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Abstract 

Efficient protection against degradation process of tetrahedrite-based thermoelectric materials was 

obtained employing AlTiN based thin films. The coatings were deposited via reactive direct current 

physical vapour deposition magnetron sputtering. The composition, thermal and electrical 

behaviour of thin films were investigated by X-ray diffraction, energy dispersive spectroscopy 

associated to field emission scanning electron microscopy, thermogravimetric analyses and 

electrical conductivity measurements. The barrier features for oxygen protection during thermal 

treatment in air at 500 °C were qualitatively evaluated, studying the coating behaviour over the 

higher operating temperature of tetrahedrite based thermoelectric devices. 

 

Keywords: thermoelectric, tetrahedrite, air stability, AlTiN coating 

 

1. Introduction 

 

In the last years the interest in thermoelectric materials increased mainly due to the possibility of 

designing thermoelectric generators (TEGs) [1]. TEGs importance becomes evident where the 

employment of conventional technologies is not suitable to generate electricity from waste heat.   

In order to promote a worldwide diffusion of this technology, the identification of efficient 

thermoelectric materials, which should be inexpensive, easy to synthesize, and comprised of earth-

abundant elements is of pivotal issue. Tetrahedrite mineral family (Cu12Sb4S13), which is one of the 

most widespread sulfosalts on Earth’s crust, seems to be an attractive sustainable source for p-type 

thermoelectric materials. Many studies reported that tetrahedrites are characterized by high figure of 

merit ZT (ZT=α2
ρ

-1
κ

-1T, where α is the Seebeck coefficient, ρ the electrical resistivity and κ the 
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thermal conductivity) with values around unity at 450 °C [2–4]. In the last years, many research 

works were devoted to the increase of tetrahedrite figure of merit, confirming the significance of 

this material and obtaining good thermoelectric performances [5–8]. 

Beside this research aspect, it is important improving the thermoelectric material stability at the 

typical operating conditions, facing the thermal decomposition and oxidation phenomena, which are 

detrimental for materials thermoelectric efficiency.  

In particular, previous works revealed that tetrahedrite underwent thermal decomposition involving 

sulphur volatilization above 500 °C in argon flow [5], establishing the typical maximum operative 

temperature at 450°C. Furthermore, oxidation processes of the tetrahedrite usually occur in air 

atmosphere [9]. One way to overcome the problem of thermal degradation and consider 

tetrahedrite-based materials suitable for practical devices, even operating in air atmosphere, could 

be the material protection with oxidation-resistant thin films. 

To the best of the authors’ knowledge, attempts to prevent thermal degradation with protective 

coatings are reported in literature mainly for silicides and skutterudites TE materials. Al2O3-coated 

Mg2Si0.4Sn0.6 exhibited good oxidation resistance at 550°C [10]. A silica-based glass–ceramic was 

observed to be an effective oxidation-resistant coating for MnSi1.74 [11], whilst MoSi2 thin films 

were deposited on Mg2Si to avoid material oxidation up to 600 °C [12]. Yttria-stabilized 

zirconia/titanium coatings on skutterudite-thermoelectric materials were observed to be effective for 

preventing Sb sublimation, keeping ZT values almost unchanged after material aging [13].  

In this work, AlTiN based thin films were deposited by means of reactive direct current (DC) 

physical vapour deposition (PVD) magnetron sputtering onto tetrahedrite sintered pellets. In 

particular, this kind of hard coating, when exposed to high temperature (up to 900 °C), presents the 

formation of dense, high adhesive, and protective Al2O3 layer, retarding diffusion processes [14–

17].  

For their peculiar properties, AlTiN based films are widely used in many industrial field such as 

wear resistant coating in cutting tools, aero-engine sector, diffusion barriers in integrated circuits 

and bio-implants  [18–22].  

 

2. Material and Methods 

 

2.1. Syntheses  

Similarly to what previously reported [8], Ni-Zn substituted tetrahedrite materials were fabricated 

via solid state reaction of sulphide powder precursors and elemental sulphur with the nominal 

stoichiometry of Cu(I)10Cu(II)
0.5Ni1Zn0.5Sb4S13. In a typical synthesis batch, CuS (Sigma Aldrich, 100 
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mesh, purity of 99%), Cu2S (Sigma Aldrich, 100 mesh), Sb2S3 (Sigma Aldrich,), Ni3S2 (Sigma 

Aldrich, 150 mesh, purity of 99.7%), ZnS (Sigma Aldrich, 10 µm, purity of 99.99%), and S (Sigma 

Aldrich, 100 mesh, purified by sublimation) were mixed in the appropriate stoichiometry in a 250 

mL tungsten carbide jar adding WC balls with a ball to powder ratio =10:1 together with 50 mL of 

n-hexane (Sigma Aldrich 98.5%) as milling medium.  

The mixture was processed in a planetary ball mill (Pulverisette 5 Fritsch) at 350 rpm, with 9 

milling cycles of 20 min spaced out with pauses of 10 min. Open die pressing process (ODP) [23] 

was employed for simultaneous synthesis and consolidation of tetrahedrite powders, obtaining 

samples with size of about 10 cm2 and thickness of 6 mm. The powders were sealed into a Fe tube 

(internal diameter 29 mm, wall thickness 1.5 mm) and closed with iron caps under argon 

atmosphere to prevent possible oxidation of the powders. The composite billet was preheated in a 

furnace in air at 550 °C (for 7 min) and pressed down to a final thickness of 6 mm. To prevent 

reactions or contamination of the tetrahedrite phase, a layer of boron nitride was deposited onto the 

internal surface of the tube. The sample was kept under a load of 20×103 kg for 10 min at 485 °C. 

After the processing, the sample was naturally cooled down to room temperature. The process 

parameters were set in order to have an overall time of the whole synthesis and sintering processes 

below 1.5 hours, including the cooling and the sheath removal steps. The obtained pellet was finally 

cut into several parallelepiped shaped small pellets (3x3x12 mm) polished using abrasive paper up 

to P4000.  

The protective thin films were deposited by reactive DC PVD magnetron sputtering onto doped Si 

(100) slides (Si-Mat) and tetrahedrite pellets, previously washed in ethanol and isopropanol. 

Moreover, AlTiN was also deposited on gold sheet for performing thermal analyses. The sputtering 

process was carried out starting from a base pressure of 5.0 x 10-7 mbar, employing AlTi target 

(50:50 wt%, 99.9 % pure, 2” diameter, purchased by MaTek), under a total working pressure of 5.3 

x 10-3 mbar, composed of a mixture of Ar (99.9997%) with 25% partial pressure of N2 (99,998%). 

The substrate-target distance was set at 45 mm. The corresponding deposition rates resulted to be 

7.3 and 17.0 nm min-1 with fixed powers of 1.5 W cm-2 and 3.5 W cm-2, respectively. The 

depositions were performed maintaining the substrate at room temperature (RT), 300, 350, 400, and 

450 °C. Changing the process time, AlTiN film were grown with three different thicknesses: 450, 

1300, and 2600 nm. 

 

2.2. Characterizations  

The crystalline phases of samples were revealed by X-ray diffraction (XRD) using a Philips PW 

3710 X-Ray diffractometer with Bragg-Brentano geometry and a CuKα source (40 kV, 30 mA). 
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Phase identification on the XRD profiles was carried out employing Match! software (version 3.2.1 

70), exploiting inorganic crystal structure database (ICSD, version 2016/1). Rietveld refinements 

performed through MAUD software [24] on the XRD profiles gave information on phase amounts, 

crystallite sizes, preferential orientation, lattice parameters and theoretical densities of samples [25]. 

Preferential orientation was taken into account by means of spherical harmonics method. XRD 

analyses were performed on ground tetrahedrite pellet powders, air annealed surface tetrahedrite 

pellets, and AlTiN based coatings with thickness of 2600 nm (for minimizing the interference given 

by the substrate). The pellet density was estimated through the method of Archimedes exploiting 

Sartorius analytical balance EO224S PCE equipped with a density kit YDK03.  

The morphological and quantitative compositional characterizations were performed by Sigma 

Zeiss field emission scanning electron microscope (FE-SEM) equipped with Oxford X-Max energy 

dispersive X-Ray spectroscopy (EDS) system. The EDS point analyses were carried out onto carbon 

coated polished tetrahedrite samples and AlTiN based films deposited on doped Si (100) at 20 kV 

accelerating voltage, with acquisition time of 50 s, employing software INCA 4.14 (Oxford 

Instruments). For these analyses, 2600 nm thick films were deposited onto monocrystalline doped 

Si slides in order to have a perfectly planar and conductive substrate. Thickness of 2600 nm was 

chosen in order to make the quantification assessment reliable, avoiding errors due to the surface 

morphology and for minimizing the influence of the substrate during the analyses. The software 

was calibrated for quantification referencing the standards to Co optimization standard (99.995%, 

Alpha Aesar USA, purchased by Astimex Standards). The employed standards for tetrahedrite 

analyses were: sphalerite ZnS (synthetic, S 32.91 wt%, Fe 0.01 wt%, Zn 67.07 wt%, Sn 0.01 wt%, 

Cerac Inc. USA), Copper Cu (99.999 wt% Johnson Matthey Chemicals, UK), and Nickel (99.97 

wt%, Alpha Aesar, USA) purchased by SPI Supplies, and stibnite Sb2S3 (S 28.300 wt%, Sb 71.700 

wt%, Cameca standards). Whilst for AlTiN based films, polished AlN sheet (purchased by 

Goodfellow, CAS 24304005) was employed as standard. The empirical formulas were calculated 

maintaining the number of S and N atoms fixed to 13 and 1, for tetrahedrite pellets and AlTiN 

based coatings, respectively [8]. The respective errors were calculated as the standard deviations of 

the measurements.  

The coated tetrahedrite pellets were also observed in operando by FE-SEM during heating in 

vacuum from RT up to 450 °C employing a heating module (Kammrath & Weiss). 

Simultaneous thermogravimetric and differential scanning calorimetry analysis (TG-DSC) were 

carried out on ground tetrahedrite pellet by means of SDT Q 600 Apparatus (TA Instrument, 

Waters), with a heating rate of 5 °C/min in air (100 mL/min) from RT to 500 °C. The mass 

variation of tetrahedrite pellet was investigated as function of time with isothermal analysis at 450 
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°C for 120 min in air and Ar, in order to evaluate the stability of tetrahedrite at the maximum 

deposition process temperature.  

The mass variation as a function of the temperature of AlTiN films deposited onto Au substrates 

(Alfa Aesar, 99.997%) was investigated by TGA under air flow (100 mL/min) with a heating rate of 

5 °C/min from RT to 500 °C to evaluate the stability of thin film up to the maximum tetrahedrite 

operating temperature. 

The linear shrinkage of ODP sintered tetrahedrite pellets was measured by a dilatometer (Netzsch 

DIL 402 PC), heating at 5°C/min up to 450 °C under Ar flow (100mL/min) followed by a 60 min of 

isothermal stage. 

Coated and uncoated tetrahedrite pellets and AlTiN based films deposited onto Si slides were 

treated at 450 °C for 5 h in air, in order to evaluate the possible changes induced by the typical 

maximum operating temperature of tetrahedrite-based thermoelectric devices (heating rate 10 

°C/min, natural cooling). 

Electrical conductivity of 2600 nm coating deposited onto an interdigitated electrode Pt/Al2O3 

(Casa Western Reserve University, US) was measured as a function of the temperature. In 

particular, the sample was placed at the end of an alumina tube, which was fixed on a stainless steel 

flange (ProboStat-Norecs, Norway). A S-type thermocouple, Pt wires and gas from the flange were 

led directly to the sample through alumina tubes.  

Pt wires were connected to the interdigitated electrode pads with silver paint. Resistivity 

measurements were carried out under N2 atmosphere with 2 °C/min temperature ramp from RT to 

400°C by using 2601B source meter unit (Keithley) with 0.1 µA applied current. 

 

3. Results and Discussion 

 

3.1. Tetrahedrite TE material 

XRD analyses of the tetrahedrite pellet (figure 1, black line) showed the presence of a single phase 

(ICSD 62116) with a crystallite size of 2500 nm (2.7 of Rietveld refinement goodness of fit), 

confirmed by SEM micrograph (figure 2). 

The tetrahedrite pellet showed a relative density ≥93%, and its composition was evaluated to be 

Cu10.1(1)Ni1.3(1)Zn0.2(1)Sb4.0(1)S13.0  by EDS quantitative analyses. 
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Figure 1: XRD profiles of tetrahedrite ground pellet powder (black line) and tetrahedrite pellet 

surface after air annealing (grey line). Theoretical peak positions of tetrahedrite are shown in the 

upper part. 

 

 

Figure 2: secondary electron micrographs of tetrahedrite pellet surface. 

 

Thermogravimetric analysis was performed on ground pellet powders under air up to 500°C to 

evaluate the thermal stability of the Ni-Zn substituted synthetic tetrahedrite, as depicted in figure 3. 

The pellet was ground in order to improve TGA/DSC signal intensities. From 300 °C up to 450 °C a 

weight gain of about 1% with a corresponding exothermic DSC peak at 384°C were observed, 

indicating the presence of oxidation processes. A weight loss started at 450 °C, as already reported 
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in literature [9], with an increase of the DSC signal because of sulphur volatilization process due to 

thermal decomposition of the tetrahedrite phase.  

 

 

Figure 3: TGA (solid black) and DSC (dash grey) curves for ground pellet of synthetic tetrahedrite 

under air atmosphere. Exothermic heat flow upwards (5 °C/min).   

 

On the basis of TGA-DSC results, two uncoated tetrahedrite pellets with similar size, were 

isothermally heated at 450°C for 120 min under argon and air atmosphere, respectively, (figure 4) 

[8]. 
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Figure 4: mass variation of two uncoated tetrahedrite sintered pellet isothermally heated at 450°C, 

under air and argon atmosphere 

 

The sample under Ar showed a total weight increase of 0.19% reaching a plateau from 60 min to 

the end of measurement. In this case, surface oxidation of the material could be due to oxygen 

impurities originating from furnace desorption of air at high temperatures. At the beginning of the 

isothermal heating, the mass gain increased until complete surface passivation (after 60 minutes). 

Moreover, no sensitive mass losses were detected, indicating that sulphur volatilization is negligible 

at 450°C for sintered pellets. 

Under air atmosphere, a continuous weight gain was observed, reaching a value of 0.32% after 120 

minutes. After the measurement under air, the surface of the sample was white, while the color 

remained unchanged when treated under argon.  

Air annealing of the uncoated tetrahedrite pellet was also performed at 450 °C for 5 hours to further 

investigate its stability behaviour for longer time period. SEM images of annealed sample surface 

(figure 5a) and the fractured cross section (figure 5b) clearly showed the degradation of material in 

a sponge-like structure for several microns.  
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Figure 5: secondary electron micrographs of pellet (a), and pellet cross section (b) after air 

annealing (450°C for 5 h).  

 

XRD profile of pellet surface after air annealing (grey line) is depicted in figure 1. The 

identification of the crystallographic phases after the thermal treatment resulted very tricky due to 

the several peaks of the native tetrahedrite overlapping those of the other new phases. It was 

possible to recognize the presence of orthorhombic Sb2O4 (ICSD 153154), tetragonal CuSb2O6 

(ICSD 84789) and orthorhombic and monocline Cu3SbS3 (ICSD 403111 and 81608, respectively). 

The presence of copper antimony oxide (CuSb2O6), and antimony tetroxide (Sb2O4) is consistent 

with oxidation process of tetrahedrite-based materials as previously reported in literature [26]. The 

presence of skinnerite (Cu3SbS3) indicated the sulphur volatilization occurred after the sample air 

annealing. 

 

3.2. AlTiN based coatings 

 

Films deposited at different temperatures did not display substantial morphology differences, 

showing the typical columnar structure of the thin film deposited with the magnetron sputtering 

process. As an example, figure 6 shows FE-SEM micrographs of a AlTiN thin film.  
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Figure 6: secondary electron micrographs surface (a) and fractured pellet cross section (b) of the 

AlTiN film deposited onto doped Si at 450°C and 3.5 W cm-2. 

 

EDS analyses of coatings were affected by the Si interdiffusion in the thin films from the substrate, 

that depends on the different conditions employed for the deposition, such as the temperature of the 

substrate during the process. For this reason, the most reliable composition assessment can be 

carried out for the film deposited at RT, which possessed Si content around 1 wt%. Finally, it 

showed a nitrogen over stoichiometric composition with an empirical formula Al0.61(1)Ti0.24(1)N1.00. 

The ratio Al/(Al+Ti)=0.65-0.75 is reported to give an idea of the Al maximum solubility level in 

this kind of material. For the deposited films this ratio reached the value of 0.7, theoretically good 

enough for having an high Al content to improve the corrosion resistance of the thin film without 

compromise their mechanical properties [27]. 

Figure 7 reports the XRD patterns of the AlTiN films (2600 nm thick) deposited onto Si at different 

substrate temperatures and densities of power. The Rietveld refinement of AlTiN film deposited at 

RT with 3.5 W cm-2 (details are reported in figure 1 of the supplementary materials) highlighted the 

presence of two AlN-like phases, both derived from the same one (hexagonal p63mc, ICSD 34475). 

The first phase possessed crystallite size of 30 nm, a preferential orientation of (002) planes parallel 

to sample plane, and a root mean square (RMS) microstrain of 0.034. Otherwise, the second one 

resulted even more nanostructured with a high microstrain, meaning a high degree of point defects. 

In particular, first phase lattice parameters (a: 3.198 Å and c: 5.121 Å) resulted slightly increased if 

compared with those of pure AlN (a: 3.110 Å and c: 4.980 Å). This behaviour is compatible with a 

unit cell expansion due to the partial substitution of Al by Ti atoms. This is also corroborated by the 

absence of Ti-based phases detection.  

Increasing the deposition temperature up to 350 °C, the profiles did not change dramatically, and 

the main peak shifted towards lower angles and became broader. It likely depended on the Ti 

presence rising in the crystal structure, and on the higher content of highly nanostructured phase. 
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The latter, in particular, could mainly derive by the deposition rate augment, which is directly 

related to the nitrogen reaction temperature dependence. In the case of film deposited at 350°C, the 

effect of the deposition rate was not noticeable resulting 6.6 nm min-1, as in the case of RT 

deposition. On the contrary, in the case of films deposited at 450°C, the deposition rate increased up 

to 7.8 nm min-1, leading to the formation of a broad peak centred at further lower angles. 

 

Figure 7: XRD profiles of AlTiN coatings deposited onto Si as a function of deposition temperature 

and power supplied. For the sake of clarity, the Si-related peak at 33.0° were removed from the 

profiles, when revealed. 

In order to evaluate the effective AlTiN film stability in air atmosphere at typical tetrahedrite 

operating temperatures, AlTiN films was deposited (at 450 °C and 3.5 W cm-2) on Au sheets and 

TGA/DSC analyses were performed in air up to 500 °C (figure 2 of supplementary materials). In 

this temperature range, neither a substantial weight changes nor endothermal or exothermal peaks 

were observed confirming the high AlTiN stability, as previously reported in literature [15–17]. 

Therefore, exactly as expected, air annealing at 450°C of AlTiN coatings for 5 hours (figure 8) did 

not change the composition of the films. It is worth remembering that the possible passivation layer 

cannot give rise to revealable diffraction peaks because too thin. Nevertheless, AlTiN coating 

crystal structures resulted affected by this thermal treatment. In particular, the crystalline phase of 

the film deposited at RT changed its preferential orientation mainly towards (110) and a lesser 

extent to (100), with c parameter lengthened to 5.126 Å. The crystallite size substantially did not 
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change but the RMS microstrain decreased to 0.002, which means fewer point defects of the crystal 

structure. The Rietveld refinement details are reported in figure 3 of the supplementary materials. 

Even the film crystalline structure of deposited film at 450 °C was affected by the thermal treatment 

presenting sharper peaks, more similar to those possessed by the films deposited at 300 and 350°C. 

 

Figure 8: XRD profiles of AlTiN coatings deposited onto doped Si with 3.5 W cm-2 at RT and 450°C 

prior (black lines) and after (grey lines) air annealing. For the sake of clarity, the Si-related peak at 

33.0° were removed from the profiles, when revealed. 

 

FE-SEM analyses of AlTiN coatings deposited onto tetrahedrite substrates at RT (with thicknesses 

of 450, 1300, and 2600 nm) and 450 °C (with thicknesses of 1300 and 2600 nm) were performed in 

operando up to 450 °C. This characterization highlighted a mechanical failure only for 2600 nm 

thick film deposited at RT, which completely spalled as soon as it cooled down at RT after the heat 

treatment. Otherwise, no cracks were observed for any other analysed samples, suggesting a 

sufficient thermo-mechanical compatibility between the AlTiN coatings (CTE of AlTiN film 

7.5×10-6 °C-1 at room temperature [28]) and the tetrahedrite substrate (CTE 15×10-6 °C-1 between 20 

and 400 °C).  

The same samples were also air annealed at 450 °C for 5 h, in order to preliminarily test if the 

coating could be effective in operative temperature condition in harsh atmosphere. After thermal 

treatment, the films deposited at 450 °C showed a wide spalling process. The 1300 nm thick film 
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deposited at RT, diversely, showed some cracks where oxidation products (bright zones in figure 9 

a) can be observable. Nevertheless, where the film was continuous, it protected the substrate, which 

resulted intact (figure 9 b).  

 

 

Figure 9: secondary electron micrographs of surface (a) and fractured pellet cross section (b) of 

the 1300 nm thick AlTiN film deposited onto tetrahedrite at RT after air annealing. The bright zones 

in figure a are oxidation products occurred along film cracks. 

 

Finally, the 450 nm thick film resulted to have the best performance during the air annealing, 

resulting to be thick enough to preserve the substrate from the oxidation process, not giving rise to 

the formation of cracks (figure 10). 

 

 

Figure 10: secondary electron micrographs of surface fractured pellet cross section of the 450 nm 

thick AlTiN film deposited at RT onto doped tetrahedrite and 3.5 W cm-2 after air annealing. 
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Figure 11 reports the resistivity of a 450 nm thick film compared to those of a typical tetrahedrite 

substrate values [8]. It is worth noting how the difference between the resistivity values of the 

tetrahedrite substrate and the protective coating resulted roughly 8 order of magnitude at RT and 5 

at 400°C. Such resistivity difference, combined with geometry considerations, demonstrate the 

ability of a 450 nm thick film to avoid any parasitic electrical contribution, maintaining the 

difference of electric potential between the cold and hot side of the thermoelectric element.  

 

Figure 11: resistivity of a tetrahedrite pellet (black points) compared with the AlTiN film (450 nm, 

deposited at RT) one (grey points).   

Similarly to what discussed regarding the resistivity issue, even the thermal conductivity difference 

should be taken into account for a qualitative evaluation of the thermoelectric efficiency of the 

whole coated thermoelectric element. In general, the tetrahedrite thermal conductivity values can 

vary between about 0.3 and 0.5 W m-1 K-1 [8], whilst the coating between 5 and 10 W m-1 K-1 [29–

31]. In particular, exploiting the most unfavourable values of those thermal conductivities, a 450 nm 

film contribute to the whole thermoelectric element thermal conductance would result to be about 

3%, for a 2 mm side pellet, typical for a thermoelectric module [32]. It is worth nothing that, due to 

the typical columnar morphology of the thin film deposited by PVD magnetron sputtering, the value 
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assumed for the thermal conductivity can be considered an upper limit, restating its secondary role 

on whole thermal transport.   

 

4. Conclusion 

The compatibility of AlTiN protective coatings deposited onto tetrahedrite thermoelectric material 

was studied. The substrate was characterized by the point of view of crystalline structure, 

morphology and composition. The composition of the film was chosen in order to maximize the 

resistance to oxidative environment, increasing the content of Al in the composition. The work 

highlighted as the layer was effective against oxidation up to 450 °C for 5 hours, when the thickness 

was lower than 1 µm and the deposition was carried out at RT. The mismatch between the 

mechanical properties of the layer and the substrate was likely due mainly to the internal stresses 

created during the deposition processes. The low thickness of the protective coating can help that 

mechanical compatibility but, in the other hand, make the process of substrate surface polishing 

very crucial for obtaining the deposition of a continuous and effective protection layer against the 

harsh atmosphere. Finally, the coating demonstrated to possess the electrical and thermal 

conductivity features adapt for voiding electrical short circuit phenomena and the heat flux 

increasing between the hot and cold side, mandatory for maintaining the whole thermoelectric 

element efficiency as higher as possible. 
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• Improving the thermal and the structural stability of tetrahedrite based thermoelectric 
material. 

• AlTiN based coatings were deposited via reactive DC PVD magnetron sputtering  
• Annealing treatment confirmed tetrahedrite stability due to AlTiN coating 

 
 


