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Introduction

Due to its high electromechanical coupling coefficient (50% [START_REF] Priya | A Review on Piezoelectric Energy Harvesting: Materials, Methods, and Circuits[END_REF]) Pb(ZrxTi1-x)O3 (PZT) remains preferentially used as actuators, transducers or sensors in a massive industry production Although the hazardous lead content remains a significant drawback, PZT is also an attractive material for micro-scale energy harvesting applications [START_REF] Lei | MEMS-based thick film PZT vibrational energy harvester[END_REF][3] [START_REF] Aktakka | Thinned-PZT on SOI process and design optimization for piezoelectric inertial energy harvesting[END_REF]. Piezoelectric vibration EH based on polymers (PVDF, polyamides or parylene C) and lead-free materials (AlN, ZnO) are also investigated in the literature but the first ones present serious lifetime and aging issues and the second ones suffer from moderate piezoelectric coupling factors [START_REF] Marin | Multi-mechanism vibration harvester combining inductive and piezoelectric mechanisms[END_REF][6] [START_REF] Elfrink | Vibration energy harvesting with aluminum nitride-based piezoelectric devices[END_REF][8][9] [START_REF] Lin | Piezoelectric Nanogenerators Based on Zinc Oxide Nanowire Arrays[END_REF]. Many designs of piezoelectric vibration EH use a cantilever as the mechanical converter. This simple cantilever structure consists of a supporting body (passive substrate), a piezoelectric layer as the active material and a proof mass for both tuning the resonance frequency and increasing strain in the active material. Thin piezoelectric films (<1 μm) are less suitable when large power density is required due to their weak electromechanical coupling. Vibration EH based on screen-printed piezoelectric thick films (1 to 100µm) lead to better energy densities than thin layers and overcome the assembly issues inherent to bulk ceramics [START_REF] Hindrichsen | Advantages of PZT thick film for MEMS sensors[END_REF]. Early studies devoted to vibration EH using piezoelectric thick or thin films are mostly based on silicon [START_REF] Lei | MEMS-based thick film PZT vibrational energy harvester[END_REF][4][12] [START_REF] Kulkarni | Vibration based electromagnetic micropower generator on silicon[END_REF]. Although high normalized power densities are obtained, their brittleness makes them unfeasible to exploit ubiquitous ambient vibrations. Thus, metal-based substrates have received significant interest, especially stainless steel substrates over silicon ones, due to better mechanical strength, a lower Young's Modulus and the possibility to be pre-stressed in order to avoid tensile cracks of ceramic piezoelectric materials [3][14-21].

Recently, PZT layers supported on metallic substrates and its interface circuitry were developed, in order to collect and regulate the energy for smart grid applications [START_REF] Fernandes | Design, fabrication, and testing of a low frequency MEMS piezoelectromagnetic energy harvester[END_REF] [START_REF] Yang | A Simple Wireless Sensor Node System for Electricity Monitoring Applications: Design, Integration, and Testing with Different Piezoelectric Energy Harvesters[END_REF]. Power output tests results were presented, showing an improved performance compared to other MEMS-based piezo-electromagnetic devices. By integrating a screen-printed PZT layer sandwiched between two gold electrodes and supported on a stainless steel substrate (SS), vibrations resulting from the induced magnetic force led to harvested power. Moreover the novel design of the printed MEMS device, consisting in a centrally-supported modified zig-zag geometry has allowed decreasing the characteristic high resonance frequencies of MEMS structures and maintaining high strains, with a dissipation of approximately 9 μW across a 1 MΩ load, and a low fundamental frequency of 60 Hz, matching the fundamental frequency of the American power grid.

However, energy harvesting performance depends on a large extent on the microstructure, the properties of the active piezoelectric material and the quality of the interfaces [16][18][24] [START_REF] Xu | Screen printed PZT/PZT thick film bimorph MEMS cantilever device for vibration energy harvesting[END_REF], parameters inherently dependent on the fabrication process of the device. In particular, correct densification step of the PZT layer is required to limit the detrimental effect of porosity (leakage current) and to ensure high piezoelectric properties. Another issue to consider is the mechanical clamping effect arising from the substrate [21][24].

The quality of the interfaces between the different layers can be profoundly affected by the residual thermal stresses resulting from the mismatch of thermal expansion coefficients between the materials constituting the structure, leading to potential cracks in the active layer and bending of the structure [26][27]. Here, investigation of different PZT based EH is reported, focusing on interfaces, microstructure, and highlighting key guidelines for screen-printed EH processing. First, the complete EH structure with zig-zag geometry is described, a simple cantilever multilayer structure corresponding to a branch of the zig-zag EH structure is considered, in order to abridge any stainless steel supported cantilever structure. Then screen-printed disks and PZT bulk ceramics are also investigated. Microstructural features, dielectric, piezoelectric properties are compared to highlight the impact of porosity, passive layers, electrodes, and substrate thicknesses on the electromechanical performances of the multilayer energy harvester structure.

Experimental

Electrodes and piezoelectric layers shaping and deposition

Multilayer Thick film structures

The thick film screen-printing technology is selected to fabricate the EH device, as it represents a low-cost and alternative process to classical silicon manufacturing [START_REF] Hindrichsen | Advantages of PZT thick film for MEMS sensors[END_REF]. It requires specific inks, made of powders and organic binder mixed together, that are then transferred onto the substrate through open areas of screen meshes, previously patterned by lithography. The printed films with a thickness in the range 1-100 μm are dried and fired to achieve sintering and ensure adherence of layers. The minimum width and distance between the printed layers is classically 100µm. The semi-automatic screen-printer DEK Horizon used for the layers deposition allows alignments at +/-20µm. Compositions and preparation of the commercial or home-made polymer or inorganic pastes used are detailed in the material section.

The zig-zag EH and simple cantilever structures, both supported on a metallic substrate, and free-standing printed disks are considered.

Cantilever structures

The zig-zag EH microsystem consists of a three-dimensional thick-film structure made of the thick PZT film as the active layer, sandwiched between two gold electrodes (Fig. 1 (e)). The layers are supported on a 254µm thick stainless steel (SS) substrate. The software CleWin5 is used to design the electrodes and the piezoelectric layer following the substrate geometry. Short-circuits are avoided using a gap of 200 µm between the electrodes layers (Fig. 1 (a)). The layers design (Fig. 1 (b,c,d)) is converted separately into a suitable photo-plotter format, then translated into a patterned thick-film screen using a UV photo sensible polymer film. For the gold electrodes and PZT layers, the screen meshes and the polymer film thicknesses used are 325 mesh -15µm and 200 mesh -50 µm, respectively. The simple cantilever consists in the middle branch of the EH made of the same Au/PZT/Au/SS layers stacking as for the zig-zag (Fig. 1, 2 (e)). The successive layer deposition steps are illustrated in Fig. 2. For targeted thicknesses thinner than 40 microns, one layer is directly printed whereas for higher values of thicknesses, snap-off distance is modified and/or two layers are printed

Printed disks

Screen-printed disks are made of the same Au electrodes, and PZT printed layers. Once printed, these electroded PZT layers must be ultimately released from the substrate. This is achieved thanks to a sacrificial layer process classically used in MEMS process. The role of this sacrificial layer is to support the active layers during the densification process, without affecting the sintering process and with the minimum interactions with the active layers. Then, either during or after the thermal treatment, the sacrificial layer must be removed to obtain a free-standing active layer [START_REF] Debéda | Printed Piezoelectric Materials for Vibration-based Damage Detection[END_REF]. Here, the circular shaping of electroded printed PZT layers is aimed to further conduct piezoelectric characterizations on a simple disk, according to IEEE standards [START_REF]IEEE Standards on Piezoelectric Crystals:Measurements of Pieozolelectric Ceramics-1961[END_REF]. A sacrificial layer deposition needs to be first deposited on a ceramic substrate prior to the Au, PZT, and Au layers stacking (Fig. 3). This sacrificial polyester based layer is removed during the sintering process leading to free-standing piezoelectric disks ready for poling process and electrical characterizations. The screen chosen for the gold electrodes is the same as the one used for the cantilever fabrication. A 150µm thick stencil is used to achieve thick printed PZT layers in one step. The screen for the sacrificial layer is a 70µm screen mesh with a 50µm thick photosensitive film.

Ceramics

The PZT powder is prepared using the same paste formula as for the screen-printing process followed by a drying step at 120°C during 8h. The green pellets (13mm diameter) are uniaxially pressed with a pressure of 18.5± 2 MPa and then sintered following a firing cycle detailed in section 2.3. Afterward, Au electrodes (100nm) are sputtered on the ceramic disk surfaces for poling and electrical characterization.

Materials

A stainless steel substrate (SS301) with a Young Modulus of 193GPa [START_REF] Fernandes | Design, fabrication, and testing of a low frequency MEMS piezoelectromagnetic energy harvester[END_REF] is selected according to its compatibility with the high firing temperature of the screen-printed layers (900°C). This substrate is laser cut into the selected geometry. The electrodes and the polyester-based sacrificial layers are printed using commercial pastes from Electroscience Laboratory (ESL), ESL8836 and ESL244T, respectively. The gold paste contains 64wt % of Au and different oxides such as SiO2, Al2O3, CdO, PbO, to ensure the cohesion along with the compacity of the layer and its adherence to the substrate [START_REF] Lucat | Screen-printed varistors: New strategy for high non-linear coefficient[END_REF]. The PZT paste is prepared with a commercial organic binder from ESL (ESLV400) based on ethylcellulose whose volume percentage is adjusted to obtain a suitable viscosity for printing. The optimal viscosity of the ink has been found with a powder/ organic vehicle ratio (i.e. 85/14wt.%)

The viscosity of the different inks is controlled with a Brookfield rheometer in order to adapt the viscosity for screen-printing (less than 50 Pas.s for a shear rate of 100 s -1 ). The Pb(Zrx,Ti1-x)O3 commercial powder (hard navy PZ26 provided by Ferroperm) shows a perovskite-type structure with a predominantly tetragonal phase at room temperature. PZT powder is mixed with three oxides (1%wt CuO, 0.8%wt Li2CO3, and 1.2%wt Bi2O3 noted LBCu) expected to melt near 600°C and then (thus?) improve PZT densification [START_REF] Debéda | One-step firing for electroded PZT thick films applied to MEMS[END_REF].

After a milling step in order to eliminate agglomerates, the grain sizes of CuO, Li2CO3 and Bi2O3 powders are 5µm ±0.03, 19µm ±0.11 and 6µm ±0.03 respectively. The PZT powder is formed of agglomerates (10 µm) made of micrometer or sub-micrometer particles. The as described mixture PZT +3%wt LBCu paste is used to process ceramics, printed disks, and cantilevers.

Thermal treatment and poling step

After printing, all layers (electrodes, PZT, and sacrificial layer) are dried for 20min at 120°C. A slow drying rate 1°C/min until 120°C is preferred for thick layers (>100µm) to avoid cracks. The stacked printed layers are first isostatically pressed 5 min at 40 MPa and 65°C in order to improve the PZT densification [START_REF] Debéda | One-step firing for electroded PZT thick films applied to MEMS[END_REF].

Printed piezoelectric disks and cantilevers, as well as the ceramics, are then sintered 2 hours at 900°C using the same firing for the sake of properties comparison (Fig. 4). The heating rate of 1°C/min up to 400°C allows a gradual elimination of the organic binder and the elimination of the sacrificial layer (if present).

The ramp is then increased to 40°C/min up to 900°C for sintering. The LBCu sintering aid melts at 600°C.

The final PZT thicknesses are approximately 55 µm for the cantilevers, 100µm for the disk and 2-3 mm for ceramics.

Once densified, the samples are polarized. Ag wires of diameter 100µm are glued on the Au electrodes with Ag epoxy paste. Additional ultrasonic wire bonding of 20µm Au wires is led for the zig-zag cantilevers as detailed in previous work [START_REF] Fernandes | Design, fabrication, and testing of a low frequency MEMS piezoelectromagnetic energy harvester[END_REF]. Maximum voltages chosen to avoid dielectric breakdown are respectively of 0.25 kV, 0.35kV and 1kV for cantilevers, disks, and ceramics. This poling step is done under nitrogen and at 280°C (a temperature slightly below the Curie temperature), during 10min and voltage is maintained over temperature cooling.

Characterizations

Thickness and roughness profiles are measured with a contact profilometer KLA Tencor-Alpha Step.

Particle size distributions of the raw powders are evaluated using laser diffraction spectroscopy from wet dispersions (water) after ultrasound (1 minute) using Malvern Mastersize 2000. Phase structure of the PZT powders and ceramics are identified by X-ray powder diffraction (XRD) using a PANalytical X'Pert MPD diffractometer with Cu K radiation of wavelength  = 1.54056 Å. The XRD patterns are recorded at room temperature in the angular range of 2θ = 8-80°. The microstructures of the samples are observed using a scanning electron microscope (SEM, ZEISS EVO50). Cross polishing (Ilion + II 697) at low energy (5keV) is used to prepare proper cross-section surfaces of the EH multilayer for microstructural observations. Fracture surfaces are observed by SEM for ceramics. The SEM images are analyzed using ImageJ to extract an apparent porosity defined as the fractional pore area on the cross-sections. Chemical analysis is performed using Energy Dispersive X-ray Spectroscopy (EDX). Thermal dilatometry analyses (DIL Netzsch 402) under Argon and with a heating rate of 2°C/min until 600°C (maximum temperature of analyzer) are performed on both PZT ceramic (3 mm thick and 6 mm diameter) and four piled up discs (1 mm thick and 9 mm diameter) of stainless steel (SS301). The dielectric characterizations (permittivity ε', dielectric loss tan δ) are performed in the 100 Hz -1 MHz frequency range using an impedance analyzer (HP 4294A) with a home-made temperature controlling system. Impedance measurements are conducted using an Agilent E5061B. The electromechanical and piezoelectric coefficients are then calculated through the resonance and anti-resonance method using the standard IEEE model [START_REF]IEEE Standards on Piezoelectric Crystals:Measurements of Pieozolelectric Ceramics-1961[END_REF].

Results and Discussion

3.1 Microstructure analysis

Densification of PZT

The microstructures of PZT corresponding to the ceramic, the printed disk, and the simple cantilever are compared (Fig. 5). As mentioned in the experimental section, the PZT is mixed with similar content and nature of organic binder and sintering aid (3%wt LBCu). Whatever the design, the firing profile remains the same for all three structures. Highly densified ceramic is obtained at 900°C (relative density 97 %)

confirming efficient densification at such low temperature thanks to the use of the LBCu sintering aid. SEM images on a fracture surface of the ceramic confirm a low level of apparent porosity and reveal a mean grain size of about 3μm with a narrow grain size distribution (Fig. 5 (a)). The relative density is lower for printed structures (Fig. 5 (b,c)). An estimated apparent porosity of 14% and 20% is evaluated, for printed disks and cantilevers respectively. In this case, the grain size distribution is broader, thus a precise estimation of the average grain size cannot be reliable, considering the melted aspect of the grains or agglomerates. In the co-fired printed structures, the sintering shrinkage mismatch between the electrodes and the active PZT layer has to be considered. Differences in shrinkage behavior can generate stresses and defects and lead to constrained sintering compared to free sintering [32][33]. Retardation of PZT sintering kinetics can thus be expected. Moreover, for cantilevers type structures, mechanical clamping from the substrate is an additional parameter that contributes to constrained sintering. The specific preparation for SEM observation of cantilevers can explain the melted aspect of PZT grains (Fig. 5 (b)). In comparison, free surfaces in ceramics allow both more efficient debinding and densification providing a faster kinetic pathway for mass transport and leading to enhanced PZT grain growth.

Study of EH structure and interfaces in cantilever structures

When considering EH cantilevers structures, thermal stresses take place during firing cycle due to the difference of thermal expansion coefficients (CTE) between the different materials constituting the structure. Fig. 6. shows the complete energy harvester after firing with two different PZT layer thicknesses (55 and 100 µm). Bending of the structure is observed for the 100μm final thickness. Indeed, thermal stresses during the firing lead to significant deformation of the structure. This is confirmed by the high difference between the CTE of SS and PZT ceramic highlighted through dilatometry analysis (Fig. 7). In the high temperature range (500-600 °C), an average of CTE values of 16.7 and 4.7 ppm/°C are obtained, respectively.

Hsuen et al. have proposed a mathematical solution of the thermal stress in multilayered films on substrates.

For this purpose, the system's total strain is decomposed into a uniform bending component [START_REF] Hsueh | Thermal stress analyses of multilayered films on substrates and cantilever beams for micro sensors and actuators[END_REF]. The crosssection of our multilayered system is shown in Fig. 8, where the film layers of individual thicknesses (𝑡 1𝐴𝑢 , 𝑡 𝑃𝑍𝑇 , 𝑡 2𝐴𝑢 ) are bonded sequentially to the stainless steel (SS) substrate (thickness ts). The coordinate system is defined in such a way that the interface between the bottom Au layer (noted 1Au) and the SS substrate is located at z = 0, with 𝑧 = ℎ 𝑛 𝑙𝑎𝑦𝑒𝑟 . Given the conditions: (1) The multilayer structure is subjected to a temperature change (∆𝑇), with residual thermal stresses (σ) (eq. 1 and eq. 2), (2) the substrate's thickness is much more higher than the one of the active layer (𝑡 𝑠 ≫ 𝑡 𝑃𝑍𝑇 ), (3) the layers arrangement is asymmetrical and, (4) only the PZT and SS CTE mismatch are considered to contribute to final bending (Au layer effect is overlooked). The curvature 1 𝑟 ⁄ of the structure can be then evaluated using eq. 3.

𝜎 For a PZT thickness of 100µm, an absolute value of 2.69 mm for the theoretical maximum curvature is obtained with a structure concave facing up whereas the experimental curvature is 3.5 mm (Fig. 6 (b)).

Experimental curvature is evaluated at the highest curvature point containing the PZT active layer of the structure. To validate the trend predicted by the analysis, several cantilevers with different PZT thicknesses have been fabricated (35, 55, 60, 70, 80, 100 µm). The maximum deviation between the experimental and calculated values reaches 29% for a PZT thickness of 100 µm (Fig. 9), this high percentage of error can be explained considering that at higher 𝑡 𝑃𝑍𝑇 (80-100 µm) the condition of the analytical solution 𝑡 𝑠 ≫ 𝑡 𝑃𝑍𝑇 is no longer valid. Decreasing PZT thickness leads indeed to both lower curvature values and a better agreement between experimental and calculated data. Thermal stresses can thus be significantly reduced by adjusting the PZT thickness.

Cantilevers made with PZT thickness lower than 60 µm do not show significant bending (around 1 mm only) (Fig. 6 (c)). The selected PZT thickness is thus 55µm.

SEM observations of the cross-section of a non-deformed cantilever (tPZT55µm) allow to probe the good quality of the interfaces in terms of cohesion and composition (Fig. 10 (a)). Good adhesion of the printed layers is observed between the top gold electrode and the PZT layer without delamination (Fig. 10 (b)). The thickness of the top and bottom Au electrodes are 10 and 8µm ±2 µm, respectively. The top Au electrode roughness (300 nm) allows smoothing the PZT layer roughness.

The porosity within the active layer is homogeneously distributed without any significant evidence of densification gradients. Tensile stress due to the substrate effect does not seem to hinder densification close to the interface. However, the formation of an interfacial layer of about 20 µm between the bottom gold electrode and the SS substrate can be evidenced in Fig. 10 (c). This interfacial layer results from interdiffusion between the substrate and the bottom electrode during the sintering process. Bulk diffusion or diffusion across defect paths (dislocations in the metal, the porosity of gold due to thermal decomposition of organics) can explain the cross-diffusion between the two layers.

EDX analysis of the different layers (Fig. 11) reveals that the interface layer between bottom Au electrode and SS substrate contains 45% of the elements constituting the gold ink (Si, Pb, Cu) and 55% of elements of the SS substrate (Fe, Cr). The high level of oxygen confirms the partial oxidation of the substrate in the vicinity of the interface. Furthermore, the PZT layer analysis reveals the presence of Pb (68 wt%), Zr (21.5wt%), Ti (8.4wt%) and Cu and Bi from LBCu (1.6wt%)

The interface layer still ensures cohesion between the electrode and the substrate without the presence of Kirkendall porosity that could be more detrimental. However, such diffusion process at the electrode/substrate interface creates a passive layer whose mechanical properties would impact more globally the properties of the device and has to be accurately controlled.

Dielectric and electromechanical properties

Dielectric measurements at different temperatures and frequencies are first carried out on PZT ceramics in order to determine the Curie temperature (Tc) (Fig. 12). The Curie temperature, determined at the maximum of capacitance, occurs at 330°C as expected for the PZ26 [START_REF]Pz26 ( Navy I ) Hard relaxor type PZT[END_REF]. Considering measurements performed 24 hours after poling at 0.5kV/mm, a relative permittivity of 1200 and dielectric losses lower than 0.14% were measured at room temperature for 1 kHz. The permittivity value is slightly lower than the one reported for commercial PZT ceramic (' 1300sintering at 1200°C). Nevertheless, the differences between the two ceramics in terms of grain size and poling conditions (2-8kV/mm for the commercial ceramic) can explain this difference in permittivity values. Dispersion of the permittivity at low frequencies near Tc is observed but there is no signature of conduction mechanisms activated at high temperature (T>400°C). However, the increase of tan from 380°C reflects the existence of residual space charges.

Capacitance measurements are also carried out for the printed disk. Relative permittivity close to 600 and dielectric losses  2.5% at room temperature and 1 kHz are obtained. Such lower permittivity values compared to PZT ceramics can be partly explained by the lower relative density in the printed disk but cannot be rigorously compared because the applied poling electric field is not the same. However, the level of porosity is also a parameter that determines the maximum value of the field applied during poling.

Impedance measurements are performed for printed disk and simple cantilever (Fig. 13 (a,b)). The obtained resonance frequencies (maximum of B curve) are fr416 kHz and fr356kHz for the printed disk and the cantilever, respectively. By using the resonant frequency fr and anti-resonant frequency fa, effective electromechanical coupling factor keff can be calculated to characterize an arbitrary resonator at any resonance frequency (fundamental or harmonic) thanks to the relation:

𝑘 𝑒𝑓𝑓 = √ (𝑓 𝑎 2 -𝑓 𝑟 2 ) 𝑓 𝑎 2 (eq.4)
Values of keff of 26% and 11% approximatively are obtained respectively for printed disk and cantilevers, respectively. The lowest keff value obtained for the cantilever clearly shows the effect of the passive metallic substrate. Cantilever piezoelectric coefficients have a contribution from d31 depending on substrate properties, which cannot be equivalent with the standard IEEE model [START_REF]IEEE Standards on Piezoelectric Crystals:Measurements of Pieozolelectric Ceramics-1961[END_REF]. The simple conductance measurement is nevertheless relevant as it is directly related to the piezoelectric response of the structure.

Table 2 reports the material characteristics and summarizes the dielectric and piezoelectric properties of the different PZT based ceramics and printed structures which are compared to a commercial ceramic from Ferroperm. Two examples of PZT layers deposited on metallic substrate investigated in literature are also considered. As expected, the bulk ceramics present the highest dielectric permittivity due to higher density.

Compared to the commercial one (sintering at 1200-1300°C), the ceramic sintered in the present work at 900°C presents slightly lower permittivity values, but that remains in the same range of the commercial ones despite a significant lower sintering temperature. Lower dielectric properties are also found for printed PZT in comparison with ceramics due to lower densification, as discussed in section 3.1.1. Dielectric losses are also increased in printed layers (by a factor 10).

Electromechanical coupling and piezoelectric coefficients k31, kp and d31, are deduced using the standard IEEE model [START_REF]IEEE Standards on Piezoelectric Crystals:Measurements of Pieozolelectric Ceramics-1961[END_REF]. Disk samples (ceramic or printed one), show comparable values to the commercial ones (table 2), comforting the efficiency of LBCu to reach high densification at low temperature [START_REF] Lakhmi | Study of screen-printed PZT cantilevers both self-actuated and self-read-out[END_REF]. For ceramics, even if thin electrodes contribute to higher electromechanical factor, the disk geometry (thicker than for the printed disk) probably introduces errors in the IEEE model. Thinner printed disks are more suitable for the IEEE model and also exhibit high piezoelectric and electromechanical coefficients, despite their lower level of densification and permittivity.

For cantilever structures, lower electromechanical coupling and piezoelectric coefficients are obtained, as confirmed by finite element simulation analysis for the zig-zag cantilever [START_REF] Fernandes | Design, fabrication, and testing of a low frequency MEMS piezoelectromagnetic energy harvester[END_REF]. Overall, lower properties are expected for cantilever multilayer structure due to the presence of the passive metallic substrate supporting the active PZT layers. The substrate induces mechanical clamping stresses that limit the active material densification. Lou-Moeller et al. [START_REF] Lou-Moeller | Screenprinted piezoceramic thick films for miniaturised devices[END_REF] also confirmed the limitations of the properties of printed PZT (PZ26) thick film when bounded on silicon and alumina substrates. Showing that sintering aids, inherent porosity and mechanical clamping from the substrate, are the main three contributions leading to lower properties values. Furthermore, referring to literature where very dense thin films are also deposited by aerosol on a cantilever SS substrate [START_REF] Lin | Piezoelectric micro energy harvesters based on stainless-steel substrates[END_REF], electromechanical coupling factor keff of around 10 are also obtained (table 2). In our case, even if our printed PZT layers present more porosity than the aerosol PZT layers, its higher thickness help to improve the electromechanical coefficient of the multilayer cantilever.

More dense and thicker PZT layers clearly improve the performances of the EH as shown in table 2 by the results reported by Colin et al on thinned bulk PZT glued on both sides of a SS cantilever [START_REF] Colin | Highly efficient low-frequency energy harvester using bulk piezoelectric ceramics[END_REF]. With such a bimorph configuration and even with a glue interface between the SS substrate and the PZT, an increase of more than a factor of two is obtained thanks to the optimized properties of the thinned bulk ceramic.

Finally, even if the electromechanical coupling coefficient reflects the energy conversion ability and is a relevant criterion to choose the active material, the figure of merit (FOM) (eq.5) should also be considered to compare different materials for energy harvesting applications [7][36]. Reduced permittivity is a way to increase the FOM, despite lower piezoelectric properties. Consequently, the printed structures exhibiting lower permittivity than bulk ceramics could be a good alternative for MEMS piezoelectric energy harvester. and the bottom gold electrode after sintering. This interface is considered as a passive layer that ensures cohesion between the electrode and the substrate, but this could limit the dynamics of the structure under performance. Bending arising from CTE differences between the different materials constituting the cantilever structures have been analytical and experimentally shown to be dependent on the thickness of the active piezoelectric material. Both modeling and experimental approaches have confirmed the possibility to reduce thermal stresses by decreasing the PZT layer thickness. As a result, the two main lines of optimization rely on the improvement of the densification and in better control of the interfaces quality (diffusion process, thermal stress). The key parameters to improve dielectric and electromechanical performances in complex ceramic EH structure are the grain size and the composition of the PZT layer, the nature and thickness of electrodes and substrate. The elaboration of bimorphs can also be considered as an additional option to cope with interfaces issues. 

Figure captions

  Microstructural characteristics and functional properties of PZT based ceramics, printed disk, and cantilevers have been investigated and compared. Efficient densification of bulk ceramics and printed disks have been obtained at temperatures as low as 900°C with the use of LBCu sintering aid. The optimum permittivity values are obtained for bulk ceramics. Lower densification for cantilever structure is due to the mechanical clamping from the SS substrate that generates constrained sintering. As a result, reduced overall properties have been observed. Nevertheless, the piezoelectric effect has been demonstrated and both effective electromechanical coupling factor and piezoelectric coefficient are comparable to those of literature, confirming the excellent potential of such devices for EH MEMS applications. Compared to bulk ceramics, the main limiting features are the interfaces and bending issues. The microstructural analysis of the interfaces in the cantilever has highlighted the formation of an interphase layer between the substrate
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 12789 Fig. 1. Design of EH multilayer cantilevers (a-d) : (a) zig-zag cantilever with laser micromachined SS substrate with a zoom on the printed Au and PZT layers, (b) bottom Au electrode, (c) PZT layer, and (d) top Au electrode. All dimensions are in mm. Fig. 2. Fabrication screen-printing steps of EH multi-layer (modified zig-zag and simple cantilever): (a) bottom Au electrode printing, (b) active PZT layer printing (c) top Au electrode printing, (d) cross section of cantilevers. Top view with Au/PZT/Au printed layers of (e) zig-zag EH, and (f) simple cantilever structure equivalent to the middle branch of zig-zag cantilever. Dimension in mm. Fig. 3. Schematic view of the screen-printed layers for the disks fabrication. Fig. 4. Sintering cycle used for the densification of the different PZT based materials: ceramics, printed disks, cantilevers and zig-zag structure (sintering: 2h at 900°C). Fig. 5. SEM images of PZT + 3%wt LBCu for (a) fracture section of ceramic, (b) printed cantilever cross polished section, and (c) fracture section of free-standing printed disk. Fig. 6. (a) Modified zig-zag cantilever EH structure after firing, (b) with a PZT layer of 100μm thickness, (c) with a PZT layer of 55 μm thickness. Fig. 7. Thermal expansion coefficient curves of SS substrate (a), and PZT ceramic (b). Fig. 8. Cross section of multilayer structure with coordinate system used in the analyze [32]. Fig. 9. Comparison between calculated absolute values using eq.3 and the measured experimental values for the curvature of multilayer structure analysis Fig. 10. SEM analysis of (a) Au/PZT/Au/SS, (b) top Au electrode/PZT interface and, (c) interface layer between bottom Au electrode and SS substrate. Fig. 11. Energy Dispersive X-ray (EDX) analysis of SS/Au/PZT multilayer structure: chemical cartography of Au/SS interface layer after sintering. Fig. 12. Permittivity (a) and tan δ (b) for PZT ceramic at different frequencies and as a function of temperature (23<T(°C)<450). Fig. 13. Impedance measurements: Conductance (G) and Susceptance (B) of (a) printed disk (b) and printed cantilever.

  

  

  

  

  

  

  

  

Source du renvoi introuvable

  Where 𝜎 𝑠 and 𝜎 𝑃𝑍𝑇 are the thermal stresses in the substrate and PZT layer, respectively. 𝐸 ′ = 𝐸 (1 -𝑣 ⁄ )is the biaxial modulus with 𝐸 the Young's Modulus and 𝑣 is the Poisson's ratio of SS substrate or PZT layer individually. 𝛼 𝑃𝑍𝑇 𝑎𝑛𝑑 𝛼 𝑠 are the thermal expansion coefficients of the substrate and PZT layer, respectively. 1/r is the physical representation of the component curvature upcoming from the mismatch between the substrate and the active layer. Using the properties shown in Erreur !

	1 𝑟	=	6𝐸 𝑃𝑍𝑇 ′ 𝑡 𝑃𝑍𝑇 (𝛼 𝑃𝑍𝑇 -𝛼 𝑠 )∆𝑇 𝐸 𝑠 ′ 𝑡 𝑠 2	= ∑	1 𝑟 𝑖	(with 𝑟 𝑖 = PZT or S) (eq. 3)
			𝑠 =	𝐸 𝑠 ′ (3𝑧 + 2𝑡 𝑠 ) 3𝑟	(for -𝑡 𝑠 ≤ 𝑧 ≤ 0 ) (eq.1)
			𝜎 𝑃𝑍𝑇 =	𝐸 𝑠 ′ 𝑡 𝑠 2 6𝑡 𝑃𝑍𝑇 𝑟	(for 𝑡 𝑠 ≫ 𝑡 𝑃𝑍𝑇 ) (eq.2)

., the estimated curvature of the multilayer structure is calculated for different PZT thicknesses, considering a ∆𝑇 = 100°𝐶.

Table captions Table 1 .

 captions1 Elastic properties, average thermal expansion coefficient (500°C-600°C) and thicknesses of PZT and SS. Table2. Summary of properties for the different PZT based structures.
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