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ABSTRACT 

Semiconducting piezoelectric nanowires (NWs) are promising candidates to develop 
highly efficient mechanical energy transducers made of biocompatible and non-critical 
materials. The increasing interest in mechanical energy harvesting makes the 
investigation of the competition between piezoelectricity, free carrier screening and 
depletion in semiconducting NWs essential. To date, this topic has been scarcely 
investigated because of the experimental challenges raised by the characterization of 
the direct piezoelectric effect in these nanostructures. Here we get rid of these 
limitations using the PFM technique in DataCube mode and measuring the effective 
piezoelectric coefficient through the converse piezoelectric effect. We demonstrate a 
sharp increase in the effective piezoelectric coefficient of vertically aligned ZnO NWs 
as their radius decreases. We also present a numerical model which quantitatively 
explains this behavior by taking into account both the dopants and the surface traps. 
These results have a strong impact on the characterization and optimization of 
mechanical energy transducers based on vertically aligned semiconducting NWs. 

1. INTRODUCTION 

Piezoelectricity manifests more strongly in nanowires (NWs) of some semiconductors as 
compared to the bulk [1] which makes nanowires particularly attractive for energy 
transduction applications such as strain sensing or mechanical energy harvesting [2–4]. 
Among other piezoelectric semiconductors such as GaN, AlN or CdS, zinc oxide (ZnO) 
presents several advantages due to its biocompatibility, relative abundance and variety 
of growth methods [5–12]. This is an asset compared to conventional piezoelectric 
dielectrics made of lead compounds or critical materials such as Cd, Al or Ga. Because of 
their large surface to volume ratio, the effects of the surface on the piezoelectric 
behavior of NWs can be prominent. For instance, large piezoelectric coefficients have 
been predicted due to the reorganization of surface atoms [13–17]. However, this only 
manifests at small scales (few nm diameter NWs) and is therefore very difficult to 
observe experimentally. At larger scales, the semiconducting character of the NWs 
comes into play. On the one hand, strong piezoelectric damping is expected in doped 
NWs because of the screening of the electric polarization by free charge carriers [18]. 
On the other hand, this screening can be effectively counteracted in nanostructures with 
a large surface to volume ratio such as nanoporous films [19–21] and NWs [22,23] by 
the surface Fermi-level pinning mechanism resulting from large densities of surface 
traps [24]. The interplay between the geometry and the semiconducting properties of 



piezoelectric semiconducting NWs is then of particular interest for the optimization of 
piezoelectric devices integrating such NWs. 
However, there is a lack of experimental results concerning the effect of diameter on 
the electromechanical properties of piezoelectric semiconducting NWs, especially at the 
nanoscale. Piezoresponse Force Microscopy (PFM) is the perfect tool to probe the 
converse piezoelectric effect on individual NWs [25–27], but no study of the effect of 
the NWs dimensions has been reported with this technique. Up to now, the most 
convincing results about the influence of NW diameter on the piezoelectric response of 
individual NWs have been obtained very recently by probing the direct piezoelectric 
effect of GaN NWs under constant normal force [28]. Despite the consolidating PMMA 
matrix, the thinnest NWs were highly strained, with buckling and twinning/twisting 
effects leading to complex strain and polarization fields. The analysis was carefully 
restricted to the more rigid nanowires that were subjected to axial strain. It showed an 
increase in the conversion efficiency as the NW radius decreases [28], consistently with 
the effect of surface Fermi-level pinning [24]. It should be noted also that in these 
experiments the top of the NWs has been metallized which has the advantage of 
improving the contact of the AFM tip to the NW but prevents local inhomogeneity to be 
probed. Impedance mismatch [28], clamping by the PMMA matrix [26] and dispersion 
of NWs lengths [29] have been also shown to play a role, aside from the effect of NWs 
radii, in direct piezoelectric conversion. 
In terms of modelling, only a few models of piezoelectric semiconducting NWs 
accounted for their semiconducting character. The influence of the NWs length and 
diameter on the direct piezoelectric effect has been evaluated for vertically integrated 
nanogenerators (VINGs) [29]. The surface trap density and doping level used for the 
simulations were based on their expected range for a variety of growth methods. 
performance of vertically integrated nanogenerators (VINGs) has been evaluated. for a 
variety of growth methods based on their expected range of doping levels and density 
of surface traps [29]. As for the converse piezoelectric effect, very few models have 
included the PFM configuration and they neglected free charge carriers and surface 
traps [25] although the latter has been shown to greatly affect the piezoelectric 
properties [24]. 
In this work, we performed PFM measurements on vertically aligned ZnO NWs grown by 
CBD (Chemical Bath Deposition) with a given length and various radii and found a strong 
diameter dependence of the piezoelectric coefficient on the NW radius. Numerical 
simulations accounting for both the piezoelectric and semiconducting (i.e. doping and 
surface traps) properties of these nanowires quantitatively supported our results.  

 
2. EXPERIMENTAL AND SIMULATION DETAILS  

ZnO NWs were grown from different seed layers deposited on indium tin oxide (ITO) 
coated silicon substrates using CBD growth technique [30]. The seed layers had different 
thicknesses ranging from 10 to 150 nm and were deposited by e-beam evaporation 
either at room temperature (RT) or at 100°C. Figure S1 shows X-ray diffraction (XRD) 
patterns of the seed layers showing the presence of ZnO in the c-axis preferred 
orientation. After growth, the NWs were found to be vertically aligned and with a length 
close to 3 µm as evidenced by Figure 1 and Figures S2 and S3.  



 
Figure 1. Top (left panel) and side (right panel) SEM views of a typical sample made of 

ZnO NWs grown from a 40 nm ZnO seed layer deposited at room temperature on an ITO 

coated Si substrate. 

 
We performed Piezoresponse Force Microscopy (PFM) measurements with an Atomic 
Force Microscope (AFM ; Dimension Icon from Bruker) to probe the local piezoelectric 
properties on individual ZnO NWs. The absence of insulating matrix between the grown 
NWs prevented clamping artifacts during PFM characterization [26]. The specific 
DataCube mode (DCUBE-PFM, Bruker) avoids collisions and lateral bending of the 
vertically grown NWs with the tip by retracting the tip before it is laterally moved from 
one pixel of the AFM image to another [5]. The vertical force exerted by the tip on the 
NWs is small enough to prevent NW buckling (see Supplementary Information). We used 
platinum coated silicon tips (PtSi-NCH from Bruker) with a spring constant in the range 
43-50 N/m and a resonance frequency between 204 and 497 kHz. We recorded with the 
AFM tip the sample’s deformation due to the application of an AC PFM modulation 
voltage of 5 V between the sample’s bottom electrode and the tip (grounded). The PFM 
amplitude and phase are the tip oscillations amplitude at the frequency of the PFM 
modulation and the phase shift between the tip mechanical oscillations and the PFM 
modulation voltage, respectively. We set the PFM modulation frequency in the range 
10-15 kHz and ensured that the piezoresponse amplitude and phase were frequency 
independent to avoid parasitic piezoelectric amplitude magnification as previously 
reported [27,31,32]. The significant stiffness of the tip also prevented cantilever buckling 
and significantly reduced electrostatic interference with piezoresponse [33]. 
 
We also performed numerical simulations using the finite element method within the 
COMSOL Multiphysics environment. We used the Electrostatics and Solid Mechanics 
modules with user defined modifications of the set of equations to account for free 
charge carriers and surface traps. We performed static simulations as in previous works 
[27,32] because the PFM amplitude is independent of the PFM modulation frequency in 
our experiments. Unlike [25] we did not consider the Schottky contact between the tip 
and the NW because of the two following differences with [25] in our experiments. First, 
no current was flowing between the tip and the sample. Secondly, the piezoresponse 
signal did not contain other harmonics than the one at the PFM modulation frequency, 
while higher order harmonics would have been generated as a result of Schottky contact 
non-linearity [25]. The simulated 2D structure is sketched on Figure 2. It consists in a 
ZnO seed layer substrate, a ZnO NW and a metallic tip in air environment. The seed layer 
thickness 𝑡𝑠𝑒𝑒𝑑 and the NW length 𝐿𝑁𝑊 were set to 50 nm and 3 µm, respectively. The 
influence of these parameters was found to be much smaller than that of the radius and 



is thus discussed in Supplementary Information (see Figures S4 and S5). The AFM tip was 
modeled by a 20 nm thick cylinder with 20 nm radius on top of the ZnO NW. In order to 
save computing resources we used a 2D axisymmetric simulation.  

 
Figure 2. Schematics of the 2D axisymmetric numerical simulation of the deformation of 
a single ZnO NW within COMSOL environment. (a) Geometry, dimensions and materials. 
(b) Electrical and mechanical boundary conditions. 

 
The bottom seed layer was mechanically clamped, and we assumed that the tip was not 
affecting the mechanical motion of the NW. The mechanical properties of ZnO used in 
our model are summarized in Table S1 in Supplementary Information.  
In order to reflect the metallic behaviour of the tip, we set its electric permittivity to a 
large value (1000) compared to the one of ZnO (see Table S1). The electric potential was 
set to zero on the bottom electrode in order to ensure the semiconductor neutrality in 
the seed layer and we applied a voltage 𝑉0 to the tip.  

The following coupled equations were used to account for the piezoelectric and 
semiconducting behaviour of the NWs: 

 
[𝛔] = [𝐜][𝛆] − [𝐞]𝐓[𝐄]                   (1)  
[𝐃] = [𝐞][𝛆] + [𝛋][𝐄]                     (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 two matrices [e] and [e]T 
introduce the coupling between piezoelectric and semiconductor physics, and 
correspond to direct and inverse piezoelectric effect, respectively.  
 
The local free carrier densities and the average doping concentrations were included in 
the local density of charge (𝜌) in Poisson’s equation: 
 
𝛁 ∙ 𝐃 = ρ = e(p − n + Nd − Na),                                 (3) 
 
where 𝑛, 𝑝, 𝑁𝑎 and 𝑁𝑑 are the densities of electrons, holes, acceptor atoms, and donor 
atoms, respectively. Electron and hole concentrations were functions of the local electric 
potential and of the band structures of the ZnO material. 
  



Finally, we introduced a uniform trap density 𝑁𝑡 at the ZnO surface (see Figure 1b), 
leading to a surface charge density: 

Qs = −e2Nt(Vs − φif),                                 (4) 
 
where 𝑉𝑠 is the surface potential and φ𝑖𝑓 the difference between Fermi level and intrinsic 

level [29] (see Supplementary Information 4). For the sake of simplicity, we made the 
hypothesis that the traps were ideally slow, with a charge that remained frozen when 
the applied voltage was varied.  The boundary condition at ZnO interfaces was thus 
based on the local surface voltage obtained in the initial state, so that the surface charge 
was position-dependant but time-independent. 
 
The piezoresponse amplitude was then computed as the top surface displacement 

resulting from a variation of the potential applied to the tip from an initial value 𝑉0
𝑖 = 0 

to a final value 𝑉0
𝑓

= −1 𝑉. We defined the effective piezoelectric coefficient 𝑑33
𝑒𝑓𝑓

 as 

the piezoresponse amplitude divided by |𝑉0
𝑓

− 𝑉0
𝑖|. 

3. RESULTS AND DISCUSSION 

Figure 3 shows the topography, tip-sample adhesion force, piezoresponse amplitude 
and phase maps recorded on a typical sample. All our NWs exhibited Zn polarity as 
demonstrated by the positive phase of the piezoresponse [31] (see Figure 3d). 

 
Figure 3. (a) Topography (b) adhesion force (c) PFM amplitude and (d) PFM phase 

distributions measured on ZnO NWs grown from a 150 nm ZnO seed layer deposited at 

room temperature on an ITO coated Si substrate. 

We extracted the PFM data corresponding only to the top surface of ZnO NWs, and 
studied their dependence as a function of the NW radius. To do so, we defined the 
following methodology. Consistently with previous work [27], we noticed that the top 



surface of the NWs corresponds to a lower adhesion force between the tip and the NW 
(see Figure 3). We therefore filtered the PFM data on the NWs using an adhesion force 
threshold. Then, we selected hexagonal areas corresponding to each NW using the 
topography image (see Figure 4a). Finally, we used this data to compute the radius of 
the NWs and their associated mean piezoelectric properties. The convolution between 
the tip and the NWs may result in a small systematic overestimate of the NW radius of 
a value approximately equal to the tip radius of curvature (< 25 nm). The effective 

piezoelectric coefficient 𝑑33
𝑒𝑓𝑓

 was computed as the ratio between the recorded 
piezoresponse amplitude and the applied AC voltage amplitude. Figure 4b shows the 

resulting dependence of the effective 𝑑33
𝑒𝑓𝑓

 coefficient as a function of NW radius 𝑅𝑁𝑊. 

Vertical and horizontal error bars correspond to the standard deviation of the 𝑑33
𝑒𝑓𝑓

 
distribution corresponding to each NW and to the size of a pixel of the AFM image, 
respectively. 

 

 
Figure 4. Effective 𝑑33

𝑒𝑓𝑓
 coefficient measured on the NWs top surface as a function of 

NW radius. (a) Topography image with the position of the analyzed NWs in green. (b) 

Scheme of the hexagonal shape of the NWs and definition of radius. (c) Effective 

piezoelectric coefficient versus NW radius computed from the piezoresponse data 

recorded in the pixels within the hexagonal areas depicted in (a) and with an adhesion 

lower than 60 nN (see text). Same sample as in Figure 3. 

 

Figure 5 displays the effective 𝑑33
𝑒𝑓𝑓

 coefficient as a function of 𝑅𝑁𝑊 measured on 
samples grown on different seed layers. 120 NWs from 6 different samples were 

analyzed. A clear general trend was found, with an increase of 𝑑33
𝑒𝑓𝑓

 as 𝑅𝑁𝑊 is lowered. 

For the largest radii, 𝑑33
𝑒𝑓𝑓

 seems to reach a plateau. In addition, the samples with a 

thicker seed layer showed smaller 𝑑33
𝑒𝑓𝑓

 coefficient. In contrast, no clear trend was 
observed as the seed layer deposition temperature was modified. Our results confirm 
the trend found in recent works [27,28] where a smaller NW radius led to a larger 
piezoresponse. However, since PFM characterizes the converse piezoelectric effect 
instead of the direct piezoelectric effect, there was no intentional force applied on the 
NWs in this mode. Therefore there was no need for a PMMA matrix to mechanically 
consolidate the NWs which were not prompt to parasitic flexion by contrast with 
previous work [28]. 



 
Figure 5. Effective 𝑑33 coefficient measured by PFM on the NWs top surface as a function 

of NW radius for several samples with different seed layer thicknesses 𝑡𝑠𝑒𝑒𝑑 and 

deposition temperatures 𝜃𝑑𝑒𝑝𝑜𝑠𝑖𝑡. 

In order to test the relevance of the experimentally observed trend, we evaluated the 

radius dependence expected from simulations in the PFM configuration for different 

doping concentrations and trap densities. The simulation results are superimposed to 

experimental data in Figure 6. The numerical solution quantitatively predicted a strong 

variation of 𝑑33
𝑒𝑓𝑓

 as a function of 𝑅𝑁𝑊. A sharp increase of 𝑑33
𝑒𝑓𝑓

 was predicted for a 

critical value of the radius 𝑅𝑁𝑊
𝑐 . At large radii, 𝑑33

𝑒𝑓𝑓
 reached a plateau corresponding to 

the value computed for a thin film (dashed lines, see Supplementary Information for 

more details). The calculated values of both 𝑑33
𝑒𝑓𝑓

 and 𝑅𝑁𝑊
𝑐  depended on doping 

concentration and surface traps density. A good agreement between experimental data 

and simulations was obtained for 𝑁𝑖𝑡 in the range 1012 − 1013𝑒𝑉−1. 𝑐𝑚−2 and 𝑁𝑑 in 

the range 1 − 5 × 1017 𝑐𝑚−3. We tested as well the model of an insulating NW without 

semiconducting properties (dotted lines). This model also predicted an increase of 𝑑33
𝑒𝑓𝑓

 

when 𝑅𝑁𝑊 was lowered. However, its origin was purely electrostatic. Because of the 

small tip size as compared to the NW radius, an increase of the radius leads to a larger 

radial distribution of the electric field and therefore a lower deformation along the NW 

axis [25]. Finally, this simplified model was unable to capture the sharpness of the 

increase observed experimentally and predicts a larger 𝑑33
𝑒𝑓𝑓

 coefficient than the 

semiconducting model because it does not include free charge carrier screening effects. 



 
Figure 6. 𝑑33

𝑒𝑓𝑓
 coefficient versus NW radius. Dots: same experimental data as in Figure 4. 

Solid line: numerical results for a doping concentration 𝑁𝑑 = 1 × 1017𝑐𝑚−3 (a), (c) and 

𝑁𝑑 = 5 × 1017𝑐𝑚−3 (b), (d) and a surface trap density 𝑁𝑡 = 1012𝑒𝑉−1. 𝑐𝑚−2 (a), (b) 

and 𝑁𝑡 = 1013𝑒𝑉−1. 𝑐𝑚−2 (c), (d). Dashed lines are the numerical results for a thin film 

of same thickness and with the same semiconducting properties than the associated 

panel. Dotted lines are the numerical results for a NW without semiconducting 

properties (insulating). 

The sharp increase of 𝑑33
𝑒𝑓𝑓

 at small radius was explained by the depletion of the core of 

the NW from its free carriers as evidenced by Figure 7. For wide NWs, whose core was 

neutral, free carriers were able to screen the piezoelectric potential all along the NW. In 

contrast, narrow NWs were fully depleted, resulting in a large increase of the NW 

vertical displacement (see electric field induced displacement and electric potential 

distribution in Figure S6 and Figure S7) and therefore of 𝑑33
𝑒𝑓𝑓

. The threshold between 

these two situations arose when the depletion depth reached 𝑅𝑁𝑊. This occurred for 

NW radii between 150 and 200 nm depending on the doping level and the surface trap 

density. For 𝑁𝑑 = 1017𝑐𝑚−3 and 𝑁𝑡 = 1013𝑒𝑉−1. 𝑐𝑚−2, full depletion was analytically 

computed to be around 150 nm [29] consistently with our numerical computations. 



 
Figure 7. Charge density 𝜌 (in units of e) for 𝑅𝑁𝑊 = 150, 175, 200 and 200 nm with a 

doping concentration 𝑁𝑑 = 1017𝑐𝑚−3 and a surface trap density 𝑁𝑡 =

1013𝑒𝑉−1. 𝑐𝑚−2. 

 

The doping level strongly depends on the growth technique. According to previous 

reports [34], it is expected to range from 5 × 1017 to 5 × 1018 𝑐𝑚−3 and 5 × 1018 to  

1 × 1019 𝑐𝑚−3 for CBD with O polarity and CBD with Zn polarity, respectively. The 

surface trap density of ZnO NWs grown by CBD method has not been extensively 

investigated. However, because of a rougher surface, it is expected to be larger than the 

one obtained by CVD (whose trap density is about 1012𝑒𝑉−1. 𝑐𝑚−2) [29]. Our NWs were 

grown by CBD and exhibited Zn polarity (see Figure 2d). The value of the trap density 

used in our simulations is therefore consistent with the one expected from literature. 

As for the doping density, it is about one order of magnitude smaller than the one 

reported for Zn polarity. A small overestimate of the NW radius due to tip convolution 

effects would slightly increase the doping level required to fit our simulations with 

experimental data. However, the few reports about doping concentration in ZnO NWs 

rely on the analysis of resistivity measurements with several approximations which limit 

the model used for parameter extraction [34]. In this paper, both carrier concentration 

and mobility were taken as spatially constant whereas they can be affected by surface 

states. Carrier density was deduced from four-point resistivity measurements on 

individually contacted NWs which had been dispersed on a Si/SiO2 substrate 

beforehand. However, with such a configuration, flatband conditions are not 

guaranteed and the extracted carrier density may be significantly larger than doping 

level due to positive charges at SiO2 interface. These approximations may explain the 

difference between the doping concentration that have been evaluated in the literature 

for these growth conditions and the one from our simulations. This also stresses the 

interest of developing an experimental technique to directly probe the carrier 

concentration in these nanostructures. 



We also simulated the effect of the NWs length on the 𝑑33
𝑒𝑓𝑓

 coefficient. The variations 
in the NWs lengths are typically smaller than 500 nm (see topography image in 
Figure 3a) and the NWs are about 𝐿𝑁𝑊 = 3.2 µm long (see Figure S3). We therefore 

computed the 𝑑33
𝑒𝑓𝑓

 coefficient as a function of 𝑅𝑁𝑊 for 𝐿𝑁𝑊 = 3 µm and 𝐿𝑁𝑊 = 3.5 µm 

(see Figure S4) showing that such variations in 𝐿𝑁𝑊 induce a small change in 𝑑33
𝑒𝑓𝑓

 

(typically less than 10%). This suggests that the dispersion of the 𝑑33
𝑒𝑓𝑓

 coefficient 
measured on the same sample for the same radius (see Figure 4c) may be attributed to 
different NW lengths. Finally, our simulations showed that the seed layer thickness only 

slightly affects the simulated 𝑑33
𝑒𝑓𝑓

 coefficient (see Figure S5) through a small voltage 
drop along the NW due to a smaller distance between the tip and the bottom electrode. 

We therefore think that the effect of the seed layer on the 𝑑33
𝑒𝑓𝑓

 coefficient is not due to 
different depletion profiles in the seed layer. In contrast, changing the seed layer affects 
the growth process and may result in different semiconducting properties for the NWs 
which would in turn directly affect their piezoelectric performances as shown by the 

strong dependence of 𝑑33
𝑒𝑓𝑓

 on both 𝑁𝑑 and 𝑁𝑖𝑡 (see Figure 6). The measuring of these 
semiconducting properties will be part of further investigations.  

 

CONCLUSIONS 

We measured the vertical deformation of vertically aligned ZnO NWs by PFM. By using  
the DataCube mode which prevents collisions between the tip and the NWs during the 
scan we extracted the effective piezoelectric coefficient through the converse 
piezoelectric effect. In contrast with the conventional characterization of 
nanocomposites based on ZnO NWs through the direct piezoelectric effect, our 
technique does not require the application of a large force on the NWs to measure a 
significant piezoresponse nor the use of an insulating matrix to consolidate the NWs. 
This prevents parasitic effects such as clamping or buckling.  We clearly evidenced at the 
nanoscale a strong increase of the effective piezoelectric coefficient as the NWs radius 
decreases and a limited impact of the NWs length in the explored range of values. These 
observations remained valid for a large number of NWs grown by CBD on seed layers 
with different thicknesses. We quantitatively supported our observations by a numerical 
model which included for the first time the presence of both dopants and surface traps 
in the PFM configuration. 

Thanks to its large spatial resolution and its versatility with respect to the variety of 
semiconducting materials and growth methods, our experimental method provides a 
powerful tool to provide optimization guidelines piezoelectric devices based on 
semiconducting NWs. Our numerical model also allows a better understanding of the 
physical mechanisms at stake by considering both piezoelectricity and semiconducting 
phenomena. Additional refinements considering the unique mechanical properties of 
NWs could also be included. Finally, this work shows that further experimental 
investigations about carrier concentration and trap density would be essential to 
quantify more accurately the role of these parameters in transducers based on 
piezoelectric semiconducting NWs. 
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