minor effect but can affect the antimony concentration 

in the case of a high Ge/Sb ratio [24, 25]. For the GSST targets (RGe/Sb = 1.2) with substitution of Se by 

Te, increasing Ar pressure or electrical power seems to increase the number of tellurium atoms (by 1% 

up to 2%) while the selenium content remains almost the same, perhaps slightly increased (+1%) but 

only with the effect of pressure and for the first three most selenium rich targets. The concentration of 

germanium and antimony has an expected behaviour considering the Ge/Sb ratio of these targets, [Sb] 

is indeed almost unaffected by Ar pressure and electric power while [Ge] tends to decrease slightly by 

1–2% with Ar pressure and with electric power to a lesser extent more surprisingly. Therefore, for a 

given [Se/Te] ratio of the target, small compositional variation due to the change in pressure and 

electrical power could be responsible for minor changes in structure or optical properties.  

 

3.2 Topography 



AFM scans of 1 × 1 μm2 area of sputtered films having a thickness of 800 nm, represented by figure 

2A-D, have shown that the root mean square (RMS) roughness (Sq) of thin films surface increases with 

an increased tellurium content. Quantitatively, values of Sq increase from ~0.3±0.1 for Ge19Sb17Se59Te5 

(fig. 2A) up to ~0.9±0.1nm for Ge19Sb17Se44Te20 (fig. 2D). This is clearly caused by the presence of 

large grains for films with tellurium content above 15 at. %.  

 

 
 

Figure 2. AFM scans of 1 × 1 μm2 area of sputtered GSST thin films (with thickness of 800 nm) with 

indicated RMS roughness (Sq, ±0.1 nm), values on z-axis are normalized for each target nominal 

composition; A – Ge19Sb17Se59Te5.0, B – Ge19Sb17Se54Te10, C – Ge19Sb17Se49Te15, D – Ge19Sb17Se44Te20. 

 

The work of Baudet et al. [25] studying the effect of decisive parameters of the sputtering process on 

the various properties of thin films in ternary Ge-Sb-Se system devoted to mid-IR sensor development, 

reports a significant variation of the roughness from 0.2 to 1 nm with a pressure varying from  

5 × 10−3 to 1 × 10−2 mbar for the target composition richest in germanium considering an electric power 

lower than 17 W and a film thickness lower than 1 µm. The composition richer in antimony is more 

stable in terms of roughness with Ar pressure variation. The addition of a few percent of tellurium to 

Ge19Sb17Se64 composition seems to make the roughness of the films relatively insensitive to the change 

of Ar pressure and to a lesser extent to the change in electrical power. To conclude, the roughness is 

essentially governed by the percentage of tellurium and could have a detrimental effect on the final 

optical losses of the photonics system used as a transducer for the IR medium optical sensor. It is 

therefore important, when selecting the ideal composition of the IR sensor's guiding layer, to make a 

compromise with the increasing introduction of tellurium between the gradual increase in roughness and 

the expected increase in both the increase in transmission in the IR domain and the refractive index in 

order to increase the index contrast and, consequently, the confinement of IR light. 

 

3.3 Optical properties 

Linear refractive index and optical band-gap energy. The effect of the [Te/Se] target composition ratio 

and deposition conditions on the optical properties, specifically linear refractive index (n0) and optical 

bandgap energy (𝐸𝑔
𝐶𝐿), were studied by spectroscopic ellipsometry. These results are summarized in the 

Table 1. Moreover, the dispersion curves are shown in Figure 3A–D. As seen, the substitution of 

selenium by heavier tellurium atoms, having higher polarizability, increases the linear refractive index. 



At the same time, the optical bandgap energy decreases as expected in accordance with semi-empirical 

Moss rule [26]. For the clarity, the dependencies of linear refractive index at 1.55 and 7.7 μm, as well 

as the optical bandgap energy on the tellurium content are depicted in Figure 4. Values of refractive 

index at 7.7 μm allow the evaluation of potential suitability of fabricated thin films for mid-infrared 

sensor application. Baudet et al. successfully applied chalcogenide thin films with composition 

Ge12.5Sb25Se62.5 as a waveguide guiding layer for the evanescent wave sensor for the detection of 

pollutants in water. The refractive index n0 at 7.7 μm of these sputtered thin films is 2.77 (±0.01) and 

the refractive index contrast with the cladding layer is about  = 0.33 at 7.7 μm for an Ar pressure of  

1 × 10−1 mbar during the sputtered films deposition [15]. Among all used targets, the one with the 

composition Ge19Sb17Se59Te5 seems to be suitable as a potential replacement of Te-free GSS target for 

the guiding layer. Thin film with composition Ge21Sb17Se55Te7, having values of n0 at 7.7 μm and 

bandgap energy 𝐸𝑔
𝐶𝐿 of 2.81 (±0.01) and 1.37 eV (±0.02) can potentially be used as a guiding layer for 

the evanescent wave sensors mentioned above [6]. Indeed, the refractive index contrast at 7.7 μm 

between this thin film and a cladding layer with composition of Ge28.1Sb6.3Se65.6 used in such sensors 

would be 0.32 for the deposition parameters considered in this study (Table 1). Considering the 

deposition parameters, it can be noted that the linear refractive index decreases with an increasing argon 

pressure. Similar changes were observed by Baudet et al. in ternary Ge-Sb-Se thin films justified by 

changes in morphology and/or porosity as well as the roughness of sputtered films related to important 

variation of pressure between 5 × 10−3 to 5 × 10−2 mbar [25]. The effect of the later was not proven in 

quaternary Ge-Sb-Se-Te as the AFM topography shows only small divergence when argon pressure was 

increased between 5 × 10−3 to 1 × 10−2 mbar only. The decrease of linear refractive index and the increase 

of 𝐸𝑔
𝐶𝐿 with an increased pressure of argon in the variation range used for this study may be justified by 

other contributions and would be more related to the changes in composition of the GSST thin film 

reflected by R variation.  

 
Figure 3. Spectral dependencies of linear refractive indices of sputtered GSST thin films with 

indicated nominal compositions of the GSST target and deposition conditions. 

 

As already mentioned, the increase in Ar pressure results in higher proportions of chalcogen atoms (Se 

and Te) compared to metalloids (Ge, Sb) favouring the heteropolar bond formation. This leads to 

changes in n0 and 𝐸𝑔
𝐶𝐿 as depicted in Figure 4. The electrical power change from 10 to 15 W seem to 

have less significant effect on optical properties. As follows from the above mentioned, the effect of the 

minor changes in compositions seem to have rather low effect on the fundamental absorption edge and 

thus reflects only small changes in the localized/tail states. 



 

 
Figure 4. A – Dependence of linear refractive index at 1.55 μm and the optical bandgap energy 𝐸𝑔

𝐶𝐿 

on tellurium content, B – Dependence of linear refractive index at 7.7 μm on tellurium content. 

 

NLO properties of GSST films. The objective of nonlinear material selection for NLO devices should be 

to lead to a negligible linear absorption α, the largest value of nonlinear refractive index (n2) and the 

smallest value of two photon absorption (TPA), defined by nonlinear absorption coefficient , to 

optimize the nonlinear figure of merit (FOM = 
𝑛2


). According to classical modelling used to predict the 

nonlinear coefficients, like Sheik-Bahae method [27], the bandgap energy of amorphous chalcogenide 

thin films must be at least higher than ~1.6 eV to obtain a negligible TPA at the 1.55 µm 

telecommunication wavelength. In selenide or seleno-telluride thin films, one can possibly consider for 

smaller Eg to be able to keep an interesting FOM if the n2 growth is faster than the TPA increase. The 

calculated values of nonlinear refractive index at telecommunication wavelength of 1.55 μm and at 7.7 

μm mid-IR wavelength using Sheik-Bahae’s formalism are plotted in Figure 4A5A. Qualitatively, 

values of n2 at 1.55 μm decrease with increasing value of linear refractive index n0 while the opposite is 

true for n2 at 7.7 μm. This is due to the shape of the dispersion function for n2 within the used model, 

which becomes negative for approximately  ℏ𝜔 ≥  0.7𝐸𝑔  when photon energy approaches resonance 

energy [28, 29]. Consequently, the negative values of n2 at 1.55 µm were found for films 

Ge20Sb20Se40Te20 (𝐸𝑔
𝐶𝐿 = 1.05 eV, n0 = 3.20), Ge19Sb20Se40Te21 (𝐸𝑔

𝐶𝐿 = 1.05 eV, n0 = 3.18) and 

Ge18Sb20Se40Te22 (𝐸𝑔
𝐶𝐿  = 1.08 eV, n0 = 3.14). Similar observation was reported for some chalcogen poor 

and high Te concentration GSST by Dory et al. [28].  

 The maximum value of n2 at 1.55 μm, specifically 28 × 10−18 m2 ∙ W−1, was found for thin film with 

composition Ge20Sb17Se56Te7 (𝐸𝑔
𝐶𝐿 = 1.37 eV, n0 = 2.84, β = 2.2 × 10−10 m ∙ W−1, FOM = 0.08). Moreover, 

thin film with composition Ge19Sb17Se56Te8 (𝐸𝑔
𝐶𝐿 = 1.41 eV, n0 = 2.84, β = 1.6 × 10−10 m ∙ W−1), having 

the same value of n2 shows the highest FOM at 1.55 μm among all fabricated GSST films (i.e. 0.11). 

 Overall, calculated values of nonlinear refractive index of deposited GSST films, ranging from 16 to 

28 m2 ∙ W−1 (excluding negative values), are higher than reported calculated values of n2 for GSS thin 

films which are in the range from 5 to 23 m
2 ∙ W−1 but the two photon absorption (TPA) coefficient () 

is also expected to be higher [28]. Values of  at 1.55 μm for GSST are within the range of ~2–6 × 10−10  

m ∙ W−1 leading to FOM of ~0.01–0.11 (excluding negative values due to negative n2). It should be noted 

that values of β in tellurium-free GSS having 𝐸𝑔
𝐶𝐿>1.60 eV are typically ~0.1 × 10−10 m ∙ W−1 [30]. 

Nonlinear optical properties of GSST thin films studied in this work compared to available references 

are summarized in table 2. 

 



Table 2. Comparison of nonlinear optical properties of GSST thin films with various references and with 

As2Se3 bulk glass; chemical composition of thin films (±1 at. %), linear refractive index n0 at 1.55 μm 

(±0.01), optical bandgap energy in eV (𝐸𝑔
𝐶𝐿, ±0.02 eV), nonlinear refractive index n2 (× 10−18 m2 ∙ W−1), 

TPA coefficient β (× 10−10 m ∙ W−1) and FOM at 1.55 μm. 

Composition 

(at. %) 

n0  

at 1.55μm 

𝑬𝒈
𝑪𝑳 

(eV) 

n2  

at 1.55 μm 

(× 10−18 m2 ∙ W−1) 

β 

at 1.55 μm 

(× 10−10 m ∙ W−1) 

FOM 

at 1.55 

μm 

Reference 

Ge19Sb17Se56Te8 2.84 1.41 28 2 0.11 this work 

Ge20Sb17Se51Te12 2.91 1.33 26 3 0.06 this work 

Ge19Sb18Se46Te17 3.01 1.21 17 4 0.03 this work 

Ge18Sb20Se40Te22 3.17 1.12 6 5 0.01 this work 

Ge19Sb17Se64 2.68 1.86 8±2 0.37±0.05 0.14 [14] 

Ge16Sb20Se64 2.69 1.68 9 N/A 0.561 [30] 

Ge23Sb16Se61 2.67 1.65 11 N/A 0.731 [30] 

Ge28Sb12Se60 2.66 1.66 11 N/A 0.701 [30] 

Ge9Sb20Se71 2.76 1.68 10 N/A 0.651 [30] 

Ge12Sb25Se63 2.80 1.65 11 N/A 0.731 [30] 

Ge7Sb25Se68 2.86 1.61 13 N/A 0.861 [30] 

Ge28Sb15Se52Te5 2.94 1.29 36 N/A N/A [28] 

Ge40Se39Te21 2.92 1.26 44 N/A N/A [28] 

Ge27Sb25S48 2.79 1.34 25 N/A N/A [28] 

As40Se60 2.80 1.70 9 N/A 0.581 [30] 

As40Se60 glass 2.78–2.84 1.742 12–13 0.25 ~2 [31-33] 
1 Calculated according Sheik-Bahae with β = 0.1 × 10−10 m ∙ W−1 
2 Tauc gap 

 

It should be mentioned that the calculated values of n2 and β in the present work are only order of 

magnitude estimations as the Sheik-Bahae’s formalism is intended for the determination of Kerr 

coefficient and the two-photon absorption coefficient of direct-gap semiconductors. It should be kept in 

mind that amorphous chalcogenides are considered as non-direct gap materials and in this model, the 

tail and localised states related to amorphous materials are not taken into account, which is also the case 

for the Dinu model [34]. Moreover, the presence of uncertainties in the physical parameters used in the 

Sheik-Bahae’s formalism enlarge the error in the estimation. It should be noted that calculated values of 

n2 obtained in this work are generally somewhat lower relative to those reported by Dory et al. [28]. In 

spite of this, used formalism allows to have a fairly good predictive vision on the n2 and  of amorphous 

chalcogenides by considering their refractive index and optical band-gap indicating trends that were 

verified experimentally for Ge-Sb-Se bulk glasses or thin films for which an error of experimental 

measurement of the order of 10-20% is expected [12, 30, 31, 33]. For instance, Olivier et al. reported 

experimental values of nonlinear refractive index (n2) at 1.55 μm for bulk sample of Ge19.4Sb16.7Se63.9 

glass around 10±2.0 × 10−18 m2 ∙ W−1 and  around 0.31 cm ∙ GW−1 obtained by direct transmission 

analysis [12]. Moreover, Kuriakose et al. reported experimental values at 1.55 μm of 8±2 × 10−18  

m2 ∙ W−1 (n2) and  around 0.37±0.05 cm ∙ GW−1 for chalcogenide slab waveguides of 3 µm thickness 

prepared from Ge19.4Sb16.7Se63.9 target using beam self-trapping analysis [14].  Besides that, values of 

nonlinear refractive index calculated for GSST films are higher than those obtained for amorphous Ge-

Sb-Se thin films with experimental values reaching the maximum value of n2 at 1.55 μm about 21±3.0 

× 10−18 m2 ∙ W−1 for amorphous Ge3Sb35Se62 [30]. The highest nonlinearity at 7.7 μm by means of n2 was 

found for thin film Ge19Sb20Se40Te21 (𝐸𝑔
𝐶𝐿 = 1.05 eV, n0 = 3.18).  

This is the consequence the strong TPA absorption at 1.55 µm in these films as depicted in Figure 5B. 

The trade-off between optical bandgap energy and the refractive index plays the crucial role when 

evaluating the nonlinear optical properties of materials. Lower optical bandgap energies of GSST 

relative to GSS thin films would indicate the possible limitation of these materials in terms of application 

in nonlinear optics at 1.55 μm due to the high multi-photon absorption such as TPA absorption. This 

results in relatively low values of figure of merit 1.55 µm as shown in Figure 5B.  



 
Figure 5. (A) Dependence of nonlinear refractive index n2 on linear refractive index n0 at 1.55 μm.  

(B) Dependence of TPA coefficient β and figure of merit FOM on linear refractive index n0 at 1.55 μm. 

 

3.4 Wettability 

 

Surface energy σ of thin films plays an important role when considering the potential application of 

these materials for chemical sensors. It is important to have an idea of the intrinsic surface energy before 

any functionalization of the chalcogenide film surface and the possible influence related to the tellurium 

concentration. Obtained contact angles for five standard liquids are summarized in Table 3. These were 

used for the calculation of values of dispersive 𝛾𝑠
𝑑 and polar 𝛾𝑠

𝑝
components together with the total 

surface energy σ of the GSST thin films using Owens-Wendt theory (Figure 6) – 𝛾𝑠
𝑑 is obtained as a 

square of an intercept value and 𝛾𝑠
𝑝

 square of a slope value of a linear fit respectively. 

 

Table 3. Compositions of GSST sputtered films determined by EDS (±1 at. %), RMS roughness (Sq, 

±0.1 nm) obtained from AFM scans, contact angles for standard liquids, dispersive 𝛾𝑠
𝑑 and polar 𝛾𝑠

𝑝
 

components of surface energy obtained by Owens-Wendt theory (both ±2 mN ∙ m−1) and the values of 

surface energy σ (±2 mJ ∙ m−2) of thin films.  

Thin film  

composition (at. %) 

Sq 

(nm) 

Contact angle, θ (°) 
𝛾𝑠

𝑑 
(±2 mN∙m−1) 

𝛾𝑠
𝑝

 
(±2 mN∙m−1) 

σ  
(±2 mJ∙m−2) Water 

ethylene 

glycol 
formamide glycerol diiodomethane 

Ge22Sb17Se55Te6 0.4 70±3 59±1 61±1 69±1 41±1 29 7 37 

Ge22Sb18Se50Te10 0.4 71±1 56±1 61±1 67±1 42±1 30 7 39 

Ge22Sb18Se45Te15 0.6 68±2 54±2 61±2 66±2 39±1 31 8 38 

Ge20Sb20Se40Te20 0.8 54±2 47±1 51±1 75±1 54±2 22 17 39 

 

As seen from Table 3, the values of surface energy for all the four compositions lie between ~37–39  

mJ ∙ m−2. These values are lower than those obtained by Baudet et al. for tellurium-free GSS thin films 

with the composition of Ge28.1Sb6.3Se65.6 and Ge12.5Sb25Se62.5 respectively. They obtained the values of 

about 46 mJ ∙ m−2 for both compositions with negligible polar components (~1 mN ∙ m−1) [10]. 

Moreover, Lucas et al. studied the contact angles of different liquids on polished bulk discs of 

Te20As30Se50 glass for which the surface roughness is expected to be higher than chalcogenide thin films 

[35]. Quantitatively, they obtained the contact angles of 73±3° and 62±3° for water and glycerol 

respectively. The surface roughness rise usually increases the wettability as observed for these bulk 

chalcogenide glasses. In case of sputtered GSST films, the wettability just slightly increased when the 

tellurium content increases from 5 to 15 at. % for most of the used liquids. However, for the thin film 

with the tellurium content of 20 at. %. the contact angle is enlarged for glycerol and diiodomethane 

while for the others it is decreased. This causes the decrease of the intercept of the linear fit justified by 



the important decrease of the dispersive component of surface energy of this film as depicted in Figure 

6. In the same time, the small contact angle measured for the distilled water increases the slope of the 

linear fit enlarging the polar component of the surface energy of this film. The Ge19Sb17Se44Te20 thin 

film seems to present an increased polarity of the surface, which might be explained by higher surface 

oxidation related to presence of tellurium in higher content or influence of surface roughness.  

Surface oxidation can be a problem encountered for bulk glass, preform, optical fibers and thin films or 

waveguides based on chalcogenides. In order to prevent them from oxidation, many strategies are 

applied such as surface purification, distillation, chemical and mechanical polishing, cladding, coating, 

surface passivation, etc. Protection against the influence of the atmosphere by a chemical barrier layer 

can be performed during the manufacture of chalcogenide waveguides in order to limit optical losses, 

in particular by the deposition of Al2O3, Si3N4 or SiO2 on the surface if needed for photonics applications. 

However, it is first necessary to know well the chalcogenide material by taking care to characterize it 

before proceeding to the fabrication of the mentioned heterostructure to improve its performances. The 

nature of the specific surface of the thin films plays a preponderant role in this possible oxidation 

whatever the physical vapor deposition technique used [21, 25, 36].  

In case of spectroscopic ellipsometry, the three-layer model is typically used consisting of substrate, 

film layer itself, and the surface layer/roughness. The thicknesses of surface layer were fitted as ~1.6, 

~1.7, ~1.6 and ~2.2 nm. Inherently, surface layer/roughness evaluated by ellipsometry is larger than 

surface roughness obtained from AFM. The thickness values of the surface layer/roughness shown 

above appear to be comparable to those of the sulphide/selenide thin films, which could lead to the 

conclusion that the seleno-telluride thin films do not oxidize more than the sulphides/selenides. 

Moreover, at such small thickness this oxide layer should not contribute significantly to optical losses.  

Nevertheless, further studies to discriminate between these two factors, i.e. surface oxidation and surface 

roughness, and to avoid any correlation effect should be conducted in future. 

 
 

𝐅𝐢𝐠𝐮𝐫𝐞 6. Owens−Wendt plot for GSST thin films on silicon wafer with indicated nominal composition 

(10 W, 0.5 Pa); 𝐴1=𝛾L/2√𝛾𝐿
𝑑 and 𝐴2 = √

𝛾𝐿
𝑝

𝛾𝐿
𝑑, where 𝛾𝐿

𝑑and 𝛾𝐿
𝑝

stands for the dispersive and polar 

component of the surface tension of the standard liquid 𝛾𝐿, respectively. 

 

 

 

 



3.5 Local structure 

The influence of the increasing tellurium content on the structure of thin films deposited at 10 W and 

Ar working pressure of 5 × 10−3 mbar is represented by the Raman scattering spectra shown in Figure 

7-A. For comparison, the spectra of sputtered thin film from Te-free Ge19Sb17Se64 target deposited at 15 

W at the same Ar working pressure is also shown.  

For films sputtered from Ge19Sb17Se59Te5 target, the Raman spectra are prima facie dominated by 

two contributions, the main peak at ~160 cm−1 with an adjacent asymmetric shoulder with the maxima 

at ~197 cm−1. The two peaks shift gradually towards the lower wavenumbers with an increasing 

tellurium content in GSST thin films. As a result, the former is peaking at ~153 cm−1, the later at ~194 

cm−1 in Ge19Sb17Se44Te20. The adjacent asymmetric shoulder (from 197 to 194 cm−1) seems to find its 

origin in the symmetric stretching vibrations of Ge–Se bonds, typically at ~198 and ~216 cm−1, in 

corner-sharing and edge-sharing [GeSe4] tetrahedra, respectively.   

In the Raman spectra of Te-free Ge19Sb17Se64 thin film, this peak (~200 cm−1) and its shoulder (~214 

cm−1) are better observed. For this pure selenide film, they are mainly accompanied by an additional 

shoulder (at ~175 cm−1) related to Ge-Ge stretching modes in [GeSe4−yGey] distorted tetrahedra with y 

= 1,2,3 and ethane-like Se3Ge–GeSe3. They are also complemented by an important contribution (at 

~190 cm−1) of Sb-Se stretching mode of [SbSe3] pyramids and probably vibration modes related to Ge-

Sb bonds around 165 cm−1 [12, 24]. and finally by a small broad band observed between 250–315 cm−1 

with several contributions mainly from (Se-Se) stretching mode from 245 cm−1 to 265 cm−1 coming 

from –(Se–Se)n– long chains to –(Se–Se)– dimers and also as [GeSe4] [37] (Figure 7-A). 

In the case of the GSST thin films, these different bands and shoulders related to [GeSe4], Ge–Ge 

and Se–Se vibration modes seem to disappear gradually with the [Te] increase to the profit of the main 

band at lower frequency. In the structure of multicomponent glasses and thin films which contain more 

than one chalcogen element, mixed entities such as [GeSe4−xTex] and [SbSe3−xTex] can be at the origin 

of the main broad peak observed at 160 cm−1 as referred by Abdellaoui et al. in quinary 

Ga5Ge20Sb10Se65−xTex (x=10–37.5 at. %) bulk glasses [38] and by Gonçalves et al. for ternary Ge20Te80-

xSex bulk glass [37]. The broad band can have also non negligible contributions related to the presence 

of Ge(Sb)–Ge(Sb) bonds because the GSST films present a deficit in selenium as observed for Te-free 

Ge19Sb17Se64 with vibration modes localised from 150 (mainly related to vibration modes of (Sb-Sb) 

bond in SbSe2–SbSe2 entities) to 175 cm−1 [12, 24, 39].  

Even if the GSST films present a deficit of selenium, the presence of Se–Te and even Te–Te can be 

envisaged, as Se-Se bonds are present in small proportion in Ge19Sb17Se64 thin film. It can be noted that 

vibration modes of (Te–Te) bond from –(Te–Te)n– chains to dimer possess vibrations modes in the 

range from 145 to 165 cm−1 [40] and might slightly contribute to the main broad bands centred at 160 

cm−1 while vibration modes of (Te–Se) bonds inside mixed chains or mixed dimers could present 

vibration modes in the range of 208–266 cm−1 [37, 41]. It was proposed in the case of Ge20Te80−xSex 

chalcogen rich glass that the substitution of Te to Se in small proportion will lead to the introduction of 

Te inside the –(Se–Se)n– chains before to bond [GeSe4] tetrahedra forming finally mixed entities when 

the tellurium increases. It could be also the case in the GSST films but it is important to keep in mind 

that the chemical composition of the Ge19Sb17Se64−xTex targets is stoichiometric and the GSST films 

present a deficit of selenium compare to the targets. Apart from bonding defects generated by a statistical 

disorder inherent to amorphous chalcogenides, the selenium deficit limits the chalcogen-chalcogen 

bonds occurrence while it substantially should increase the proportion of Ge(Sb)–Ge(Sb) bonds. All 

these mixed entities and homopolar bond modifications will have an important impact on the electronic 

band structure and localized/tail states of amorphous GSST thin films and on the hyperpolarizability of 

the entities and bonds present in the amorphous lattice substantially modifying their bandgap Eg and 

nonlinear properties. 



 
 

Figure 7. Raman spectra of sputtered GSST thin films : A – indicated theoretical target compositions 

(* from [13]),  and deposition conditions : B – Target Ge19Sb17Se54Te10, C – Target Ge19Sb17Se54Te10 

 

Moreover, the Raman spectra of GSST films are strongly affected when tellurium is introduced even 

in small proportion, as it was also observed in stoichiometric Ga5Ge20Sb10Se65-xTex glasses much more 

rapidly than in the case of a system rich in chalcogen [37, 41].  Thus, the shift of the main broad band 

from 160 cm−1 to 153 cm−1 can be mainly explained by the increase of the substitution of Se by Te in 

the mixed entities as [GeTe4] present a stretching vibration mode centered at 130 cm−1 [37, 40, 42] and 

[SbTe3] pyramidal units or defective octahedral present Raman active band at 145 cm−1 [43]. 

The changes of deposition conditions by means of the increased electrical power and/or argon 

pressure do not seem to affect the local structure significantly and less and less with tellurium content 

increase. The pressure and electrical power increase have an effect on s[GeSe4] intensity with a slight 

increase and on the position of the main band at 160 cm−1 slightly shifted to higher wavenumber.   

 

4. Conclusions 

GSST thin films were fabricated by rf magnetron sputtering from glass-ceramics targets with nominal 

composition of Ge19.4Sb16.7Se63.9−xTex (x=5, 10, 15, 20). The structure of GSST amorphous films 

according to Raman analysis seems to be built mainly by selenide and mixed entities in variable 

proportion according to the tellurium concentration such as [GeSe4−xTex] and [SbSe3−xTex]  (x = 0, 1, 2) 

and in all likelihood homopolar Ge(Sb)–Ge(Sb) bonds to compensate for the chalcogen deficiency. The 

contact angle measurements have shown values of 68-71°
 for water of the GSST thin films resulting in 

values of surface energy of about ~36–39 mJ ∙ m−2. The presence of 20 at. % of tellurium increases the 

polar component of the surface energy of the thin film and decrease the contact angle to 54° which might 

be related to the oxidation of the surface in link with the composition and also roughness increase. 

Analysis of ellipsometric data revealed the increase of linear refractive index with increasing tellurium 

concentration while the optical bandgap energy decreases. Moreover, the former seems to decrease with 

the increasing working pressure of argon from 5 × 10−3 to 1 × 10−2 mbar, which is mainly related to the 

composition changes. The electrical power change from 10 to 15 W seem to have insignificant effect. 

Among all used targets, the one with the composition Ge19Sb17Se59Te5 seems to be suitable as a potential 

replacement of Te-free GSS target for the guiding layer. Indeed, the refractive index contrast at 7.7 μm 



between a GSST thin film and a cladding layer with composition of Ge28.1Sb6.3Se65.6 used in such sensors 

would be at least equal to 0.32. By adjusting the Te/Se composition, it is possible to control the index 

contrast between the guiding layer and the buffer layer in order to create an efficient IR sensor in terms 

of evanescent fields and with compact dimensions.  

Furthermore, it was shown that thin film with composition Ge19Sb17Se56Te8, having nonlinear refractive 

index n2 ~28 × 10−18 m2 ∙ W−1, shows the highest FOM at 1.55 µm among all fabricated films. Calculated 

values of n2 for GSST films are within the rage from 16 to 28 × 10−18 m2 ∙ W−1 (excluding negative 

values). The potential limitation of these materials when the concentration in tellurium increase may lie 

in low values of optical bandgap energies resulting in high two-photon absorption at telecommunication 

wavelength (i.e. 1.55 μm) which will not be the case for mid-IR. To conclude, wide IR transparency in 

combination with high (non)linear refractive indices make these materials suitable for potential 

applications in the field of mid-infrared devices such as optical switches and sensors.  
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