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Unlocking Microwatt Power: Enhanced Performance of Fe-V-Al Thin Films in Thermoelectric Microgenerators
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Microwatt power output was obtained in thermoelectric microgenerators based on costeffective and non-toxic Fe-V-Al thin films deposited by a DC magnetron co-sputtering process.

A maximum electrical power of almost 5 μW at a temperature difference of 134 K was measured. This result leads to a maximum power density of 58.5 ± 6 mW/cm 2 , which is among the highest values obtained by a microdevice. Contrary to what is observed for other thermoelectric materials like Bi2Te3 or PEDOT composites, the performances of the present devices, assembled with junctions between Fe-V-Al and aluminum electrodes, are weakly impacted by their contact resistance. These results are very encouraging for the development of new architectures based on low-resistance Fe-V-Al thin films to power autonomous sensors in the Internet of Thing domain.

Introduction

Despite advancements in the fields of manipulating new compositions and nanostructuring known compounds [START_REF] Shi | Advanced Thermoelectric Design: From Materials and Structures to Devices[END_REF][START_REF] Selvan | State-of-the-Art Reviews and Analyses of Emerging Research Findings and Achievements of Thermoelectric Materials over the Past Years[END_REF], there has been limited research on fabricating devices for micropower generation or thermoelectric microcooling using inexpensive, abundant, and non-toxic materials [START_REF] Li | Si and SiGe nanowire for micro-thermoelectric generator: A review of the current state of the art[END_REF][4]. Micropower generation is of great interest in autonomous electronic microsystems that require local renewable energy sources. Thermoelectric energy harvesters can be used in applications such as local networks of microcontrollers, sensors, and wireless communication chips. Additionally, microdevices find application in sensing tasks like measuring infrared radiation, vacuum, airflow, and heat flow [START_REF] Völklein | Thermal-based microsensors[END_REF][START_REF] Shin | Fabrication of thermoelectric gas sensors on micro-hotplates[END_REF][START_REF] Xiao | On-Chip Sensing of Thermoelectric Thin Film's Merit[END_REF][START_REF] Bali | Thin Film Structures in Energy Applications[END_REF].

The intrinsic properties of thermoelectric materials, such as the Seebeck coefficient (S), electrical resistivity (ρ), and thermal conductivity (λ), determine the performances of the (micro)generators based on them. Indeed, in transverse geometry, their efficiency at temperature T is determined by the dimensionless figure of merit (ZT = S 2 T/(ρλ)) of the p-and n-type materials constituting these devices. The maximum output power Pmax of these devices is given by 2 (𝑆 𝑝 -𝑆 𝑛 ) 2 

𝑃 𝑚𝑎𝑥 = 𝑉 𝑜𝑝𝑒𝑛 2 4𝑅 𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 = 𝑥
It is related to Vopen, which is the generated output voltage in open circuit depending on x the number of n-p couples, the Seebeck coefficient of the p-and n-type materials (Sp and Sn respectively) and the temperature difference T. Pmax is also depending on Rthermo, the thermoelectric thin films resistance and Rcontact, the contact resistance between the thermoelectric materials and the metal electrodes that collect the electrical current. This last parameter is crucial for microgenerator performance. While bismuth -antimony -telluride (ptype) and bismuth -selenium -telluride (n-type) are materials commonly used for thermoelectric applications near room temperature because of their large ZT = 1, the generated power is limited due to contact resistance issues between thin films of bismuth telluride and electrodes.

Existing literature describes microgenerators based on various materials . However, to the best of our knowledge, there is no microdevice based on the full-Heusler alloy [START_REF] Felser | Heusler Alloys: Properties, Growth, Applications[END_REF] Fe2VAl under thin film form. Only a few devices based on bulk Fe2VAl have been reported [START_REF] Mikami | Power Generation Performance of Thermoelectric Module Consisting of Sb-Doped Heusler Fe2VAl Sintered Alloy[END_REF][START_REF] Mikami | Development and Evaluation of High-Strength Fe2VAl Thermoelectric Module[END_REF].

Notably, Mikami et al. developed generators based on sintered Fe2VAl alloys, which achieved a maximum output power of 1.2 W for a temperature difference (ΔT) of 280 K [START_REF] Mikami | Power Generation Performance of Thermoelectric Module Consisting of Sb-Doped Heusler Fe2VAl Sintered Alloy[END_REF], latter improved to 2.5 W by Sb doping [START_REF] Mikami | Development and Evaluation of High-Strength Fe2VAl Thermoelectric Module[END_REF]. Fe2VAl is made of inexpensive and non-toxic elements and it exhibits power factor (PF = S 2 /ρ) values larger than in Bi2Te3 [START_REF] Miyazaki | Thermoelectric properties of Heuslertype off-stoichiometric Fe2V1+xAl1-x alloys[END_REF][START_REF] Diack-Rasselio | Influence of Self-Substitution on the Thermoelectric Fe2VAl Heusler Alloy[END_REF][START_REF] Garmroudi | Boosting the thermoelectric performance of Fe2VAl-type Heusler compounds by band engineering[END_REF]. However, its high thermal conductivity (~28 W/mK) [START_REF] Alleno | Review of the Thermoelectric Properties in Nanostructured Fe2VAl[END_REF] results in a moderate ZT value. As a consequence, the thermoelectric energy conversion efficiency using bulk materials is considerably lower than that of state-of-the-art thermoelectric materials. Nevertheless, by utilizing thin films, the drawback of a high thermal conductivity is partially mitigated by the thermal properties of the substrate, when the temperature gradient is parallel to the substrate plane, in the so-called "planar geometry" (Fig. 2). Recent research demonstrated the successful production of Fe2VAl thin films using magnetron co-sputtering, exhibiting good performances at room temperature with power factors of 5.6 mW/K 2 m and 1.3 mW/K 2 m for n-type and p-type, respectively [START_REF] Bourgault | Improved Power Factor in Self-Substituted Fe2VAl Thermoelectric Thin Films Prepared by Co-sputtering[END_REF].

These values are very close those observed in bulk alloys [START_REF] Diack-Rasselio | Influence of Self-Substitution on the Thermoelectric Fe2VAl Heusler Alloy[END_REF][START_REF] Garmroudi | Anderson Transition in Stoichiometric Fe2VAl: High Thermoelectric Performance from Impurity Bands[END_REF][START_REF] Nishino | Doping Effects on Thermoelectric Properties of the Off-Stoichiometric Heusler Compounds Fe2-xV1+xAl[END_REF].

The study presented in this article highlights that dc magnetron co-sputtering is a suitable process for fabricating Fe-V-Al thermoelectric devices. Two microgenerators consisting of five n-p couples deposited on Al2O3 and AlN substrates respectively, were fabricated and tested.

The low contact resistance achieved using aluminum as an electrode material contributed to a low internal resistance, enabling the demonstration of a maximum power of 5 μW for a temperature difference of 134 K, corresponding to a normalized power density of 3.3 μW/cm 2 K 2 .

Experimental

The sputtering conditions for n-and p-type Fe2VAl were investigated in a precedent work [START_REF] Bourgault | Improved Power Factor in Self-Substituted Fe2VAl Thermoelectric Thin Films Prepared by Co-sputtering[END_REF].

It revealed that the best power factor is obtained for thin films deposited at 600 °C under an Ar flow of 40 sccm and under a pressure of 10 -2 mbar. Figure 1a Film compositions were accurately determined using Energy Dispersive X-ray Spectroscopy (EDS) with a precision of ± 1 atomic %.

Seebeck coefficient, S, of the films is measured with home-made devices described in

Reference [START_REF] Bourgault | Thermoelectric Properties of n-Type Bi2Te2.7Se0.3 and p-Type Bi0.5Sb1.5Te3 Thin Films Deposited by Direct Current Magnetron Sputtering[END_REF]. The electrical resistivity (ρ) was obtained using the van der Pauw method and the relationship  = K × R × e with K = π / ln2 = 4.53, R represents the measured electrical resistance, and e denotes the film thickness.

To fabricate the devices consisting of interconnected n-and p-type legs in series, mechanically machined masks (Figure 2) were implemented. Elemental aluminum deposition was employed for the contacting electrodes between the n-type and p-type thermoelectric legs. As illustrated in Figure 2, aluminum pads were deposited on the n-type and p-type legs. The contact resistance is hence reduced compared to the situation where the Fe2VAl films are deposited on the aluminum pads. In this case, electrical measurements showed contact resistances 4 to 5 orders of magnitude higher. This discrepancy is likely due to the Fe2VAl's lower sensitivity to oxidation compared to aluminum. To gain insight into the mechanisms governing low contact resistivities, microstructural observations and chemical analysis of the Fe2VAl-Al and Al-Fe2VAl interfaces will be conducted. Additionally, the Transfer Length Method (TLM) will be employed to precisely measure the contact resistivity. We plan to explore various metals, with or without very thin bonding layers (e.g., Ti, a few nm thick), and utilize ion etching before Al deposition to test ways of reducing contact resistivity. The measurement setup of the device enables the application of a temperature difference along the plane of the deposited thin films (Figure 3a). The hot zone, located on the left side of the device, was controlled using a heating cartridge, while the cool zone on the right side was maintained at a constant temperature of 17 °C by circulating water. To measure the generated voltages, induced by various temperature differences (ΔT) ranging from 20 K to 134 K, a 34401A Agilent voltmeter with a 10 GΩ impedance was utilized.

Temperature profile measurements were conducted using a FLIR A655sc thermal camera with a resolution of 640 × 480 pixels (see Figure 3b and3c).

The choice of substrates with different thermal conductivities, Al2O3 and AlN, has a notable impact on shaping the temperature difference in the thermoelectric microgenerator system. The thermal conductivity of Al2O3 is approximately 20 W/mK, while AlN has a significantly higher thermal conductivity of around 180 W/mK. Due to this substantial difference, when subjected to the same heat source at one end, the Al2O3 substrate exhibits a much steeper temperature gradient compared to AlN. This occurs because the thermoelectric layer deposited on the surface of the substrate is relatively thin (around 500 nm) in comparison to the substrate's thickness (around 500 microns). As a result, the temperature gradient is predominantly governed by the substrate, even when the thermal conductivities of the Fe2VAl thermoelectric layers range from 20-30 W/mK. Simulations carried out in reference [START_REF] Cao | Flexible Elemental Thermoelectrics with Ultra-High Power Density[END_REF] have shown that as long as the thermoelectric layers remain thin compared with the substrate, the thermal contributions are mainly linked to the substrate and the performance of the system is governed by the PF rather than the ZT as is the case for bulk materials. 

Thermoelectrical performances

Before device assembling, the thermoelectric properties of the n-type and p-type thin films were investigated.

Table 1 summarizes the Seebeck coefficient, the electrical resistivity and the power factor previously obtained on the films whereas Table 2 details the deposition conditions such as plasma power, deposition time, Ar pressure, target-substrate distance, and deposition temperature for both n-and p-type thin films. In reference [START_REF] Bourgault | Improved Power Factor in Self-Substituted Fe2VAl Thermoelectric Thin Films Prepared by Co-sputtering[END_REF], a strong improvement in power factor was achieved by implementing the co-sputtering process at a deposition temperature of 600 °C for the n-type thin film. The essential parameter with a significant influence on film composition is the plasma power applied to the secondary Al or V target, while maintaining a fixed power on the main Fe2VAl target. Through this co-sputtering process, we observed a linear variation of the atomic composition, depending on the nature and power applied to the secondary target [START_REF] Bourgault | Improved Power Factor in Self-Substituted Fe2VAl Thermoelectric Thin Films Prepared by Co-sputtering[END_REF]. This enabled precise tuning of the film composition, spanning from the stoichiometric Fe2.01V0.99Al to Al-rich Fe1.90V0.88Al1.22 and to V-rich Fe1.90V1.24Al0.86.

Analyzing the Seebeck coefficient and power factor variations versus the valence electron concentration (VEC), calculated from film compositions, we identified a maximum at VEC values slightly above and below 6 for n-type and p-type films, respectively. The power factors reached were 5.6 and 1.3 mW/K 2 m for the V-rich n-type film (Fe1.97V1.15Al0.88) and the Al-rich p-type film (Fe1.94V0.94Al1.12), respectively. In the near future, the films showing high power factors will be measured in magnetic susceptibility. In a recent study, Gao et al. have observed that Ti doped Fe2VAl thin films are ferromagnets distinctly different from the paramagnetic state of bulk sample [START_REF] Gao | Significant Off Stoichiometry Effect Leading to the N-Type Conduction and Ferromagnetic Properties in Titanium Doped Fe2VAl Thin Films[END_REF]. The good thermoelectric properties obtained in our V-rich n-type film (Fe1.97V1.15Al0.88) and the Al-rich p-type film (Fe1.94V0.94Al1.12) may be due to such magnetic interactions via spin fluctuation as shown in [START_REF] Tsujii1 | Observation of enhanced thermopower due to spin fluctuation in weak itinerant ferromagnet[END_REF].

Table 1 : Seebeck coefficient, electrical resistivity and power factor for p-type and n-type

Fe-V-Al thin films.

Devices with five n-p couples

Two devices were constructed, each composed of five junctions electrically connected in series on the AlN substrate (Figure 4a) and the Al2O3 substrate (Figure 4b). The five n-p pairs within each device were interconnected using aluminum junctions. The optimal deposition conditions presented in Table 2 were implemented for the fabrication of the two devices, to achieve the highest power factor and maximum voltage generated by a given temperature difference. Table 2 also displays the calculated resistance based on the electrical resistivity and dimensions of both n-type and p-type legs, as well as the measured resistances at room temperature using the 4-point probe method for both devices. It is worth noting that the measured resistances for both devices slightly deviate from the calculated resistance Rthermo based on the electrical resistivities of the films and the assembly design. This difference is ascribed to the total contact resistance, Rcontact, between the aluminum and thermoelectric thin films, as described by equation (2). with Acontact the surface of contact between the metal and the thermoelectric thin films.

Seebeck coefficient, S (µV

n-type deposition p-type deposition

Al contact deposition

Tests of the devices

Temperature difference measurement

The temperature difference ΔT was determined by analyzing the thermal profile recorded by the IR camera on the thermoelectric legs (Figure 3c). To ensure accurate temperature measurements with the IR camera, the emissivity () of the thermoelectric films must be determined. This was performed beforehand using small K-type thermocouples on legs dedicated to these thermal measurements. The temperature differences determined by the thermocouples and those using the IR camera were in agreement when the emissivity was set to the value  = 0.85. In Figures 3c and3d, a magnification of the thermal image and the thermal profile measured along the direction (indicated by the red line) parallel to the n and p legs is shown. In this specific case, the temperature difference along the n-p couples is T = 130.5 -64.5 = 66 K. Based on the values provided in Table 2, the calculated Rthermo is 510 Ω, which is lower than the measured values of 586 Ω and 554 Ω for devices 1 and 2, respectively. The interfaces between Al and the thermoelectric thin films contribute approximately to 13% (8% for device 2) of the internal resistance. Considering the 20 Al-thermoelectric thin film junctions with a connected surface area Acontact of approximately 4 mm 2 , the areal contact resistance c is estimated to be around 152 mΩ•cm 2 for device1 and 88 mΩ•cm 2 for device 2. It is worth noting that this contribution is relatively small compared to what is typically observed in devices consisting of bismuth telluride thin films. In such cases, the contact resistance is often 2 to 5 orders of magnitude larger than the resistance of the thin films themselves [START_REF] Bourgault | Thermoelectrical devices based on bismuth-telluride thin films deposited by direct current magnetron sputtering process[END_REF]. The variations in areal contact resistance (ρc) between the two devices can be primarily attributed to the distinct average roughness (Ra) of the AlN and Al2O3 substrates. This disparity in surface roughness necessitates consideration of the real areal contact (Acontact) when calculating ρc to avoid errors in the measurements. Additionally, the presence of porosity on the substrate's surface, which
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int can vary depending on its roughness, may also influence the current flow between the metal and thermoelectric thin film. The maximum electrical power, Pmax, achieved is 5 μW for a temperature difference of 134 K in device 2. To facilitate a fair comparison across differing temperature gradients, the normalized power density 𝑃 𝑚𝑎𝑥 (Δ𝑇) 2 is depicted in Figure 8b. Again, it is worth noting that our device2, fabricated using Fe2VAl thin films on Al2O3 substrate, demonstrates a remarkable normalized power density of 3.3 ± 0.7 μW/cm 2 K 2 , higher than the values found in organic and inorganic thermoelectric materials investigated thus far. In a study conducted by Mikami et al., a normalized power generation density of 1.27 μW/cm 2 K 2 was calculated using the cross-sectional area of thermoelectric bulk-Fe2VAl under a temperature difference of ΔT = 280 K [START_REF] Mikami | Power Generation Performance of Thermoelectric Module Consisting of Sb-Doped Heusler Fe2VAl Sintered Alloy[END_REF]. By incorporating Sb doping, the normalized power density increased to 2.55 μW/cm 2 K 2 [START_REF] Mikami | Development and Evaluation of High-Strength Fe2VAl Thermoelectric Module[END_REF]. Our obtained values are comparable or slightly higher, indicating that our thin film devices are highly competitive, and that the contact resistance does not significantly impair their performance.

It is also worth noting that when considering the effective planar area 2x × L × l (not the crosssectional area 2x × A), the planar power density is approximately 1.2 μW/cm 2 . By accounting for the temperature difference to compare several devices, the effective planar power density is close 9 nW/cm 2 K. This value is similar to the power densities achieved in planar thin film devices based on Bi2Te3/Sb2Te3 (ranging from 3 to 10 nW/cm 2 K) [START_REF] Tainoff | Network of thermoelectric nanogenerators for low power energy harvesting[END_REF][START_REF] Vieira | High-Performance μ-Thermoelectric Device Based on Bi2Te3/Sb2Te3 p-n Junctions[END_REF][START_REF] Yang | A thin film thermoelectric device fabricated by a self-aligned shadow mask method[END_REF][START_REF] Rojas | Paperbased origami flexible and foldable thermoelectric nanogenerator[END_REF][START_REF] Isotta | Towards Low Cost and Sustainable Thin Film Thermoelectric Devices Based on Quaternary Chalcogenides[END_REF] and sustainable materials (ranging from 0.3 to 1.9 nW/cm 2 K) [START_REF] Isotta | Towards Low Cost and Sustainable Thin Film Thermoelectric Devices Based on Quaternary Chalcogenides[END_REF].

These results highlight the competitive performance of our thin film devices, demonstrating their potential for practical thermoelectric applications, comparable to established materials such as bismuth tellurides and other sustainable materials.

Conclusion

We have reached a significant milestone by measuring microwatt as electrical power output in thermoelectric microgenerators utilizing high-efficiency Fe-V-Al n-and p-type films. These films are synthesized by a dc magnetron co-sputtering process, enabling precise composition control and optimization of the electronic transport performance, as evidenced by a power factor (PF) of 5.6 and 1.3 mW/m 2 K for the n-type and p-type thin films, respectively. Notably, our microdevices exhibit a remarkable maximum power generation of approximately 5 μW, achieved with a temperature difference of 134 K.

The performance of these microdevices, when assembled with a simple Al junction, shows no significant degradation from the contact resistance. This stands in contrast to the commonly encountered challenges faced by microdevices employing other thermoelectric materials such as Bi2Te3 or PEDOT compounds. These findings offer great promise for the development of innovative architectures based on low-resistance Fe-V-Al thin films, enabling the power supply for autonomous sensors in the rapidly growing Internet of Things (IoT) domain. Moreover, these results not only contribute to the advancement of thermoelectric technologies but also underscore the feasibility of employing cost-effective and environmentally friendly Fe-V-Al thin films as a viable alternative in the field of energy harvesting and microsystems.
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Equation ( 2 )

 2 𝑅 𝑖𝑛𝑡 𝑒𝑟𝑛𝑎𝑙 = 𝑅 𝑡ℎ𝑒𝑟𝑚𝑜 + 𝑅 𝑐𝑜𝑛𝑡𝑎𝑐𝑡 = 𝑥(𝑅 𝑛 + 𝑅 𝑝 ) + 𝑅 𝑐𝑜𝑛𝑡𝑎𝑐𝑡 where x represents the number of n-and p-couples, here x = 5. Rn and Rp are the resistance of a single n-type and p-type leg, respectively. Rcontact and c are related by the relation 𝑅 𝑐𝑜𝑛𝑡𝑎𝑐𝑡 = 4𝑥𝜌 𝑐 𝐴 𝑐𝑜𝑛𝑡𝑎𝑐𝑡
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 8 Figure 8 : (a) Maximum power density and (b) normalized power density of this study in

  

  

Table 2 : Deposition conditions for n-type, p-type Fe-V-Al and Al thin films, calculated and measured resistances of devices 1 and 2.
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	Device 1	Device 2

Table 1
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: +55 μV/K and -96 μV/K, respectively, yielding a Seebeck coefficient of 151 μV/K for a couple.
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