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Introduction

Structural health monitoring, wearable and portable healthcare devices, widely distributed wireless sensors in smart agriculture, home and industry, smart automation, and transport industry are all examples of application fields that would largely benefit from self-sufficient energy technologies from micro-energy harvesting solutions and/or from the drastic reduction of energy consumption [START_REF] Roundy | Energy Scavenging for Wireless Sensor Networks[END_REF][START_REF] Anton | Review of power harvesting using piezoelectric materials (2003-2006[END_REF][3][START_REF] Mitcheson | Energy harvesting from human and machine motion for wireless electronic devices[END_REF][START_REF] Safaei | A review of energy harvesting using piezoelectric materials: state-of-the-art a decade later (2008-2018[END_REF]. In the past decades, information processing power and connectivity have been the main limiting factors of information technology. Advances in metal-oxide-semiconductor field-effect transistor (MOSFET) and communication technologies have determined new applications and services. Recently, Internet-of-Things (IoT), Internet of Health (IoH) and monitoring by distributed sensor networks have emerged. The key limiting factor in IoT devices and their applications is energy autonomy. Energy harvesting (EH) through, the collection of local environmental energy has been developing rapidly since 2000 and many different energy autonomous sensor systems have been already demonstrated [START_REF] Anton | Review of power harvesting using piezoelectric materials (2003-2006[END_REF][3][START_REF] Mitcheson | Energy harvesting from human and machine motion for wireless electronic devices[END_REF][START_REF] Safaei | A review of energy harvesting using piezoelectric materials: state-of-the-art a decade later (2008-2018[END_REF][START_REF] Spreemann | Electromagnetic vibration energy harvesting devices: architectures, design, modeling and optimization[END_REF]. With the advent of ultralow power microelectronics that led to a drastic reduction in the consumption of electrical components (going from 100's of mW 40 years ago to a few µW nowadays in idle mode), it is now possible to perform an electronic function with a very low amount of energy. This enabled the functioning of structural health control [START_REF] Elvin | A self-powered mechanical strain energy sensor Smart[END_REF][START_REF] Elvin | A self-powered damage detection sensor[END_REF][START_REF] Guyomar | Synchronized switch harvesting applied to self-powered smart systems: piezoactive microgenerators for autonomous wireless transmitters[END_REF][START_REF] Lallart | Synchronized switch harvesting applied to self-powered smart systems: piezoactive microgenerators for autonomous wireless receivers[END_REF] temperature measurements [START_REF] Shi | A novel self-powered wireless temperature sensor based on thermoelectric generators Energy Convers[END_REF] or wireless switches [START_REF] Paradiso | A compact, wireless, self-powered pushbutton controller Ubicomp[END_REF][START_REF]Enocean GmbH Self-powered Sensors: Energy harvesting sensors for energy-efficient, comfortable and safe buildings[END_REF][START_REF]Micropelt GmbH LoRaWAN room thermostat MLRTPS with setpoint adjustment and presence detector[END_REF] with very little amount of energy. More than 30 trillion sensors are expected to be deployed worldwide in the near future [START_REF] Bonnaud | The technological challenges of microelectronics for the next generations of connected sensors[END_REF].

Low-power MEMS sensors, based on Si technology, became the devices of choice offering cost effective solutions and high yield in automotive and aerospace industry. This includes accelerometers, pressure sensors, microbolometers, gyroscopes, communication filters, etc. Piezoelectric vibration energy harvesters (PiViEHs) for self-powered wireless MEMS networks are particularly attractive due to the possibility of direct integration with electronic circuits & sensor nodes [START_REF] Spreemann | Electromagnetic vibration energy harvesting devices: architectures, design, modeling and optimization[END_REF][START_REF] Beeby | Energy harvesting vibration sources for microsystems applications[END_REF][START_REF] Kiziroglou | Micromechanics for energy generation[END_REF]. Therefore, EH from vibrations, also called inertial harvesting, has become a focus of interest during the past years. Harvesting vibrations with piezoelectric devices were thoroughly studied with bulk PbZr 1-x Ti x O 3 (PZT) materials, and piezoelectric bulk composites. More recently, since about ten years, the miniaturization of harvesters using MEMS technology with thin piezoelectric films or nanocomposites came into the focus of interest in order to power small systems such as wireless nodes. Initial studies were indeed carried out at high-frequency vibrations in order to maximize the harvested energy [START_REF] Tang | Broadband vibration energy harvesting techniques[END_REF]. However, they required forced excitation that is not readily available in the environment. Recent research permitted reducing the operating frequencies from several kHz to a range between 10 Hz and 300 Hz, where vibrations are widely available in the environment (motions of humans/animals, sea waves, automotive engines, etc), while maintaining an interesting output power. The volume/size of the cell is highly limited in the case of integrated sensors (typical volume of a sensor <1 cm 3 ) [START_REF] He | A MEMS self-powered sensor and RF transmission platform for WSN nodes[END_REF] including a sensing system, an energy harvester with a MEMS transducer, energy storage and electronics. If the sensor is wireless, it will include the communication module, as well. The harvested power is reduced by more than 10 times when the volume is reduced by 10 times [START_REF] Yeatman | Size requirements for micro-scale motion energy harvesters[END_REF]. Miniaturization normally also leads to an increase in frequency.

The state-of-the-art piezoelectric EH is enough to power various wireless sensor networks. However, the functioning of vibrational EH in most cases is limited to very specific environmental conditions. In addition, the harvesters typically include materials with toxic or rare elements in the transducers and battery (Pb, Te, Bi, etc). Obtaining high power output from piezoelectric harvesters in many applications requires a high figure of merit (FoM). Hence this resulted in the preference and common use of bulk PZT in piezoelectric harvesters. However, in future, PZT has to be replaced by lead-free materials, even for thin films, to reduce any negative ecological impact of lead-based transducers.

In order to enable the wide deployment of micro-energy sources based on EH in IoTs, Distributed Sensor Management, and the 'place and leave' sensors, further research effort has to be done in development of more sustainable fabrication processes and eco-friendly materials and systems with long life/durability, improved recyclability of materials, ameliorated capacity of miniaturization devices through heterogeneous cointegration of different functions, as well as further decrease in power demand through the increased transduction efficiency and generated power density (PD).

At present, many different lead-free ferroelectric (e.g. BaTiO 3 (BTO), K 1-x Na x NbO 3 (KNN), etc) and nonferroelectric (AlN, ZnO) piezoelectric materials in the form of films, nanostructures and ceramic/crystals bonded on wafers are explored for the fabrication of PiViEHs [START_REF] Safaei | A review of energy harvesting using piezoelectric materials: state-of-the-art a decade later (2008-2018[END_REF]. The integration of lead-free piezoelectric films as transducers in the EH applications is essential for the MEMS scale devices and due to the required flexibility & robustness of the vibrational energy scavengers. Unfortunately, the communities working on the material synthesis and optimization, and on the integrated systems and electronics have made limited concerted efforts so that functional validation of new materials in device structures remains elusive. Despite the environmental restrictions, EH systems are still frequently developed by using on-shelf lead-based materials. This paper gives a comprehensive overview of the symmetry and properties of lead-free materials and their potential in the applications in vibrational energy harvesting. This includes the comparison of the equivalent bulk materials, the estimation of the substrate clamping effect in the thin film, and identification of their highly coupled orientations. The ability to control film orientation of different lead-free materials will be summarized and their expected piezoelectric performance will be compared with the ones reported in the literature.

Theoretical considerations

Piezoelectricity

The vibrational EH is based on the direct piezoelectric effect relating a mechanical stress, T J , to a dielectric displacement vector, D i ,:

D i = d iJ T J (i = 1-3 and J = 1-6) .
(

) 1 
In this paper, the capital letters, (I, J, L) are used for the contracted coefficients in matrix notation, which can vary from 1 to 6. In a general case, d iJ is a strain piezoelectric tensor (3 rd rank tensor with [START_REF] Tang | Broadband vibration energy harvesting techniques[END_REF] 
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The constitutive equations can be defined in strain, S,charge, D, form as

S I = s E IJ T J + d kI E k D i = d iJ T J + ε T ij E j (3)
where s E is the elastic compliance tensor (4 th rank, 21 independent coefficients) at constant electric field, E, and ε Tpermittivity tensor (2 nd rank, 6 independent coefficients) at constant stress, T. These equations be also written in the form of stress-charge

T I = c E IJ S J + e kI E k D i = e iJ S J + ε s ij E j ( 4 
)
where c E is an elastic stiffness at constant field (4 th rank tensor like the compliance one) and e is a stress piezoelectric tensor. The stress and strain piezoelectric coefficients e and d are related by

e iJ = d iL c E LJ . ( 5 
)
There are three operational modes in piezoelectric transduction:

• Longitudinal excitation (thickness mode)-the material is deformed parallel to the electric field (or stress is parallel to the dielectric displacement axis). This excitation is represented by d iI (i = I = 1,2,3) coefficient. In the case of ferroelectric materials, if it is along the spontaneous polarization direction, d 33 will be used.

• Transverse excitation (transverse mode)-the material is excited with respect to the dielectric displacement, represented by d iJ coefficient with i ̸ =J (i,J = 1,2,3). • Shear excitation (shear mode)-the material is excited under shear boundary conditions, so the relative piezoelectric coefficient is d iJ with i = 1,2,3 and J = 4,5,6.

Symmetry

According to Neumann's principle, the symmetry of the material structure reduces the number of independent components of tensors describing the physical properties, which cannot be less symmetric than the crystal structure. In crystallography, the standard unit cells and their axes are placed with respect to the principal symmetry elements and are specific to each crystal system (see table 1 for more details). The relationship between XYZ coordinates used for the tensors, and the standard crystallographic unit cell axis is summarized in table 1.

Ferroelectricity (switch of spontaneous polarization) can be present only in the materials which have nonzero physical properties presented by the first rank tensors (vector) like pyroelectricity. It is important to stress that the symmetry reasoning is obligatory but not sufficient condition for the presence of the ferroelectric properties. The materials containing center of the symmetry, improper rotation axis, cubic symmetry, or more than one rotation axis do not present 1st rank tensor properties. Only ten point groups present such properties: 1, m, 2, mm2, 4, 4mm, 6, 6mm, 3, 3m. In the triclinic point group, 1, which does not contain any symmetry all three vector (1 st ransk tensor) components (p 1 , p 2 , p 3 ) are not zero. The symmetry elements in the monoclinic symmetry are placed with respect to the baxis of the unit cell. Therefore, the m point group presents vector properties (p 1 , 0, p 3 ) and 2 point group-(0, p 2 , 0). Only p 3 component is not zero for all other point groups with non-zero 1st rank properties which corresponds to the c-axis of the unit cell, placed along unique rotational symmetry axis.

The centrosymmetric point groups and 432 point group are not piezoelectric and not pyroelectric/ferroelectric. Although 20 point groups from 32 point groups present piezoelectric properties, the most studied piezoelectric materials are represented only in few point groups: 3m (LiNbO 3 (LN), LiTaO 3 (LT), BiFeO 3 (BFO)), 32 (Quartz, Langasite(LGS)), 6mm (AlN, ZnO), 4mm (BaTiO 3 (BTO), KTa x Nb 1-x O 3 (KTN x ) with 0.5 <x <0.6), mm2 (PZT-4 single crystal, KNbO 3 (KN)). The tensors describing piezoelectric, elastic and dielectric properties of single-crystal materials represented by these point groups are summarized in table 1. The point group 32 contains only two independent piezoelectric coefficients, 4mm and 6mm-3, 3m-4, and mm2-5 independent coefficients. Similar tendency on number of independent coefficients is observed for the other rank tensors. The stress and strain piezoelectric coefficients, compliance, stiffness, stress dielectric constants of the key piezoelectric materials are given in the Supplementary Material. The geometrical representation of the permittivity, the piezoelectricity and the elastic stiffness of LN, quartz, ZnO, KTN 0.53 , KN are given in the figure 1. The permittivity of hexagonal, trigonal, and tetragonal materials can be defined by only two independent coefficients and this Table 1. Piezoelectric, elastic stiffness/compliance and permittivity tensors of single crystals with 3m, 32, 6mm, 4mm, and mm2 point groups. The relationship between key symmetry elements, unit cell axis and XYZ reference coordinate system, used for tensor description, is indicated. Note that in the case of hexagonal and trigonal symmetries there is a difference between stiffness and compliance tensors as indicated below [START_REF] Auld | Acoustic Fields and Waves in Solids[END_REF].
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results in highly symmetric geometrical representation (ellipsoid). The orthorhombic symmetry is represented by three permittivity coefficients and the double ellipsoid space distribution. The key symmetry elements can be easily identified in the piezoelectric tensor geometrical representation. One can note the difference between the elastic stiffness and compliance representations in the space (figures 1 and 2, respectively), related by

c IJ s KL = 1. ( 6 
)
One can also note some similarities in geometrical representations of the elastic compliance and piezoelectricity.

It is important to note that in the case of orthorhombic KNbO 3 , two conventions are used to define the XYZ tensor axis with respect to the unit cell axis: the crystallographic one (defined in the table 1) and the optics one, in which X-axis is aligned along b-axis and Y-axis-along a-axis (figure 3) [START_REF] Wada | Enhanced piezoelectric properties of potassium niobate single crystals by domain engineering[END_REF]. In this work, we use the crystallogarphic settings (x ∥ a, y ∥ b, & z ∥ c) in which unit cell parameters are 3). We would like to stress that in many papers and x-ray diffraction databases, it can be found the identification of othorhombic unit cell axis according to the rule c <a <b without taking 

into account the polarization axis and therefore the point group is renamed m2m instead of mm2, as spontaneous polarization axis allowed by the symmetry only along the twofold symmetry axis.

In literature, nonstandard pseudocubic unit cells are frequently used for the trigonal and orthorhombic symmetries. In particular, the orientation of the perovskite material families based on (K,Na)(Nb,Ta)O 3 , BaTiO 3 , BiFeO 3 and their derivatives can be found frequently defined in pseudocubic settings. As KTN and BTO family materials present trigonalorthorhombic-tetragonal-cubic phase transitions, the pseudocubic unit cell is used for all symmetries for convenience. Although, the axis of both tetragonal and pesudocubic cells coincide.

In the case of the trigonal crystal system, the standard unit cell is hexagonal, although these materials do not present sixfold symmetry. In addition to the pseudocubic cell, the rhombohedral cell is frequently used for the trigonal crystal class, as well. The families of equivalent planes of the rhombohedral, hexagonal and pseudocubic unit cells are summarized in the table 2. The (0001) planes of hexagonal cell are parallel to [START_REF] Matthias | Dielectric properties of sodium and potassium niobates[END_REF] pseudocubic and rhombohedral planes. The {100} PC pseudocubic planes are parallel to the { 01 12 } H hexagonal planes, and {110} PC ∥ { 11 20 } H . In the case of the orthorhombic crystal system, the orthorhombic a-axis (X-axis in tensor notation), [100], councides with b-axis of pseudocubic cell (figure 3). The pseudocubic a-and c-axes are rotated from b-and corthorhombic ones by 45 • around a-axis. We would like to stress that if the optics settings are used the orthorhombic aaxis is parallel to -Y tensor axis but it still coincides with b-axis of pseudocubic cell.

If the physical properties of orthorhombic and trigonal/hexagonal materials are characterized/described in the pseudo-cubic settings, all rank tensors, defined in standard settings (table 1), have to be rotated by using these transformation matrices:

    1 0 0 0 √ 2 / 2 √ 2 / 2 0 - √ 2 / 2 √ 2 / 2     (7) 
and

  1 0 0 0 cosϕ sinϕ 0 -sinϕ cosϕ   , respectively (8) 
where angle φ corresponds to the angle between (0001) H and

( 01 12 
)
H planes of hexagonal cell (rotation around Xaxis in a right handed side from Z-axis). The rotated 3 rd rank tensors for the mm2 and 3m point groups can be found in the supplementary material. For example, in the case of 3m point group, if the (100) PC oriented material in pseudocubic settings (corresponding to ( 

In the case of the pseudocubic settings used for the orthorhombic system, the d ′ 33 and d ′ 31 will be defined as follows

d ′ 31 = √ 2/2d 31 , d ′ 32 = √ 2/2 (-d 24 + d 32 + d 33 ) , (11) 
And

d ′ 33 = √ 2/4 (d 32 + d 33 + d 24 ) . ( 12 
)
For convenience, if the material is not oriented along standard X, Y and Z-axes, the tensors are transformed and the effective tensor coefficients are used, which are the products of different coefficients. The crystals are rotated along different axes to maximize their effective coefficients and to optimize the device performance. The 3D 

d ′

33 coefficient of KNbO 3 can be increased by a factor of three if the (011) plane orientation is considered instead of (001) in the orthorhombic cell. The (011) plane in orthorhombic cell is equivalent to (100) plane in the pseudocubic cell. The d 33 of LN is only 6 pC N -1 , but this coefficient can be maximized to 39.5 pC N -1 if the (

) orientation tilted by 4.8 • is considered. The maximum effective d ′ 31 of LN is attained for the Y-cut ((10 10) plane of hexagonal cell). Therefore, the characterization or comparison of materials have to be done in the standard settings to avoid any confusion and they should include maximum effective coefficient comparison, as well.

Curie point groups and thin films

The tensors, given in the table 1, are valid only for the materials with single crystalline orientation. The presence of growth domains, a texture or a polycrystallinity has to be taken into account due to coexistence of several orientations. For example, perfectly polycrystalline and textured (the orientation is defined only along a single axis) materials (figure 6) will be described by the ∞∞m and ∞/mm Curie groups, respectively. In the case of the polycrystalline ferroelectric materials, the polarization of different domains can be aligned by applying an external electric field, usually applied above the Curie temperature and kept during cooling down to room temperature (RT). This electrical poling procedure allows obtaining textured ferroelectric ceramics with single direction of the polarization axis. The poled ceramics are described by symmetry of ∞m Curie group (poled ceramics for example PZT-4 or KNN). The general descriptions of elasticity, permittivity and piezoelectricity tensors of ∞∞m, ∞/mm and ∞m point groups are summarized in the table 4.

θ = 123 • θ = 93 • θ = 82 • ϕ = 60 • ϕ = 120 • ϕ = 240 • ϕ = 180 • (10 12) ( 10 
θ = 61 • θ = 106 • θ = 71 • ϕ = 60 • ϕ = 60 • ϕ = 120 • ϕ = 300 • (10 12) ( 10 
In the case of the epitaxial thin films, the growth domains may be present. In many cases, the effect of the growth domains on the tensor representation of properties can be taken into account by considering that the growth domains introduce an additional symmetry element. For example if the (001) orthorhombic thin film (point group mm2) is grown epitaxially on (001) cubic substrate, the film will contain at least four growth domains rotated by 90 • in the substrate plane. These growth domains introduce a fourfold rotational symmetry axis along [001] axis at microscale, which can be representation by transformation matrix:

  0 1 0 1 0 0 0 0 1   . ( 13 
)
The fourfold axis transforms X axis (coefficient 1) to -Y axis (-coefficient 2), Y (2) to X (1), and z-axis remains unchanged (coefficient 3). Thus, after applying fourfold rotational symmetry the piezoelectric tensor of mm2 point group (see table 1) will transform as follows (note that for the transformation we need to use tensor notation instead of matrix notation):

d 31 = d 311 => d 322 = d 32 d 32 = d 322 => d 311 = d 31 d 33 = d 333 => d 333 = d 33 d 24 = d 223 => d 113 = d 15 d 15 = d 113 => d 223 = d 24
The symmetry implies that the initial tensor and the tensor after symmetry application have to be equal. Therefore, the Table 4. Piezoelectric, elastic stiffness and permittivity tensors of materials with ∞∞m, ∞/mm and ∞m point groups. The relationship between key symmetry elements, unit cell axis and XYZ reference coordinate system, used for tensor description, is indicated. The difference between compliance and stiffness tensors is indicated, as well. The piezoelectric tensor of (001) orthorhombic film with four growth domains rotated by 90 and consequently all the piezoelectric coefficients with opposite sign. If the material contains equal proportions of Z+ and Z-domains, the piezoelectric properties and all other 3rd and 1st rank tensor properties are zero. However, this proportion is never perfectly 50% and therefore polydomain samples still present weak piezoelectric properties. In the case of perfectly polycrystalline materials the 1 and 3 rank tensor properties including piezoelectric and pyroelectric ones are zero. The films rarely are perfectly polycrytalline and in most cases present preferential texture. In the films containing several orientations, the coefficients have to be estimated for each present orientation by tranforming the tensor and then, each coefficients is averaged for all orientations by taking into account of the volume fractions of each orientation. One can note that the properties of the same material in the form of a single crystal, a thin film and ceramics will not necessarily be presented by the same tensor description and are highly dependent on the microstructure. For example, the piezoelectric (d in pC N -1 ) tensor of BiFeO 3 can be represented by: • Polycrystalline films without preferred orientation would have zero piezoelectric properties.

In the case of poled PZT ceramics or textured films (∞m Curie group), there are possible only three operational modes: longitudinal d 33 mode, transverse d 31 mode and bendingtype d 31 mode, where 3-is a polarization direction. In the case of the vibrational harvesting, using cantilevers, the 31 bending-type modes is considered, while in the static EH by applied pressure-d 33 thickness mode. Therefore, the thin films and bulk piezoelectric materials are often compared in limited ways in terms of piezoelectric coefficients d ). This demonstrates the importance of optimization of targeted coefficients by adapting the single crystal or thin film orientation.

Electromechanical coupling factor and FoM

The piezoelectric coefficients are important parameters, but they do not allow a definition of the electrical energy stored in the material under the strain. For this purpose an electromechanical coupling factor, K 2 , has to be used. K 2 is defined by several physical properties such as piezoelectricity, permittivity and elasticity. The electro-mechanical coupling factor (nondimensional coefficient) describes the piezoelectric material's ability to convert the stored mechanical energy into an electric work

K 2 = Created electrical energy Invested mechanical energy . ( 19 
)
The theoretical K 2 ij of the material can be calculated for each excitation d ij mode:

K 2 iJ = d 2 iJ s E JJ ε T ii . ( 20 
)
The 3D geometrical representations of the electromechanical coupling and the different coefficients K 2 ij of different piezoelectric materials belonging to different symmetry point groups are given in figure 7 and table 5. In the case of 6mm (ZnO, AlN) and 4mm point groups (KTN 0.53 ) the highest electromechanical coupling is present along Z-axis, which is defined by K 2 33 . The quartz and LGS, representing the trigonal 32 point group, have the highest electromechanical efficiency along the X-axis corresponding to K 2 11 factor. Orthorhombic KNbO 3 represents the maximum coupling in the {011} family planes with the main contribution of shear K 2 24 coefficient. The shear electromechanical coupling, represented by K 2 24 and K 2 15 coefficients, are also dominating in the trigonal 3m point group (LiNbO 3 , LiTaO 3 , BiFeO 3 ). If the Zaxis (c-axis) oriented materials are considered, only KNbO 3 -KTaO 3 family materials offer higher K 2 33 than K 2 33 = 46.5% of PZT-4 ceramics (table 5). The effective K 2 ′ 33 of KNbO 3 can be further increased from 31.5% to 70.6% if the (011) orientation is considered instead of (001) one (table 3).

The K 2 ′ 33 of LiNbO 3 can be optimized by rotating the crystal orientation & tensor, (the 3D representation of K 2 33 of LiNbO 3 is given in figure 8) to find the optimal orientation as in [START_REF] Nakamura | Ferroelectrics Hysteresis-free piezoelectric actuators using LiNbO 3 plates with a ferroelectric inversion layer[END_REF]. The polarization is normally along Z-axis, and this leads to using d 31 with parallel plate electrodes, or d 33 with IDTs. But in the case of LiNbO 3 , we are considering single crystal cuts that are rotated around X-axis. Generally, they are defined using IEEE standard [START_REF]IEEE Standard on Piezoelectricity: An American National Standard ANSI/IEEE Std[END_REF] notation as (YXl)/Θ, which means that the piezoelectric plate has length (l) along X-axis, width along Z-axis, and a surface normal is being parallel to Y-axis. The rotation (Θ) is done around the X-axis starting from the Y-axis. For LiNbO 3 , as shown in Nakamura's work [26] the piezoelectric polarization can be projected along Y ′axis (i.e. rotated direction 2), while the length of the beam can be oriented along both X-or Z ′ -axis (i.e. directions 1, 3, respectively). Performing the rotation for the given angle in this notation gives the commonly known Y-rotated cuts. Nevertheless, in literature, sometime the reported orientation is named 32 [START_REF] Kubasov | Deformation anisotropy of Y + 128 • -cut single crystalline bidomain wafers of lithium niobate Russ[END_REF][START_REF] Vidal | Equivalent magnetic noise in magnetoelectric laminates comprising bidomain LiNbO 3 crystals[END_REF] or 31 [START_REF] Vidal | Low-frequency vibration energy harvesting with bidomain LiNbO 3 single crystals[END_REF]. Furthermore, a full theoretical study for Z-oriented LiNbO 3 is given by Yue and Yi-jiang in [START_REF] Nakamura | Ferroelectrics Hysteresis-free piezoelectric actuators using LiNbO 3 plates with a ferroelectric inversion layer[END_REF], where the notation adopted was the regular one with the investigation of K 2 ′ 31 and K 2 ′ 33 . In particular, LiNbO 3 presents dielectric constant much lower than that of lead-based piezoelectric materials, which is very interesting in terms of electromechanical coupling. The high K 2 ′ 33 (38.4%) can be attained for the

( 01 12 
) H (or 33 • Y in IEEE notation) oriented LiNbO 3 (table 3).
In the case of transverse mode, the Z-axis oriented LiNbO 3 has the lowest K 2 31 from all the compared materials including polyvinylidene fluoride (PVDF) (table 6). It was shown in the section 2.2 and figures 7 and 8 that the highest piezoelectric response of LiNbO 3 is not aligned with respect to the unit cell a-and c-axis (X and Z-axis respectively). Similar performance to PZT-4 (K 2 31 = 10.2%, table 5) can be also obtained in Y-oriented LiNbO 3 (effective K 2 ′ 31 = 10.2%, see table 3 and figure 8). If K 2 ′ 23 for 137 • Y LiNbO 3 orientation is considered, the transverse electromechanical coupling of LiNbO 3 can be further enhanced to 27.7% (figure 9), which is higher than PZT ceramics (table 6). The PMNT-PT and PZN-PT single crystals can offer much higher transverse coupling than LiNbO 3 single crystals, but these crystals contain lead, they are very expensive and are not produced in scale of wafers with large and corresponding FoMs of piezoelectric materials for strain driven energy harvesters. The coefficients are given for the single-crystal materials with exception to ceramics of PZT-5H and PZT-5A, and polymer PVDF. ε 0 is the permittivity of the free space (8.85 pF m -1 ). If it is not specified, the direction 3 corresponds to the c-axis of the standard unit cell (table 1) and the direction 1-a-axis. 5), therefore the effective transverse coupling, K 2 ′ 32 , can be further increased to 31.4% by rotation to the diagonal of the plane 23 (corresponding to the coefficient 4 in matrix notation), which corresponds to the (011) orthorhombic crystal plane and by applying the stress along the new in-plane direction 2 ′ (perpendicular to the X-axis). BiFeO 3 , belonging to the same point group as LiNbO 3 , presents also highly anisotropic properties. The d 31 , d 32 and corresponding transverse couplings as a function of a rotation angle, Θ, around the X-axis are given in the figure 10 

Property

H planes, which correspond to Θ = 35 • ). The highest effective transverse electromechanical coupling of lead-free materials is observed for the (011) KNbO 3 single crystals, which reaches K 2 ′ 32 of 31% (table 6, figure 10) and becomes comparable to that of lead-based PZN-PT single-crystals.

Lead-based PMN-PT single crystals present the longitudinal K 2 33 as high as 91.3%. The PZT ceramics show also very high longitudinal electromechanical coupling (up to 49.5%). Nevertheless, the lead-free materials such as BaTiO 3 , KNN-LT and (011) KNbO 3 can largely overpass the performance of lead-based ceramics and KTN crystals show comparable K 2 ′ 33 to that of PZT (see table 6). The K 2 33 of LiNbO 3 is 2.8% and its optimized value reaches 38.4% for 51.6 • Y-orientation, which remains below the highest performance of lead-based and lead-free materials. The K 2 ′ 33 of BiFeO 3 is maximized to 69% at the Θ = 117 • as shown in the figure 10 (8

• off the ( 10 12 
) planes, which corresponds to Θ = 125 • ). One can note an important difference between the longitudinal coupling of (

) and (10 14) planes of BiFeO 3 (66% and 35%, respectively). Very similar angular dependence of K 2 ′ 33 is also observed for the LiNbO 3 , belonging to the same point group.

It is important to stress that the electromechanical coupling of the device is defined not only by the coupling of the piezoelectric material but also by the complete design of the device (electrode material/thickness/placement, other nonpiezoelectric parts, etc) and in general, the K 2 of the device is smaller that the theoretical material K 2 .

There are inertial and kinematic types of piezoelectric harvesters, which are driven by stress and by strain, respectively. The kinematic harvester performance is not dependent on the frequency and quality factor of the materials and it is directly linked to the deformation. The strain driven harvester FoM S is given as a function of piezoelectric, compliance and dielectric properties by

FoM S iJ = d 2 iJ s E JJ s D JJ ε T ii ( 21 
)
where s E JJ and s D JJ are elastic compliance coefficients at constant field and dielectric displacement, respectively. In general, the s D IJ can be expressed as 31 and FOM T of piezoelectric materials for stress driven energy harvesters. The coefficients are given for the single-crystal materials with exception to ceramics of PZT-5H and PZT-5A, and polymer PVDF. ε 0 is the permittivity of the free space (8.85 pF m -1 ). Qm -mechanical quality factor. If it is not specified, the direction 3 corresponds to the c-axis of the standard unit cell (table 1) and the direction 1-a-axis. 

Property Units

s E 11 pm 2 N -1 ε T 33 ε0 d 31 pC N -1 e 31 C m -2 K 2 31 % FoM T kJ cm -3 Qm AlN [
s D IJ = s E IJ -d kI β kl d lJ ; (22) 
where β kl can be found from

β kl ε ij = 1.
In the case of 4mm, 6mm and 3m point groups, the s D 33 and s D 11 coefficients can be calculated by

s D 33 = s E 33 - d 2 33 ε T 33 , ( 23 
)
s D 11 = s E 11 - d 2 31 ε T 33 for 4mm &6mm, (24) 
And

s D 11 = s E 11 - d 2 31 ε T 33 - d 2 21 ε T 22 for 3m point group. ( 25 
)
The FoM S values for transverse logitudinal modes of the frequently used lead-based and lead-free materials are summarized in table 6. The K 2 iJ , defined by equation ( 20), differs from FoM s (equation ( 21)) just by a reciprocal value of s D JJ . Moreover, the s D JJ coefficient presents close value to that of s E JJ coefficient, which is already taken into account in the K 2 iJ expression. Therefore, K 2 iJ and FoM S iJ present similar orientation dependences (as an example, K 2 iJ and FoM S iJ of BiFeO 3 are compared in figure 10) and the materials with high electromechanical coupling factors also present a high FoM S .

In the case of strain-driven harvesters operating in transverse mode, lead-free materials BaTiO 3 , KTN, KNN-LT offer the same performance as lead-based PZT-5H and PMN-PT (table 6), while KNbO 3 , (10 12) and (10 14) BiFeO 3 and 46 • Ycut LiNbO 3 overpass in terms of FoM S 31 all these materials. The longitudinal strain FoM of several lead-free materials (BaTiO 3 , (011) KNbO 3 and KTN 0.53 ) goes beyond that of lead-based materials. The FoM S 31 of BaTiO 3 reaches as high value as 387 kJ cm -3 (higher by a factor of four than that of PMN-PT). The FoM S 32 values of 145 • Y LiNbO 3 and (10 12) and (10 14) BiFeO 3 also approaches the highest FoM expected for the lead-based materials such as PMN-PT single-crystals. Polymers have decent FoMs and very low stiffness. These features are interesting for sensor applications or human body motion energy harvesting, where robustness and flexibility have priority over high coupling.

The inertial (vibrational or flexural) harvesters undergoing an acceleration under applied stress and the maximum generated power can be described for 31 operational mode as

P max = 1 4 ( e 2 31 ε T 33 ) ( 1 -v b Y b ) ( m ω 0 ) Q 2 tot a 2 0 ( 26 
)
where Y b is the Young modulus, v b -Poisson's ratio, m-mass, ω 0 -resonance frequency, Q tot -total electrical and mechanical quality factor, and a 0 -excitation accelaration [START_REF] Kamel | Modeling and characterization of MEMS-based piezoelectric harvesting devices[END_REF]. The Young modulus and Poisson's ration of the substrate can be used for the thin-film based transducers [START_REF] Kamel | Modeling and characterization of MEMS-based piezoelectric harvesting devices[END_REF]. Their efficiency is highly dependent on the excitation frequency, acceleration, the natural frequency of the structure as well as the total quality factor. The mechanical part (Q m ) of the total quality factor depends on the piezoelectric material and substrate mechanical properties and the design of the heterostructure (thiknesses of different materials, tip mass, clamping, etc).

The mechanical quality factors of the commonly used piezoelectric single-crystal and ceramic materials are compared in the table 7. One can note very high Q m factors of AlN, BaTiO 3 and LiNbO 3 . However, much lower total Q values are attained in the piezoelectric energy transducers. For example, in the case of LiNbO 3 /Si based tranducers, the quality factor of 396 was reported, which is highly overpassing the values of the quality factors possible to attain by using lead-based materials [START_REF] Clementi | A low-cost alternative lead-free piezoelectric material for vibrational energy harvesters[END_REF]. The quality factor can be further increased if the transducer is placed in the vacuum conditions as demonstrated Q tot of 810 for an AlN MEMS device [START_REF] Elfrink | Vacuum-packaged piezoelectric vibration energy harvesters: damping contributions and autonomy for a wireless sensor system[END_REF]. Furthermore, the contribution of the piezoelectric material to the generated power by stress-driven harvester (equation ( 26)) can be described by an FoM for 31 transverse mode (FoM T 31 ):

FoM T 31 = e 2 31 ε T 33 . ( 27 
)
The FoM T of different lead-based and lead-free piezoelectric materials, estimated from the piezoelectric and permittivity coefficients available in the literature, is given in comparison to K while the big discrepancy can be seen in the angular dependences of K 2 ′ and FoM T (figures 10 and 11, respectively). For example, the -Y-orientation of BiFeO 3 presents the K 2 ′ 31 close to its maximum value (figure 10) and FoM T 31 close to its minimum value (figure 11). Very high FoM T can be obtained for Zaxis oriented BiFeO 3 . This indicates that FoM T (equation ( 27)) is more relevant factor than material K 2 (equation ( 20)) for the comparison of the material performance in vibrational energy transducers, evaluated in terms of generated power (equation ( 26)). The FoM T 31 of AlN, ZnO, KNbO 3 and KNN-LT are slightly smaller than that of PZT ceramics, while KTN 0.53 show equivalent performance to PZT. The Z-axis oriented LiNbO 3 has quite low FoM T 31 (0.35), which is comparable to that of BaTiO 3 and lead-based single crystals. The FoM T 23 higher by a factor of two with respect to that of PZT ceramics was obtained for the 137 • Y oriented LiNbO 3 . The highest FoM T 32 is expected for the BiFeO 3 , but its piezoelectric constants were only estimated theoretically and the experimental measurements on this material are struggling due to very high leakage currents. The case of the BiFeO 3 is another example of a disagreement between K 2 and FoM T values: K 2 is very low but FoM T is extremely high. According to equation [START_REF] Safaei | A review of energy harvesting using piezoelectric materials: state-of-the-art a decade later (2008-2018[END_REF], the e 31 of bulk trigonal material (also valid for tetragonal and hexagonal ones) is

e 31 = d 3Q c E Q1 = d 31 ( c E 11 + c E 21 ) + d 33 c E 31 . (28)
Therefore, the comparison of different materials in terms of their d 31 for vibrational harvesting applications, frequently used in literature, is not necessarily correct, as e 31 is a product of several piezoelectric and stiffness constants.

In the case of the vibrational energy harvesting, the bulk piezoelectric materials are rarely used as they are very stiff and it is difficult to get some energy at low acceleration levels. In most of the cases the composite structures consist of piezoelectric thick film (grown, bonded or glued) on nonpiezoelectric substrate offering flexibility. Therefore, the film is clamped and as indicated above the stiffness of the heterostructure is mainly defined by the elastic properties of the substrate. Therefore, in the case of the film/substrate composite structure, the electromechanical coupling of film/substrate composite structure, K 2 f , has to be described not by equation ( 20) but by the relationship including substrate properties has to be used [START_REF] Muralt | Ferroelectric thin films for micro-sensors and actuators: a review[END_REF] 

K 2 f = 2 ( e 2 31 ε T 33 ) film ( 1 -v b Y b ) substrate . ( 29 
)
This K 2 f definition (equation ( 29)) as well as FoM T expressed by equation [START_REF] Kubasov | Deformation anisotropy of Y + 128 • -cut single crystalline bidomain wafers of lithium niobate Russ[END_REF] are in line with the generated power expression given in equation [START_REF] Nakamura | Bending vibrator consisting of a LiNbO 3 plate with a ferroelectric inversion layer[END_REF]. In the case of the clamped films, the piezoelectric and dielectric coefficients also are not equal to those of bulk materials. According to Muralt's definition [START_REF] Muralt | Ferroelectric thin films for micro-sensors and actuators: a review[END_REF], the e 31,f , d 33,f , and ε 33,f of the (001) oriented piezoelectric film with isotropic properties in the substrate plane (valid for the trigonal, hexagonal and tetragonal symmetries) and T 3 = 0 can be derived from constitutive equations:

S 1 = s E 11 T 1 + s E 12 T 2 + d 31 E 3 , ( 30 
)
S 2 = s E 11 T 2 + s E 12 T 1 + d 31 E 3 , ( 31 
)
S 3 = s E 13 (T 1 + T 2 ) + d 33 E 3 , ( 32 
)
D 3 = d 31 (T 1 + T 2 ) + ε T 33 E 3 . ( 33 
)
Considering S 1 = S 2 = 0 and , respectively, even after the tensor transformation due to symmetric nature of the elasticity tensor. The corresponding constitutive eaquations will be

T 1 = T 2 ,
S 1 = s E 11 T 1 + s E 12 T 2 + d 31 E 3 , ( 37 
)
S 2 = s E 22 T 2 + s E 12 T 1 + d 32 E 3 , ( 38 
)
S 3 = s E 13 T 1 + s E 23 T 2 + d 33 E 3 , ( 39 
)
D 3 = d 31 T 1 + d 32 T 2 + ε T 33 E 3 . ( 40 
)
Again, assuming that S 1 = S 2 = 0, the anisotropic thin film coefficients with anisotropic properties in the substrate plane 12 can be be obtained

e 31,f = s E 22 d 31 -s E 12 d 32 s E 11 s E 22 -(s E 12 ) 2 , ( 41 
)
e 32,f = s E 11 d 32 -s E 12 d 31 s E 11 s E 22 -(s E 12 ) 2 , ( 42 
)
d 33,f = d 33 + s E 13 ( s E 12 d 32 -s E 22 d 31 ) + s E 23 ( s E 12 d 31 -s E 11 d 32
)

s E 11 s E 22 -(s E 12 ) 2 , ( 43 
)
ε T 33,f = ε T 33 - s E 22 d 2 31 -2s E 12 d 31 d 32 + s E 11 d 2 32 s E 11 s E 22 -(s E 12 ) 2 . ( 44 
)
The piezoelectric and permittivity coefficients (estimated by using equations ( 34)-( 36)) of (001) oriented BiFeO 3 , LiNbO 3 , LiTaO 3 , AlN, ZnO, PZT, KTN 53 , and BaTiO 3 thin films are compared to those of bulk materials in the tables 8 and 9. The high-symmetry rotational axis along c-axis of tetragonal and hexagonal materials (4mm and 6mm point groups), makes that the piezoelectric, dielectric and elastic properties are little dependent on the orientation in the ab-plane. In the case of c-axis oriented thin films with 3m point group (LiNbO 3 , BiFeO 3 , and LiTaO 3 ), the presence of four growth domains (rotated by 90 • in the substrate plane) or the absence of the defined orientation in the ab-plane (textured films) would cancel d 22 (e 22 ) and s 14 (c 14 ) coefficients and the coefficients related to them by symmetry (as an example for d and e see equation [START_REF] Beeby | Energy harvesting vibration sources for microsystems applications[END_REF], resulting in tensor definitions like in the 6mm and 4mm point groups (table 1). Finally, no change is induced to the coefficients e 31,f , d 33,f , ε T 33,f (equations ( 41)-( 44)) by the disorder in the ab plane of tetragonal, hexagonal and trigonal c-axis oriented films. As shown above, it is not the case in the orthorhombic materials and other growth orientations than c-axis one of trigonal, hexagonal and tetragonal materials. Therefore, the e 32 and FoM T 32 and the effect of the orientation disorder in the substrate plane were estimated in these cases, as well (table 9).

The level of the change of the thin film coefficients with respect to those of the bulk materials is highly material dependent and it varies from less than 1% up to more than 50% (tables 8 and 9). As expected [START_REF] Muralt | Ferroelectric thin films for micro-sensors and actuators: a review[END_REF], the d 33,f of films is smaller than that of the bulk materials with exception to (0001) BiFeO 3 , in which it is slightly increased with respect to the bulk value. The ε T 33,f is also smaller than that of the bulk materials. The FoM S 33 of thin films tends to decrease in comparison to that of the bulk materials, as well (table 8). For example, for the PZT it would change from 40.6 kJ cm -3 to the 12.1 kJ cm -3 (calculated using coefficient set given in table 8). The FoM S 33 of lead-free (001) oriented BaTiO 3 , KNT 53 , and KNbO 3 thin films are 53.3 kJ cm -3 , 46.7 kJ cm -3 , and 47.9 kJ cm -3, respectively. Although, these values were significantly reduced with respect to the bulk values (table 6), they remain competitive even with the bulk PZT ceramics. The thin films of ZnO and AlN with FoM S 33 = 20.5 kJ cm -3 are also overpassing of FoM S 33 of PZT films. High FoM S 33 can be also obtained in epitaxial or textured (10 12) and (10 14) BFO and LiNbO 3 films. The highest FoM S 33 with value of 67 kJ cm -3 can be attained in (011) oriented KNbO 3 films and this value is very little dependent on the film in plane orientation. (101) orientation of KNbO 3 presents very high permittivity (figure 1, table 8) and this reduces drastically its FoM S 33 . The e ′ 31,f coefficients and FOM T of piezoelectric thin films are compared to those of bulk materials in the table 9. The absolute value of e ′ 31,f of tetragonal and hexagonal films is increased with respect to the bulk value. The increase of e 31,f due to the film clamping is observed also in the (001) textured films (or containing four in-plane rotated growth domains), independently of their symmetry and growth orientation, which present highly isotropic symmetry of the plane parallel to the substrate plane (point group ∞m) as in the of hexagonal and tetragonal symmetry (point groups 4mm and 6mm). In the case of these materials, the FOM T of thin films is higher than that of bulk materials due to the increased e 31,f and reduced ε T 33,f [START_REF] Muralt | Ferroelectric thin films for micro-sensors and actuators: a review[END_REF]. In single crystalline films with more anisotropic symmetries than 4mm/6mm/∞m such as trigonal 3m and orthorhombic mm2 point groups, the effect of the film clamping on the e 31,f coefficient can be positive or negative ant it depends on the material and its orientation. The change FoM T 31 and FoM T 32 of thin films and bulk BiFeO 3 as a function of the out-of-plane orientation (3) in the YZ plane is illustrated in the figure 11. The FoM T anisotropy in YZ plane of BiFeO 3 films is completely different from that of the bulk BiFeO 3 (see figure 11). For example, the maximum FoM T in the transverse 31 mode for the Y-oriented films and this value is at least twice bigger than the maximum FoM T 32,f , while in the bulk BiFeO 3 , the maximum FoM T 31 is at Θ = 45 • and its value is close to the maximum FoM T 32 . The maximum values of FoM T 31 and FoM T 32 are not observed at the same angles in both cases however, they have very close values at Θ = 130 • , indicating that proximity ( 1012 ) planes (Θ = 125 • ) are relatively isotropic in terms of transverse excitation in the substrate plane.

One can also note highly anisotropic in-plane nature (a difference in e 31 and e 32 values) of the orthorhombic KNbO 3 , while trigonal (10 12) oriented LiNbO 3 /LiTaO 3 & BiFeO3 films and single crystal properties are more isotropic in terms of FoM T in the substrate plane (table 9). However, this is valid just around this (10 12) orientation, as can be seen in figure 11. However, the absence of the in-plane orientation reduces drastically the transverse FoM T of the other textured orientations than (10 12) and (0001) BiFeO 3 films due to opposite signs of the e 31 and e 32 coefficients. The disorder of the film orientation in the substrate plane (directions 1 and 2), will average the related piezoelectric and elastic coefficients (equations ( 41) and ( 42)) resulting in the averaged e 31,f and FOM T values with respect to the maximum ones of the singlecrystalline films. Several times higher transverse FoM T can be obtained in the case of piezoelectric thin films with respect to that of the bulk materials (tables 7 and 9). In the case of the single crystals, the highest values were predicted for the 137 • Y-LiNbO 3 and (0001) BiFeO 3 (FoM T 32 of 15.5 kJ cm -3 and 20.2 kJ cm -3 , respectively). Y-oriented single-crystalline BiFeO 3 films would offer the FoM T in 31 trasnverse mode of 73 kJ cm -3 and (10 12) oriented films-26.4 kJ cm -3 . Although, the LiNbO 3 belongs to the same point group as BiFeO 3 , its transverse 32 mode shows similar performance to that the 31 one and the (10 12) oriented single-crystalline or textured films are most promising in terms of FoM T (26.6 kJ m -3 ). Fortunately, the textured growth or 90 • inplane growth domains does not reduce these values and the performance of such BiFeO 3 and LiNbO 3 films is expected to be better by a factor of 2 than that of the textured (0001) ZnO or AlN films and close to that of textured PZT films. In order to avoid the reduction of the performance due to in-plane orientation disorder, we need to look for the out-of-plane orientations presenting highly isotropic in-plane properties such as high e 31 and e 32 coefficients with close absolute values. In the case of LiNbO 3 thin films, at around Θ = 125 • (corresponds to (

) orientation) FoM T 31 and FoM T 32 values are the same (figure 12) and the e 31,f and e 32,f are almost equal (table 9). This makes, that the (

) orientation of LiNbO 3 offers FoM T of around 26.6 kJ cm -3 independently of its inplane orientation. The highest FoM T f of the thin films is expected for the KNbO 3 based materials reaching 58 kJ cm -3 for the single crystalline (011) KNbO 3 with stress applied along Y-axis and the single crystalline or textured KTN 53 . In the case of the textured (011) KNbO 3 this value is slightly reduced (54 kJ m -3 ). High FoM T 32,f (41 kJ cm -3 ) is also predicted for the single crystalline (001) KNbO 3 films but FoM T f is low for the (001) textured films. These values are considerably higher that the calculated one for the textured PZT films (28.8 kJ cm -3 ).

Piezoelectric materials for energy harvesting

In the previous section the perfomance of the piezoelectric thin films was estimated theoretically from the physical constants of the bulk materials (mainly single crystals) in terms of the FoM of strain-and stress-driven piezoelectric energy transducers. In this section, we will overview the experimentally measured piezoelectric thin film properties, summarized in the table 10, of the potential lead-free materials for the piezoelectric EH applications as demonstrated in the tables 8 and 9. The piezoelectric coefficients of thin films measured by piezoelectric force microscopy were not considered due to their unreliability. Moreover, the bonded/glued thick films on Si or metal substrates can be also fabricated from the ceramics or single crystals by ion-slicing or polishing techniques.

Bonding/polishing techniques become in particular interesting when the piezoelectric films with the thicknesses of tens of microns are needed. Therefore, the availability of high-quality bulk materials is discussed, as well.

BaTiO 3

BaTiO 3 ceramics is one of the very first piezoelectric material to find its way in industrial applications of capacitors due to its very high dielectric constant and piezoelectric transducers, in which it was lately replaced by PZT ceramics [START_REF] Bechmann | Elastic, piezoelectric, and dielectric constants of polarized barium titanate ceramics and some applications of the piezoelectric equations[END_REF][START_REF] Vijatovic | History and challenges of barium titanate Part II[END_REF]. Single crystal BaTiO 3 substrates (electrically poled, but containing a/c domains) with several orientations ((100), ( 110), (001) and ( 111)) are commercially available but with very limited dimensions of 10 mm × 10 mm × 1 mm [START_REF] Mateck | com 2021 MaTecK-BaTiO 3 -barium titanate crystal[END_REF][START_REF]BaTiO 3 BTO barium titanate crystal substrates[END_REF][START_REF]Alineason 2021 Oxide-alineason[END_REF]. The single crystalline films were produced by ion slicing technique from BaTiO 3 single crystals [START_REF] Park | Microstructure and properties of single crystal BaTiO 3 thin films synthesized by ion implantation-induced layer transfer[END_REF]. However, the high price and small dimensions of available single crystals limit the practical applications of the BaTiO 3 single crystals. Therefore, BaTiO 3 thin films with highly controlled orientation and properties open new perspectives for the BaTiO 3 applications. At present, BaTiO 3 thin films are highly studied for electronics field effect transistors (FETs) and integrated photonics due to its extremely high electro-optical coefficient [START_REF] Kormondy | Microstructure and ferroelectricity of BaTiO 3 thin films on Si for integrated photonics[END_REF]. This material has tetragonal Perovskite structure at RT (point group 4mm). It is a ferroelectric material with the Curie temperature (T C ) of 120 • C. In general, BaTiO 3 properties are in large part dependent on the proximity of the phase transitions, composition and dopants concentration, while the properties of the thin films are additionally affected by the presence of the strain. In the case of the epitaxial BaTiO 3 thin films, the strain highly affects the Curie temperature and it was demonstrated that T C > 600 • C and a significant increase of remanent polarization can be reached in the films under compressive biaxial stress [START_REF] Choi | Enhancement of ferroelectricity in strained BaTiO 3 thin films[END_REF]. Tuning of the film local dielectric constant can be directly achieved by modifying the Ba/Ti cation ratio and the strain state. Local variation of the dielectric function in a film is associated with the vicinity of the phase boundary between the out-of-plane and in-plane orientations of the tetragonal BaTiO 3 films. The strain in the film is dependent not only on the substrate used for the epitaxy, but also on the deposition conditions such as deposition temperature or the partial oxygen pressure used during film deposition [START_REF] Aidoud | Tuning the growth and strain relaxation of ferroelectric BaTiO 3 thin films on SrRuO 3 electrode: influence on electrical properties[END_REF]. Ti/Ba ratio is not only influences the film crystallographic structure but it has an effect on its physical properties, as well [START_REF] Magnan | Tuning the charge carriers migration in epitaxial BaTiO 3 thin-film photoanodes[END_REF]. BaTiO 3 electric properties are strongly influenced by the oxygen vacancy concentration. A better control of the oxygen flow during a process can help to reduce leakage current and so maintain a constant dielectric constant [START_REF] Shuai | Decisive role of oxygen vacancy in ferroelectric versus ferromagnetic Mn-doped BaTiO 3 thin films[END_REF].

The A/B site doping or co-doping is a very convenient method to modify the properties of BaTiO 3 by a substitution of the A-site with the rare-earth elements and the B-site with transition metals. For example, in the case of the B-site, Fe was found to significantly enhance the ferroelectric properties of the BaTiO 3 thin film [START_REF] Liu | Enhanced ferroelectric properties of Fe-doped BaTiO 3 thin film deposited on LaNiO 3 /Si substrate by sol-gel technique[END_REF]. Moreover, the band gap is also strongly affected by the doping amount of Fe and by the oxygen vacancies [START_REF] Wang | Structural and optical properties of the Fe-doped BaTiO 3 thin films grown on LaAlO 3 by polymer-assisted deposition technique[END_REF]. In a similar way, the Ti substitution by Mn has an impact on material symmetry with a change from tetragonal to cubic one and it helps to reduce leakage current [START_REF] Shuai | Decisive role of oxygen vacancy in ferroelectric versus ferromagnetic Mn-doped BaTiO 3 thin films[END_REF]. The A-site doping by Ce and Eu was reported [START_REF] Cernea | Preparation and characterization of Ce-doped BaTiO 3 thin films by r.f. sputtering[END_REF]. The impact of the cerium doping on film capacitance and dielectric loss was investigated, but as before for a high doping concentration the change of symmetry from a ferroelectric phase to a paraelectric phase was observed.

To improve the functional properties, BaTiO 3 was combined with other materials, as well. The most used one for this purpose was BiFeO 3 which has been incorporated with pure or doped BaTiO 3 . This combination of the materials has an impact on the structure, ferroelectric properties, piezoelectric properties and the Curie temperature. For example, the (1 -x)BiFeO 3 -xBaTiO 3 -Bi(Zn 0.5 Ti 0.5 )O 3 ceramics shows good piezoelectric performance even at high temperatures (550 • C) [START_REF] Sun | The (1-x)BiFeO 3 -xBaTiO 3 -Bi(Zn 0.5 Ti 0.5 )O 3 high temperature lead-free piezoelectric ceramics with strong piezoelectric properties[END_REF]. High dielectric constants have also been measured creating new perspectives for the fast chargingdischarging applications and the energy-storage capacitor applications [START_REF] Tang | High energy-storage density of lead-free BiFeO 3 doped Na 0.5 Bi 0.5 TiO 3 -BaTiO 3 thin film capacitor with good temperature stability[END_REF]. In less conventional way, BaTiO 3 films have been modified by octadecyl phosphonic acid and/or phosphonic acid to induce a significant band edge offset on the surface [START_REF] Schulmeyer | Modification of BaTiO 3 thin films: adjustment of the effective surface work function[END_REF]. BaTiO 3 ceramics was recently used in the layered structures with high porosity in order to increase the performance of the strain-driven EH performance in thickness mode 33 [START_REF] Roscow | Modelling and fabrication of porous sandwich layer barium titanate with improved piezoelectric energy harvesting figures of merit[END_REF]. In the structures with layered porosity the d ′ 33 coefficient remains similar to that of the dense BaTiO 3 while the permittivity is highly reduced by the presence of the pores. This approach is not compatible with the stress-driven harvesters, as d 31 coefficient is highly reduced due to the porosity.

As demonstrated in the section 2, (001) textured or epitaxial BaTiO 3 thin films are in particular interesting for both strainand stress-driven energy harvesters. The (100) orientation of BaTiO 3 presents the stress and strain FoMs by several orders smaller than those of the (001) orientation due to extremely high permittivity along a-axis ( ε T 11 ε0 = 3600). BaTiO 3 thin film growth by different physical and chemical methods (metalorganic chemical vapor deposition (MOCVD) [START_REF] Kwak | Metalorganic chemical vapor deposition of BaTiO 3 thin films[END_REF][START_REF] Presti | Metal-organic chemical vapor deposition of oxide perovskite films: a facile route to complex functional systems[END_REF], pulsed laser deposition (PLD) [START_REF] Kormondy | Microstructure and ferroelectricity of BaTiO 3 thin films on Si for integrated photonics[END_REF][START_REF] Aidoud | Tuning the growth and strain relaxation of ferroelectric BaTiO 3 thin films on SrRuO 3 electrode: influence on electrical properties[END_REF][START_REF] Suzuki | Analysis of misfit relaxation in heteroepitaxial BaTiO 3 thin films Phil[END_REF] magnetron sputtering [START_REF] Kormondy | Microstructure and ferroelectricity of BaTiO 3 thin films on Si for integrated photonics[END_REF][START_REF] Wagué | Structural studies of epitaxial BaTiO 3 thin film on silicon[END_REF], molecular bean epitaxy (MBE) [START_REF] Kormondy | Microstructure and ferroelectricity of BaTiO 3 thin films on Si for integrated photonics[END_REF], atomic layer deposition (ALD) [START_REF] Vehkamäki | Growth of SrTiO 3 and BaTiO 3 thin films by atomic layer deposition[END_REF][START_REF] Falmbigl | BaTiO 3 thin films from atomic layer deposition: a superlattice approach[END_REF], sol-gel [START_REF] Lu | Electrical properties and poling of BaTiO 3 thin films[END_REF], activated reactive evaporation [START_REF] Iijima | Preparation of ferroelectric BaTiO 3 thin films by activated reactive evaporation[END_REF], aqueous chemical solution deposition [START_REF] Bakken | Mechanisms for texture in BaTiO 3 thin films from aqueous chemical solution deposition[END_REF], etc) was reported in the literature. The structural quality of the films grown by ALD was very low as the films consisted of a mixture of polycrystalline and amorphous parts [START_REF] Falmbigl | BaTiO 3 thin films from atomic layer deposition: a superlattice approach[END_REF]. At RT, the tetragonality of BaTiO 3 is very low (a/c ration is 1.01), therefore the film orientation is highly dependent on the state of the strain induced by a substrate. It is known that the compressive strain favors the growth of c-axis oriented BaTiO 3 films [START_REF] Choi | Enhancement of ferroelectricity in strained BaTiO 3 thin films[END_REF]. High-quality epitaxial (001) BaTiO 3 films have been grown on single crystalline substrates ((100) SrTiO 3 , (110) DyScO 3 , (110) GdScO 3 , Pt(001), etc) [START_REF] Kormondy | Microstructure and ferroelectricity of BaTiO 3 thin films on Si for integrated photonics[END_REF][START_REF] Magnan | Tuning the charge carriers migration in epitaxial BaTiO 3 thin-film photoanodes[END_REF][START_REF] Suzuki | Analysis of misfit relaxation in heteroepitaxial BaTiO 3 thin films Phil[END_REF] while the a-axis oriented BaTiO 3 has been obtained on epitaxial (100) Pt on MgO [START_REF] Lu | Electrical properties and poling of BaTiO 3 thin films[END_REF] and (100) single crystalline Pt [START_REF] Magnan | Tuning the charge carriers migration in epitaxial BaTiO 3 thin-film photoanodes[END_REF]. There is also a possibility to grow (110) orientation on (110) SrTiO 3 and (110) single crystalline Pt [START_REF] Iijima | Preparation of ferroelectric BaTiO 3 thin films by activated reactive evaporation[END_REF]. However, as indicated above the (100) and [START_REF] Matthias | New ferroelectric crystals[END_REF] orientations do not present a particular interest for the EH applications due to their extremely high out-of-plane permittivity. The characterization of piezoelectric properties of BaTiO 3 films were rarely reported. In the case of the c-axis oriented BaTiO 3 films, the conducting SrTiO 3 :Nb substrate was used for the piezoelectric properties characterization (table 10) [START_REF] Thery | Effective piezoelectric coefficient measurement of BaTiO 3 thin films using the x-ray diffraction technique under electric field available in a standard laboratory[END_REF]. The reported d 33 value as expected for the thin films was lower (50 pC N -1 ) than the bulk one (85.6 pC N -1 ), but higher than the coefficient estimated for the thin film (27.9 pC N -1 ) using equation [START_REF] Petousis | High-throughput screening of inorganic compounds for the discovery of novel dielectric and optical materials[END_REF] (table 10).

The single-crystal substrates used for the epitaxial BaTiO 3 are not viable in terms of size and price for the real EH applications. The films grown on the [START_REF] Matthias | Dielectric properties of sodium and potassium niobates[END_REF] textured Pt on SiO 2 /Si or Si based substrates, compatible with piezoelectric transduction applications, presented polycrystalline microstructure independently on the deposition method used [START_REF] Falmbigl | BaTiO 3 thin films from atomic layer deposition: a superlattice approach[END_REF][START_REF] Bakken | Mechanisms for texture in BaTiO 3 thin films from aqueous chemical solution deposition[END_REF][START_REF] Chinchamalatpure | Synthesis and electrical characterization of BaTiO 3 thin films on Si(100[END_REF][START_REF] Hayashi | Film thickness dependence of dielectric properties of BaTiO 3 thin films prepared by sol-gel method Jap[END_REF] Such polycrystalline films were poled and transferred on the plastic substrates by wet etching of the Si substrate for the EH applications (the ability to generate the PD of 7 mW cm -3 was reported) [START_REF] Park | Piezoelectric BaTiO 3 thin film nanogenerator on plastic substrates[END_REF]. The textured LaNiO 3 buffer layer was introduced to ameliorate the orientational quality of the films and highly a-axis oriented films were obtained [START_REF] Guo | Dielectric and piezoelectric properties of highly (100)-oriented BaTiO 3 thin film grown on a Pt/TiOx/SiO 2 /Si substrate using LaNiO 3 as a buffer layer[END_REF].

A considerable effort was done to ameliorate BaTiO 3 thin film structural properties on Si substrates by implementing a template based on epitaxial SrTiO 3 thin films on Si grown by MBE [START_REF] Kormondy | Microstructure and ferroelectricity of BaTiO 3 thin films on Si for integrated photonics[END_REF][START_REF] Wagué | Structural studies of epitaxial BaTiO 3 thin film on silicon[END_REF][START_REF] Dubourdieu | Erratum: switching of ferroelectric polarization in epitaxial BaTiO 3 films on silicon without a conducting bottom electrode[END_REF]. This template allows to grow epitaxially c-axis oriented BaTiO 3 thin films. However, the strain relaxation occurs with the increase of the film thickness and c/a/c/a domain structure forms [START_REF] Kormondy | Microstructure and ferroelectricity of BaTiO 3 thin films on Si for integrated photonics[END_REF]. The electro-optic and ferroelectric properties were studied of BaTiO 3 /SrTiO 3 /Si films, but so far little is known about their piezoelectric properties. More recently, a (001)TiN/Si(100) template was used for the epitaxial BaTiO 3 film with in-plane and out-of-plane c-axis orientation growth by means of PLD. However, the c-axis films were highly defective [START_REF] Vura | Epitaxial BaTiO 3 on Si(100) with in-plane and out-of-plane polarization using a single TiN transition layer[END_REF].

ZnO and AlN

Non-ferroelectric piezoelectric materials such as ZnO and AlN and their derivatives have much lower K 2 31 and K 2 33 factors than PZT, but in the form of the thin films AlN and ZnO offer higher FoM S 33,f than PZT films although FoM T 31,f remains lower than that of PZT (tables 8 and9). The main advantage of the AlN and ZnO films is their fabrication maturity and compatibility with conventional integrated circuit technology fabrication processes (Complementary Metal Oxide Semiconductor-CMOS). They present hexagonal symmetry and wurtzite structure (point group 6mm) giving as a result similar configuration of the piezoelectric tensor as in PZT ceramics and independence of the (0001) oriented film properties on the in-plane orientation. Moreover, (0001) orientation of AlN and ZnO corresponds to the dense planes and the fast-growing direction. Therefore, (0001) textured films can be obtained on many different substrates. (0001) textured ZnO and AlN films are usually sputtered on several types of substrates including bottom electrode/Si structures, and used especially for shear and bulk acoustic resonators. The piezoelectric properties of these films are well documented in the literature, as well (table 10). The FoM T 31,f of (0001) textured AlN on Pt/Si substrate is in a good agreement with the theoretical value [START_REF] Dubois | Properties of aluminum nitride thin films for piezoelectric transducers and microwave filter applications[END_REF]. In the case of epitaxial (0001) AlN films -0.9 270 0.3 x = 0.84 +(110)pc SRO buffer [START_REF] Kanno | Piezoelectric properties of (K,Na)NbO 3 thin films deposited on (001)SrRuO 3 /Pt/MgO substrates[END_REF] -2.4 320 1.8 X = 0.38 [START_REF] Shibata | Piezoelectric properties of (K,Na)NbO 3 films deposited by RF magnetron sputtering[END_REF] -3.6 185 7.0

[001]pc textured KNN, on (111)Pt/Ti/SiO 2 /(100)Si X = 0.44 9090 -5.5 598 5.1 x = 0.55 polycr [START_REF] Shibata | Improvement of piezoelectric properties of (K,Na)NbO 3 films deposited by sputtering[END_REF].

-14.4 (138) ∼1100 18.9 + (110)pc [START_REF] Fyokokawa | Micro fabrication of lead-free (K,Na)NbO 3 piezoelectric thin films by dry etching[END_REF] ( Regarding energy harvesting, in [START_REF] Wang | ZnO thin filmpiezoelectric MEMS vibration energy harvesters with two piezoelectric elements for higher output performance[END_REF], ZnO films were implemented in piezoelectric MEMS vibration energy harvesters with two piezoelectric elements for higher output performance (figure 13), where the energy harvester was fabricated on a Si wafer by means of standard micro-machining techniques. The resonance frequency was 1300.1 Hz, achieving 1.25 µW for 1 g acceleration level.

The results are very promising for AlN film integration in vibrational energy harvesting. One of the first successful implementations of the material was by Marzencki et al [START_REF] Marzencki | Integrated power harvesting system including a MEMS generator and a power management circuit Sens[END_REF] where AlN was sputtered on a Si beam, achieving 0.8 µW at 1495 Hz for 2 g acceleration level (figure 14(a)). Similar results were observed by Elfrink et al [START_REF] Elfrink | Vibration energy harvesting with aluminum nitride-based piezoelectric devices[END_REF] where in vacuum conditions an AlN MEMS device was capable to harvest 32 µW at 1 g having a quality factor of 810 [START_REF] Elfrink | Vacuum-packaged piezoelectric vibration energy harvesters: damping contributions and autonomy for a wireless sensor system[END_REF]. More recently Jia and Seshia [START_REF] Jia | Power optimization by mass tuning for MEMS piezoelectric cantilever vibration energy harvesting[END_REF] obtained a peak this material, power output of 20.5 µW at 0.28 g (@210 Hz) for an AlN-on-SOI cantilever with 70% of its beam dedicated to housing a silicon and mass. Alamin Dow et al [100] achieved 10 µW at 0.75 g, further reducing the resonance frequency of the cantilever (186 Hz). [START_REF] Matthias | Dielectric properties of sodium and potassium niobates[END_REF] Pt layer in the inset). Reprinted from [START_REF] Wang | ZnO thin filmpiezoelectric MEMS vibration energy harvesters with two piezoelectric elements for higher output performance[END_REF], with the permission of AIP Publishing. 

Potassium and sodium niobates

The report on the preparation of KNbO 3 dates back to Joly in 1877 [109]. The discovery of BaTiO 3 ferroelectric properties in 1946 led to the investigation of other similar types of materials and their properties and the first report of KN ferroelectric properties was done in 1949 by Mathias [START_REF] Matthias | New ferroelectric crystals[END_REF]. Mathias et al managed to grow KNbO 3 single crystals with up to 1 cm edge length using spontaneous nucleation and slow cooling method [START_REF] Matthias | Dielectric properties of sodium and potassium niobates[END_REF]. Since it was too conductive in nature, the dielectric property investigation could not be done but the ferroelectric nature and phase transitions from orthorhombic to tetragonal at 224 • C, and from tetragonal to cubic at 434 • C were reported [START_REF] Matthias | Dielectric properties of sodium and potassium niobates[END_REF]. In 1954, the third transition to rhombohedral at -10 • C was reported [START_REF] Shirane | Phase transitions in ferroelectric KNbO 3[END_REF]. In the literature, top seeded solution growth (TSSG) and Kyrpoulus methods are extensively used to grow stoichiometric KNbO 3 crystals [START_REF] Hurst | Crystal growth and neutron characterization of potassium niobate[END_REF][START_REF] Uematsu | Kyropoulos growth and perfection of KNbO 3 single crystal[END_REF][START_REF] Xing | Progress in KNbO 3 crystal growth[END_REF]. One of the largest KN single crystal obtained is in the range of 50 ×50 ×15 mm 3 by the TSSG method [START_REF] Yamanouchi | Single crystal growth of KNbO 3 and application to surface acoustic wave devices[END_REF]. The growth of larger KN single crystals suffers from the incongruent melting behaviour at high temperatures [117] and the development of fine cracks due to the phase transitions and formation of domain structures in the system while cooling down [START_REF] Liang | Piezoelectric anisotropy of a KNbO 3 single crystal[END_REF]. The commercially available dimensions of KN single crystals are in the range of 10 ×10 ×3 mm 3 [START_REF] Rouffaud | Complete electroelastic set for the (YXt)-45 • cut of a KNbO 3 single crystal[END_REF].

Growth of stochiometric KN thin films is challenging as the K 2 O is volatile at high temperatures. Many works previously try to overcome this problem by trying to provide excess potassium sources. Most of the previous works use single crystalline substrates MgO, SrTiO 3 , KTaO 3 , LaAlO 3 , and KTaO 3 substrates to obtain highly oriented and epitaxial films and the deposition techniques used include MOCVD, liquid phase epitaxy, sol-gel, sputtering, hydrothermal growth, and PLD [START_REF] Chow | Epitaxial KNbO 3 thin films on KTaO 3 , MgAl 2 O 4 and MgO substrates[END_REF][START_REF] Lee | Low-temperature-grown KNbO 3 thin films and their application to piezoelectric nanogenerators and self-powered ReRAM device[END_REF][START_REF] Rousseau | Pulsed laser deposited KNbO 3 thin films for applications in high frequency range[END_REF][123][START_REF] Kakimoto | Development of transparent single-crystalline KNbO 3 thin film by LPE technique[END_REF][125]. The epitaxial relationships were established on these substrates. Epitaxial or preferentially oriented and stoichiometric KN films with (101) orientation are grown on (100) oriented SrTiO 3 and MgO substrates using PLD [START_REF] Rousseau | Pulsed laser deposited KNbO 3 thin films for applications in high frequency range[END_REF][START_REF] Zaldo | Growth of KNbO 3 thin films on MgO by pulsed laser deposition[END_REF]. (101) orientation presents high permittivity along the growth direction and the presence of four growth domains, rotated by 90 • in the plane, imposed by the cubic substrates, reduce the expected FoM T 31,f for KNbO 3 films to relatively low value of 7.4 kJ cm -3 (table 9). These cubic substrates impose the presence of growth domains, which results in the properties equivalent to the textured films [START_REF] Matthias | Dielectric properties of sodium and potassium niobates[END_REF] oriented films were obtained on c-axis oriented LiNbO 3 substrates and polycrytalline ones on C-sapphire [START_REF] Martín | Pulsed laser deposition of KNbO 3 thin films[END_REF]. The expected values for the FoM S 31,f and FoM T 31,f are close to those for the standard ZnO and AlN films (table 8). Epitaxial KN film was also obtained using MOCVD on SrTiO 3 and MgO substrates but post-deposition annealing with a KNbO 3 /K 3 NbO 4 powder mixture was needed to reach the desired stoichiometry [START_REF] Romanov | MOCVD of KNbO 3 ferroelectric films and their characterization[END_REF].

KN thin films on Si substrates show polycrystalline or even amorphous growth [130][START_REF] Christen | The growth and properties of epitaxial KNbO 3 thin films and KNbO 3 /KTaO 3 superlattices[END_REF][START_REF] Yang | Pulsed laser deposition of stoichiometric KNbO 3 films on Si (100)[END_REF]. KN film with b-axis orientation on Pt(111)/Ti/SiO 2 /Si grown by using the chemical solution deposition method was reported [START_REF] Suzuki | Orientation control of KNbO 3 thin film on silicon wafer with chemical solution deposition[END_REF]. However, this textured orientation would allow attaining only FoM T 31,f of 0.15 kJ cm -3 and FoM S 33,f of 0.17 kJ cm -3 . An attempt to obtain homogenous KN film on Pt/Ti/SiO 2 /Si was successful with the RF magnetron sputtering at RT followed by annealing at 800 • C for 90 min under the K 2 O atmosphere [START_REF] Lee | Low-temperature-grown KNbO 3 thin films and their application to piezoelectric nanogenerators and self-powered ReRAM device[END_REF]. But the piezoelectric properties were only measured using the piezoelectric force microscopy technique. KN thin films were grown on TiN/SiO 2 /Si which were either amorphous or amorphous with nanocrystals [START_REF] Lee | Low-temperature-grown KNbO 3 thin films and their application to piezoelectric nanogenerators and self-powered ReRAM device[END_REF]. Most of the works focus on the improvement of film quality and obtaining stoichiometric films rather than on the piezoelectric properties. To summarize, the growth of KNbO 3 thin film growth need to be further optimized to offer better control of film composition and to find out a way to grow epitaxial or textured (011) orientation on electrode/substrate heterostructures, which are of special interest for both strain and stress driven harvesters (tables 8 and 9).

(K,Na)NbO 3 (KNN) based ceramics has been extensively studied in the literature as a potential candidate for PZT replacement due to its high d 33 and high Curie temperature. Wu et al have reviewed the different strategies used for tuning the piezoelectric, dielectric and structural properties including phase boundaries of KNN [START_REF] Wu | Potassium-sodium niobate lead-free piezoelectric materials: past, present, and future of phase boundaries[END_REF]. The early attempts on the growth of crystals with compositions between (K 0.5 Na 0.5 )NbO 3 and pure NaNbO 3 were done by Shirane et al [135] and the crystals obtained were of composition (Na 0.9 K 0.1 )NbO 3 . It is reported that KNN crystals with compositions close to K 0.5 Na 0.5 NbO 3 can be obtained using the flux method and solid-state crystal growth method but the maximum size reported is in the range of 5 × 5 × 2 mm 3 [START_REF] Jiang | Ultrahigh piezoelectric coefficient of a lead-free K 0.5 Na 0.5 NbO 3 -based single crystal fabricated by a simple seed-free solid-state growth method[END_REF][START_REF] Gupta | Ferroelectric properties and dynamic scaling of ⟨100⟩ oriented (K 0.5 Na 0.5 )NbO 3 single crystals[END_REF][START_REF] Lin | Characterization of KNN single crystals by slow-cooling technique[END_REF]. But still, there is no report on the complete set of piezoelectric, elastic, and dielectric coefficient characterization of pure KNN single crystals. It is difficult to fabricate good quality single crystals with desired stoichiometry due to the volatilization of elements. Nevertheless, the complete set of the dielectric, elastic and piezoelectric constants was reported for the (Li,Ta) modified KNN (KNN-LT) crystals with size of 9 × 9 × 11 mm 3 grown by TSSG [START_REF] Huo | A high quality lead-free (Li,Ta) modified (K,Na)NbO 3 single crystal and its complete set of elastic, dielectric and piezoelectric coefficients with macroscopic 4mm symmetry[END_REF].

Developing high-quality KNN-based thin films is still a challenge due to the complications in the fabrication process because of its highly volatile constituents, sodium and potassium oxides, and composition differing from stoichiometry, and secondary phase formations [START_REF] Wu | Potassium-sodium niobate lead-free piezoelectric materials: past, present, and future of phase boundaries[END_REF]. Evaporation of the alkali ions from the films causes the formation of oxygen vacancies in the films, leading to a high leakage current in the films which deteriorates the ferroelectric and piezoelectric properties of the films [139]. Papers have reported highly oriented growth of KNN thin films on Pt/Ti/SiO 2 /Si and Pt 80 Ir 20 substrates [START_REF] Cho | Background oxygen effects on pulsed laser deposited Na 0.5 K 0.5 NbO 3 films: from superparaelectric state to ferroelectricity[END_REF][141][START_REF] Schroeter | High throughput method for K 0.5 Na 0.5 NbO 3 thin films preparation by chemical solution deposition[END_REF]. KNN films on SiO 2 /(001)Si substrates showed amorphous nature at low temperatures (∼350 • C) but formed more crystalline films with a preferred orientation of (001) at 450 • C-550 • C using RF magnetron sputtering [START_REF] Kugler | Low temperature growth and characterization of (Na,K)NbOx thin films[END_REF]. (001) oriented KNN films with thickness of 3 µm were grown on (100)Pt/MgO(100) epitaxially and on (111)Pt/Ti/SiO 2 /(100)Si in a textured way by using RF magnetron sputtering [START_REF] Shibata | Piezoelectric properties of (K,Na)NbO 3 films deposited by RF magnetron sputtering[END_REF]. The high transverse piezoelectric coefficients e 31,f (-3.6 and -5.5 C m -2 , respectively) were measured for these films. Although from the tensors point of view, no difference is expected for the (001) tetragonal textured and epitaxial films, the big difference in relative dielectric constant was found (158 and 598, respectively), indicating permittivity dependence on the microstructure and defects in the film. The corresponding calculated FoM T 31,f were 7.0 kJ cm -3 and 5.1 kJ cm -3 (table 10), which are by order of magnitude lower than that expected for the KNN-LT films (table 10), but they are very similar to that of the single crystals KNN-LT (5.6 kJ cm -3 , table 7). Piezoelectric properties were also reported for the KNN films with Na-rich compositions on Pt/MgO substrates with additional buffer layer of SrRuO 3 [START_REF] Kanno | Piezoelectric properties of (K,Na)NbO 3 thin films deposited on (001)SrRuO 3 /Pt/MgO substrates[END_REF]. However, the FoMs of such films are less promising than that of the KNN films with K/Na ratio close to 1 (table 10). Shibata et al have demonstrated the d 31 coefficient and dielectric constant dependence on the K/Na ratio in the films [START_REF] Shibata | Improvement of piezoelectric properties of (K,Na)NbO 3 films deposited by sputtering[END_REF]. The d 31,f coefficient presents its maximum at Na composition of 55% and the e 31,f could be maximized to as high values as -14.4 C m -2 and leakage current could be reduced by thermal post-treatment of KNN/Pt/Ti/SiO 2 /Si heterostructure, which densified the films and reduced the defect concentration [START_REF] Shibata | Improvement of piezoelectric properties of (K,Na)NbO 3 films deposited by sputtering[END_REF]. Although, these films were not perfectly textured (rather polycrystalline), they presented one of the highest FoM T 31,f = 18.9 kJ cm -3 measured for the lead-free piezoelectric thin films (table 10). MEMS devices were fabricated from the KNN/Pt/Ti/SiO 2 /Si heterostructures by means of dry etching and it has been demonstrated that the microfabrication does not affect the KNN piezoelectric properties [START_REF] Fyokokawa | Micro fabrication of lead-free (K,Na)NbO 3 piezoelectric thin films by dry etching[END_REF].

(1 -x)KTaO 3 -xKNbO 3 (KTN x ) solid solutions with compositions x > 0.2 present with increasing temperature trigonalorthorhombic-tetragonal-cubic phase transitions [START_REF] Triebwasser | Study of ferroelectric transitions of solid-solution single crystals of KNbO 3 -KTaO 3[END_REF]. The trigonal (3m) /orthorhombic (mm2)/tetragonal(4mm) phases are ferroelectric and cubic one is paraelectric. The transition temperatures and the symmetry of the RT phase are highly dependent on the Ta/Nb ratio [START_REF] Triebwasser | Study of ferroelectric transitions of solid-solution single crystals of KNbO 3 -KTaO 3[END_REF]. The tetragonalcubic phase transition of KTN 0.65 is at 10 • C and the compositions with 0.50 <x <0.60 are tetragonal at RT, while KTN with Nb-rich compositions are orthorhombic as KNbO 3 [START_REF] Triebwasser | Study of ferroelectric transitions of solid-solution single crystals of KNbO 3 -KTaO 3[END_REF]. Moreover, the phase transition temperatures of clamped KTN thin films are modulated with respect to those of bulk KTN [START_REF] Bartasyte | Temperature-dependent Raman scattering of KTa 1-x NbxO 3 thin films[END_REF]. In a proximity of tetragonal-cubic phase transition, KTN is a very promising material with the highest electro-optic, nonlinear optic and opto-mechanical performance known for photonic applications thanks to a very high relative permittivity (>50 000), a giant Pockels effect (up to 104 pm V -1 ,) and very high Kerr coefficients (>10 -14 m 2 V -2 ). Therefore, it was a considerable effort to synthesize these materials in the form of the single crystals. KTN crystal growth by means of the TSSG method and temperature gradient transport technique has been reported [START_REF] Meng | Elastic, piezoelectric, and dielectric properties of high-quality[END_REF][START_REF] Kallur | Crystal growth and properties of potassium tantalate niobate, KTa 1-x NbxO 3 ferroelectric[END_REF]. NTT Science and Core Technology has claimed an ability to grow KTN crystals up to a size of 40 × 40 × 30 mm 3 and KTN films with controlled thicknesses of 5-10 µm by means of liquid epitaxy [148]. KTN crystals with dimensions in a scale of 1 cm are available commercially.

As this material is not available in the form of large crystals, its application in photonic devices are limited. Moreover, as it was shown above tetragonal KTN in the form of thin films is highly promising in terms of FoM T 31,f for the vibrational EH applications. The main advantage of the (001) oriented tetragonal phase over the orthorhombic one is its FoM T 31,f insensibility to the in-plane orientation. KTN thin films with different Ta/Nb ratio have been grown on MgO, KTaO 3 and GaAs substrates [START_REF] Hulliger | Growth of monocrystalline thin films of potassium-tantalate-niobate (KTN) by liquid-phase epitaxy Thin Solid Films[END_REF][150][START_REF] Fernandez | Study of KTN thin films of variable composition grown by pulsed laser deposition[END_REF][START_REF] Rousseau | Growth and optical properties of KTa 1-x NbxO 3 thin films grown by pulsed laser deposition on MgO substrates[END_REF]. The growth orientation of KTN films on (100) MgO substrates is dependent on the Ta/Nb composition. The films containing a higher Ta fraction were oriented [010] cubic direction, while those with higher Nb fraction orienting towards orthorhombic [101] direction [START_REF] Fernandez | Study of KTN thin films of variable composition grown by pulsed laser deposition[END_REF]. Cubic K 0.94 Ta 0.68 Nb 0.40 O 3 films on GaAs show and Rsapphire grow with orientation (100) [150]. The tetragonal KTa 0.5 Nb 0.5 O 3 and KTa 0.6 Nb 0.4 O 3 on R plane sapphire show preferential (100) orientation with minor orientations [START_REF] Matthias | New ferroelectric crystals[END_REF] and ( 111) [START_REF] Laur | KTN ferroelectric thin-films: application to the realization of tunable microwave devices[END_REF]. The a-axis orientation cannot offer high FoM due to its extremely high permittivity (ε 11 /ε 0 =1190). The c-axis oriented KTa 0.5 Nb 0.5 O 3 grows epitaxially on (001) KTaO 3 and (001) MgO substrates [START_REF] Jia | Pulsed laser deposition of ferroelectric potassium tantalate-niobate optical waveguiding thin films[END_REF]. Further efforts are needed to obtain such tetragonal c-axis oriented films on bottom electrode and substrates compatible with vibrational EH applications.

Regarding the potassium and sodium niobate family, in particular the implementation of KNN to energy harvesters based on Si substrates resulted promising results. This family of material belongs to the poled ceramics group, so has similar symmetry as PZT. These piezoelectric ceramics are developed using NaNbO 3 and K 0.5 Na 0.5 NbO 3 . For instance, Kanno et al [START_REF] Kanno | Powergeneration performance of lead-free (K,Na)NbO 3 piezoelectric thin-film energy harvesters Sens[END_REF] fabricated one of the first prototypes of KNN vibrational energy harvesters by RF sputtering, achieving 1.1 µW at 1036 Hz (@1 g), and compared the results with similar unimorph devices with PZT, having 1 µW output in the same conditions. More recently, Shiraishi et al deposited KNN by hydrothermal method on metal foils [START_REF] Shiraishi | Vibration-energy-harvesting properties of hydrothermally synthesized (K,Na)NbO 3 films deposited on flexible metal foil substrates[END_REF], obtaining 126 Hz resonance frequency and 7.7 µW at 1.02 g, while Won et al used chemical solution deposition, adding small concentration of Mn to enhance the piezoelectric properties of the film [157], obtaining a power output of 3.62 µW at 132 Hz (1 g). Among the highest PD achieved with KNN there is the work of Van Minh et al [129]. In this work, the device was fabricated on silicon substrate with four tip masses in order to have large frequency bandwidth and high-power output (figure 14(b)), obtaining 0.73 µW at 1509 Hz (1.02 g). Nevertheless, due to the challenges of optimization synthesis and processing of upscaling to industrial level remains one of the most important issues in its implementation.

LiNbO 3 and LiTaO 3

LiNbO 3 and LiTaO 3 single crystals are industrially produced piezoelectric materials easily accessible, rare-earth and toxicelement-free, cheap, available in the form of wafers (with diameter up to 6 inches), widely exploited for developments of acoustics and optical devices [START_REF] Bartasyte | Toward high-quality epitaxial LiNbO 3 and LiTaO 3 thin films for acoustic and optical applications[END_REF], and presenting similar efficiency in EH as commonly used PZT. LiNbO 3 and LiTaO 3 are ferroelectric materials that belongs to 3m point group at RT. The major advantages of LiNbO 3 and LiTaO 3 over PZT are: (a) extremely chemically inert and lead-free materials; (b) very high Curie temperatures (>1150 • C and 600 • C-700 • C, respectively) thus compatible with EH and actuation at high temperatures (PZT limit <150 • C). The piezoelectric transducers based on LiNbO 3 single crystals operating up to 1000 • C have been reported by Baba et al [159]. Hightemperature strain-driven EH was demonstrated up to 500 • C and the high-temperature limit has resulted from the failure of the mechanical set-up and not from the piezoelectric material itself [160]. However, the LiNbO 3 and LiTaO 3 applications in acoustics are limited to 300 • C by the increased losses at high temperatures due to ionic conductivity. It is important to note that the requirements in terms of losses are much lower in the case of EH applications and that at RT in the form of single crystal LiNbO 3 and LiTaO 3 have very high-quality factor and low dielectric losses (typically under 0.1%) [START_REF] Cochard | Broadband characterization of congruent lithium niobate from mHz to optical frequencies[END_REF]. As shown above the high efficiency of the piezoelectric transduction based on LiNbO 3 can be attained in the crystal orientations with an oblique c-axis. LiTaO 3 presents much lower strain-and stress-FoMs than those of LiNbO 3 due to its lower piezoelectric coefficients (tables 8 and 9).

From the application point of view in the fields of integrated photonics, high-frequency acoustic filters, and lead-free MEMS piezoelectric transducers, LiNbO 3 and LiTaO 3 thin films are of particular interest. Despite this high industrial interest, the synthesis of the LiTaO 3 and LiNbO 3 thin films is far from being a routine due to difficulties to control and to measure in precision the nonstoichiometry of volatile Li 2 O [START_REF] Bartasyte | Residual stress and clamped thermal expansion in LiNbO 3 and LiTaO 3 thin films[END_REF] on which the physical properties are highly dependent, to electrically pole the grown films, and to integrate with Si based substrates [START_REF] Bartasyte | Toward high-quality epitaxial LiNbO 3 and LiTaO 3 thin films for acoustic and optical applications[END_REF]. LiNbO 3 and LiTaO 3 can be grown epitaxially with different orientations ((0001)/Z, (10 10)/Y, (11 20)/X, (10 12)/33 • Y) on sapphire substrates [START_REF] Bartasyte | Toward high-quality epitaxial LiNbO 3 and LiTaO 3 thin films for acoustic and optical applications[END_REF]. They also grow epitaxially on SrTiO 3 , LaAlO 3 , MgO, etc (see review by Bartasyte et al [129] for the epitaxial relationships). The films on SiO 2 /Si are polycrystalline and interact chemically through the Li 2 O diffusion to the substrate. The literature reports LiNbO 3 /LiTaO 3 films on the bottom electrodes containing heterostructures or metal substrates are rare. Recently, 2-4 µm thick LiTaO 3 films on stainless steel substrates were fabricated by means of sol-gel method and post thermal treatment for the vibrational EH applications and the reported generated PD by this heterostructure was 4-20 nW m -3 at acceleration of 1.5 g [START_REF] Verma | Interdependence of piezoelectric coefficient and film thickness in LiTaO 3 cantilevers[END_REF]. The c-axis textured films can be grown on the [START_REF] Matthias | Dielectric properties of sodium and potassium niobates[END_REF] Pt film electrodes. However, the c-axis oriented films do not offer high electro-mechanical coupling and such films cannot be competitive with the standard AlN or ZnO films available at industrial level. Recently, (10 12)/33 • Y textured growth of LiNbO 3 by means of direct liquid injection chemical vapor deposition (DLI-CVD) was achieved on textured (10 12) LaNiO 3 buffer layer on SiO 2 /Si based heterostructures [START_REF] Bartasyte | Layered solid state element comprising a ferroelectric layer and method for manufacturing the same Patent[END_REF]. As textured (10 12) LaNiO 3 layers can be sputtered on any substrate/heterostructure withstanding 500 • C, this approach allows to grow highly coupled orientation LiNbO 3 films on technology important heterostructures based on Si and Pt electrodes. The challenge remaining to overcome is the electrical poling of these films in order to attain single ferroelectric domain state which would allow to attain high FoM T 31,f for the textured LiNbO 3 films. Additional difficulty in growing thick LiNbO 3 /LiTaO 3 thin films is their big thermal expansion in the XY plane, which is higher by a factor of 10 than that of the Si substrates. This results in the high tensile stresses and cracking of the thick films on Si substrates.

To overcome these difficulties with the grown LiNbO 3 and LiTaO 3 thin films and to respond to the industrial and academic demand, the top-down fabrication methods of thin films from the bulk LiNbO 3 /LiTaO 3 wafers were developed. The main advantages of top-down methods are the single-crystal and single-domain quality of films and the free-choice of the film orientation (independent on the crystallographic planes and the substrate) enabling the maximum possible FoMs possible. Moreover, even very thick films single-crystal films on flexible Si, metal or polymer heterostructures, compatibles with the energy harvesting/actuation applications can be fabricated by polishing/bonding techniques [30,[START_REF] Bartasyte | Dispositif piézo-électrique comprenant des films piézo-électriques LiNbO 3 et/ou LiTaO 3 monocristallins flexibles intégrés sur un substrat flexible et procédés de fabrication associés Patent EP3989299A1[END_REF]. At present, the ion-slicing and polishing/bonding techniques reached the industrial maturity and such single-crystal films are available from several enterprises (SOITEC, NANOLN, NGK, Paltrow Technologies, etc).

In the past, EH demonstrations were investigated only by using industrially available LiNbO 3 wafers with a thickness of 300-1000 Å. The use of LiNbO 3 as a transducer has been considered in some papers using inverted domain bulk plates or simple bulk single crystal. For instance, Funasaka et al [166] fabricated a piezoelectric generator where an impact hammer applied vibrations to LiNbO 3 140 • -Y crystal cut beam and electrical energy was yielded from the vibrations, obtaining 10 V in open circuit conditions and high resonance frequency 5.17 kHz. Nakamura et al [START_REF] Nakamura | Bending vibrator consisting of a LiNbO 3 plate with a ferroelectric inversion layer[END_REF] identified LiNbO 3 137 • -Y crystal cut, as the most suitable for bending actuation. This orientation presented piezoelectric strain coefficient d ′ 23 =30 pC N -1 , very low dielectric constant ( ε ′ T 22 / ε 0 = 58.8), and thus high transverse electro-mechanical coupling factor, K ′ 2 23 = 26%. Unfortunately, this single crystal orientation is still not commercially available (as industrial demand of LiNbO 3 actuators and harvesters is still not present), and can be purchased only as custom one. More recently, Vidal et al [START_REF] Vidal | Low-frequency vibration energy harvesting with bidomain LiNbO 3 single crystals[END_REF] designed and tested a low-frequency vibration energy harvester, using the same reversed domain technology and obtaining a thick bimorph LiNbO 3 128 • Ycut patch (1 mm) bonded with epoxy on a metal substrate. However, they achieved low resonance frequency 32 Hz and high PD 9.2 mW g -2 with a very large resistive load 65 MΩ, because of very poor capacitance (38 pF). Moreover, Bedekar et al [START_REF] Bedekar | Comparative study of energy harvesting from high temperature piezoelectric single crystals[END_REF] have studied mechanical EH for high-temperature applications, where Y-36 • bulk single crystal LiNbO 3 was mechanically excited in thickness mode. Also, Kawamata and Morita worked with LiNbO 3 (Y-36 • crystal cut) in thickness mode as stack actuator [START_REF] Morita | Fundamental study of a stacked lithium niobate transducer[END_REF][START_REF] Kawamata | Non-hysteresis and perfect linear piezoelectric performance of a multilayered lithium niobate actuator Sens[END_REF], finding it suitable for a multilayered device.

In the case of micro-energy harvesters where lateral dimensions are limited, thick wafers cannot be used due to issues in impedance-matching with EH circuits as well as structural compatibility with the substrate. Moreover, bulk LiNbO 3 crystals are very brittle and only low displacement can be attained. Therefore, LiNbO 3 film technology has to be implemented in vibrational EH to overcome such issues and provide realistic operations. Despite their promising properties, the application of LiNbO 3 films in piezoelectric vibrational EH was started to study very recently [START_REF] Clementi | A low-cost alternative lead-free piezoelectric material for vibrational energy harvesters[END_REF]. A considerable effort has been made towards their integration in the conventional processing of MEMS and EH devices. We have identified the optimized orientation for our application among the commercially available LiNbO 3 single crystal cuts, considering its electromechanical properties as well as the possibility of integration in a suitable micro-fabrication process. A beam with a tip mass, based on the 128 • Y LiNbO 3 single-crystal film bonded on silicon, was investigated for the vibrational EH at low frequencies (150 Hz). Highly coupled devices (K 2 = 2.8%) with high quality factor (Q = 396) have been demonstrated. The measured PD 965 µW cm -2 g -2 , which is among the highest reported values for vibrational harvesters based on lead-and lead-free materials [START_REF] Clementi | A low-cost alternative lead-free piezoelectric material for vibrational energy harvesters[END_REF]. The vibrational microharvesters based on thick LiNbO 3 films were successfully applied for the wireless sensor nodes [START_REF] Panayanthatta | A self-powered and battery-free vibrational energy to time converter for wireless vibration monitoring[END_REF] and the e-gadgets [171]. The LiNbO 3 films were also integrated with the flexible metal substrates to overcome the fragility issues of the silicon beams [30,[START_REF] Bartasyte | Layered solid state element comprising a ferroelectric layer and method for manufacturing the same Patent[END_REF]. The (YXl)/128 • LiNbO 3 /Brass harvester (figure 15) with tip mass for an active area of 260 mm 2 , a resonance frequency of 66 Hz, and an acceleration of 0.1 g, the PD is equal to 612 µW cm -2 g -2 . Even though this value is smaller than the silicon counterpart, if we consider the normalized power densities, we achieved 9.22 µW cm -2 g -2 Hz -1 and 371 µW cm -3 g -2 Hz -1 , which is an improvement compared to previous results on Si substrates (6.4 µW cm -2 g -2 Hz -1 and 149 µW/cm -3 g -2 Hz -1 ). Further works are undergoing on the optimization and fabrication of bimorph structures to further increase the harvested PD. The first integrated MEMSscale energy converters based on single-crystal LiNbO 3 films were reported last year [172]. LiNbO 3 MEMS cantilevers under flexural deformation with acceleration of 2.5 g have produced a PD of 1.9 nW•mm -3 •g -2 at resonance frequency of 4.1 kHz. These lead-free vibrational energy scavengers at MEMS scale open new possibilities for the autonomous integrated systems, miniaturized sensors and transducers.

BiFeO 3

Bulk and thin films of BiFeO 3 belonging to the point group as LiNbO 3 and LiTaO 3 present a competitive FoM for the stressdriven energy harvesters although, the thin films have to be oriented with (10 12) planes parallel to the surface (tables 7 and 9). (10 14) orientation with single-crystalline or textured quality shows also reasonable performance. In the case of straindriven harvesters, even textured (0001), (10 12) and ( 10 [START_REF] Lu | Phase equilibrium of Bi 2 O 3 -Fe 2 O 3 pseudo-binary system and growth of BiFeO 3 single crystal[END_REF] lead to the improvement of the final BFO single crystal quality. X-ray analysis have reported that growth direction in a flux is along the polar axis [0001] H of the structure [176], indicating the dense planes and the fast growth orientation, which can be obtained in self-textured films. Laser-diode heating floating-zone method enabled the growth of so far the largest BiFeO 3 single crystals with a diameter of 4 mm and a length up to 50 mm [START_REF] Ito | Growth of highly insulating bulk single crystals of multiferroic BiFeO 3 and their inherent internal strains in the domain-switching process[END_REF]. The advantage of this technique is the possibility to reshape the single crystal and to adapt it to the study of specific properties [178]. Finally, fluoride ionassisted hydrothermal method can be used to grow various size of BFO micro-crystals. The produced nanoplates lateral size range from 6.5 to 14,4 µm wide with a thickness which can be tailored from 80 nm to 1,14 µm [START_REF] Yang | Single-crystal BiFeO 3 nanoplates with robust antiferromagnetism[END_REF].

The A/B site single or co-doping are the most established methods used to tune properties of BFO films or ceramics [180,[START_REF] Micard | Piezoelectric Ba and Ti co-doped BiFeO 3 textured films: selective growth of solid solutions or nanocomposites[END_REF]. Light BFO doping with rare-earth elements [START_REF] Kan | Universal behavior and electric-field-induced structural transition in rare-earth-substituted BiFeO 3[END_REF] or transition metals [START_REF] Radojković | Tuning of BiFeO 3 multiferroic properties by light doping with Nb[END_REF] have been used for the tuning of multiferroic, ferroelectric, dielectric, magnetic and photovoltaic properties [START_REF] Tu | Tailoring microstructure and photovoltaic effect in multiferroic Nd-substituted BiFeO 3 ceramics by processing atmosphere modification[END_REF][185][START_REF] Zhang | Enhanced photovoltaic properties of gradient calcium-doped BiFeO 3 films[END_REF]. Highly doped systems also present a potential in an enhancement of the physical properties. As it has been demonstrated for BiFeO 3 -BaTiO 3 system, the superior concentration of doping elements may result in inhomogeneous solid solutions and the material may present multiple phases [START_REF] Zheng | Perovskite BiFeO 3 -BaTiO 3 ferroelectrics: engineering properties by domain evolution and thermal depolarization modification[END_REF]. Modifications induced by doping are not only functional but also structural. In the case of fibers, the doping helps to increase a specific surface area and a pore size and to reduce a grain size [START_REF] Tie | Pr doped BiFeO 3 hollow nanofibers via electrospinning method as a formaldehyde sensor Sens[END_REF]. The doping is the favorite techniques to tune BFO properties due to its simplicity. However, growth process conditions can also have a significant effect on the physical and structural properties. For example, a processing atmosphere and a gas ratio used in the fabrication of ceramics or films can have an influence on the microstructure and the quantity of impurities as well as on the photovoltaic properties [START_REF] Tu | Tailoring microstructure and photovoltaic effect in multiferroic Nd-substituted BiFeO 3 ceramics by processing atmosphere modification[END_REF][START_REF] Zhu | Charge transport behaviors in epitaxial BiFeO 3 thick films sputtered with different Ar/O 2 flow ratios[END_REF]. Superlattice structures have been investigated as another way to combine material properties of BFO and other functional materials. Most studied system is BiFeO 3 -BaTiO 3 superlattices with the special interest for the magnetoelectric coupling [START_REF] Hohenberger | Enhanced magnetoelectric coupling in BaTiO 3 -BiFeO 3 multilayers-an interface effect[END_REF][START_REF] Lorenz | Correlation of interface impurities and chemical gradients with high magnetoelectric coupling strength in multiferroic BiFeO 3 -BaTiO 3 superlattices[END_REF][START_REF] Lorenz | Correlation of magnetoelectric coupling in multiferroic BaTiO 3 -BiFeO 3 superlattices with oxygen vacancies and antiphase octahedral rotations[END_REF]. Tunability of ferroelectricity and ferromagnetism have also been investigated in other multilayers such as BiFeO 3 -BiMnO 3 [START_REF]Tuning ferroelectricity and ferromagnetism in BiFeO 3 /BiMnO 3 superlattices[END_REF], BiFeO 3 -Fe 3 O 4 [START_REF] Yang | Electronic and magnetic structure of Fe 3 O 4 /BiFeO 3 multiferroic superlattices: first principles calculations[END_REF] and BiFeO 3 -La 2/3 Sr 1/3 MnO 3 [START_REF] Feng | Superior properties of energetically stable La 2/3 Sr 1/3 MnO 3 /Tetragonal BiFeO 3 multiferroic superlattices[END_REF], as well.

As for LiNbO 3 , the major advantage of BiFeO 3 for high temperature applications is its very high Curie temperature (830 • C). The Curie temperature can be tuned by doping or by changing a stoichiometry. The dielectric behavior was investigated over a wide range of temperature (from RT to at least 350 • C) for doped and undoped BiFeO 3 [START_REF] Das | Investigation of room temperature multiferroic properties in sol-gel derived gadolinium, cobalt doped BiFeO 3 nanoceramics[END_REF], BiFeO 3 -BaTiO 3 [START_REF] Yang | Piezoelectric properties and temperature stabilities of Mn-and Cu-modified BiFeO 3 -BaTiO 3 high temperature ceramics[END_REF]198] or related ceramic systems [START_REF] Zuo | Na 0.5 K 0.5 NbO 3 -BiFeO 3 lead-free piezoelectric ceramics[END_REF][START_REF] Kang | Enhanced electromechanical properties of SrTiO 3 -BiFeO 3 -BaTiO 3 ceramics via relaxor behavior and phase boundary design[END_REF]. The permittivity as well as the dielectric loss increase with the increase of the temperature. The BiFeO 3 -PbTiO 3 ceramic shows an increase of conductivity up to 350 • C and change of the permittivity and dielectric loss [201]. A temperature dependence of d 33 piezoelectric coefficient has been reported for the (1 -x)BiFeO 3 -xBaTiO 3 ceramics [START_REF] Wang | Simultaneously enhanced piezoelectric properties and depolarization temperature in calcium doped BiFeO 3 -BaTiO 3 ceramics[END_REF]. For the ceramics with x = 0.265, the coefficient d 33 increases up to 280 • C due to the increase of the dielectric constant and then it decreases rapidly at higher temperatures due to thermal depolarization. The maximum of d 33 is observed at lower temperatures for the higher x values. A study of Ca-doped BiFeO 3 -BaTiO 3 ceramics has found a similar behavior for the electromechanical coupling. [START_REF] Zheng | Perovskite BiFeO 3 -BaTiO 3 ferroelectrics: engineering properties by domain evolution and thermal depolarization modification[END_REF] In some modified BFO systems, a doping or a combination with lead-free material may lead to ceramic properties with high thermal stability [START_REF] Akram | Less temperature-dependent high dielectric and energy-storage properties of eco-friendly BiFeO 3 -BaTiO 3 -based ceramics[END_REF]. For example, LiNbO 3 doping gives the permittivity stability in the 200 • C-500 • C temperature range [START_REF] Malik | Temperature invariant high dielectric properties over the range 200 • C-500 • C in BiFeO 3 based ceramics[END_REF]. Mg-doped BiFeO 3 -BaTiO 3 ceramics presents a constant d 33 coefficient up to 400 • C [START_REF] Zhou | Remarkably high-temperature stable piezoelectric properties of Bi(Mg 0.5 Ti 0.5 )O 3 modified BiFeO 3 -BaTiO 3 ceramics[END_REF]. Few studies can be found on the temperature dependence of BiFeO 3 film properties. The permittivity increases with the increase of the temperature in the temperature range from -193 • C to 27 • C [START_REF] Shao | Activation energy mediated band structure in strained multiferroic BiFeO 3 thin films[END_REF] and then it remains stable up to 400

• C [207].
The BFO thin film properties are also dependent on a strain state which can be tuned by a lattice mismatch between BFO and its substrate. The strain effect on the bandgap and the ferroelectric properties has been demonstrated for the BFO films on SrRuO 3 buffer layer using different substrates such as LaAlO 3 (LAO), SrTiO 3 (STO), MgO and TiN-buffered Si substrates [START_REF] Wang | Strain tuning of ferroelectric and optical properties of rhombohedral-like BiFeO 3 thin films on SrRuO 3 -buffered substrates[END_REF]. Compressive strain in the films can be varied by chaging the thickness of a strain tuning layer or of the BFO itself [START_REF] Daumont | Tuning the atomic and domain structure of epitaxial films of multiferroic BiFeO 3[END_REF][START_REF] Mohan | Realization of rhombohedral, mixed, and tetragonal like phases of BiFeO 3 and ferroelectric domain engineering using a strain tuning layer on LaAlO 3 (001) substrate[END_REF]. Finally, the strain engineering can be achieved via self-assembled nano composites, such as BiFeO 3 -CoFe 2 O 4 , in which the structural constraints between two material enable a magneto-structural coupling between antiferromagnetic BFO and ferrimagnetic CFO [START_REF] Amrillah | Tuning the magnetic properties of self-assembled BiFeO 3 -CoFe 2 O 4 heteroepitaxy by magneto-structural coupling[END_REF].

The final step needed for the improvement of the piezoelectric properties of BiFeO 3 is the electrical poling in order to control the polarization state. The polarization relaxation, the polarization fatigue, and the polarization itself can have influence on conduction currents in the material. A linear dependence of the conduction current on the polarization was measured [START_REF] Yao | Polarization-tuned diode behaviour in multiferroic BiFeO 3 thin films[END_REF]. Therefore, the poling can help to improve not only the piezoelectric transduction efficiency but also the photovoltaic efficiency in pure BiFeO 3 [START_REF] Katiyar | Effect of poling on photovoltaic properties in highly oriented BiFeO 3 thin films[END_REF] or multi-doped BFO systems [START_REF] Biswas | The composition and poling-dependent photovoltaic studies in ferroelectric (Bi 1-x Srx)(Fe 1-x Tix)O 3 thin films[END_REF] and so bring adapted solutions for either EH or sensor applications [START_REF] Biswas | Polarization driven self-biased and enhanced UV-visible photodetector characteristics of ferroelectric thin film[END_REF]. In a similar way, the application of magnetic field can be used to tune photoelectrochemical behaviors [START_REF] Zhu | Charge transport behaviors in epitaxial BiFeO 3 thick films sputtered with different Ar/O 2 flow ratios[END_REF].

Epitaxial growth of BiFeO 3 by different deposition techniques (MOCVD, PLD or MBE) has been mainly studied by using single crystal substrates, such as SrTiO 3 with or without SrRuO 3 bottom electrode, and conductive Nb: SrTiO 3 [180, [START_REF] Micard | Dy-doped BiFeO 3 thin films: piezoelectric and bandgap tuning[END_REF][217][START_REF] Yang | Surface double-layer structure in (110) BiFeO 3 thin film[END_REF][START_REF] Nechache | Growth, structure, and properties of BiFeO 3 -BiCrO 3 films obtained by dual cross beam PLD[END_REF]. The BFO film orientation in pseudo-cubic settings matches the one of SrTiO 3 ((100) pc , [START_REF] Matthias | New ferroelectric crystals[END_REF] pc and (111) PC , for the corresponding hexagonal orientations see table 2). The epitaxial BFO growth was also obtained by means of spin-coating [START_REF] Chen | Structural and electrical properties of the sol-gel derived multiferroic BiFeO 3 monolayer and NiTiO 3 -BiFeO 3 bilayer thin films[END_REF], sputtering [START_REF] Wang | Strain tuning of ferroelectric and optical properties of rhombohedral-like BiFeO 3 thin films on SrRuO 3 -buffered substrates[END_REF], and PLD [START_REF] Campanini | Imaging and quantification of charged domain walls in[END_REF]. The SrRuO 3 (SRO) is one of the most use bottom electrodes for deposition of BFO doped and un-doped systems on single crystal substrates or Si-based structures [222]. Independently of the deposition technique (spin coating [START_REF] Chen | Structural and electrical properties of the sol-gel derived multiferroic BiFeO 3 monolayer and NiTiO 3 -BiFeO 3 bilayer thin films[END_REF], sputtering [START_REF] Wang | Strain tuning of ferroelectric and optical properties of rhombohedral-like BiFeO 3 thin films on SrRuO 3 -buffered substrates[END_REF] or by PLD [START_REF] Campanini | Imaging and quantification of charged domain walls in[END_REF]), (100) PC and (111) PC epitaxial BFO growth have been obtained on epitaxial SRO bottom electrodes, which orientation is determined by substrate orientation [START_REF] Zhu | Charge transport behaviors in epitaxial BiFeO 3 thick films sputtered with different Ar/O 2 flow ratios[END_REF][START_REF] Wu | BiFeO 3 thin films of (111)-orientation deposited on SrRuO 3 buffered Pt/TiO 2 /SiO 2 /Si(100) substrates[END_REF][START_REF] Liu | Mechanisms of resistive switching in BiFeO 3 thin films modulated by bottom electrode[END_REF][START_REF] Xu | Improved polarization retention of BiFeO 3 thin films using GdScO 3 (110) substrates Chin[END_REF].

Other structurally matching single-crystal substrates (MgO, KTaO 3 , LaAlO 3 and YSZ) [START_REF] Scillato | BiFeO 3 films doped in the A or B sites: effects on the structural and morphological properties[END_REF] or in combination with bottom electrodes have been used for the epitaxial BFO growth, as well. Such epitaxial BFO films on cubic substrates do not present potential for the stress-driven harvester applications due to incompatibility of the substrates and the four growth domains in the substrate plane resulted from the cubic symmetry of the substrate, which destroys the high FoM T values. The measured e 31 piezoelectric coefficients of (111) PC and (100) PC epitaxial BFO films on SRO/STO were -1.3 pC N -1 and -3.5 pC N -1 , respectively [START_REF] Ujimoto | Direct piezoelectric properties of (100) and (111) BiFeO 3 epitaxial thin films[END_REF]. Similar e 31 value of -4.3 pC N -1 was also reported for the (100) PC films on STO:Nb substrates [START_REF] Yoshimura | Direct piezoelectric properties of BiFeO 3 epitaxial films grown by combinatorial sputtering[END_REF]. The permittivity of these films was higher than that calculated for BFO films (see table 10) and the FoM T 31,f of (100) PC films was as high as 10 kJ cm -3 (however, this does not overpass the performance of standard AlN films).

Direct growth of BFO on Si has resulted in (100) oriented and polycrystalline films obtained by spray pyrolysis [START_REF] Reddy | Enhanced magnetoelectric coupling in transition-metal-doped BiFeO 3 thin films[END_REF] and by laser-MBE [START_REF] Yao | Growth and physical properties of BiFeO 3 thin films directly on Si substrate[END_REF], respectively. LaNiO 3 is a conductive perovskite which displays promising results as a bottom electrode and a growth template for high quality BFO films on Si. The studies show that both 3 and BiFeO 3 are prepared by sol-gel process on Si based substrates. The polycrystalline BFO films with orientation (100) PC and (110) PC preferential orientations on LaNiO 3 were synthesized by means of sol-gel technique on Si substrates [START_REF] Zhang | Growth of (001) preferentially oriented BiFeO 3 films on Si substrate by sol-gel method[END_REF][START_REF] Wang | Enhanced ferroelectric properties of Ce-substituted BiFeO 3 thin films on LaNiO 3 /Si substrates prepared by sol-gel process[END_REF][START_REF] Chen | Nonvolatile bipolar resistance switching effects in multiferroic BiFeO 3 thin films on LaNiO 3 -electrodized Si substrates[END_REF]. The e 31 for the textured (100) PC BFO films on LaNiO 3 /Si [START_REF] Kariya | Enhancement of piezoelectric properties of (100)-orientated BiFeO 3 films on (100)LaNiO 3 /Si[END_REF][START_REF] Aramaki | Demonstration of high-performance piezoelectric MEMS vibration energy harvester using BiFeO 3 film with improved electromechanical coupling factor Sens[END_REF] were the same as those reported for the [START_REF] Matthias | New ferroelectric crystals[END_REF] PC epitaxial films [START_REF] Ujimoto | Direct piezoelectric properties of (100) and (111) BiFeO 3 epitaxial thin films[END_REF][START_REF] Yoshimura | Direct piezoelectric properties of BiFeO 3 epitaxial films grown by combinatorial sputtering[END_REF] (table 10). Transparent conductive oxides, FTO or ITO, coated on glass or quartz substrates were also served for polycrystalline BFO depositions [START_REF] Kumari | Robust non-volatile bipolar resistive switching in sol-gel derived BiFeO 3 thin films[END_REF], and these structures were used for the studies of photovoltaic properties [START_REF] Lu | Nonvolatile electric-optical memory controlled by conductive filaments in Ti-doped BiFeO 3[END_REF][START_REF] Liu | Influence of rare-earth elements doping on structure and optical properties of BiFeO 3 thin films fabricated by pulsed laser deposition[END_REF]. IrO 2 can be also used as bottom electrode and buffer layer for the growth of polycrystalline BFO on Si as demonstrated by MOCVD method [235]. Platinum bottom electrode on TiO 2 (or Ti)/SiO 2 /Si has been used for depositions of polycrystalline BFO by means of sol-gel and PLD [236][START_REF] Yun | Giant ferroelectric polarization beyond 150 µC/cm2in BiFeO 3 thin film[END_REF][START_REF] Xiao | Investigations on photovoltaic performance of sol-gel derived BiFeO 3 -based heterostructures via compositional modification[END_REF]. Polycrystalline BFO with preferential (100) PC orientation has been obtained on [START_REF] Matthias | Dielectric properties of sodium and potassium niobates[END_REF] Pt by means of a chemical solution route [START_REF] Yakovlev | Interfacial effects on the electrical properties of multiferroic BiFeO 3 /Pt/Si thin film heterostructures[END_REF]. More recently, nanosheets of Ca 2 Nb 3 O 10 have been successfully used as a seed layer for highly oriented (100) PC BFO grown on Si [START_REF] Bouquet | Influence of two-dimensional oxide nanosheets seed layers on the growth of (100)BiFeO 3 thin films synthesized by chemical solution deposition Thin Solid Films[END_REF]. BiFeO 3 films directly deposited on metallic substrates have not been intensively investigated. Nevertheless, few attempts were reported: BFO with a preferential [START_REF] Matthias | New ferroelectric crystals[END_REF] PC orientation deposited by PLD on flexible magnetic Ni tapes [START_REF] Yan | Magnetoelectric properties of flexible BiFeO 3 /Ni tapes[END_REF] and polycrystalline films screen printed on noble metal foils (Ag, Au and Pt) [START_REF] Khomyakova | Screen-printed BiFeO 3 thick films on noble metal foils[END_REF]. The thin film synthesis with high quality texture on low-cost substrates such as metal ones still need to be pushed forward. As discussed above, both textured (100) PC and (110) PC films presents a particular interest for the strain-driven energy harvesters while their performance will limited in the stress-driven ones.

Finally, despite its huge interest for EH very few devices have been designed and tested [START_REF] Aramaki | Demonstration of high-performance piezoelectric MEMS vibration energy harvester using BiFeO 3 film with improved electromechanical coupling factor Sens[END_REF][START_REF] Yoshimura | Piezoelectric vibrational energy harvester using lead-free ferroelectric BiFeO 3 films[END_REF]. Thanks to the various strategies explored, we have a broad understanding of the material possibilities and huge flexibility to adapt the material to the working environment of EH device [START_REF] Wang | Structure, performance, and application of BiFeO 3 nanomaterials[END_REF]. Several works report the structures for EH applications, based on BiFeO 3 films on silicon or SrTiO 3 , deposited by means of magnetron sputtering [START_REF] Aramaki | Demonstration of high-performance piezoelectric MEMS vibration energy harvester using BiFeO 3 film with improved electromechanical coupling factor Sens[END_REF][START_REF] Aramaki | Investigation of mechanical nonlinear effect in piezoelectric MEMS vibration energy harvesters[END_REF], having 151.2 Hz resonance frequency with 2.4 µW power output at 0.3 g. Yoshimura et al achieved 98 Hz resonance for 2 nW power output (0.05 g) by implementing BFO films on Si, grown by means of sol-gel method [START_REF] Yoshimura | Piezoelectric vibrational energy harvester using lead-free ferroelectric BiFeO 3 films[END_REF][START_REF] Murakami | Development of piezoelectric MEMS vibration energy harvester using (100) oriented BiFeO[END_REF].

Quartz and langasites

Quartz is a trigonal material (point group 32) and its first phase transition occurs at 573 • C from α-quartz to β-quartz [START_REF] Dmitriev | Theory of reconstructive phase transitions between SiO 2 polymorphs[END_REF][START_REF] Aasly | Advanced methods to characterize thermal properties of quartz INFACON XI[END_REF] at atmospheric pressure. At about 900 • C βquartz becomes fully HP-tridymite, which transforms at about 1475 • C into cristobalite. Finally, quartz melts at about 1750 • C. Quartz is not pyroelectric and not ferroelectric, thus, it does not require electrical poling. The piezoelectric coefficients and permittivity of quartz are very low. Although, the electromechanical coupling and strain and stress FoMs are low (FoM T 31 = 0.7 kJ cm -3 & FoM S 33 = 1 kJ cm -3 for Xcut quartz), the quartz is the 2nd most abundant mineral after feldspaths. In the nature, crystal can measure several meters in length. Commonly, the hydrothermal growth is used at industrial scale (Neyco, Nano Quarz Wafer, Quartz unlimited) for synthesis of high-quality quartz crystal with lateral dimensions up to 300 mm [249][START_REF] Pastero | Synthesis of α-quartz with controlled properties for the investigation of the molecular determinants in silica toxicology[END_REF][START_REF] Jiang | Hydrothermal synthesis of monodisperse single-crystalline alpha-quartz nanospheres[END_REF]. The synthetic quartz crystals present high-quality factors and high-thermal stability of properties and they are used in optics [252], the microelectronic industry [253], and sensors/microbalances [START_REF] Bridle | Biosensors for the detection of waterborne pathogens Waterborne Pathogens ed H Bridle[END_REF][START_REF] Castner | Proteins controlled with precision at organic, polymeric, and biopolymer interfaces for engineering and regenerative medicine Principles of Regenerative Medicine 3rd edn[END_REF][START_REF] Krim | Nanotribology of a Kr monolayer: a quartz-crystal microbalance study of atomic-scale friction[END_REF][START_REF] Voinova | Missing mass effect in biosensor's QCM applications Biosens[END_REF][START_REF] Fredriksson | The piezoelectric quartz crystal mass and dissipation sensor: a means of studying cell adhesion[END_REF][259]). This conventional autoclave method is time and energy consuming (growth rate between 0.25 mm d -1 -0.35 mm d -1 [260]) but natural quartz crystals are not used due to low quality, limited transparency, inclusions/dislocations, etc [START_REF] Kushibiki | Comparison of acoustic properties between natural and synthetic α-quartz crystals[END_REF]. Nevertheless, such natural quartz crystals could be considered for the environmentally-friendly and cheap piezoelectric EH applications which require only small amounts of energy or very low frequency of sensing. Thick quartz films could be fabricated on metal substrates by bonding and polishing technique.

Only a few groups work have been working on the growth of quartz thin films in the last 20 years because it requires high temperature to crystallize the films. It is really hard to grow crystalline and epitaxial quartz on Si and converting amorphous silica in quartz is a promising approach [START_REF] Drisko | Water-induced phase separation forming macrostructured epitaxial quartz films on silicon[END_REF]. The difficulty in converting silica into quartz is related to silica stability and the really small difference in free energy of formation of both materials [START_REF] Richet | Thermodynamic properties of quartz, cristobalite and amorphous SiO 2 : drop calorimetry measurements between 1000 and 1800 K and a review from 0 to 2000 K Geochim[END_REF]. Takahashi et al demonstrated [START_REF] Takahashi | Catalyst-enhanced vapor-phase epitaxy of quartz thin films under atmospheric pressure[END_REF][START_REF] Takahashi | Growth of a high quality quartz film on sapphire by catalyst-enhanced atmospheric-pressure vapor-phase epitaxy using buffer layers[END_REF][START_REF] Takahashi | Growth of crystalline quartz films with AT-cut plane by means of catalyst-enhanced vapor-phase epitaxy under atmospheric pressure[END_REF] demonstrate an epitaxial growth of (001) and (011) quartz parallel on C-and A-sapphire by means of catalyst-enhanced atmospheric pressure vapor phase epitaxy, respectively. For this purpose, two quartz buffer layers (with thicknesses of 100 nm and 50 nm)) are used in order to maximize the quality of the final quartz film with thickness of 100 µm. An ATcut surface was obtained: the tilt from (011) face is obtained by tuning the second buffer layer thickness. Quartz layers with thicknesses up to 100 µm, obtained by means of vapor phase epitaxy, are studied for the applications of bulk acoustic wave devices for instance [START_REF] Takahashi | Growth of crystalline quartz films with AT-cut plane by means of catalyst-enhanced vapor-phase epitaxy under atmospheric pressure[END_REF]. Quartz films can be grown epitaxially on (100) Si by means of soft chemistry (sol-gel method) thanks to the use of a catalyst (Sr and Ca are the most used ones). The epitaxial relationship of Si (100)//alphaquartz (100) and Si (010)//alpha-quartz (010) were reported [START_REF] Drisko | Water-induced phase separation forming macrostructured epitaxial quartz films on silicon[END_REF]267,[START_REF] Zhang | Tailoring the crystal growth of quartz on silicon for patterning epitaxial piezoelectric films[END_REF]. Note that a minimum thickness of amorphous silica is needed for the quartz The monolithic implementation of sub-micron epitaxial quartz films on Si in sensors is under study [START_REF] Zhang | Micro/nanostructure engineering of epitaxial piezoelectric α-quartz thin films on silicon[END_REF].

Langasite family materials with general formula A 3 BC 3 D 2 O 14 (A-decahedral site, B-octahedral site, C and D-tetrahedral site) are synthetic piezoelectric materials interesting for the absence of Curie point and phase transition up to their melting point (usually >1400 • C) and for their non-pyroelectricity and non-ferroelectricity [270]. The most studied material from this class is the langasite with the chemical formula of La 3 Ga 5 SiO 14 (LGS), belonging to the same trigonal point group 32 as quartz. Piezoelectric LGS has no phase transition from RT to melting point at about 1470 • C where Ga-bearing lanthanum silicate forms [271]. The conductivity increases by several orders than La is partially replaced by Sr in LGS [START_REF] Wulfmeier | High-temperature stable piezoelectric transducers using epitaxially grown electrodes[END_REF]273].

The synthesis of homogeneous LGS crystals is more difficult than that of quartz because of the mobility of gallium oxide and oxygen nonstoichiometry. The window on phase diagram enabling the formation of LGS is narrow [271,[START_REF] Wang | Phase relations around langasite (La 3 Ga 5 SiO 14 ) in the system La 2 O 3 -Ga 2 O 3 -SiO 2 in air[END_REF]. Thus, the crystallization of LGS is extremely dependent on the composition of the melt and the migration gallium oxides at high-temperatures make difficult to obtain homogenous crystals with big dimensions. However, single crystal wafers with diameters up to 100 mm, grown by Czochralski method, are available in industry [275] (Phila Optics Inc. MSE supplies, etc).

Electromechanical coupling factors and FoMs of LGS are higher than those of quartz, but their values are still low. The quality factor is high but lower than quartz. This is one of the most used crystals for high temperature surface acoustic wave (SAW) sensors due to its high-temperature piezoelectricity and stability [START_REF] Moulzolf | Thin film electrodes and passivation coatings for harsh environment microwave acoustic sensors[END_REF][277][START_REF] Behanan | Thin films and techniques for SAW sensor operation above[END_REF][START_REF] Frankel | Influence of composition and multilayer architecture on electrical conductivity of high temperature Pt-alloy films Surf[END_REF][START_REF] Sakharov | Optimization of wafer orientation and electrode materials for LGS high-temperature SAW sensors[END_REF]. Thermal treatments up to 1000 • C for several days did not induce any noticeable change in the LGS surface morphology and SAW resonance behavior. Bedekar et al [START_REF] Bedekar | Comparative study of energy harvesting from high temperature piezoelectric single crystals[END_REF], comparatively studied mechanical EH from single crystal materials (YCOB, LGS, and LiNbO 3 ) for high-temperature applications, it was shown that although LGS and YCOB PD is three orders of magnitude lower than that of PZT, the remains the same at 600 • C as at RT.

There are few literature reports on the growth of LGS films. (0001) oriented LGS films with thickness of 300 µm on (111) MgAl 2 O 4 substrates were grown in time of 30 min by means of liquid phase epitaxy PbO:Bi 2 O 3 flux [START_REF] Zhang | Liquid phase epitaxy growth of langasite film for resonators and oscillators[END_REF]. [START_REF] Matthias | New ferroelectric crystals[END_REF] oriented films with thickness of 1 µm on SiO 2 (200 nm)/Si were obtained by means of sol-gel method followed by crystallisation during post-growth annealing at 1300 • C [START_REF] Hu | Photoluminescence of langasite thin films prepared from sol-gel process[END_REF]. PLD growth of LGS films with thicknesses up to 3 µm on LGS and Si (with native oxide and oxidized one) substrates was studied, as well [START_REF] Wulfmeier | High-temperature stable piezoelectric transducers using epitaxially grown electrodes[END_REF]. In the case of Si substrates, the crystallization after annealing was observed only on non-oxidized substrates. High temperature is mandatory (over 1000 • C) for good crystallinity of heteroepitaxial LGS layers (the homoepitaxial layers crystallize at lower temperatures) [START_REF] Zhang | Liquid phase epitaxy growth of langasite film for resonators and oscillators[END_REF]. It seems to be difficult to obtain a pure LGS phase (formation of gallium oxide or lanthanum oxide) with only single orientation [273].

PVDF

PVDF is a polymer material that has been used in EH due to its flexibility and robustness. It becomes piezoelectric after stretching during sintering, to induce a polar phase. Figure 16 represents how carbon atoms are forming a polymeric chain with fluorine and hydrogen atoms. This chain can be poled through electric field as in the case of ceramics. They are used on flexible substrates like plastic polymers or on paper (figure 16) [283]. They have small strain piezoelectric coefficient, but due to a small permittivity, the electro-mechanical coupling is comparable to AlN or ZnO. In EH they can be used in body-motion devices. Due to relatively easy manufacturing process, they can be used with a large surface and mass, as in [START_REF] Song | Design optimization of PVDF-based piezoelectric energy harvesters[END_REF], where Song et al achieved 112.8 µW at 34.4 Hz (0.5 g). However, the drawbacks of PVDF are the low figure of merit and high sensitivity to temperature (maximum operational temperature is 150 • C). Rammohan et al implemented a multilayer and a multistep PVDF harvester, with partial active cover of the beam, obtaining 4.53 µW at 33.3 Hz and 8.59 µW at 30.7 Hz respectively, in same acceleration conditions (0.5 g) [START_REF] Sriramdas | Performance enhancement of piezoelectric energy harvesters using multilayer and multistep beam configurations[END_REF].

Discussion and concluding remarks

To summarize, better performance of piezoelectric energy transducers in comparison to those based on lead containing materials can be obtained by using environmentally friendly materials in the bulk or thin film form. In particular, 137 • Y-LiNbO 3 and BiFeO 3 are interesting for the bulk stress-driven transducers. The extremely high performance (overpassing that of lead-based materials) is expected for the bulk transducers based on 137 • Y-LiNbO 3 not only due to very high transverse FoM T value but also due to very high-quality factor. In the thin-film based vibrational energy harvesters BiFeO 3 and LiNbO 3 show high-performance in the form of the singlecrystalline or textured (10 12) oriented films. The highest FoM T f values for the MEMS vibrational energy transducers can be obtained by KNbO 3 based thin films such as (001) KTN 0.53 , (001) KNN-LT and (011) KNbO 3 films, in which the high performance is preserved also in the case of the textured films.

In the case of the strain-driven bulk harvesters, (011) KNbO 3 , BiFeO 3 and LiNbO 3 show the best performance for transverse mode, while (011) KNbO 3 , KTN and BaTiO 3 are more for the longitudinal one. Such transducers based on lead-free piezoelectric thin films such as BiFeO 3 , BaTiO 3 , LiNbO3 and KNbO 3 based materials also show very high performance (much better than that of PZT films). Moreover, the FoM S 33,f of these materials is little dependent on the misorientation in the substrate plane allowing to expect such high performance in textured films, as well.

However, the properties of grown films are not only by the clamping of the substrate, but also frequently they are not single-crystalline and may contain various types of structural defects (such as grain boundaries, growth domains, twins, dislocations, nonstoichiometry, point defects, strain gradients, etc). Therefore, the physical properties of the grown films may significantly differ from of the bulk single-crystals and those estimated by taking into account the substrate clamping effect (equations ( 34)-( 44)) as it was shown in the table 10. Moreover, the grown ferroelectric films contain the ferroelectric domains, which tend to average to zero the piezoelectric tensor components therefore, these films require electrical poling post-processing. As discussed above, the polycrystalline films do not present particular interest for the piezoelectric transducers due to their low piezoelectric efficiency. Moreover, the piezoelectric thin films have to be grown on the cheap and big-scale substrates containing a bottom electrode. The most commonly used substrates are Si due to its compatibility with MEMS technology and metal foils due to their robustness and flexibility. In order to be applied for the piezoelectric energy harvesting, the piezoelectric thin films have to offer a high FoM. As demonstrated above, the high FoM requires the thin films with the controlled out-of-plane orientation and in the case of highly anisotropic materials even the defined in plane orientation. Taking into account that the piezoelectric thin films have to be grown on the Si substrates containing amorphous SiO 2 surface layer (native or deposited for the electrical isolation from the semiconducting Si substrate) or polycrystalline metal foils, the in-plane orientation control becomes impossible. The epitaxial growth of ferroelectric thin films was reported on the (100)SrTiO 3 /(100)Si templates, in which amorphous SiO 2 was eliminated before the epitaxial growth of SrTiO 3 by molecular beam epitaxy [START_REF] Kormondy | Microstructure and ferroelectricity of BaTiO 3 thin films on Si for integrated photonics[END_REF]. Nevertheless, the cubic in-plane symmetry of this template induces four growth domains rotated by 90 • in the substrate plane in the anisotropic orientations of the films such as for example (10 12) orientation of trigonal materials. As mentioned above, the presence of these domains will result in the averaging of the in-plane properties and the resulting coefficients will be equivalent to those of the textured films. The films with several orientations in the plane are suitable for the strain driven harvesters operating in longitudinal mode as their FoM is little dependent on the in-plane orientation (table 8). Nevertheless, the high transverse FoM T can be attained in textured or epitaxial films with growth domains of (001) oriented tetragonal films (KTN, KNN, BaTiO 3 ), (011) orthorhombic KNbO 3 and (10 12) LiNbO 3 and BiFeO 3 films (table 9). In general, the material has to present the piezoelectric, dielectric and elastic coefficients, implied in the FoM, little dependent on the in-plane orientation.

The choice of the bottom electrode is mainly limited by the deposition temperature of the piezoelectric thin film. Many crystalline materials require relatively-high deposition temperatures therefore, frequently used bottom electrodes for the piezoelectric thin films are noble metals such as Pt and Ir, or conducting oxides such as SrRuO 3 , LaNiO 3 , IrO 2 , RuO 2 , etc [START_REF] Matthias | Dielectric properties of sodium and potassium niobates[END_REF] Pt and (10 12) LaNiO 3 are also used for the growth orientation templates, as they grow naturally textured with these orientations on any substrate. Conducting SrTiO 3 :Nb substrates enables epitaxial growth of many perovskite materials and characterization of their piezoelectric an dielectric properties. However, these substrates are available only with small dimensions and they are very expensive.

Additionally, the piezoelectric thin film thickness, required for the harvesting or actuation applications, is in the order of several microns, which adds additional difficulty in an orientation control of the grown thin films. Again, the top-down method-bonding/polishing of single crystals or ceramics do not have this limitation and the fabrication of thick films is much easier than the thin films. Very high-output power (1.2 mW for system of six beams), obtained from low frequency vibrations, was reported for the piezoelectric energy harvester based on bimorph PZT/LaNiO 3 /HfO 2 /Ni/HfO 2 /LaNiO 3 /PZT structure thanks to the high FoM of the optimized PZT layers with thicknesses of 5.4 µm [START_REF] Yeo | Strongly (001) oriented bimorph PZT film on metal foils grown by rf-sputtering for wrist-worn piezoelectric energy harvesters[END_REF].

The FoM is certainly important, but it only tells how much electrical energy is stored in the piezoelectric material subject to a strain. In reality the overall coupling coefficient (which differs from that of the material defined above) including the passive parts count as well. Moreover, the damping by piezoelectric harvesting should be close to the other mechanical losses of the system. Finally, the electrical impedance must be matched to the charge collecting circuit. This means that the harvester fabricated from the materials with high FoM would not necessarily be of high performance if the design of mechanical and electrical parts is not adapted. Thus, EH from vibrations and motions requires a total holistic approach from vibration or movement source, materials, MEMs to the electronic circuit storing energy [START_REF] Spreemann | Electromagnetic vibration energy harvesting devices: architectures, design, modeling and optimization[END_REF].

A summary of the state of the art of the Pb-free energy harvesters in transverse mode is presented in table 11 and figure 17. All materials are compared in terms of areal PD normalized with respect to the operational/resonance frequency(normalized power density, NPD). The growth of tetragonal and hexagonal films with (001) out-of-plane orientation is well mastered for KNN, AlN and ZnO in the state-ofthe-art. Therefore, it is not surprising that in the case of the high-frequency energy harvesting, the more mature Pb-free material so far is AlN films, which in terms of PD is showing comparable results to Pb-based MEMS devices, especially when packaged in vacuum conditions. One can note also a good performance of KNN and ZnO films. The films of more anisotropic materials such as BiFeO 3 , LiNbO 3 and KNbO 3 although theoretically presenting much higher FoM tha AlN or ZnO, they need further developments not only to optimize their physical properties but also attain the growth of orientations offering high FoM.

In the case of the low-frequency energy harvesting, the lead-free based materials are dominating in the highperformance devices (figure 17). Nevertheless, LiNbO 3 is showing the same performance as PZT in low-frequency vibrational energy harvesters. LiNbO 3 is available in a form of single crystals with big dimensions and of reasonable price (25$/6 inch wafer) and the single-crystal thick films with custom orientation offering extremely high FoM were fabricated by bonding-polishing on Si or metal substrates.

To summarize, lead-free materials are able to compete with lead-based ceramics in the EH applications. Generally speaking, wurtzites (ZnO and AlN) have lower FoMs, but they present other advantages: biocompatibility, technological maturity, implementation with CMOS technology. Therefore, these materials are in particular interesting for the MEMS scale devices. KNN films are gaining in the maturity of the growth process and it is another potential lead-free material for piezoelectric MEMS. LiNbO 3 single-crystal films offer a lowcost solution of lead-free materials for low-frequency energy harvesting. The availability of lead-free and environmentally friendly piezoelectric materials, offering high-performance, opens new avenues for the mass-deployment of autonomous and place-and-forget sensors (IoTs and IoHs) and the communication technologies.
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 1 Figure 1. Geometrical representations of permittivity, ε ij , piezoelectric, d iJ , and elastic stiffness, c JK of LN, quartz, ZnO, KTN 0.53 and KN representing different point groups.

Figure 2 .

 2 Figure 2. Geometrical representations of elastic compliance, s JK of LN, quartz, ZnO, KTN 0.53 and KN representing different point groups. refaire.

Figure 3 .

 3 Figure 3. Illustration of identifications of X, Y, and Z-axes of orthorhombic KNbO 3 with respect to the a-, b-, and c-axes of orthrorhombic unit cell, used in optics and in crystallography. The realtionship between orthorhombic and pseudocubic (PC) unit cell is illustrated, as well. Reprinted from [22], with the permission of AIP Publishing.
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 12 plane of the hexagonal unit cell) is characterized in thickness and transverse modes, the related effective piezoelectric coefficients, d ′ 33 and d ′ 31 will be a product of the several piezoelectric constants: d ′ 33 = cosφ (d 22 cos 2 φ + d 15 cosφ sinφ ) + sinφ (d 31 cos 2 φ + d 33 sin 2 φ ) and (9) d ′ 31 = d 22 sinφ + d 31 cosφ , respectively.
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 4 Figure 4. 3D representation of the effective d ′ 31 coefficient of LN, ZnO, KTN 0.53 and KN in the XYZ coordinate system. The definition of XYZ directions for different point groups can be found in the table 1.
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 5 Figure 5. 3D representation of the effective d ′ 33 coefficient of LN, ZnO, KTN 0.53 and KN in the XYZ coordinate system. The definition of XYZ directions for different point groups can be found in the table 1.
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 6 Figure 6. Schematic illustration of polycrystalline, textured and epitaxial materials.
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 7 Figure 7. 3D geometrical representation of the electromechanical coupling of LiNbO 3 , quartz, ZnO, KNbO 3 and KTN 53 .
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 8 Figure 8. 3D representation of effective K 2 33 and K 2 31electromechanical coupling factors of LiNbO 3 . XYZ axes correspond to the standard tensor setting for 3m point group (see table1).
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 9 Figure 9. Optimization of effective transverse electromechanical coupling K ′ 23 of LiNbO 3 by rotating around axis X by angle Θ and in the resulting plane XZ ′ by angle ϕ.

  . One can note very different change of the d ′ 31 and d ′ 32 coefficients as a function of the rotational angle. The maximum d ′ 31 value is attained at around Θ = 80 • , which corresponds to 10 • tilted -Y-orientation (or ( 1010) planes). The d ′ 32 reaches maximum at ∼ 52 • (17 • off the (

Figure 10 .

 10 Figure 10. The piezoelectric coefficients d ij , the electromechanical coupling factors K 2 ′ iJ , and strain figures of merit FoM S iJ (with i = 3 and J = 1-3) of trigonal BiFeO 3 as a function angle Θ, rotated around the X-axis (a-axis of the hexagonal unit cell). The positive Z-axis (c-axis or spontaneous polarization axis) corresponds to Θ = 0 • , while -Y-axis (perpendicular to ( 1010 ) family planes)-to Θ = 90 • .

Figure 11 .

 11 Figure 11. The piezoelectric coefficients e iJ (bulk), and stress figures of merit FoM T iJ (with i = 3 and J = 1-2) of single crystal(bulk) and clamped thin films of BiFeO 3 as a function angle Θ, rotated around the X-axis (a-axis of the hexagonal unit cell). The positive Z-axis (c-axis or spontaneous polarization axis) corresponds to Θ = 0 • , while -Y-axis (perpendicular to ( 1010 ) family planes)-to Θ = 90 • .

Figure 12 .

 12 Figure 12. The stress figures of merit FoM T iJ (with i = 3 and J = 1-2) of clamped LiNbO 3 thin films as a function angle Θ, rotated around the X-axis (a-axis of the hexagonal unit cell). The positive Z-axis (c-axis or spontaneous polarization axis) corresponds to Θ = 0 • , while -Y-axis (perpendicular to ( 1010 ) family planes)-to Θ = 90 • .
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 0011 pc epitaxial K 1-x NaxNbO 3 (KNN) on (001)Pt/(001)MgO SrRuO 3 buffer[START_REF] Kanno | Piezoelectric properties of (K,Na)NbO 3 thin films deposited on (001)SrRuO 3 /Pt/MgO substrates[END_REF] 

Figure 13 .

 13 Figure 13. SEM image of ZnO/Si piezoelectric cantilever (the diffractogram indicates the (0001) orientation of ZnO film on[START_REF] Matthias | Dielectric properties of sodium and potassium niobates[END_REF] Pt layer in the inset). Reprinted from[START_REF] Wang | ZnO thin filmpiezoelectric MEMS vibration energy harvesters with two piezoelectric elements for higher output performance[END_REF], with the permission of AIP Publishing.

Figure 14 .

 14 Figure 14. Pb-free energy harvesters: (a) AlN based silicon cantilever; Reprinted from [97], Copyright (2008), with permission from Elsevier. (b) nonlinear KNN quad-cantilever harvester. © 2014 IEEE. Reprinted, with permission, from [129].

Figure 15 .

 15 Figure 15. (YXl)/128 • LiNbO 3 /brass harvester with tip mass: photo of mounted cantilever set-up (left) and characterization of voltage and displacement in open-circuit conditions (right) [30].

Figure 16 .

 16 Figure 16. PVDF flexible energy harvesting: (a) polymeric chain structure; (b) flexible energy harvester on paper from Won et al. Reprinted from [283], with the permission of AIP Publishing.

Figure 17 .

 17 Figure 17. Comparison of state-of-the-art harvesters for low and high frequency applications. LiNbO 3 devices displayed with the following notation: LiNbO 3 on silicon device for high frequency application (LN/Si-HF); LiNbO 3 on silicon device for low frequency application (LN/Si-LF); LiNbO 3 on brass substrate for low frequency application (LN/Brass).
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	Stiffness and compliance tensors
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Table 2 .

 2 The equivalent planes of hexagonal, rhombohedral and peeudocubic unit cells used for the trigonal crystal system.

	Hexagonal	Rhombohedral		Pseudocubic
	(012) (104) & (110)	(110) (211) &	(	10 1)		(100) (110)
	(006) & (202) (116) & (122) (018) (214) (300)	(222) & (200) (321) & ( 21 1) (332), (310) &	( 2 11 )	(111) (210)

  representation of the effective d ′ 31 and d ′ 33 coefficients of LN, ZnO, KTN 0.53 and KN are given in figures 4 and 5, respectively. One can note that efficient coefficients are highly dependent on the symmetry and the direction/material orientation. The d 33 and d 31 coefficients are compared to the maximum effective d ′ 31 and d ′ 33 coefficients of different materials in table 3. One can note that in the case of 6mm and 4mm point groups the maximum effective d

′ 31 and d ′ 33 coefficients correspond to Z orientation (c-axis) and they are equal to the d 31 and d 33 in standard settings. The

Table 3 .

 3 Comparison of d 33 and d 31 coefficients in standard settings with maximum efficient d ′ 33 and d ′31 coefficients obtained at specific orientations of frequently studied piezoelectric materials representing different point groups. The closest crystallographic planes and rotation angles (θ-counterclockwise rotation around X-axis, ϕ-counterclockwise rotation around Z-axis) corresponding to the maximum performance are indicated, as well.

	Point group	Material	d 33	max d 33 (pC N -1 )	max K 33 (%)	d 31	max d 31 (pC N -1 )	max K 31 (%)
	3m	LiNbO 3	6	39.5 θ = 62 •	38.4	-1	-21.0	10.2

Table 5 .

 5 Electromechanical coupling coefficients K 2 iJ in standard XYZ settings (see tables 1 and 4 for the relationships with unit cell axis) of different piezoelectric materials belonging to different point groups.

	Point						
	group Material K 2 11 K 2 22	K 2 33	K 2 31	K 2 32	K 2 14	K 2 15	K 2 24
	32	Quartz 1.0				0.06
		LGS	1.3				0.6
	3m	LiNbO 3	10.2 2.9	0.1	0.1		37.2 37.2
		LiTaO 3	2.3 3.6	0.3	0.3		13.7 13.7
		BiFeO 3	15.8 13.6	0.7	0.7		36.0 36.0
	6mm AlN		7.51 1.30 1.30		0.90 0.90
		ZnO		15.8	1.30 1.30		3.9	3.9
	∞m PZT-4 a		46.5 10.7 10.7		49.0 49.0
	4mm KTN 53		47.6	7.9	7.9		20.5 20.5
	mm2 KNbO 3		31.5 19.4	4.6		20.7 79.9

a Poled ceramics.

Table 6 .

 6 Comparison of transverse K 2 31 , longitudinal K 2 33

Table 7 .

 7 Comparison of transverse K 2 ′

  2 ′ 31 values in table 7. The lead-based PMN-PT and PZN-PT single crystals present the highest K 2 31 values from studied materials thanks to extremely high d 31 coefficients, but they show very low FoM T defined by e 31 and extremely high permittivity. The e ′ 31 and corresponding FoM T 31 present similar orientation dependence as can be seen in the figure 11,

  the e 31,f , d 33,f , and ε 33,f are described by In the case of the films with anisotropic properties in the substrate plane, such as orthorhombic KNbO 3 or other growth orientations than c-axis one of tetragonal, hexagonal or trigonal films, the d 31 ̸ = d 32 , s E 11 ̸ = s E 22 , s E 13 ̸ = s E 23 and T 1 ̸ = T 2 , while s E 12 and s E 13 remain equal to s E 21 and s E 31

	e 31,f =	d 31 11 + s E s E 12	= e 31 -	c E 13 33 c E	e 33 ,	(34)
	d 33,f =	e 33 c E 33	= d 33 -	2s E 13 11 + s E s E 12	d 31 ,	(35)
	ε T 33,f = ε T 33 -	2d 2 31 11 + s E s E 12	, respectively.	(36)

Table 8 .

 8 Comparison of the FoMS 33 for strain driven energy harvesters in 33 operational mode, d′ 33 , and ε ′ 33 coefficients of frequently studied piezoelectric bulk materials and thin films with trigonal, hexagonal (H), tetragonal (tetr), and orthorhombic (ortho) symmetry. The coefficients of the textured films (not presenting ordered orientation in the substrate plane) or epitaxial films with four growth domains, rotated around growth axis by 90 • in the substrate plane were estimated (indicated by subscript 'text'). The s ′E 33 and s ′D 33 are given, as well.

			d ′ 33	d ′ 33 , f	s	′ E 33	s 33 ′ D				FoM S 33 bulk	FoM S 33,f
		Material and its orientation 3	pC N -1		pm 2 N -1	ε	′ T 33 /ε 0	ε T ′ 33,f /ε 0	kJ cm -3
	Trigonal	(0001) BiFeO 3 (10 12) BiFeO 3 (10 12) BiFeO 3text (10 14) BiFeO 3 (10 14) BiFeO 3text	-16 64.4 64.4 -30.5 -30.5	-18.3 29.2 29.3 -18.8 -25.4	6.1 16.7 16.7 8.6 8.6	5.1 5.6 5.6 5.6 5.6	29.1 42.1 42.1 35.0 35.0	28.3 27.2 27.2 25.2 33.8	31.9 120 120 62.8 62.8	42.9 37.8 38.0 33.8 44.9
		(0001) LiNbO 3 (10 12) LiNbO 3 (10 12) LiNbO 3 text	8.3 -39.1 -39.1	5.4 -25.1 -5.3	5.1 6.9 6.9	5.0 4.4 4.4	28.9 69.5 69.5	28.8 54.8 55.3	11 80.7 80.7	4.5 42.1 42.5
		(0001) LiTaO 3 (10 12) LiTaO 3 (10 12) LiTaO 3text	8.2 -15.0 -15.0	6.2 -12.1 -12.0	4.3 4.1 4.1	3.0 3.5 3.5	44.1 42.9 42.9	43.6 39.4 39.5	8.8 41.0 41.0	5.1 29.0 28.4
	H	(0001) AlN	5	3.9	3.2	2.9	9.5	9.1	32.0	20.5
		(0001) ZnO	12.4	7.9	6.8	5.2	11	9.8	44.5	20.5
	Tetr	(001)PZTcr or text a	289	130	18.8	9.5	1300	883	40.6	12.1
		(001)KTN 53	132	78.5	9.5	5.0	435	314.2	95.8	46.7
		(001)KNN-LT	354	65.5	27	9.1	790	293	73.0	6.7
		(001) BaTiO 3	85.6	27.9	6.8	1.9	168	128	387.2	53.3
	Ortho	(001) KNbO 3	29.3	22.4	7.0	4.8	44	35.2	65.7	47.9
		(001) KNbO 3 text	29.3	24.9	7.0	4.8	44	42.6	65.7	49.0
		(101) KNbO 3	59.6	43.3	5.3	4.5	498	440.5	33.4	19.9
		(101) KNbO 3 text	59.6	44.2	5.3	4.5	498	470.2	33.4	19.4
		(011) KNbO 3	86.3	38.4	12.5	3.7	95.2	53.9	190.8	66.6
		(011) KNbO 3 text	86.3	38.6	12.5	3.7	95.2	54.1	190.8	67.1

a cr stands for ceramics, PZTcr and (001) textured PZT films belong to ∞m point group with tensor definitions equivalent to 4mm point group.

Table 9 .

 9 Comparison of the FoM T for stress driven energy harvesters in 31/32 operational mode, e ′ 31 , and ε ′ 33 coefficients of frequently studied piezoelectric bulk materials and thin films with trigonal, hexagonal (H), tetragonal (tetra), and orthorhombic symmetry. In the case of anisotropy in the substrate plane, the e 32 coefficient and the related FoM T 32 are indicated. The coefficients of the textured films (not presenting ordered orientation in the substrate plane) or epitaxial films with four growth domains, rotated around growth axis by 90 • were estimated, (indicated by subscript 'text').

				e ′ (e ′ 31 32 )	e ′ (e ′ 31,f 32,f )			FoM T 31 (32) (bulk)	FoM T f 31 (32)
		Material and its orientation 3	C m -2	ε ′T 33 /ε 0	ε ′T 33,f /ε 0	kJ cm -3
	Trigonal	(001) BiFeO 3 (10 12) BiFeO 3	-2.3 0.3	-0.95 2.7	29.1 42.1	28.3 27.2	20.2 0.2	3.6 30.4
		(10 12) BiFeO 3 text (10 14) BiFeO 3	(00) 0.15 -2.6	(2.4) 2.6 1.9	42.1 35.0	27.2 25.2	(0) 0.1 21.1	(24.9) 27.5 15.8
		(10 14) BiFeO 3 text	(-0.3) -1.45	(-1.3) -1.1	35.0	33.8	(0.4) 7.0	(7.1) 3.5
		(0001) LiNbO 3 ( 10 12 ) LiNbO 3	0.3 1.49	-0.22 3.53	28.9 67.7	28.8 53.5	0.35 3.7	0.2 26.4
		( 10 12 )	LiNbO 3 text	(1.86) 1.68	(3.57) 3.55	67.7	53.5	(5.8) 5.8	(26.9) 26.6
		(0001) LiTaO 3 (10 12) LiTaO 3	-0.22 1.7	-0.71 -2.36	44.1 42.9	43.6 39.4	0.12 7.6	1.3 16.0
		(10 12) LiTaO 3 text	(0.96) 1.21	(-1.91) -2.15	42.9	39.5	(2.4) 4.2	(10.4) 13.2
	H	(0001) AlN	-0.6	-0.9	9.5	9.1	4.0	10.3
		(0001) ZnO	-0.5	-1.1	11	9.8	3.0	13.1
	Tetra	(001)PZTcr or text a	-5.2	-15.0	1300	883	2.4	28.8
		(001)KTN 53	-5.2	-12.7	435	314.2	7.0	58.3
		(001)KNN-LT	-6.28	-13.5	790	293	5.6	70
		(001) BaTiO 3	0.7	-5.2	168	128	0.3	23.4
	Orthorhombic	(001) KNbO 3	2.5	0.8	44	35.2	16	2.2
				(-1.1)	(-3.6)			(3.2)	(41.2)
		(001) KNbO 3 text	0.68	-1.3	44	42.6	1.2	4.4
		(101) KNbO 3	1.8	-1.2	498	440.5	0.7	0.3
				(-7.0)	(-10.1)			(11.1)	(26.0)
		(101) KNbO 3 text	-2.6	-5.5	498	470.2	1.5	7.4
		(011) KNbO 3	-0.8	-4.6	95.2	53.9	0.8	43.6
				(-1.14)	(-5.3)			(1.5)	(58.3)
		(011) KNbO 3 text	-0.97	-5.1	95.2	54.1	1.2	54.4

a cr stands for ceramics, PZTcr and (001) textured PZT films belong to ∞m point group with tensor definitions equivalent to 4mm point group (table

4

).
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 10 Comparison of the FOM T for stress driven energy harvesters in 31 operational mode, e ′ iJ,f , d ′ iJ,f and ε ′ 33,f coefficients expected theoretically and measured experimentally for piezoelectric thin films. The calculated values are indicated by 'calc.' and bold font). Note that there is no difference in the calculated values for textured and epitaxial films of (001) oriented tetragonal materials such as KNN and BaTiO 3 . (001) tetragonal orientation corresponds (001) orientation in pseudo-cubic system, as well.

		e 31 (d 31 )	e 33 (d 33 ) e 15 (d 15 )		FoM T	31, f
	Material	C m -2 (pC N -1 )		ε T 33, f /ε 0 (freq.) kJ cm -3
	(0001)BiFeO 3 /(111) SrRuO 3 /(111)SrTiO 3			
	Film calc.	-1.0	(-18.3)		28.3	3.6
	Film [82]	-1.3			58	2.9
		(10 12) BiFeO 3				
	Film calc.	2.6	(29.3)		27.2	27.5
	SRO/STO [82] (4 growth domains)	-3,5			122 (10 kHz)	10.0
	Nb-STO [83] (4 growth domains)	-4,3				
	LNO/SiO 2 /Si (textured)	-4,3 [84] -3,6 [85]				
	(0001)AlN, AlScN on Pt/Si based substrates (textured)		
	AlN film calc.	-0.9	(3.9)		9.1	10.3
	AlN [86]	-1.0	(3.4)		10.4 (10 kHz) 9.6
	Al 0.86 Sc 0.14 N [87]	-0.5	1.9	-0.26	13.3	1.9
	Al 0.68 Sc 0.32 N [87]	-0.7	2.8	-0.23	21.9	2.2
	Epitaxial (0001)AlN and ZnO on C-sapphire			
	AlN [88]	(-2.7)	(5.5)	(-4.1)	12	
	ZnO [89]	-0.5	1.2	-0.5	8.5	2.9
	ZnO film calc.	-1.1	(7.9)		9.8	13.1

  14)(corresponding to[START_REF] Matthias | Dielectric properties of sodium and potassium niobates[END_REF] PC , (100) PC and[START_REF] Matthias | New ferroelectric crystals[END_REF] PC orientations in pseudo-cubic cell, respectively) BiFeO 3 show high potential for both[START_REF] Huo | A high quality lead-free (Li,Ta) modified (K,Na)NbO 3 single crystal and its complete set of elastic, dielectric and piezoelectric coefficients with macroscopic 4mm symmetry[END_REF] and 31 transduction modes (table 8). Several papers report the growth of BiFeO 3 single crystals from millimeter to centimeter size. Crystals are grown by melting Bi 2 O 3 & Fe 2 O 3 , and sometimes B 2 O 3 is added as a flux, reducing the mixture liquidus [173, 174]. Works on Bi 2 O 3 and Fe 2 O 3 quality and in-depth knowledge Bi 2 O 3 -Fe 2 O 3 phase diagram

Table 11 .

 11 Comparison of Pb-free piezoelectric harvesters in terms of areal power density (PD) and normalized with respect to the operational/resonance frequency (NPD).

					Areal PD	Areal NPD
	Material	Power (µW)	a (g)	Freq. (Hz)	(µW cm -2 g -2 )	(µW cm -2 g -2 Hz -1 )
	PZT [286]	423	1.5	143.5	348	2.43
	PZT [287]	321	3	100.8	65	0.64
	PZT [286]	9	0.15	72	1039	14.43
	PZT-5H [288]	40	0.2	36	490	13.61
	PMN-PT [289]	1850	3.2	102	361	3.54
	PZN-PT [290]	430	0.3	37.5	6336	176.95
	KNN [157] ,	3.62	1	132	72.4	0.55
	AlN [101] ,	32	0.5	58	196	3.38
	AlN [99] ,	20.5	0.28	210		(249)
	ZnO [96]	1.3	1	1300		(3.0)
	BFO [85] ,	2.4		151	-	
	BFO [83]	0.002	0.05	98	27.1	
	PVDF [284] LN (YXl)/128 •	8.59 41.5	0.5 0.1	30.8 105.9	19 965	0.62 9.11

Acknowledgments

This research was funded by the European MSCN-ITN ENHANCE program Grant No. 722496, French RENAT-ECH network, and EUR EIPHI Program Grant No. ANR-17-EURE-0002 and French ANR project FIESTA ANR-20-CE05-0026.

Data availability statement

The data generated and/or analysed during the current study are not publicly available for legal/ethical reasons but are available from the corresponding author on reasonable request.