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2 Thermoelectric technology can be used for heat-to-electricity conversion [1]. In this case, thermoelectric devices exploit a temperature (T) gradient to produce electricity. Their performance is mainly depending on inherent material properties, such as Seebeck coefficient (), electrical conductivity (), and thermal conductivity () [1]. High-performance thermoelectric devices should use high-performance thermoelectric materials exhibiting a high power factor PF =  2  and the highest possible figure of merit ZT =  2 T/. With the development of mobile microelectronic and communication devices, the technologies of energy conversion face new challenges, as they are expected to offer energy harvesting solutions that can be integrated to microelectronic circuits [2]. The goal of integrated energy harvesting devices is to use surrounding energy sources (thermal, mechanical, electromagnetic waves…) to produce electricity that can be used by the mobile device during operation, allowing its autonomy to be increased. This electricity production can be used either to partially charge the device battery (or an integrated supercapacitor), or to execute some operations without soliciting the battery. Thermoelectric devices should be particularly convenient for this type of application, since temperature gradients are generally present in microelectronic setups. Furthermore, the required energy supply stays modest, as it does not need to entirely power the device, and mobile devices use generally low-consumption microelectronic circuits. Additionally, thermoelectric modules are solid-state and can be miniaturized. However, microelectronic applications require specific technological restrictions: energy harvesting must be performed at temperatures close to room temperature (RT), and in order to be integrated in microelectronic technology, materials as well as their elaboration processes must be compatible with the complementary metal-oxidesemiconductor (CMOS) technology [2]. Moreover, the integrated device should be based on thin films (micro-or nanostructure), and if possible, made of abundant and nontoxic materials. Accordingly, current thermoelectric materials exhibiting the best thermoelectric properties at RT cannot be used for microelectronic applications. They are not compatible with the CMOS technology, and use toxic or scarce elements, such as Bi2-xSbxTe3 (p-type) and Bi2Te3-xSex (n-type) compounds, for example [3][4]. Semiconductors are materials of particular interest for thermoelectric applications, especially due to their doping possibility.

The same semiconductor can be either p-or n-type controlling dopant nature (control of the carrier type: electrons or holes), and the semiconductor Fermi level as well as the carrier concentration can be adjusted controlling the dopant concentration, allowing for material ZT engineering [5][6].

Ge(Sn) is a CMOS-compatible IV-IV semiconductor, currently investigated for CMOS optoelectronic applications as well as for Si photonics [7][8][9][10][11]. The Ge1xSnx alloy forms a Ge-Sn binary random solution exhibiting the cubic diamond structure with a lattice parameter aGeSn larger than Ge, following the corrected-Vegard law

𝑎 𝐺𝑒𝑆𝑛 = (1 -𝑥)𝑎 𝐺𝑒 + 𝑥𝑎 𝑆𝑛 + 𝑏𝑥(1 -𝑥) (1) 
With aGe = 0.565 nm et aSn = 0.649 nm, the Ge and Sn lattice parameters in the diamond structure, respectively, and b = 0.0041 nm the bowing coefficient [12][13][14]. Sn maximum solubility in Ge is only 1.1 at% at 673 K [START_REF] Gokhale | Binary Alloy Phase Diagrams[END_REF].

Though, meta-stable Sn-rich Ge1xSnx thin films can be elaborated [START_REF] Oehme | [END_REF]. Interestingly for thermoelectric applications, Ge1xSnx alloys can possess higher carrier mobility [17][18][19] than Ge and lower thermal conductivities [20][21]. Furthermore, Sn composition variations are known to involve serious modifications of the Ge1xSnx alloy electronic band structure, the semiconductor electronic band gap being indirect for x  0.1 and being direct for x  0.1 [22][23][24]. Consequently, the Ge1xSnx Seebeck coefficient is expected to be significantly dependent on the alloy Sn composition, allowing for significant degree of freedom for ZT engineering.

Ge1xSnx films are usually elaborated by molecular beam epitaxy or chemical vapour deposition [13][14][START_REF] Oehme | [END_REF][17][18][19]. However, magnetron sputtering seems more appropriate for thermoelectric applications [12,25], since it involves a significantly lower production cost, while being CMOS-compatible. This work reports the investigation of the Seebeck coefficient and power factor variations of 100-nm-thick Ge1xSnx films with Sn composition (0.09  x  0.15) in the temperature range 220  T  330 K, for CMOS-compatible RT energy harvesting.

100 nm-thick Ge1xSnx films were deposited in a commercial magnetron sputtering system (base pressure of 10 -8 Torr) at T = 673 K on 1.5  2.5 cm 2 glass substrates. The substrates were subsequently cleaned 10 min in acetone and alcohol baths in an ultrasonic cleaner, and kept 30 min at 423 K in a baking furnace, before to be loaded in the sputtering chamber. Commercial 99.999% Ge-pure and 99.99% Sn-pure targets were co-sputtered using different sputtering powers for Sn in order to get different Sn compositions from x = 0.0 to x = 0.15. Ge and Sn deposition fluxes were calibrated thanks to ex-situ thickness measurements using X-ray reflectivity. Ge1xSnx film concentrations were determined using X-ray diffraction (XRD), and checked using Rutherford back scattering and atom probe tomography measurements. The structure of the films was investigated using XRD in the Bragg-Brentano (-2) geometry using a Cu K source (K = 0.154 nm). The surface state of the films was checked by atom force microscopy (AFM). The film electrical conductivities were measured versus temperature by impedance spectroscopy [26] using an impedance analyzer (HP 4284 A) operated between 20 Hz and 1 MHz, using an alternative signal of amplitude 100 mV.

Contacts on the samples were achieved using a silver conductive paste. The temperature variations were controlled using a programmable Thermolyne heater, or using a liquid nitrogen cryostat for the low temperatures. The Seebeck coefficients of the films were measured using a home-made setup [27].

Figure 1 shows AFM images of the glass substrate before deposition (fig. 1a) as well as of three Ge1xSnx films with x = 0.09, 0.13, and 0.15 (figs. 1b1d). The surface roughness of the three films is significantly smaller than their thickness (< 5%). It is smaller than the glass substrate roughness (5.13 nm), and is smaller for higher Sn concentrations (4.56, 2.75, and 2.31 nm for x = 0.09, 0.13, and 0.15, respectively). Figure 2a shows the X-ray diffractograms measured in the Bragg-Brentano geometry on four samples with x = 0.0, 0.09, 0.13, and 0.15. The films are polycrystalline and exhibit the same texture along the normal of the surface: the same four diffraction peaks are observed for each sample, corresponding (from left to right) to the (111), (220), and (311) atomic planes of the diamond structure. Pure-Sn diffraction peaks are not detected. As expected, the shift of Ge1xSnx diffraction peaks towards the lower angles (Fig. 2b) corresponds to x = 0.09, 0.13, and 0.15 according to eq. 1.

Figure 3a presents the electrical conductivities measured on the three Ge1xSnx films versus temperature, in the 220-330 K temperature range.  increases with temperature, as expected for semiconductor layers. Furthermore,  increases also with x, the conductivity of the Ge1xSnx films being higher than the conductivity of intrinsic Ge. For example,  = 0.029, 3.08, and 9.05  1 cm 1 at 300 K for x = 0.09, 0.13, and 0.15, respectively, while  ~ 0.02  1 cm 1 for undoped Ge at the same temperature [28]. One can note that the conductivity of the Ge91Sn0.09 film is significantly lower (~ two orders of magnitude) than that of the two other Ge0.87Sn0.13 and Ge0.86Sn0.15 films. This difference may be related to the significant electronic band structure difference between Ge1xSnx alloys of Sn compositions below (indirect band gap) and above (direct band gap) x = 0.1 [22][23]. The Seebeck coefficients of the Ge1xSnx films measured in the same temperature range are shown in Figure 3b.  is positive for the three films, corresponding to p-type semiconductors. The Seebeck coefficients of the Ge1xSnx films is found to be significantly high around RT, with  = 120, 300, and 248

µV K 1 at 300 K for x = 0.09, 0.13, and 0.15, respectively. Sn composition variations have a strong impact on the Seebeck coefficient.  variations versus temperature are different in each film. Furthermore,  variations are not proportional to x, since at given temperature (x = 0.09)  (x = 0.15)  (x = 0.13). The Seebeck coefficient difference between the films is important despite relatively low composition variations, as a difference of about 100 µV K 1

separates (x = 0.09) from (x = 0.15), as well as (x = 0.15) from (x = 0.13). These observations should be related to major differences in the electronic density-of-state of the three alloys, and show that alloying Ge with Sn significantly modifies the average energy (E), the concentration (n), the effective mass (m * ), or the scattering coefficient () of the charge carriers (of charge q) of the alloy in the Fermi level vicinity (EF), since  is known to be dependent on these parameters in degenerated semiconductors (eq. 2) [3,29].

𝛼 = 𝐸-𝐸 𝐹 𝑞∆𝑇 ∝ 𝑚 * 𝑇 𝑞 ( 𝜋 3𝑛 ) 2 3 ( 3 2 
+ 𝛾)

Equation 2 shows that the increase of  through the modification of any of these parameters results in a decrease of the electronic conductivity. Sn composition is shown to be an important parameter allowing for the simultaneous modification of  and . As expected, the increase of  can be associated to a decrease of  (eq. 2): when x decreases from 0.15 to 0.13,  increases from 248 to 300 µV K 1 and  decreases from 9.05 to 3.08  1 cm 1 at T = 300 K.

However, x modification can also remarkably lead to the concomitant increase of  and , when x increases from 0.09 to 0.13 or 0.15 (Fig. 3), for example. Figure 4 presents the PF variations of the Ge1xSnx films versus temperature. The PF increases with x despite that (x = 0.15)  (x = 0.13). Due to the large difference of electrical conductivity, the PF of the Ge91Sn0.09 film (4.2  10 4 µW cm 1 K 2 at 300 K) is a lot lower than that of the two other Ge0.87Sn0.13 (0.44 µW cm 1 K 2 at 300 K) and Ge0.86Sn0.15 (0.56 µW cm 1 K 2 at 300 K) films.

Despite significantly high Seebeck coefficients, the PF of the films is two orders of magnitude smaller (for x = 0.13 and 0.15) than that of current best materials for RT thermoelectric applications, such as Bi2-xSbxTe3 [30], SnSe [31], SnS091Se0.09 [32] or Mg2Sn0.75Ge0.25 [33]. The Ge1xSnx PF is actually impaired by the low electrical conductivity of the films. For example, for x = 0.13 at 300 K  = 300 µV K 1 but  = 3.08  1 cm 1 leading to PF = 0.44 µW cm 1 K 2 . However, former works shown that Ge doping with Sn concentrations of about 10 19 at cm 3 (x = 1  10 3 ) is of p-type and leads to  ~ 1  1 cm 1

with n ~ 2.2  10 16 cm 3 [34]. One can note that the hole concentration is in this case three orders of magnitude smaller than the concentration of Sn, and the conductivity of these low-Sn-concentrated layers is of the same magnitude as that of our high-concentrated films. This is usually explained considering that the hole concentration occurs from charged point defects [17][18]. Thus, despite the significant difference of Sn concentration, our films are also expected to be weakly doped [19]. Consequently, doping the Ge1xSnx films with regular dopants such as B can be an interesting way to significantly increase the electrical conductivity of Ge1xSnx films, likely boosting their power factors. Indeed, Ge1xSnx p-type and n-type doping three orders of magnitude higher (n = 1 to 5  10 19 cm 3 ) have been demonstrated using As, P, and B [35].

In conclusion, the power factor of 100 nm-thick Ge1xSnx films with 0.09  x  0.15 has been determined aiming for RT CMOS-compatible thermoelectric applications. The 

FIG. 1 .FIG. 2 .FIG. 3 .FIG. 4 .

 1234 FIG. 1.AFM images obtained on the glass substrate surface before growth (a) as well as after

Figure 2 A

 2 Figure 2

  

  

leads to power factors too low for RT applications. Though, the Sn composition is shown to be an efficient parameter for modifying both  and , sometimes allowing for the concomitant increase of these two factors. Thus, the possibility of adjusting the alloy Sn composition combined with structural and doping modification capabilities offer significant degrees of freedom for Ge1xSnx PF and ZT engineering. Therefore, Ge1xSnx is a CMOScompatible semiconductor showing interesting potential for thermoelectric applications. In particular, the electrical conductivity of Ge1xSnx films being potentially increased by three orders of magnitude by conventional doping, Ge1xSnx films may still be interesting for RT thermoelectric applications.