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Abstract

Efficient protection against degradation processetBhedrite-based thermoelectric materials was
obtained employing AITiN based thin films. The dngs were deposited via reactive direct current
physical vapour deposition magnetron sputteringe T¢omposition, thermal and electrical

behaviour of thin films were investigated by X-rdiffraction, energy dispersive spectroscopy
associated to field emission scanning electron esmypy, thermogravimetric analyses and
electrical conductivity measurements. The barreatdres for oxygen protection during thermal
treatment in air at 500 °C were qualitatively ewddd, studying the coating behaviour over the

higher operating temperature of tetrahedrite béisexsnoelectric devices.
Keywords: thermoelectric, tetrahedrite, air stailAITiN coating
1. Introduction

In the last years the interest in thermoelectrid¢emals increased mainly due to the possibility of
designing thermoelectric generators (TEGs) [1]. $E@portance becomes evident where the
employment of conventional technologies is notadlé to generate electricity from waste heat.

In order to promote a worldwide diffusion of thischnology, the identification of efficient
thermoelectric materials, which should be inexpexseasy to synthesize, and comprised of earth-
abundant elements is of pivotal issue. Tetrahedriteeral family (Cu,SkyS;3), which is one of the
most widespread sulfosalts on Earth’s crust, sderbg an attractive sustainable source for p-type
thermoelectric materials. Many studies reported tsieahedrites are characterized by high figure of

merit ZT (ZT=p T, wherea is the Seebeck coefficient, the electrical resistivity and the
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thermal conductivity) with values around unity &04°C [2—-4]. In the last years, many research
works were devoted to the increase of tetrahefigtee of merit, confirming the significance of
this material and obtaining good thermoelectridgrenances [5-8].

Beside this research aspect, it is important imipigpthe thermoelectric material stability at the
typical operating conditions, facing the thermat@aposition and oxidation phenomena, which are
detrimental for materials thermoelectric efficiency

In particular, previous works revealed that tetthlie underwent thermal decomposition involving
sulphur volatilization above 500 °C in argon flo},[establishing the typical maximum operative
temperature at 450°C. Furthermore, oxidation preeeof the tetrahedrite usually occur in air
atmosphere [9]. One way to overcome the problemtharmal degradation and consider
tetrahedrite-based materials suitable for practieadices, even operating in air atmosphere, could
be the material protection with oxidation-resistduin films.

To the best of the authors’ knowledge, attemptprivent thermal degradation with protective
coatings are reported in literature mainly forcsiles and skutterudites TE materials,@y-coated
Mg,Sio 4Shy s €xhibited good oxidation resistance at 550°C [20kilica-based glass—ceramic was
observed to be an effective oxidation-resistantingafor MnSk 74 [11], whilst MoSp thin films
were deposited on M§i to avoid material oxidation up to 600 °C [12]itné-stabilized
zirconia/titanium coatings on skutterudite-therneaélic materials were observed to be effective for
preventing Sb sublimation, keeping ZT values alnnosthanged after material aging [13].

In this work, AITIN based thin films were depositeg means of reactive direct current (DC)
physical vapour deposition (PVD) magnetron sputteronto tetrahedrite sintered pellets. In
particular, this kind of hard coating, when exposetiigh temperature (up to 900 °C), presents the
formation of dense, high adhesive, and protectii#Alayer, retarding diffusion processes [14—
17].

For their peculiar properties, AITIN based films awvidely used in many industrial field such as
wear resistant coating in cutting tools, aero-eaggactor, 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 Isstituted tetrahedrite materials were fabricated
via solid state reaction of sulphide powder premgsand elemental sulphur with the nominal
stoichiometry of Ctt1sCu" o sNi1Zno sSkyS1s. In a typical synthesis batch, CuS (Sigma Aldri0
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mesh, purity of 99%), G& (Sigma Aldrich, 100 mesh), § (Sigma Aldrich,), NiS; (Sigma
Aldrich, 150 mesh, purity of 99.7%), ZnS (Sigma édth, 10um, purity of 99.99%), and S (Sigma
Aldrich, 100 mesh, purified by sublimation) werexetl in the appropriate stoichiometry in a 250
mL tungsten carbide jar adding WC balls with a balpowder 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 (Rlilverisette 5 Fritsch) at 350 rpm, with 9
milling cycles of 20 min spaced out with paused@fmin. Open die pressing process (ODP) [23]
was employed for simultaneous synthesis and cafet@in of tetrahedrite powders, obtaining
samples with size of about 10 Tamd thickness of 6 mm. The powders were sealedairite tube
(internal diameter 29 mm, wall thickness 1.5 mmy alosed with iron caps under argon
atmosphere to prevent possible oxidation of thedsys: The composite billet was preheated in a
furnace in air at 550 °C (for 7 min) and pressedmdo a final thickness of 6 mm. To prevent
reactions or contamination of the tetrahedrite phadayer of boron nitride was deposited onto the
internal surface of the tube. The sample was kaegeua load of 20xftkg for 10 min at 485 °C.
After the processing, the sample was naturally esbalown to room temperature. The process
parameters were set in order to have an overadl tifrthe whole synthesis and sintering processes
below 1.5 hours, including the cooling and the sihe@amoval steps. The obtained pellet was finally
cut into several parallelepiped shaped small Ee(&t3x12 mm) polished using abrasive paper up
to P4000.

The protective thin films were deposited by reaetdC PVD magnetron sputtering onto doped Si
(100) slides (Si-Mat) and tetrahedrite pellets,viesly washed in ethanol and isopropanol.
Moreover, AITIN was also deposited on gold sheefpferforming thermal analyses. The sputtering
process was carried out starting from a base pressu5.0 x 10 mbar, employing AlTi target
(50:50 wt%, 99.9 % pure, 2" diameter, purchasedlay ek), under a total working pressure of 5.3
x 10° mbar, composed of a mixture of Ar (99.9997%) wWl8% partial pressure ofJ{99,998%).
The substrate-target distance was set at 45 mmcadilnesponding deposition rates resulted to be
7.3 and 17.0 nm mih with fixed powers of 1.5 W cihand 3.5 W crf, respectively. The
depositions were performed maintaining the sulestatoom temperature (RT), 300, 350, 400, and
450 °C. Changing the process time, AITIN film wgmwn with three different thicknesses: 450,
1300, and 2600 nm.

2.2. Characterizations

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

3710 X-Ray diffractometer with Bragg-Brentano getimeind a Culé source (40 kV, 30 mA).
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Phase identification on the XRD profiles was cafeit employing Match! software (version 3.2.1
70), exploiting inorganic crystal structure datab@&CSD, version 2016/1). Rietveld refinements
performed through MAUD software [24] on the XRD fies gave information on phase amounts,
crystallite sizes, preferential orientation, lagtgarameters and theoretical densities of sampids [
Preferential orientation was taken into accountnigans of spherical harmonics method. XRD
analyses were performed on ground tetrahedriteetppthwders, air annealed surface tetrahedrite
pellets, and AITIN based coatings with thicknes2@®0 nm (for minimizing the interference given
by the substrate). The pellet density was estimttezligh the method of Archimedes exploiting
Sartorius analytical balance EO224S PCE equipp#daviensity kit YDKO03.

The morphological and quantitative compositionahrelcterizations were performed by Sigma
Zeiss field emission scanning electron microscéfie $EM) equipped with Oxford X-Max energy
dispersive X-Ray spectroscopy (EDS) system. The @it analyses were carried out onto carbon
coated polished tetrahedrite samples and AITiN dvdigms deposited on doped Si (100) at 20 kV
accelerating voltage, with acquisition time of 50 esnploying software INCA 4.14 (Oxford
Instruments). For these analyses, 2600 nm thioksfivere deposited onto monocrystalline doped
Si slides in order to have a perfectly planar aoddactive substrate. Thickness of 2600 nm was
chosen in order to make the quantification assessnediable, avoiding errors due to the surface
morphology and for minimizing the influence of teabstrate during the analyses. The software
was calibrated for quantification referencing tth@nsgards to Co optimization standard (99.995%,
Alpha Aesar USA, purchased by Astimex Standardse €mployed standards for tetrahedrite
analyses were: sphalerite ZnS (synthetic, S 32194, \We 0.01 wt%, Zn 67.07 wt%, Sn 0.01 wt%,
Cerac Inc. USA), Copper Cu (99.999 wt% Johnson hdgttChemicals, UK), and Nickel (99.97
wt%, Alpha Aesar, USA) purchased by SPI Supplies, stibnite S§5; (S 28.300 wt%, Sb 71.700
wt%, Cameca standards). Whilst for AITIN based $npolished AIN sheet (purchased by
Goodfellow, CAS 24304005) was employed as standimnd. empirical formulas were calculated
maintaining the number of S and N atoms fixed toah8 1, for tetrahedrite pellets and AITIN
based coatings, respectively [8]. The respectiverewere calculated as the standard deviations of
the measurements.

The coated tetrahedrite pellets were also obsemeoperando by FE-SEM during heating in
vacuum from RT up to 450 °C employing a heating ubl@@Kammrath & Weiss).

Simultaneous thermogravimetric and differentialnstag calorimetry analysis (TG-DSC) were
carried out on ground tetrahedrite pellet by meah$&SDT Q 600 Apparatus (TA Instrument,
Waters), with a heating rate of 5 °C/min in air @16L/min) from RT to 500 °C. The mass

variation of tetrahedrite pellet was investigatedianction of time with isothermal analysis at 450
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°C for 120 min in air and Ar, in order to evaludtee stability of tetrahedrite at the maximum
deposition process temperature.

The mass variation as a function of the temperab@ir@lTiN films deposited onto Au substrates
(Alfa Aesar, 99.997%) was investigated by TGA unaieflow (100 mL/min) with a heating rate of

5 °C/min from RT to 500 °C to evaluate the stapitf thin film up to the maximum tetrahedrite
operating temperature.

The linear shrinkage of ODP sintered tetrahedriéefs was measured by a dilatometer (Netzsch
DIL 402 PC), heating at 5°C/min up to 450 °C undeflow (100mL/min) followed by a 60 min of
isothermal stage.

Coated and uncoated tetrahedrite pellets and Aldased films deposited onto Si slides were
treated at 450 °C for 5 h in air, in order to eaduthe possible changes induced by the typical
maximum operating temperature of tetrahedrite-babeimoelectric devices (heating rate 10
°C/min, natural cooling).

Electrical conductivity of 2600 nm coating depogditento an interdigitated electrode PH®4
(Casa Western Reserve University, US) was measase@ function of the temperature. In
particular, the sample was placed at the end aflimina tube, which was fixed on a stainless steel
flange (ProboStat-Norecs, Norway). A S-type theroupde, Pt wires and gas from the flange were
led directly to the sample through alumina tubes.

Pt wires were connected to the interdigitated sbelet pads with silver paint. Resistivity
measurements were carried out underiinosphere with 2 °C/min temperature ramp fromt®T
400°C by using 2601B source meter unit (Keithlejthwd.1 pA applied current.

3. Results and Discussion

3.1. Tetrahedrite TE material

XRD analyses of the tetrahedrite pellet (figurdlhck line) showed the presence of a single phase
(ICSD 62116) with a crystallite size of 2500 nm7(2f Rietveld refinement goodness of fit),
confirmed by SEM micrograph (figure 2).

The tetrahedrite pellet showed a relative dens@$%, and its composition was evaluated to be

Curo.1aNi13aZNo2aS ko130 by EDS quantitative analyses.
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Figure 1: XRD profiles of tetrahedrite ground pe¢ligowder (black line) and tetrahedrite pellet
surface after air annealing (grey line). Theoretipgak positions of tetrahedrite are shown in the
upper part.

Figure 2: secondary electron micrographs of tetrdiite pellet surface.

Thermogravimetric analysis was performed on gropatlet powders under air up to 500°C to
evaluate the thermal stability of the Ni-Zn sulsé&t synthetic tetrahedrite, as depicted in fidghre

The pellet was ground in order to improve TGA/DSghal intensities. From 300 °C up to 450 °C a
weight gain of about 1% with a corresponding exothie DSC peak at 384°C were observed,

indicating the presence of oxidation processes.efght loss started at 450 °C, as already reported
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in literature [9], with an increase of the DSC sibhecause of sulphur volatilization process due to
thermal decomposition of the tetrahedrite phase.
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Figure 3: TGA (solid black) and DSC (dash grey)vas for ground pellet of synthetic tetrahedrite
under air atmosphere. Exothermic heat flow upwdEd3C/min).

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

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

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

under air and argon atmosphere

The sample under Ar showed a total weight increds®19% reaching a plateau from 60 min to
the end of measurement. In this case, surface toidaf the material could be due to oxygen
impurities originating from furnace desorption af at high temperatures. At the beginning of the
isothermal heating, the mass gain increased uoiptete surface passivation (after 60 minutes).
Moreover, no sensitive mass losses were detectdidaking that sulphur volatilization is negligible
at 450°C for sintered pellets.

Under air atmosphere, a continuous weight gainataerved, reaching a value of 0.32% after 120
minutes. After the measurement under air, the sarfe#f the sample was white, while the color
remained unchanged when treated under argon.

Air annealing of the uncoated tetrahedrite pellas\also performed at 450 °C for 5 hours to further
investigate its stability behaviour for longer timperiod. SEM images of annealed sample surface
(figure 5a) and the fractured cross section (figalsg clearly showed the degradation of material in

a sponge-like structure for several microns.



Figure 5: secondary electron micrographs of pelaj, and pellet cross section (b) after air
annealing (450°C for 5 h).

XRD profile of pellet surface after air annealingrdy line) is depicted in figure 1. The
identification of the crystallographic phases aftex thermal treatment resulted very tricky due to
the several peaks of the native tetrahedrite oppitty those of the other new phases. It was
possible to recognize the presence of orthorhor8it®©, (ICSD 153154), tetragonal Cus&hy
(ICSD 84789) and orthorhombic and monocling®&hs (ICSD 403111 and 81608, respectively).
The presence of copper antimony oxide (GgJy and antimony tetroxide (80,) is consistent
with oxidation process of tetrahedrite-based makes previously reported in literature [26]. The
presence of skinnerite (¢3bS) indicated the sulphur volatilization occurredeafthe sample air

annealing.
3.2. AITiN based coatings
Films deposited at different temperatures did nigpldy substantial morphology differences,

showing the typical columnar structure of the thiim deposited with the magnetron sputtering
process. As an example, figure 6 shows FE-SEM myreghs of a AITIN thin film.



Figure 6: secondary electron micrographs surfacgdad fractured pellet cross section (b) of the
AITIN film deposited onto doped Si at 450°C and\8.5n¥.

EDS analyses of coatings were affected by thet8rdiffusion in the thin films from the substrate,
that depends on the different conditions employedife deposition, such as the temperature of the
substrate during the process. For this reasonnbst reliable composition assessment can be
carried out for the film deposited at RT, which gessed Si content around 1 wt%. Finally, it
showed a nitrogen over stoichiometric compositiatih\&n empirical formula Als11)T10.24aN1.00

The ratio Al/(Al+Ti)=0.65-0.75 is reported to gian idea of the Al maximum solubility level in
this kind of material. For the deposited films thagio reached the value of 0.7, theoretically good
enough for having an high Al content to improve tloerosion resistance of the thin film without
compromise their mechanical properties [27].

Figure 7 reports the XRD patterns of the AITIN {2600 nm thick) deposited onto Si at different
substrate temperatures and densities of powerRId¢t®eld refinement of AITIN film deposited at
RT with 3.5 W cnif (details are reported in figure 1 of the suppletmgnmaterials) highlighted the
presence of two AIN-like phases, both derived fithien same one (hexagonal p63mc, ICSD 34475).
The first phase possessed crystallite size of 30anpneferential orientation of (002) planes patall
to sample plane, and a root mean square (RMS) stiain of 0.034. Otherwise, the second one
resulted even more nanostructured with a high rmeicao, meaning a high degree of point defects.
In particular, first phase lattice parameters (498 A and c: 5.121 A) resulted slightly increagfed
compared with those of pure AIN (a: 3.110 A and.€80 A). This behaviour is compatible with a
unit cell expansion due to the partial substitutddrl by Ti atoms. This is also corroborated bg th
absence of Ti-based phases detection.

Increasing the deposition temperature up to 350ti€ profiles did not change dramatically, and
the main peak shifted towards lower angles andrbechroader. It likely depended on the Ti

presence rising in the crystal structure, and @nhiigher content of highly nanostructured phase.
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The latter, in particular, could mainly derive dyetdeposition rate augment, which is directly
related to the nitrogen reaction temperature depecel In the case of film deposited at 350°C, the
effect of the deposition rate was not noticeablgulting 6.6 nm mitl, as in the case of RT
deposition. On the contrary, in the case of filrepakited at 450°C, the deposition rate increased up

to 7.8 nm mift, leading to the formation of a broad peak cendateftirther lower angles.
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Figure 7: XRD profiles of AITIN coatings depositeito Si as a function of deposition temperature
and power supplied. For the sake of clarity, theekted peak at 33.0° were removed from the

profiles, when revealed.

In order to evaluate the effective AITIN film statyi in air atmosphere at typical tetrahedrite
operating temperatures, AITIN films was depositatd450 °C and 3.5 W cf) on Au sheets and
TGA/DSC analyses were performed in air up to 50Q(figlire 2 of supplementary materials). In
this temperature range, neither a substantial waiganges nor endothermal or exothermal peaks
were observed confirming the high AITiIN stabiligg previously reported in literature [15-17].
Therefore, exactly as expected, air annealing @t@®f AITIN coatings for 5 hours (figure 8) did
not change the composition of the films. It is vilaemembering that the possible passivation layer
cannot give rise to revealable diffraction peaksabse too thin. Nevertheless, AITIN coating
crystal structures resulted affected by this thétmeatment. In particular, the crystalline phase o
the film deposited at RT changed its preferenti@rdgation mainly towards (110) and a lesser

extent to (100), with ¢ parameter lengthened t@&.A. The crystallite size substantially did not
11



change but the RMS microstrain decreased to 0\0BZzh means fewer point defects of the crystal
structure. The Rietveld refinement details are reobin figure 3 of the supplementary materials.
Even the film crystalline structure of depositddthfat 450 °C was affected by the thermal treatment

presenting sharper peaks, more similar to thosegssed by the films deposited at 300 and 350°C.
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Figure 8: XRD profiles of AITiN coatings depositatto doped Si with 3.5 W &nat RT and 450°C

prior (black lines) and after (grey lines) air aradang. For the sake of clarity, the Si-related pedk
33.0° were removed from the profiles, when revealed

FE-SEM analyses of AITIN coatings deposited ontoateedrite substrates at RT (with thicknesses
of 450, 1300, and 2600 nm) and 450 °C (with thiglses of 1300 and 2600 nm) were performed in
operando up to 450 °C. This characterization hgiitéd a mechanical failure only for 2600 nm
thick film deposited at RT, which completely spdlles soon as it cooled down at RT after the heat
treatment. Otherwise, no cracks were observed hyr @her analysed samples, suggesting a
sufficient thermo-mechanical compatibility betwedre AITIN coatings (CTE of AITIN film
7.5x10° °C* at room temperature [28]) and the tetrahedritssate (CTE 15x18°C™ between 20
and 400 °C).

The same samples were also air annealed at 450r°€ Ifi, in order to preliminarily test if the
coating could be effective in operative temperaoadition in harsh atmosphere. After thermal

treatment, the films deposited at 450 °C showedde wpalling process. The 1300 nm thick film
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deposited at RT, diversely, showed some cracksemedation products (bright zones in figure 9
a) can be observable. Nevertheless, where theafdsicontinuous, it protected the substrate, which
resulted intact (figure 9 b).

Figure 9: secondary electron micrographs of surféag and fractured pellet cross section (b) of
the 1300 nm thick AITIN film deposited onto tetidite at RT after air annealing. The bright zones
in figure a are oxidation products occurred alorighfcracks.

Finally, the 450 nm thick film resulted to have thest performance during the air annealing,
resulting to be thick enough to preserve the satesfrom the oxidation process, not giving rise to
the formation of cracks (figure 10).

Figure 10: secondary electron micrographs of sueffiactured pellet cross section of the 450 nm
thick AITIN film deposited at RT onto doped tetidite and 3.5 W cifafter air annealing.
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Figure 11 reports the resistivity of a 450 nm thiiddka compared to those of a typical tetrahedrite
substrate values [8]. It is worth noting how th&edence between the resistivity values of the
tetrahedrite substrate and the protective coatsglted roughly 8 order of magnitude at RT and 5
at 400°C. Such resistivity difference, combinedhwifeometry considerations, demonstrate the
ability of a 450 nm thick film to avoid any parasitelectrical contribution, maintaining the

difference of electric potential between the caid &ot side of the thermoelectric element.

R
10 ER .
e
10" 1 e
] . S AITIN film
'_‘f"'"\ q: .‘\.\.
IE 103‘3‘I \.\\.\I
> o
G .
& 104
4
e E - ° ° ° ° ® 8
3 tetrahedrite pellet
107 +——
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Figure 11: resistivity of a tetrahedrite pellet #lok points) compared with the AITIN film (450 nm,
deposited at RT) one (grey points).

Similarly to what discussed regarding the resistiissue, even the thermal conductivity difference
should be taken into account for a qualitative eabn of the thermoelectric efficiency of the
whole coated thermoelectric element. In genera,tédtrahedrite thermal conductivity values can
vary between about 0.3 and 0.5 W i [8], whilst the coating between 5 and 10 W i [29—
31]. In particular, exploiting the most unfavoumabhlues of those thermal conductivities, a 450 nm
film contribute to the whole thermoelectric elemémtrmal conductance would result to be about
3%, for a 2 mnside pellet, typical for a thermoelectric modul@][3t is worth nothing that, due to

the typical columnar morphology of the thin filmpbesited by PVD magnetron sputtering, the value

14



assumed for the thermal conductivity can be comedlan upper limit, restating its secondary role

on whole thermal transport.

4. Conclusion

The compatibility of AITIN protective coatings depted onto tetrahedrite thermoelectric material
was studied. The substrate was characterized bypthnet of view of crystalline structure,
morphology and composition. The composition of tie was chosen in order to maximize the
resistance to oxidative environment, increasing dbetent of Al in the composition. The work
highlighted as the layer was effective against atiah up to 450 °C for 5 hours, when the thickness
was lower than 1 um and the deposition was caroeidat RT. The mismatch between the
mechanical properties of the layer and the sulestras likely due mainly to the internal stresses
created during the deposition processes. The laekribss of the protective coating can help that
mechanical compatibility but, in the other hand keahe process of substrate surface polishing
very crucial for obtaining the deposition of a aoobus and effective protection layer against the
harsh atmosphere. Finally, the coating demonstratedpossess the electrical and thermal
conductivity features adapt for voiding electricgtiort circuit phenomena and the heat flux
increasing between the hot and cold side, manddtorynaintaining the whole thermoelectric

element efficiency as higher as possible.

Acknowledgments

The authors are grateful to the CNR-ICMATE colleag&ilvia Deambrosis and Enrico Miorin for
the valuable discussion about the results, andhtiw& Bassani and Stefano Fasolin for his essential
technical supports.

This work has been funded by the Italian Nationas&arch Council - Italian Ministry of Economic

Development Agreement “Ricerca di sistema elettnapnionale”.

References

[1] S. LeBlanc, Thermoelectric generators: Linkmgterial properties and systems engineering
for waste heat recovery applications, Sustain. Mdiechnol. 1-2 (2014) 26-35.
doi:10.1016/J.SUSMAT.2014.11.002.

[2] X.Lu, D.T. Morelli, Natural mineral tetrahetiias a direct source of thermoelectric
materials., Phys. Chem. Chem. Phys. 15 (2013) 5¥835- do0i:10.1039/c3cp50920f.

[8] X. Lu, D. Morelli, The effect of Te substituticfor sb on thermoelectric properties of

tetrahedrite, J. Electron. Mater. 43 (2014) 19883+19
15



[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

http://www.scopus.com/inward/record.url?eid=2-s2.0-
84901950320&partneriD=40&md5=9a0291416baf2074alg98&8deal.

J. Wang, M. Gu, Y. Bao, X. Li, L. Chen, Quiclalbrication and Thermoelectric Properties of
Cul2Sb4S13 Tetrahedrite, J. Electron. Mater. 43§2Q274—-2277. doi:10.1007/s11664-
015-4301-8.

T. Barbier, P. Lemoine, S. Gascoin, O.l. Lebed® Kaltzoglou, P. Vaqueiro, A. V. Powell,
R.l. Smith, E. Guilmeau, Structural stability oétBynthetic thermoelectric ternary and
nickel-substituted tetrahedrite phases, J. Allogm@d. 634 (2015) 253—-262.
doi:10.1016/j.jallcom.2015.02.045.

E. Guilmeau, A. Maignan, C. Wan, K. Koumoto, Koumoto, T.M. Tritt, M. Kondo, K.
Koga, K. Yabuki, G.J. Snyder, R.G. Yang, K. Koumddm the effects of substitution,
intercalation, non-stoichiometry and block layencept in TiS, based thermoelectrics,
Phys. Chem. Chem. Phys. 17 (2015) 24541-24555.@&D39/C5CP01795E.

T. Barbier, P. Lemoine, S. Martinet, M. Erikssd. Gilmas, E. Hug, G. Guélou, P.
Vaqueiro, A. V. Powell, E. Guilmeau, Up-scaled $w#is process of sulphur-based
thermoelectric materials, RSC Adv. 6 (2016) 100065B. doi:10.1039/C5RA23218J.

S. Battiston, C. Fanciulli, S. Fiameni, A. Famge, S. Fasolin, M. Fabrizio, One step
synthesis and sintering of Ni and Zn substitutébedrite as thermoelectric material, J.
Alloys Compd. 702 (2017) 75-83. d0i:10.1016/j.jattt.2017.01.187.

A.P. Goncalves, E.B. Lopes, M.F. Montemor, JDrMier, B. Lenoir, Oxidation Studies of
Cul2Sb3.9Bi0.1S10Se3 Tetrahedrite, J. ElectroneM4¥ (2018) 2880-2889.
doi:10.1007/s11664-018-6141-9.

L. Zhang, X. Chen, Y. Tang, L. Shi, G.J. SnydeB. Goodenough Ac, J. Zhou, Thermal
stability of Mg 2 Si 0.4 Sn 0.6 in inert gases abtomic-layer-deposited Al 2 O 3 thin film as
a protective coating, (2016). doi:10.1039/c6ta0b611

H. Ning, M.J. Reece, F. Smeacetto, M. Salveid@tion protective glass—ceramic coating for
higher manganese silicide thermoelectrics, J. M&eir 51 (2016) 9484—9489.
doi:10.1007/s10853-016-0192-1.

S. Battiston, S. Boldrini, S. Fiameni, A. Famge, M. Fabrizio, S. Barison, Multilayered thin
films for oxidation protection of Mg2Si thermoelgctmaterial at middle-high temperatures,
Thin Solid Films. 526 (2012) 150-154. doi:10.1016fj2012.10.114.

D. Zhao, D. Wu, J. Ning, M. Zuo, ProtectiveoPerties of Various Coatings on CoSb3
Thermoelectric Material, J. Electron. Mater. 4612P3036—-3042. doi:10.1007/s11664-016-
5141-x.

16



[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

F. Vaz, L. Rebouta, M. Andritschky, M.F. ddv&i, J.C. Soares, Thermal oxidation of Til -
XAIXN coatings in air, J. Eur. Ceram. Soc. 17 (199971-1977. doi:10.1016/S0955-
2219(97)00050-2.

E. Schaffer, G. Klee, Mechanical behavior @ATN coatings exposed to elevated
temperatures and an oxidative environment, Surati@gs Technol. 133 (2000) 215-219.
L. Chen, Y. Du, F. Yin, J. Li, Mechanical pregies of (Ti, A)N monolayer and TiN/(Ti,
AN multilayer coatings, Int. J. Refract. Met. Havater. 25 (2007) 72—76.
doi:10.1016/j.ijrmhm.2006.01.005.

L. Chen, Y. Du, X. Xiong, K.K. Chang, M.J. Wimproved properties of Ti-Al-N coating by
multilayer structure, Int. J. Refract. Met. Hard teta 29 (2011) 681-685.
doi:10.1016/j.ijrmhm.2011.05.001.

R. Gago, F. Soldera, R. Hubner, J. LehmanMuinnik, L. Vazquez, A. Redondo-Cubero,
J.L. Endrino, X-ray absorption near-edge structireexagonal ternary phases in sputter-
deposited TiAIN films, (2013). doi:10.1016/j.jalien2013.01.130.

K. Chakrabarti, J.J. Jeong, S.K. Hwang, Y.©oYC.M. Lee, Effects of nitrogen flow rates
on the growth morphology of TiAIN films prepared ay rf-reactive sputtering technique,
Thin Solid Films. 406 (2002) 159-163.

S. Paldey, S.C. Deevi, Single layer and may®r wear resistant coatings of (Ti,Al)N: a
review, Mater. Sci. Eng. A. 342 (2003) 58-79.

S.M. Deambrosis, F. Montagner, V. Zin, M. Rahlw, C. Badini, E. Padovano, M. Sebastiani,
E. Bemporad, K. Brunelli, E. Miorin, Til-xAIXN caags by Reactive High Power Impulse
Magnetron Sputtering: film/substrate interface etfien residual stress and high temperature
oxidation, Surf. Coatings Technol. 354 (2018) 56—-65
doi:10.1016/J.SURFCOAT.2018.09.004.

B. Subramanian, C. V. Muraleedharan, R. Anaktimar, M. Jayachandran, A comparative
study of titanium nitride (TiN), titanium oxy nitte (TiON) and titanium aluminum nitride
(TiAIN), as surface coatings for bio implants, S@batings Technol. (2011).
doi:10.1016/j.surfcoat.2011.05.004.

S. Ceresara, C. Fanciulli, F. Passaretti, BsiMvskiy, Texturing of (Bi0.2Sb0.8)2Te3
nanopowders by open die pressing, J. Electron. ivid2e(2013) 1529-1534.
doi:10.1007/s11664-012-2313-1.

L. Lutterotti, S. Matthies, H.R. Wenk, A.S.I18dtz, J.W. Richardson Jr, Combined texture
and structure analysis of deformed limestone friome-{of-flight neutron diffraction spectra,
J. Appl. Phys. 81 (1997) 594. doi:10.1063/1.364220.

17



[25] L. Lutterotti, D. Chateigner, S. Ferrari, Jc&e, Texture, residual stress and structural
analysis of thin films using a combined X-ray as&y Thin Solid Films. 450 (2004) 34-41.
doi:10.1016/j.tsf.2003.10.150.

[26] A.P. Gongalves, E.B. Lopes, J. Monnier, J. igom, J.B. Vaney, A. Piarristeguy, A. Pradel,
B. Lenoir, G. Delaizir, M.F.C. Pereira, E. Allen®, Godart, Fast and scalable preparation of
tetrahedrite for thermoelectrics via glass crystation, J. Alloys Compd. 664 (2016) 209—
217. doi:10.1016/j.jallcom.2015.12.213.

[27] Q.-X. Fan, T.-G. Wang, Y.-M. Liu, Z.-H. Wu, Ehang, T. Li, Z.-B. Yang, Microstructure
and Corrosion Resistance of the AITIN Coating D&edsby Arc lon Plating, Acta Metall.
Sin. (English Lett. 29 (2016) 1119-1126. doi:10.2880195-016-0497-8.

[28] S. Jeon, C.J. Van Tyne, H. Lee, DegradatiomiAfN coatings by the accelerated life test
using pulsed laser ablation, Ceram. Int. 40 (2@b%¥)7—8685.
doi:10.1016/J.CERAMINT.2014.01.085.

[29] W. Kalss, A. Reiter, V. Derflinger, C. GeyLJEndrino, Modern coatings in high
performance cutting applications, Int. J. Refrdt. Hard Mater. 24 (2006) 399-404.
doi:10.1016/J.1JRMHM.2005.11.005.

[30] M.K. Samani, X.Z. Ding, N. Khosravian, B. Am#shmadi, Y. Yi, G. Chen, E.C. Neyts, A.
Bogaerts, B.K. Tay, Thermal conductivity of titamunitride/titanium aluminum nitride
multilayer coatings deposited by lateral rotatiaghode arc, Thin Solid Films. 578 (2015)
133-138. d0i:10.1016/j.tsf.2015.02.032.

[31] X.Z. Ding, M.K. Samani, G. Chen, Thermal cootiuity of PVD TiAIN films using pulsed
photothermal reflectance technique, Appl. Phys. &évl. Sci. Process. 101 (2010) 573-577.
doi:10.1007/s00339-010-5900-0.

[32] J.R. Salvador, J.Y. Cho, Z. Ye, J.E. Moczygamb.J. Thompson, J.W. Sharp, J.D. Koenig,
R. Maloney, T. Thompson, J. Sakamoto, H. Wang, A\&reszczak, Conversion efficiency
of skutterudite-based thermoelectric modules, PGem. Chem. Phys. 16 (2014) 12510
12520. doi:10.1039/c4cp01582g.

18



Highlights

Improving the thermal and the structural stability of tetrahedrite based thermoelectric

material.
* AITiN based coatings were deposited viareactive DC PV D magnetron sputtering

* Annealing treatment confirmed tetrahedrite stability dueto AITiN coating



