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INTRODUCTION

Piezoelectricity is more prominent in nanowires (NWs) of some semiconductors as compared to their bulk counterparts [START_REF] Minary-Jolandan | Individual GaN nanowires exhibit strong piezoelectricity in 3D[END_REF] , for this reason NWs are appealing for mechanical energy harvesting applications. [START_REF] Hu | Replacing a battery by a nanogenerator with 20 v output[END_REF][START_REF] Wang | Piezoelectric Nanowires in Energy Harvesting Applications[END_REF][START_REF] Panth | High-performance strain sensors based on vertically aligned piezoelectric zinc oxide nanowire array/graphene nanohybrids[END_REF] There are many piezoelectric semiconductors like GaN, AlN, CdS however ZnO presents different advantages as biocompatibility, abundance and it is easy to process, in particular many methods can be used to grow vertically aligned ZnO NWs (See Figure 1). [START_REF] Macmanus-Driscoll | ZnO-nanostructures, defects, and devices[END_REF][START_REF] Nobis | Spatially inhomogeneous impurity distribution in ZnO micropillars[END_REF][START_REF] Yao | Formation of ZnO nanostructures by a simple way of thermal evaporation[END_REF][START_REF] Wu | Low-temperature growth of well-aligned ZnO nanorods by chemical vapor deposition[END_REF][START_REF] Park | Metalorganic vapor-phase epitaxial growth of vertically well-aligned ZnO nanorods[END_REF][START_REF] Peulon | Cathodic electrodeposition from aqueous solution of dense or open-structured zinc oxide films[END_REF][START_REF] Vayssieres | Purpose-built anisotropic metal oxide material: 3D highly oriented microrod array of ZnO[END_REF][START_REF] Consonni | Polarity in ZnO nanowires: A critical issue for piezotronic and piezoelectric devices[END_REF] The semiconducting nature of these materials is expected to affect their piezoelectric performance. Doped NWs show strong piezoelectric damping due to the screening of electric polarization by free charge carriers. [START_REF] Romano | Piezoelectric potential in vertically aligned nanowires for high output nanogenerators[END_REF] The screening effect can be reduced by the surface Fermi-level pinning effect which originates from the presence of large densities of surface traps. [START_REF] Tao | Unveiling the influence of surface fermi level pinning on the piezoelectric response of semiconducting nanowires[END_REF] The relationship between the geometry and the semiconducting properties in semiconducting NWs is thus important for the performance optimization of piezoelectric devices made of them. Very recently, experimental findings on the impact of diameter on the electromechanical properties of piezoelectric semiconducting NWs have been reported on vertically aligned GaN [START_REF] Gogneau | Electromechanical conversion efficiency of GaN NWs: critical influence of the NW stiffness, the Schottky nano-contact and the surface charge effects[END_REF] and ZnO [START_REF] Jalabert | Investigation of the diameter-dependent piezoelectric response of semiconducting ZnO nanowires by Piezoresponse Force Microscopy and FEM simulations[END_REF] NWs using AFM techniques. In particular Piezoresponse Force microscopy (PFM) is an effective tool to study the converse piezoelectric effect (i.e., induced deformation by the application of an electric field) on individual NWs. [START_REF] Lozano | Non-linear nanoscale piezoresponse of single ZnO nanowires affected by piezotronic effect[END_REF][START_REF] Jaloustre | Toward quantitative measurements of piezoelectricity in III-N semiconductor nanowires[END_REF][START_REF] Garcia | Size and Semiconducting Effects on the Piezoelectric Performances of ZnO Nanowires Grown onto Gravure-Printed Seed Layers on Flexible Substrates[END_REF][START_REF] Scrymgeour | Correlated piezoelectric and electrical properties in individual ZnO nanorods[END_REF] Other than the diameter effect, this technique also have evidenced recently a non-homogenous distribution of the piezoelectric response at the top surface of vertically aligned NWs. [START_REF] Garcia | Size and semiconducting effects on the piezoelectric performances of ZnO nanowires grown onto gravure-printed seed layers on flexible substrates[END_REF] Figure 1. (a) SEM image of the top (left panel) and cross section (right panel) of typical ZnO NWs grown by CBD (Chemical Bath Deposition) [START_REF] Jalabert | Investigation of the diameter-dependent piezoelectric response of semiconducting ZnO nanowires by Piezoresponse Force Microscopy and FEM simulations[END_REF] .

From a theoretical point of view, the role of the length and diameter of the NWs on the direct piezoelectric effect (i.e., induced voltage by the application of strain) were studied for vertically integrated nanogenerators (VINGs), in particular including the surface trap density and doping levels. [START_REF] Garcia | Dimensional roadmap for maximizing the piezoelectrical response of ZnO nanowire-based transducers: impact of growth method[END_REF][START_REF] Garcia | Influence of slow or fast surface traps on the amplitude and symmetry of the piezoelectric response of semiconducting-nanowire-based transducers[END_REF][START_REF] Lopez Garcia | Length and polarity dependent saturation of the electromechanical response of piezoelectric semiconducting nanowires[END_REF] The converse piezoelectric effect is rarely studied including the PFM configuration, where the free charge carriers and surface traps are excluded. However, it is found that the surface traps greatly affect the piezoelectric properties. The non-homogenous distribution of the piezoelectric response at the top surface of the NWs have been evaluated by simulations on 2D structures as an approximation and considering only doping concentrations. [START_REF] Garcia | Size and semiconducting effects on the piezoelectric performances of ZnO nanowires grown onto gravure-printed seed layers on flexible substrates[END_REF] More recently, the diameter effect has been explained by simulations on 3D axisymmetric structures (NWs) in PFM configuration. In these simulations, the AFM tip was considered in contact in the middle of the top surface of the NW. The simulations considered both the effect of surface traps densities and doping levels. [START_REF] Jalabert | Investigation of the diameter-dependent piezoelectric response of semiconducting ZnO nanowires by Piezoresponse Force Microscopy and FEM simulations[END_REF] The aim of this work is to deepen the theoretical study of the performance of vertically aligned ZnO NWs in the PFM configuration. Different environmental and geometrical parameters were studied: surrounding air, NW geometry, size and the semiconducting properties. Their effect in the global performance of the NWs is assessed and compared to previous theoretical and experimental results.

SIMULATION DETAILS

Static Finite element numerical simulations were performed under the COMSOL Multiphysics environment. Free charge carriers and surface traps were accounted for with user defined modifications to the set of equations given by the Electrostatics and Solid Mechanics modules. The simulated 3D structure is shown in Figure 2. It consists of a ZnO seed layer substrate, a ZnO NW and a metallic tip in air environment. The AFM tip was modeled by a 20nm thick cylinder with a 20nm radius, or by a cone with 20nm radius (Rtip) at its apex, a half angle of 10° (θtip) and a tip height (Htip) of 1µm (see Figure 2). The seed layer was clamped to the bottom, and it was assumed that the tip was not affecting the mechanical movement of the NW. The electric permittivity of the tip was set to 1000 to highlight its metallic behavior. To maintain semiconductor neutrality in the seed layer the electric potential was set to zero at the bottom electrode and a voltage bias (V0) was applied on the tip. The piezoelectric and semiconducting behavior of the NWs was explained by the following coupling equations:

[s] = [c][] -[e] T [E] (1) [D] = [e][] + [][E], (2) 
where [] is the stress matrix, [] is the strain matrix, [E] is the electric field vector, [D] is the electric displacement vector, [c] is the elasticity matrix, [] is the dielectric constant matrix and [e] is the piezoelectric coefficient. The terms [e] and [e] T are matrices that introduces the coupling between the piezoelectric and semiconducting physics, that relates to the direct and the converse piezoelectric effect.

The local charge density () in Poisson's equation that includes the local free carrier densities and average doping concentrations is denoted by:

 . D =  = e(p -n + Nd -Na) (3) 
where, n, p, Na and Nd are the densities of electrons, holes, acceptor atoms, and donor atoms respectively. The local electric potential and the band structures of the ZnO material, influenced the concentrations of electrons and holes. The uniform trap density Nt was introduced at the ZnO surface, generating a surface charge density:

Qs = -e 2 Nt(Vs -if) ( 4 
)
where Vs is the surface potential and if is the difference between the Fermi level and the intrinsic level. [START_REF] Garcia | Dimensional roadmap for maximizing the piezoelectrical response of ZnO nanowire-based transducers: impact of growth method[END_REF] We assumed that the ideal traps would be slow and have a charge that remained frozen regardless of the applied voltage. Hence, the local surface voltage obtained in the initial state served as the basis for the boundary condition at ZnO contacts, resulting in a surface charge that was position-dependent but time-independent. Due to the application of an electric potential to the tip from V0 i = 0 to V0 f = -1 V the top surface of the ZnO NW is displaced, from which the piezo response is calculated. The effective piezoelectric d33 eff is found out by the division of the piezo response by V0 f -V0 i . Figure 3 shows the results of the computed effective piezoelectric coefficient with the different configurations of Figure 2. Figure 3(a) shows the piezoelectric coefficient as a function of tip position in the configuration of Figure 2(a) for two NW radii and with and without semiconducting properties. For a NW with small enough radius to reach full depletion, the computed piezoresponse is roughly independent on the tip position. In this case the response is also higher compared to the response of larger NWs. This is coherent with recent reports. [START_REF] Jalabert | Investigation of the diameter-dependent piezoelectric response of semiconducting ZnO nanowires by Piezoresponse Force Microscopy and FEM simulations[END_REF][START_REF] Garcia | Size and semiconducting effects on the piezoelectric performances of ZnO nanowires grown onto gravure-printed seed layers on flexible substrates[END_REF] In this case, the semiconducting character of the NW does not change the computed piezoresponse. In contrast, for a NW with large enough radius so its core remains neutral despite surface depletion, the computed piezoresponse increases when the tip reaches the edge of the NW. The magnitude of this increase is larger (about 35%) when considering the semiconducting character of the NW in comparison with the case without semiconducting properties (increase of about 10%).

RESULTS AND DISCUSSION

Figure 3(b) shows the results for an insulating NW (without considering semiconducting properties) for the configurations of Figure 2(a), 2(b) and 2(c). The shape of the tip and the presence of air slightly affects the piezoresponse behavior but does not change the observed trend. Considering a conical AFM tip (which is closer to reality) reduces slightly the increase of the effective piezoelectric coefficient (about 15%) as the tip reaches the edge of the NW, in comparison to considering a simplified case of a cylindrical AFM tip (about 35%). 

CONCLUSIONS

PFM is a powerful tool to characterize the piezoelectric performance of piezoelectric semiconducting NWs. Recent experiments using this AFM technique have shown important findings: an increasing performance (d33 eff or effective piezoelectric coefficient) as the diameter of the NW decreases and a border effect in which the d33 eff is not homogeneous at the top surface of the NW and increases as the AFM tip approaches its border. In this work we have improved the numerical simulations using finite element method in the PFM configuration to make them closer to the real conditions of the experiment. In particular by considering 3D structures in comparison to previous 2D or 3D axisymmetric approximations and by evaluating the effect of changing different parameters: (i) the diameter of the NW, (ii) the geometry of the NW (iii) the geometry of the AFM tip, (iv) the surrounding environment (air), (v) the position of the AFM tip at the surface of the NW and (vi) the influence of the semiconducting parameters (namely the doping level and the density of surface traps). Finally, the simulation trends have been compared to experimental data. The simulation trends correspond well to the experimental data although an offset of the data is present. This offset could be originated in particular because of a possible different level of doping or density of surface traps. This work demonstrates the need for additional experimental studies on trap density and carrier concentration in order to quantify more precisely their significance in transducers based on piezoelectric semiconducting NWs.
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 2 Figure 2. Schematics of the 3D numerical simulation of the deformation of a single NW by PFM within COMSOL environment in different configurations. (a) With a conical tip and without surrounding air, (b) with a cylindrical tip and with air and (c) with a conical tip ,air configuration and a cylindrical NW. (d) With a conical tip, without air and with a hexagonal NW configuration. (e) Cut view of the electrical and mechanical boundary conditions.
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 3 Figure 3. Simulated effective piezoelectric coefficient as a function of the position of the AFM tip across the NW surface for different simulation conditions. (a) 100 nm (top left) and 400 nm (bottom) diameter NW with (dots) and without (dashed lines) semiconducting properties in the Figure 2(a) configuration. (b) 400nm diameter NW without properties in the configurations of Figure 2(a) (dots), 2(b) (triangles) and 2(c) (squares). (c) 400 nm diameter NW with semiconducting properties in the Figure 2(a) (triangles) and 2(d) (dots and squares) configurations. When semiconducting properties are included, Nit=10 13 eV -1 .cm -2 and Nd=10 17 cm -3 .
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 3 Figure 3(c) shows the results for the configurations of Figure 2(a) and 2(d) taking into consideration the semiconducting properties. The geometry of the NW (cylindrical or hexagonal) only slightly affects the piezoresponse.
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 44 Figure 4 compares the measured effective piezoelectric coefficient (or the equivalent piezoresponse) as a function of tip position with the theoretical prediction. Several piezoresponses versus tip position profiles along different directions are extracted from the experimental data.[START_REF] Jalabert | Investigation of the diameter-dependent piezoelectric response of semiconducting ZnO nanowires by Piezoresponse Force Microscopy and FEM simulations[END_REF] They show an increase of the piezoresponse as the tip approaches the edge of the NW. This behavior is comparable with the predicted trend. The magnitude of the increase (about 30%) fits well the numerical simulations. The offset between experimental and theoretical values is probably due to a different level of doping density and surface traps density.
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