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Abstract:  

 

ZnO nanowires are excellent candidates for energy harvesters, mechanical sensors, piezotronic 

and piezophototronic devices. These nanowires are usually non-intentionally n-doped during their 

growth. The essential role of doping, surface traps and surface Fermi level pinning in the actual 

response of piezoelectric semiconductors has already been demonstrated. In order to go further, 

this paper investigates the influence of the density and of the dynamics of surface traps on such 

important parameters as the output generated potential and the effective piezoelectric coefficient. 

We implemented numerical simulations based on the finite element method combining the 

mechanical, piezoelectric, and semiconducting characteristic of ZnO nanowires array based 

nanocomposites (the so-called VING configuration) operated in compression. It was found that a 

certain amount of surface traps was required to obtain a usable generated output potential from 

the studied devices in the range of dimensions and doping level reported in most experimental 

results. Moreover, the surface traps influence was strongly dependent on their dynamics. As a 
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first step towards the analysis of traps dynamics, we compared the two extreme cases of ultra-

slow and ultra-fast traps. The symmetry and asymmetry of the piezoelectric response and a 

comparison to thin film was also discussed. This study demonstrates that the realistic modelling 

of the piezoelectric response of semiconductor based transducers should account for traps 

dynamics effects. 

 

1. Introduction 

 

Piezoelectric Nanowires (NWs) are very promising structures thanks to their piezoelectric 

properties and their semiconducting nature. These properties have been studied for many 

applications ranging from sensors [1] to energy harvesters [2], and in new fields like piezotronics 

[3] and piezophototronics [4]. In particular, ZnO semiconducting NWs present excellent 

piezoelectric properties and can be fabricated at low temperatures, which makes them compatible 

with many types of substrates, including flexible ones, and with above integrated circuit (above-

IC) silicon integration [5–7]. Numerous theoretical and experimental studies have been 

performed on individual ZnO NWs and on devices integrating these NWs, such as 

nanocomposites, where vertical NWs are grown from a seed layer and immerged in a dielectric 

matrix. This is the so-called Vertically Integrated Nanogenerator structure (VING) [8,9].  

 

Experimentally, VINGs show quite high piezoelectric responses under compressive or bending 

forces. In this paper, the piezoelectric response is defined as the output potential generated in 

open circuit conditions, as a result of a change in the input mechanical load. There have been 

several experimental demonstrations in the literature of ZnO based VING performance. For 

instance, a VING device integrating 4µm long and 400nm wide ZnO NWs in a polymer matrix 

(PMMA) produced about 150mV under compression [10]. In ref. [11], the authors reported 

similar results (about 100mV generated) when a compressive force of 1.5N (corresponding to a 

pressure of 15kPa) was applied on VING devices integrating 3µm long and 300nm wide ZnO 

NWs. Hu et al. [12] reported output potentials of several volts from similar VING structures 

integrated on both sides of a polyester film under an applied strain of 0.12%. Zhu et al. [13] 

showed that small VINGs connected in parallel could produce a voltage of 35V under a 

compression of 1MPa. All these examples show that ZnO NWs are able to provide an efficient 
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piezoelectric response. However, such good results are by no means obvious. Indeed, ZnO is 

usually non intentionally doped, so that the piezoelectric effect is potentially screened by ionized 

dopants and free charges [14].  

 

The influence of doping and free carrier screening on the piezoelectric response of 

semiconducting (mostly ZnO) nanowires has been studied theoretically by means of simulation. 

Even under the assumption of full depletion, a large doping concentration results in degraded 

performance, as demonstrated for a VING device under compression [15]. The presence of free 

charges in the core of the nanowire raises even stronger issues, as they can screen the strain-

induced piezoelectric potential. This has been explored by simulation. In ref. [16], the 

equilibrium potential resulting from the coupling of piezoelectric and semiconducting equations 

was calculated by the Finite Element Model (FEM) method in the case of individual ZnO NWs of 

given diameter (300nm) and length (4µm), and variable doping concentration. It was shown that 

the piezoelectric potential under axial compression is actually independent of nanowire length 

once this length is larger than depletion depth, and that it is smaller at larger doping 

concentrations. This limitation was the result of the polarisation field screening by free carriers, 

except in a depleted region of limited extension at the top of the nanowire. A theoretical 

maximum of about 10 mV was obtained for an axial compression of 6.25 MPa with a doping 

concentration 𝑁𝑑 of 10
17

 cm
-3

. Later, Fathi et al. [17] simulated a 50nm wide and 600nm long 

ZnO NW under a compressive force of 80nN (corresponding to a pressure of 41MPa). The 

authors initially considered very low doping concentrations ranging from 10
9 

cm
-3

 up to 10
12 

cm
-3

. 

They concluded as well that the application of the force produces a depletion region only at the 

top of the nanowire, where the piezoelectric potential (open-circuit) is generated, and that an 

increase of doping concentration reduces the piezoelectric response. In a second set of 

simulations, they added an external surface charge density, ranging from -0.002 C.m
-2

 

to -0.08 C.m
-2

, at the top of the NW in order to extend the depleted region. The piezoelectric 

response was increased, until an eventual saturation, as in ref. [18]. For a doping concentration of 

10
11

cm
-3

, the potential was found to saturate at 250mV for external surface charge values beyond 

-0.03 C.m
-2

. 
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In contrast to these theoretical predictions, several experiments have shown that a variation of 

ZnO NWs length does influence the piezoelectric response. For instance, in ref. [7], vertical ZnO 

NWs with different lengths were deflected by the scanning of a conducting AFM (Pt/Si) tip over 

the sample. The longer NWs (3-5µm long and 100-200nm wide) were grown by Vapor Liquid 

Solid (VLS) on a SiC substrate, while the shorter ones (1-2µm long and 200nm wide) were 

grown by Aqueous Chemical Growth (ACG) both on SiC and Si substrates. The longer NWs 

generated on average 30-35mV, while the shorter ones generated about 5mV. The authors ruled 

out the role of the substrate. However, they could not discriminate between the roles of geometry 

and of growth-dependent doping level. In ref. [19], ZnO NWs of different lengths (from 1.3µm to 

4.7µm) fabricated by Chemical Bath Deposition (CBD) were integrated into VING devices and 

characterized under a compressive force of 0.5N. The electrical energy generated by the devices 

with longer NWs was about 4 times larger (35nJ) than with shorter NWs. 

 

There have also been some experimental results about the role of doping concentration on VING 

devices performance, although with GaN, which allows an easier doping level control than ZnO. 

In ref. [14], VING devices integrating 100nm wide and 500nm long GaN NWs with different 

doping concentrations (from 10
17

cm
-3 

to 10
19

cm
-3

) were characterized under compression (1MPa). 

Their output voltage dropped when the doping concentration increased, which is consistent with 

the simulations of Romano et al. [16]. The maximum generated output voltage was about 80mV 

for the lowest doping concentration (7.58 × 10
17

cm
-3

), which is quite low compared to previously 

mentioned experimental results [12,13].  

 

In order to explain the large piezo-response obtained in VING experiments in spite of nanowire 

doping, it is necessary to assume that nanowires are fully depleted from free carriers on their 

whole length. This can be obtained with a density of charge along the surface of the nanowire, 

whatever its origin. Its effect has been quantified, for instance by Kim et al. [18], who simulated a 

100nm wide and 600nm long ZnO NW, with donor concentration 𝑁𝑑 = 1017𝑐𝑚−3, surrounded 

by a negative surface charge density up to -0.02 C.m
-2

, under 10MPa axial compression. The 

generated piezoelectric potential (open-circuit) actually increased as the NW was depleted from 

its free charges under the electrostatic influence of the external surface charge. However, the 

piezoelectric potential saturated at 650mV for surface charges beyond -0.01 C.m
-2

.  
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An earlier paper explored the role of the surface charge associated with the presence of interface 

states in ZnO VING devices [20]. Indeed, at the surface of III-V and II-VI semiconductor 

materials like GaN [21–25] and ZnO [26–29], or at their interface with other materials, the Fermi 

level is usually not free and can even be pinned in the bandgap. Fermi level pinning and 

consequent surface band bending result from the presence of interface states in the bandgap, 

which act as electron and hole traps. In the case of n-doped ZnO, acceptor-like surface states 

(related to chemisorbed oxygen, hydrogen or hydroxyl groups) are occupied by electrons, thus 

inducing upward band bending and electron depletion at the NW surface [30]. The relation 

between the position of the surface Fermi level (SFL) and the density of interface states is 

recalled in the Supporting Information of ref. [20] in the case of a uniform distribution of states in 

the bandgap. The presence of surface states and surface band bending in ZnO NWs has been 

evidenced in several experiments. Soudi et al. [30] used Kelvin Probe Force Microscopy (KPFM) 

to determine surface barrier height through surface photovoltage in ZnO NWs with different 

diameters. Under low-level optical excitations, they detected a decrease of the work function of 

the NW surface, which indicates a lowering of the initial upward surface band bending. With the 

help of FEM electrostatic simulations, they calculated the density of surface states, which 

increased for diameters below 40nm. Al-Saadi et al. [31] treated 120nm wide and 3.5m long 

ZnO NWs with atomic hydrogen in the presence or in the absence of H2O. They used X-ray 

Photoemision Spectroscopy (XPS) and Ultraviolet Photoemission Spectroscopy (UPS) to 

measure the band bending at the surface of the NW. They found an upward band bending 

consistent with the creation of surface defects in the absence of H2O and a downward bending in 

the presence of H2O, which led to electron depletion and accumulation at the surface, 

respectively.  

 

Although acknowledged in III-V materials, Fermi level pinning and the presence of surface and 

interface traps have seldom been accounted for in simulations, when dealing with piezoelectric 

nanocomposites and sensors. Yet, we believe that they play an essential role in the actual 

response of piezoelectric semiconductors. Indeed, for 𝑁𝑑 = 1017𝑐𝑚−3 (typical on grown ZnO 

NWs) and low surface-trap density 𝑁𝑖𝑡, there is no surface band bending. This is known as the 

free SFL assumption, which is the usual assumption in most simulations, although it is quite 

unlikely. In this case, because of the screening by free carriers, the application of a pressure to the 
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VING generates a polarization field that depletes only the top of the NWs [16,17,20,32], while 

the rest of the nanowire remains neutral, with no contribution of the polarization field to the 

generated potential. In contrast, in the presence of traps along the surface of the nanowire, energy 

bands will bend near the surface and potentially deplete the nanowire laterally, from its sidewalls. 

If the surface trap density is large enough, it becomes possible to deplete the NW until its core, 

and the whole volume can contribute to the generated piezoelectric potential [20]. Moreover, it 

should be noted that, due to the inverse piezoelectric effect, a large surface trap density can strain 

the ZnO NW and induce polarization even in the absence of an external mechanical load.  

Recently, there has been a first attempt to account for surface traps in VING simulations [20]. 

The devices integrated ZnO NWs (with typical dimensions of 100nm in diameter and 600nm in 

length) surrounded by a polymer matrix of PMMA. They have been simulated by FEM both in 

compressive and bending modes. Different doping concentrations have been considered, ranging 

from 10
16

cm
-3

 up to 10
18

cm
-3

. In addition to the local-voltage dependent free carrier concentration, 

a surface charge has been introduced either on the NW top or on the entire NW surface, at the 

interface between ZnO and PMMA. This surface charge was a function of the surface traps 

density Nit and of the local potential. A moderate density of surface traps (5×10
11

cm
-2

eV
-1

) on the 

entire NW surface was sufficient to fully deplete the nanowire for doping levels up to about 

10
17

cm
-3

. Under these conditions, the piezo-response to an axial compression became length 

dependent and could start to reach values of practical interest, consistently with above-mentioned 

experiments [7,19]. However, it is important to remember that, in these simulations, surface traps 

have been considered as ultra-slow, i.e., it has been assumed that they did not have the time to 

charge or discharge within the time frame of the piezoelectric response induced by a change in 

the mechanical load.   

 

In the present paper, we will evaluate the limits of this assumption. Indeed, the dynamics of 

surface traps can be affected by several parameters. For instance, for surface traps arising from 

local states in the dielectric material (PMMA in our case) situated in the close vicinity of 

nanowire surface, the trap response will be all the faster as the local state is closer to the interface. 

It would go beyond the scope of this paper to provide an exact description of the energy and 

space distribution of the states that can act as traps at the ZnO/PMMA interface. The aim here is 

rather to highlight general trends so that we focused on the two extreme cases of ultra-slow traps, 
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which remain in their initial state and are not affected by mechanical actuation, and ultra-fast 

traps, for which a permanent thermodynamic equilibrium is maintained at all interfaces at all time. 

 

We will also investigate the piezoelectric parameters (especially d33 in the case of a uniaxial 

compression) that are useful to evaluate the piezoelectric performance in the linear regime.  

Most experimental reports on the measurement of the piezoelectric coefficients of ZnO NWs 

have focused on the determination of the effective value of d33 (noted 𝑑33
𝑒𝑓𝑓

in the following). 

Experimentally, 𝑑33
𝑒𝑓𝑓

 is deduced from the deformation along the c-axis that results from a voltage 

difference along the same direction. It is related to the d33 coefficient of the piezoelectric tensor 

of the material but, due to the nanowire topology, it usually depends as well on the d31 shear 

coefficient. Measurements have been performed either by nanoindentation or by Piezoelectric 

Force Microscopy (PFM). Tamvakos et al. [33] performed PFM measurements (AFM tip with 

stiffness of 8.8N/m and compressive force of 80nN at 40kHz) on 150nm wide and 1.5µm long 

ZnO NWs fabricated by Electrochemical Deposition (ECD) on Si/Au substrates and obtained a 

𝑑33
𝑒𝑓𝑓

 value of 11.8pm/V. Brotman et al. [34] used nanoindentation (compressive force in the 

range of 0.2mN-6mN) on 150nm wide and 2.3µm long ZnO NWs grown by ACG on a 

paper/PEDOT:PSS substrate, and obtained a 𝑑33
𝑒𝑓𝑓

 value of 9.2pm/V. Fan et al. [35] used PFM 

(AFM tip with a stiffness of 3N/m with a compressive force of 150nN at 33kHz) on 300nm wide 

and 2µm long ZnO NWs grown by Vapor Diffusion Deposition on GaN substrates, and extracted 

a 𝑑33
𝑒𝑓𝑓

value of 7.5pm/V. Scrymgeour et al. [36] performed PFM (AFM tips with stiffness of 

14N/m and 40N/m operated at 15kHz) on 150nm wide and 600nm long ZnO NWs grown by 

CBD on Ag films, and measured a 𝑑33
𝑒𝑓𝑓

 of 4.41pm/V. It is worth mentioning that Cavallini et al. 

[37] characterized 30nm wide ZnO NWs grown by the same CBD method on glass/ITO and 

PET/ITO substrates using PFM as well (AFM tip with a stiffness of 5N/m operated at 15kHz), 

and obtained 2.13pm/V for 𝑑33
𝑒𝑓𝑓

 on rigid substrate, and 5.2pm/V on flexible substrate. Quang et 

al. [38] in particular explored the piezoelectric response of NWs and thin films fabricated by 

MOCVD. They found that the response was higher with NWs (𝑑33
𝑒𝑓𝑓

= 4.36pm/V) than with thin 

films (𝑑33
𝑒𝑓𝑓

= 2.5pm/V). Thus, the 𝑑33
𝑒𝑓𝑓

 values obtained experimentally on nanowires are ranging 

from 2 pm/V to 12 pm/V, to be compared with the 𝑑33
𝑒𝑓𝑓

 value of bulk ZnO (9.93pm/V) [39] and 
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of ZnO thin films (in the range of 2.5 to 8 pm/V) [38,40–42]. However, the results may be 

affected by measurement conditions, such as the use of low stiffness AFM tips, which can lead to 

topographical artefacts [36] and larger electrostatic perturbing effects [38,43,44]. Substrate and 

electrode materials can as well affect the electromechanical response [45]. The fabrication 

method could also lead to differences in doping concentrations, defects and surfaces states [31], 

thus making the comparison between different experiments difficult.  

The literature provides very few theoretical models for the calculation of the piezoelectric 

coefficients of ZnO NWs. Kim et al. [46] performed FEM simulations based on standard 

piezoelectric equations of cylindrical ZnO structures. They considered NWs with diameters 

between 100𝑛𝑚  and 500𝑛𝑚  and large disks with diameters between 700𝑛𝑚  and 5𝜇𝑚 . A 

vertical compressive pressure of 10 MPa was applied on top of the structures. The calculated 𝑑33
𝑒𝑓𝑓

, 

obtained with a conventional theoretical approach
2
, varied along the z-axis and was as a function 

of the diameter. Overall, thinner structures featured larger 𝑑33
𝑒𝑓𝑓

 (~10.5 𝑝𝐶/𝑁 ) than wider 

structures (below ~8.5 𝑝𝐶/𝑁). This effect was explained by a reduction of radial stress in thinner 

structures. Hoang et al. [47] developed a continuum model of piezoelectric NWs that combined 

bulk and surface terms, both extracted from first-principle calculations, where surface terms 

accounted for the atomistic rearrangement of surface atoms with respect to bulk. The 

corresponding equations were then solved by FEM. They found that 𝑑33
𝑒𝑓𝑓

 increases as diameter 

decreases, but only for diameters below 6nm. For larger diameters, the coefficient approached 

that of bulk. However, none of these simulations did account for the influence of free carriers, the 

presence of neutral regions and other semiconducting effects, which can influence experimental 

𝑑33
𝑒𝑓𝑓

 values exactly by the same mechanisms as they influence piezoelectric response, and may 

explain part of the dispersion in experimental values. Moreover, there has been no theoretical 

evaluation of 𝑑33
𝑒𝑓𝑓

 for the configuration used in VING devices. 

 

In this work, we theoretically explored the role of free carriers and surface traps on the output 

potential and on the effective piezoelectric coefficient 𝑑33
𝑒𝑓𝑓

 of piezoelectric nanocomposites 

based on ZnO NWs in VING configuration. The performance of these nanocomposites is 

                                                 

2
 A function that depends on the piezoelectric coefficients 𝑑33 and 𝑑31, the elastic compliance and the stress along 

the x or y axis. This function was deduced under the assumption of a constant electric field. 
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compared to that of thin films. As a first step towards the analysis of traps dynamics, we 

compared the two extreme cases of ultra-slow and ultra-fast traps. The study was performed by 

solving the full set of coupled equations that describe the mechanical, piezoelectric and 

semiconducting properties of the structure, within a FEM approach. The devices were operated in 

compression, as in most experimental reports, but our conclusions are general. 

 

2. Device under study  

 

For this study, we used a classical VING structure configuration. Figure 1 shows a typical 

implementation on a stainless steel foil substrate, which provides the bottom contact. A silicon 

substrate can be used as well.  

 

       

Fig 1. SEM image of a typical VING device based on ZnO NWs grown on Si substrate by using 

Chemical Bath Deposition (CBD).  

 

The active layer consists of an array of vertical n-type ZnO NWs immerged in a dielectric matrix 

which provides mechanical robustness (yellow region). A thin ZnO seed layer (in red) is 

deposited on the substrate to promote NW growth. The active layer is separated from top contact 

(in green) by a dielectric layer (in blue), usually obtained by increasing the amount of matrix 

material so that it caps the array of ZnO NWs. 

 

Experimentally, the ZnO NWs integrated in this kind of device feature diameters between 

150 nm and 300 nm and lengths between 1 µm and 5 µm [9,10,41], while the typical n-type 

doping is in the range from 10
17

cm
-3

 to 10
18

cm
-3

  [14]. Theoretical studies have usually assumed 
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doping concentrations in the range from 10
15

cm
-3

 to 10
18

cm
-3

 [16,17,20,49–53] with typical 

200 nm wide and 600 nm to 3 µm long NWs [54–56]. Concerning the other geometrical 

parameters, experimental works have reported thicknesses in the range from 50 nm to 200 nm for 

the seed layer, and from 0.6 µm to 2 µm for the dielectric cap layer above the NWs [11–13,57] , 

while simulations have used 50 nm thick seed layers and 100 nm thick insulating cap layers [20]. 

In this work, the considered geometry featured 100 nm wide and 3 µm long ZnO NWs, a 40 nm 

thick seed layer, a 1 µm thick insulating cap layer, and PMMA as matrix and cap layer material. 

The varied parameters were the doping level and, as discussed below, the surface traps 

characteristics at the interface between ZnO and PMMA. 

  

2.1 Device operation and role of traps  

 

The VING device operates in capacitive mode. We will concentrate on device operation in 

compression, with a rigid substrate (Fig. 2).  

 

   

Fig. 2. (a) Schematic operation of a VING unit cell connected to an external resistive load. It 

consists of 4 steps: i) initial state, ii) “Press”: a force is applied on top surface, creating a 

polarization inside the NW, iii) “Hold”: the force is maintained long enough to allow equilibrium 

to be reached, iv) “Release”: the force is withdrawn. (b) Schematic representation of the electric 

current pulses generated during these successive steps as a function of time. 

   

In practical applications, the device is electrically loaded. When a mechanical load is applied on 

the top (“Press” action), the NWs are deformed, a strain field is produced in ZnO, and dipoles are 
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generated by local deformation of crystal mesh, thus creating a polarization field that induces a 

charge on the two electrodes. A transient current flows in the external circuit until the 

polarization charge is screened. When the mechanical load is released (“Release” action), the 

opposite phenomena occur, with current flowing in the opposite direction. For practical use in 

energy harvesters, the generated voltage and current pulses are often rectified before the electrical 

energy is stored into a capacitor or other storage devices [58,59]. 

 

We will focus on “Press” action, where the device has no external mechanical load in its initial 

state and is subjected to a vertical mechanical compression in the final state, and “Release” action, 

which corresponds to the reverse process. From a theoretical point of view, the “Press” and 

“Release” actions result in a variation of the potential difference between the electrodes. This 

variation is a direct consequence of the variation of strain-induced polarization and can be 

affected by the presence of free carriers in the NW or by surface traps charges. 

 

3. Simulation framework 

 

In this work, we used a Finite Element Modelling (FEM) approach to simulate the full set of 

differential equations that couple mechanical, piezoelectric and semiconducting properties. 

Concerning the dynamics of surface traps at the ZnO/PMMA interface, two extreme cases were 

considered : ultra-fast and ultra-slow traps. The assumptions underlying the “ultra-fast traps” case 

was that the thermodynamic equilibrium of surface traps charge was reached instantaneously so 

that the density of traps could be written as a function of the local potential obtained after the 

“Press” or “Release” action. In contrast, in the case of “ultra-slow traps”, the traps were assumed 

to retain their initial equilibrium electric charges so that their density could be written as a 

function of the local potential obtained before the “Press” or “Release” actions. Moreover, we 

evaluated the piezoelectric coefficient using COMSOL Multiphysics environment to run time-

dependent simulations of the electrically loaded VING structure. 

 

3.1. Simulated structure  
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Performing simulations that involve the coupling of piezoelectric and semiconductor physics on a 

whole VING structure, which can include billions of NWs, would be much too expensive in 

computer resources. In order to reduce computational cost, we adopted a convenient strategy 

which consists in reducing the simulation space to a single unit cell of the device, here made up 

of a single ZnO NW surrounded by an insulating (PMMA) matrix over a ZnO seed layer. A 2D 

axisymmetric cylindrical model was used for the unit cell, as shown in Fig. 3. This further 

reduces computing cost while keeping a fair image of the normally hexagonal geometry. The 3D 

geometry was obtained by the rotation of the 2D profile around the NW axis, as shown in Fig. 

3 (a). To validate the VING model, we carried out as well the simulation of a thin film cell with 

almost the same dimesions as the VING structure, as shown in Fig. 3 (c). With this approach, all 

equations and parameters must be transformed from Cartesian to cylindrical, vertical (z) and 

radial (r), coordinates.  

  

Fig. 3. Schematic of a single unit cell of : (a) A cylindrical geometry of the VING device. (b) 2D 

axisymmetric VING model considered in the simulation. (c) 2D  axisymmetric ZnO thin film cell.  

 

3.2. Coupled system of mechanical/electrical equations  

 

In order to evaluate the piezoresponse of a given structure under external pressure variation, we 

calculated the variation of inter-electrode potential between the final and initial states, before and 

after the variation of mechanical load, respectively (see more details in the supporting 

information, Figures S1, S2 and Table S1). We considered the following set of equations, which 

relate mechanical and electrical properties of a piezoelectric material:   
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[𝜎(𝑡)] = [𝑐][𝜀(𝑡)] − [𝑒]𝑇[𝐸(𝑡)] , (1) 

[𝐷(𝑡)] = [𝑒][𝜀(𝑡)] + [𝜅][𝐸(𝑡)] , (2) 

 

where [σ] is the stress matrix, [ε] is the strain matrix, [E] is the electric field vector, [D] is the 

electric displacement vector, [c] is the elasticity matrix, [κ] is the dielectric constant matrix and [e] 

is the piezoelectric coefficient matrix. The coupling between piezoelectric and semiconductor 

physics is introduced by the two matrices [e] and [e]
T
, which correspond to the direct and inverse 

piezoelectric effects, respectively.  

 

In addition to these equations, mechanical and electrical equilibrium conditions must be fulfilled. 

Electrical equilibrium is described by Poisson’s equation: 

 

𝛻 ∙ 𝐷(𝑡) = 𝜌(𝑡) ,  (3) 

 

where 𝜌 is the local density of charge. In the semiconducting regions, we have 

 

𝜌(𝑡) = 𝑞(𝑝(𝑡) − 𝑛(𝑡) + 𝑁𝑑
+ − 𝑁𝐴

−) , (4) 

 

where n and p are the density of electrons and holes, respectively, and 𝑁𝐴
− and 𝑁𝑑

+ are the density 

of acceptor and donor atoms, respectively. In our case, the active material is ZnO, which was 

considered as an n-type semiconductor where 𝑁𝐴
− is negligible. Volume traps were neglected. 

Electron and hole concentrations are function of the local electric potential. We used the 

Boltzmann statistics to describe the free carrier concentrations below degeneracy (around 

10
18

 cm
-3

 in ZnO). Dielectric regions were supposed free of charges, i.e. 

 

ρ = 0 (5) 

 

Transient mechanical behaviour was described using Cauchy momentum equation given by  

 



Author version. Original paper reference: Journal of Physics D: Applied Physics, Vol. 55, no. 405502, 13pp, 
doi:10.1088/1361-6463/ac8251 (Aug. 2022). HAL reference: hal-03763834 

 

14 

𝑓𝑣(t) + 𝜌𝑚
−1(𝛻 ∙ 𝜎(t)) =

𝑑2𝑢

𝑑𝑡2  , (6) 

 

where 𝜌𝑚, 𝑢, and t are the local mass density (per unit of volume), the displacement vector (r and 

z displacements) and time. We assumed that there was no body force (𝑓𝑣) on the VING model 

(𝑓𝑣 = 0) and used equations (1) and (2) for mechanical and electrical conditions. We obtained the 

following system of differential equations, which couples local strain [] with local electric 

potential V: 

 

𝛻([𝑐][𝜀(𝑡)]) + 𝛻([𝑒]𝑇�⃑� 𝑉(𝑡)) = 𝜌𝑚
𝑑2𝑢

𝑑𝑡2   , (7) 

𝛻([𝜅]�⃑� 𝑉(𝑡)) − 𝛻([𝑒][𝜀(𝑡)]) = 𝜌(𝑡) . (8) 

 

With the appropriate boundary conditions, these equations provide the output potential of a 

VING unit cell with account for surface traps. 

 

The capacitance (C) of the test structure (VING or thin film) was determined by connecting a 

resistive load (𝑅𝐿) in parallel to the structure and by analyzing the output potential pulse. When a 

mechanical compression was applied, a voltage pulse was generated, which decayed as a function 

of time, following a capacitive discharging process (see Figure S3, Supporting information). The 

calculation of the time constant 𝜏  of this process ( 𝜏−1 = 𝑅𝐿 𝐶)  allowed us to extract the 

capacitance. The piezoelectric coefficient 𝑑33
𝑒𝑓𝑓

 for the piezoelectric structure was derived from 

voltage on top electrode (Vtop), applied force (𝐹), and capacitance using Eq. 9: [60]   

 

𝑑33
𝑒𝑓𝑓

=
C 𝑉𝑡𝑜𝑝(𝑡0+)

𝐹(𝑡0+)
 ,                                                                                                                                     (9) 

 

where t0+ refers to the origin of time, immediately after mechanical loading by force F at t0. 

 

3.3. Mechanical and electrical boundary conditions  
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Figure 4 describes the mechanical and electrical boundary conditions used for a VING single cell 

and for a thin film. The thin film was used here as reference model and to validate our approach 

as will be detailed in the results section. Mechanical boundary conditions are specified in 

Fig. 4 (a). They consisted in i) a vertical pressure of -1 MPa along the NW axis (z-axis) on the top 

surface of the cell, being similarly applied to the thin film, with free vertical and lateral 

displacement (this corresponds to a locally applied force of about 126 nN), ii) free lateral 

displacement with forbidden vertical displacement on bottom side, iii) free lateral and vertical 

displacement on the lateral side and iv) free vertical displacement and forbidden lateral 

displacement on the axis of symmetry. In terms of electrical boundary conditions (Fig. 4(b)), the 

bottom electrode was grounded. The top surface was connected to the external resistive load by 

coupling equations 10 and 11 (Terminal definition under COMSOL). 

 

  

Fig. 4. Illustration of the VING single cell with (a) mechanical boundary conditions. Electrical 

boundary condition for (b) VING single cell and (c) a thin film cell. The red coloured interface 

represent the region where a surface charge (𝑄𝑠) is considered.     

 

Equation 10 defines the electric charge at the top surface (𝑄𝑡𝑜𝑝) of the device. Equation 11 

defines electric current (𝐼) that flows through the resistance.  

 

∬ 𝐷(𝑡) ∙ �̂� = 𝑄𝑡𝑜𝑝(𝑡)𝛺
 (10) 

𝐼(𝑡) =
𝜕𝑄𝑡𝑜𝑝(𝑡)

𝜕𝑡
 (11) 
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The difference with most presently published simulations is that we introduced a surface charge 

𝑄𝑠  at the interface between ZnO and PMMA. This interface includes top and sides of the 

nanowire and top of the seed layer for the NG unit cell, and top surface only for the thin film. 

This surface charge density depends on the local electric potential. It introduces a discontinuity in 

the normal component of �⃑⃑�  at ZnO/PMMA interfaces: 

 

�⃑� ∙ 𝜅∇⃑⃑ 𝑉(𝑡) = 𝑄𝑠(𝑡) . (10) 

 

At thermal equilibrium and assuming a uniform traps density (𝑁𝑖𝑡 ), 𝑄𝑠  was expressed as a 

function of local potential V as:  

 

𝑄𝑠(𝑡) =  −𝑞2 𝑁𝑖𝑡 (𝑉(𝑡) − 𝜑𝐹𝑖) ,  (11) 

 

where 𝜑𝐹𝑖 is the difference between Fermi level and intrinsic level. We will come back later on 

this boundary condition to explain how it was used to mimic ultra-slow and ultra-fast traps. 

Finally, the results obtained under these assumptions were also compared with those obtained 

with a free SFL, where there is a continuity of the normal component of the electric displacement 

field at the interface between ZnO and PMMA.  

 

The piezoresponse to the “Press” action was defined as the variation of the top electrode potential 

(voltage across the resistive load) when a pressure was applied on the cell. The system without 

pressure was called here #1 (with a corresponding top electrode potential Vtop1(t)), while the 

system under applied pressure was called here #2 (with a corresponding top electrode potential 

Vtop2(t)). The piezoresponse was defined as the peak value of Vtop2(t)-Vtop1(t). For reverse “Release” 

action, the piezoresponse was instead given by Vtop1(t)-Vtop2(t). It has been verified that this peak 

value was equal to the value found with static simulation. The advantage of using time-dependent 

simulation is that it further allows the evaluation of 𝑑33
𝑒𝑓𝑓

, as discussed later on.  

 

3.3. Traps dynamics  
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As a first trial towards a full account for traps dynamics, we considered two limiting cases. The 

first one, corresponding to “ultra-fast traps” assumed that thermodynamic equilibrium was 

maintained at all time. Under this assumption, 𝑄𝑠 was calculated in a fully self-consistent manner 

as a function of  potential for systems #1 and #2, 𝑄𝑠1  and 𝑄𝑠2  being functions of 𝑉1  and 𝑉2 , 

respectively. The second case of “ultra-slow traps” assumed that, during the mechanical transient, 

𝑄𝑠 remained frozen at the value it had in the initial state. For  the simulation of the “Press” action, 

where the initial state corresponds to system#1 and the final state corresponds to system#2, we 

solved the system of equations corresponding to system#2, except for 𝑄𝑠, which was set to its 

self-consistent value calculated for system#1 (as in ref. [20]). Conversely, for the simulation of 

the “Release” action, we solved the system of equations corresponding to system#1 with 𝑄𝑠 

calculated for system#2. 

 

4. Results and discussion 

 

In this section, we will start by comparing the piezoresponse of two different structures (VING 

and thin film), and the possible differences between “Press” and “Release” actions as well as 

between “ultra-slow traps” and “ultra-fast traps” for a VING unit cell. 

 

4.1 Comparison between a VING and a thin film  

 

Fig. 5 (a) compares the piezoresponse values of VING and thin film structures under external 

pressure resulting from “Press” action and shows their variations as a function of trap density in 

the case of ultra-slow traps. At low Nit (between 1𝑥 1011 𝑒𝑉−1𝑐𝑚−2 and 4 𝑥 1011 𝑒𝑉−1𝑐𝑚−2), 

the piezoresponse of both systems was small because of piezoelectric field screening by free 

charges in doped ZnO. In both cases, the depleted region builded up only at the top of ZnO [15-

17, 20, 61]. By increasing Nit, the piezoresponse values increased for both VING and thin film. 

The VING structure provided a better piezoresponse (around 600 mV), which was 40 times larger 

than that of the thin-film structure (15 mV). This was explained by the increased extension of the 

depletion region (where screening is suppressed) at the interface between ZnO and PMMA, 

including along the lateral sides of the NW, thus allowing the full depletion of the whole NW 
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height, as already shown in ref. [20,53], while the depletion was confined to top surface in the 

case of a film.  

   

Fig. 5. (a) Maximum value of the piezoresponse at t=0 (b) capacitance and (c) effective 

piezoelectric coefficient as function of the ultra-slow trap density for two different structures: a 

VING single cell (⨀) and a thin film (∇) in “Press” action mode. A doping concentration 

𝑁𝑑 = 1017 𝑐𝑚−3 was considered in the simulations.  

 

By analyzing the voltage pulse (see an exemple of such a pulse in the Fig. S3 of Supporting 

Information) obtained for each system with different values of Nit, the capacitance value was 

extracted for both structures. Fig. 5(b) shows that the capacitance was larger by about one order 

of magnitude for the thin film than for the NG structure, and it decreased as Nit increases. This is 

a consequence of the extension of the depletion region which acts as an insulating region whose 

thickness increases as traps density increases. Eq. 9 was used to deduce 𝑑33
𝑒𝑓𝑓

 from the results 

shown in Fig. 5 (a) and (b), with account for the force applied on the top surface (around 126 nN 

for 1 MPa compression). To verify our extraction method, two thin films were simulated: one 

semiconducting with free SFL (no traps, doping atoms, free carriers) and another one without 

semiconducting properties (no traps, no doping atoms, no free carriers, equivalent to a non-

charged insulator). The calculated 𝑑33
𝑒𝑓𝑓

 values were around 6 𝑝𝐶 𝑁⁄  (Table S2 in Supporting 

Information and Fig. 5 (c) at high Nit), in fair agreement with the values expected for such thin 

film. Fig. 5 (c) shows that there is a dependency between 𝑑33
𝑒𝑓𝑓

 and Nit. This dependence is 

stronger in the VING due to its high surface-to-volume ratio. Similarly to the piezoresponse trend, 

the maximum 𝑑33
𝑒𝑓𝑓

 values were reached at high Nit.  

These results are in good agreement with recent experimental findings for ZnO NWs [32, 36, 54–

56] and ZnO thin films [38, 40–42] . In these reports, 𝑑33
𝑒𝑓𝑓

 has been estimated to be in the range 
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of 2-15 pm/V (units equivalent to pC/N) for ZnO NWs, and between 2.5 to 8 pm/V for ZnO thin 

films.  

 

Another remarkable conclusion of these simulations, detailed in the Supporting Information, was 

that an inverse piezoelectric effect can be observed at large Nit without any applied force on the 

top surface of VING. This inverse piezoelectric effect was strongly present on the top surface of 

ZnO NW as well as on the top of seed layer of ZnO material as Nit increases as shown in Figure 

S4. This added a piezoelectric polarization of the ZnO NW, with a z-component of opposite sign, 

compared to that resulting from vertical compression (details in Supporting Information, Fig. S5).  

 

4.2 Symmetry and asymmetry of the piezoresponse to “Press” and “Release” actions 

 

Fig. 6 was obtained in the case of ultra-slow traps. It shows that, when trap density is either low 

(Nit ≲ 0.4x10
11

 eV
-1

cm
-2

) or high (Nit ≳ 1.1x10
12

 eV
-1

cm
-2), the pizeoresponse, as well as the 

capacitance, are identical in “Press” and “Release” modes. This is expected. Indeed, for a very 

low trap density, independently of its exact value, free carriers almost complete screen the 

piezoelectric effect, so that the piezoresponse is negligible for both actions. On the other side, 

independently of its exact value, a high charge surface density results in a fully depleted NW, 

leading to the same response for both actuation modes.  

 

 

Fig. 6. Comparison between the “Press” and “Release” action modes as a function of trap density: 

(a) absolute value of the piezoresponse, (b) capacitance, and (c) on the piezoelectric coefficient of 

the unit cell. Curves obtained under the assumption of ultra-slow traps. 
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However, a different response was observed for intermediate of values of Nit, for which the 

different initial conditions combined with the assumption of ultra-slow traps lead to different 

results. This asymmetry is explained in more details in the Supporting Information (See Figures 

S6, S7 and S8), for 𝑁𝑖𝑡 = 1012 𝑒𝑉−1𝑐𝑚−2. It is shown that the charge density of surface traps 

calculated without pressure (used for “Press” action) and with pressure (used for “Release” action) 

is sufficiently different to affect the distribution of free carriers and screening effects in these two 

action modes (Fig. 7). It is concluded that the presence of slow traps could explain the asymmetry 

of the piezoresponse observed in some experiments under compressive or bending actuation 

[11,20,62], while fast traps would favour symmetrical piezoresponse. 

  

 

Fig. 7. Evolution of the free carrier distribution between 𝑡0−  and 𝑡0+  (just before and just after 

mechanical loading, respectively) for the “Press” and “Release” action. Compression 1 MPa 

along axial direction. Density of interface traps 𝑁𝑖𝑡 = 1012 𝑒𝑉−1𝑐𝑚−2 . Ultra-slow traps. After 

‘Release’, a non negligible concentration of free carriers stays in the middle of the nanowire, 

while the nanowire is fully depleted otherwise. In contrast, the nanowire remains depleted during 

“Press” action.  

 

The effective piezoelectric coefficient 𝑑33
𝑒𝑓𝑓

 was calculated using Eq. (9) for both actuation modes 

as a function of interface traps density. Figure 6(c) shows that this coefficient was basically 

independent of the actuation mode (“Press” or “Release”) but depended strongly on traps density. 



Author version. Original paper reference: Journal of Physics D: Applied Physics, Vol. 55, no. 405502, 13pp, 
doi:10.1088/1361-6463/ac8251 (Aug. 2022). HAL reference: hal-03763834 

 

21 

From our simulations, we can expect that a medium-to-large density of traps will affect 

significantly the apparent piezoelectric properties of ZnO NWs and ZnO based nanocomposites. 

We believe that differences in interface properties could then explain the large dispersion of 

experimental values observed in the literature.  

 

4.3 Towards an understanding of ultra-fast and ultra-slow traps influence 

 

Another very important aspect to consider is the dynamics of surface traps. The ultra-slow traps 

considered above were assumed to reach thermodynamic equilibrium (TE) very slowly. As a 

consequence, traps charge did not vary during the application of the external mechanical load, 

and we could consider surface traps as frozen, with no participation to screening. This dynamics 

helped improving significantly the potential generation and the piezoelectric coefficient. On the 

other hand, ultra-fast traps reached TE instantly, thus contributing to the screening effect inside 

the NG, as shown in Figs. 8 (a) and 8 (b). With ultra-fast traps, both piezoresponse and 𝑑33
𝑒𝑓𝑓

 

tended to remain small or even decrease for a large range of trap density.  

 

    

Fig. 8. (a) Variation of the piezoresponse in “Press” action mode. (b) Comparison of the 𝑑33
𝑒𝑓𝑓 

piezoelectric coefficient as a function of trap density in “Press” action mode. These graphs 

compare results obtained with ultra-slow traps (⊡), ultra-fast traps (△) and free SFL (⨀). 

 

To further analyse the impact of surface trap dynamics in ZnO NWs, we also reported in Fig. 8 (a) 

and Fig. 8 (b) the results obtained for a system without surface traps (i.e., free SFL), which are in 
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agreement with those illustrated in refs. [15,16,51] for similar geometry parameters, mechanical 

conditions and doping concentration 𝑁𝑑. The magnitude of the piezoresponse in these papers is 

very close to that observed for a large density of ultra-fast traps. However, as mentioned above, 

the large piezoresponse obtained with ultra-slow traps is in better agreement with experimental 

results [12,48]. 

 

Finally, there is presently an ongoing debate about the frequency dependence of 𝑑33
𝑒𝑓𝑓

 values 

extracted from Piezoelectric Force Microscopy (PFM) measurements, which are based on the 

inverse piezoelectric effect, where an electric signal is applied to the sample. For example, some 

experimental works report values between 2.7 to 5 𝑝𝑚 𝑉−1 in the range of 30-40 kHz [63,64], 

while others report a single value of 11.8 𝑝𝑚 𝑉−1 in the range of 40 kHz-100 kHz [33]. These 

frequency ranges were chosen to reduce the contribution of electrostatic effects in the 

measurements. We speculate that a low-frequency signal could provide enough time to the 

system to maintain thermal equilibrium, which would better correspond to the case of ultra-fast 

traps, thus reducing the value of 𝑑33
𝑒𝑓𝑓

, as shown in Fig. 8 (b). In contrast, at higher frequencies, 

the traps may not have enough time to charge/discharge quickly, and would thus behave as ultra-

slow traps (although in an intermediate state corresponding to the mean mechanical load), and 

𝑑33
𝑒𝑓𝑓

may increase considerably. This would be consistent with the experimental trend and would 

provide a clear evidence of the important role of surface traps and of their dynamics in the study 

of piezoelectric phenomena in devices based on piezoelectric semiconducting nanostructures. 

 

4. Conclusions 

 

From this work, we can conclude that a certain amount of surface traps is required in order to 

obtain a piezoresponse of practical use from devices integrating ZnO NWs, for the range of 

dimensions and doping level reported in most experimental results. With a too low density of 

surface traps, most of the polarization field would be screened by free carriers. However, we 

found that the influence of surface traps was strongly dependent on their dynamics. Fast 

responding traps, which adapt immediately to the new thermodynamic equilibrium, partly 

screened the piezoelectric field generated by the external mechanical load. This screening was 
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especially efficient for large trap densities. In contrast, slow surface traps remaining filled at their 

initial level were unable to screen the changes in polarization induced by the application – or the 

release – of the external mechanical load. This allowed much larger piezoelectric responses to be 

reached. This also affected directly the effective piezoelectric coefficient of the structures (thin 

films and nanocomposites) and could explain the variability of the experimental values found in 

the literature. This study thus demonstrated that the realistic modelling of the piezoelectric 

response of semiconductor based sensors or energy harvesters should account for traps dynamics 

effects. For nanocomposite-based devices, experimental results about the quality of the interface 

between the semiconducting piezoelectric material and the insulating matrix would be of prime 

importance. 
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