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ABSTRACT

Piezoelectric semiconductor transducers based on
nanowires (NWs) made of ZnO, GaN among other
materials have drawn a lot of attention for energy
harvesting and sensing applications. Despite the existence
of experimental reports on the piezoelectric coefficient
d33 of ZnO NWs using Piezoelectric Force Microscopy
(PFM), there is a lack of theoretical results predicting
such measurements. Here we propose an experimental
and a simulation framework consisting in the analysis of
the exponential decay of a generated piezoelectric voltage
pulse to extract the capacitance of ZnO NW based
nanocomposites and the related ds;. The theoretical
results show a ds3; dependency on the NW radius, thus
achieving high values (14 pC/N) at radius smaller than 70
nm.
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INTRODUCTION

Piezoelectric transducers integrating nanowires (also
known as NanoGenerators - NGs) have been widely
studied in the last decade as energy sources for self-
powered systems such as wireless sensors [1]. In
particular, NG based on piezo-semiconductor nanowires
(NWs), such as ZnO [2], GaN [3] among others, have
been used for developing energy harvesting devices and
mechanical sensors. ZnO NWs have been used as active
material due to its good piezoelectric properties compared
to its bulk counterpart, an because its ease of
manufacturing at low temperatures using Chemical Bath
Deposition (CBD) [4]. Some experiments have
demonstrated that NGs can generate a relatively high
output potential [5S]-[7] whereas reported theoretical
reports could not explain this good performance due to the
screening effect of free electrons that reduced the output
potential [8]-[11]. A recent theoretical approach using
Surface Fermi Level Pinning (SFLP) in ZnO NWs was
proposed to clarify this contradiction [12]. Although up to
now, the calculation of d3; has not been explored
considering the piezoelectric and semiconductor coupling,
this can open the possibility of exploring the figure of
merits of the related devices (i.e. sensitivity, efficiency,
etc.) [13].

In this work, we present an experimental and
theoretical framework to calculate the ds; coefficient of
piezoelectric  semiconducting NWs integrated in
composites and evaluated under a controlled compressive

force. We analyze the exponential decay of the
piezoelectric generated signals which provide useful
information about the internal capacitance of the
nanocomposite (i.e., capacitance of the NG) allowing the
calculation of the d55 coefficient.

FABRICATION OF THE ZNO
NANOCOMPOSITE AND THEORETICAL

FRAMEWORK:

A ZnO seed layer was deposited on a Si substrate by
Atomic Layer Deposition (ALD) at 250°C. Then, CBD
was carried out to grow ZnO NWs. Spin coating was used
to encapsulate the NWs with a polymer matrix made of
poly(methyl methacrylate) (PMMA) as previously
reported [14].
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Fig. 1: a) SEM cross section of a nanocomposite
(NanoGenerator) integrating vertical ZnO NWs arrays. b)
Unit cell model of a ZnO based NG and c¢) 2D-
axisymmetric model built in COMSOL sofiware.

According to the SEM (Scanning Electron
Microscopy) image of the device cross-section (see Fig.
la), the ZnO seed layer thickness is about 40nm. The
dimension of the ZnO NW is in the range of 80-120 nm in
radius and 3 um in length. Additionally, the top layer of
the PMMA matrix above the ZnO surface is about 1 yum.
Once the real parameters of the ZnO device are known, a
model of the structure was built using the Finite Element
Method (FEM) wunder the COMSOL software
environment as shown in Fig. 1b. A unit cell of the whole
structure is made with specific boundary conditions to
represent the behavior of the whole device [15]. The unit
cell is further simplified using a 2D-axisymmetric
structure to reduce computational cost (see Fig. 1c).
Piezoelectric and semiconductor coupling was considered
in this study including free carriers and surface traps
inducing the surface Fermi level pinning [12].
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Fig. 2: a) Mechanical and b) electrical boundary
conditions used in COMSOL sofiware.

Fig. 2a schematizes the mechanical boundary
conditions. A vertical compressive force is applied on the
top surface of the unit cell and a fixed constraint is
established at the bottom along the z-direction. Fig. 2b
shows the electrical boundary conditions. The electrical
ground is placed at the bottom. An electric surface charge
(Qy) is placed on the entire surface of ZnO, which in turn
is a function of the local potential (V) and the surface
traps density (Nj;) [12]. To analyze rigorously the output
potential and other electrical parameters in compressive
mode, we have calculated the difference of all those
quantities for a system without applied force (called initial
state) and a system with applied force (called final state).
The input parameters used in this model were taken from
the electromechanical experiment as described in the next
section. The doping level and surface trap density values
were taken from the literature related to the growing
technique of ZnO NWs (CBD) as shown in Tablel.

Table 1: Input parameters used in the simulation.

Input parameter Value
Pressure (kPa) 50-100
Doping level (cm™3) 5-10'7 [16]
Trap density (eV "1em™?) 103 [17]

EXPERIMENTAL RESULTS

Figure 3a show the electromechanical test-bench used
to apply a controlled compressive force. This system is
composed of an actuator, a sample holder, a load force,
and a force sensor. The ZnO NG is placed between the
sample holder and a ceramic rod, used to apply pressure
on the piezo sample. This force is controlled thanks to the
force sensor that is connected to the ceramic rod. Then,
the electrodes of the ZnO NG are attached to a voltage
amplifier with a load input resistance (R;) of 100 MQ.

As shown in Fig. 3b, when a compressive force of ~5N
(about 50kPa) is applied to the sample, a voltage of 80
mV is generated between its electrodes. This voltage is a
product of the polarization field inside the NG and it is
able to move electrons from the external circuit (i.e. an
electric current) to compensate the voltage drop. An
exponential decay of the voltage is evidenced as it
happens in a discharging capacitor (see Fig. 3b). To
extract the capacitance from the NG, the voltage in
function of time is plotted in a logarithmic scale (see inset
of Fig. 3b) and the slope of the linear fit is calculated. By
considering the NG as a capacitor discharging over a
resistive load, the equation (Eq.1) can be used to calculate
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the NG capacitance (C}). In this case Cj is equal to 300
pF.
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Fig. 3: a) Electromechanical test-bench b) generated
voltage signal under a compressive force. The inset figure
is the logarithm of the voltage as a function of time.
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To calculate the ds5 of the ZnO NWs on this device,
we used Eq.2 as a function of the generated voltage, the
applied force, and the capacitance.
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Replacing all those quantities and assuming that all
the compressive pressure is along the z-direction, the
calculated d3; is about 4.8 pC/N.
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Fig. 4: a) Schematic of the ZnO NG cell model connected
to a resistive load and b) absolute value of the generated
voltage signal after applying a compressive force. The
inset figure is the logarithm of the voltage as a function of
time.
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SIMULATION RESULTS

Capacitance calculation:

In order to calculate the capacitance of the NG unit
cell (Cyg), a time-dependent study is performed by
connecting a resistive load (Z) to the NG cell as shown in
Fig. 4a. Fig. 4b shows an example of such simulation
considering a ZnO NW 3um long and 60nm in radius. A
constant force of 1.1 nN (i.e., 100 kPa of pressure) is
applied on the top surface of the unit cell generating a
voltage which decays exponentially in function of time. A
high Z, value (1 x 108 2) was used to avoid the internal
resistance contribution in this pulse decay. A high internal
resistance is expected because of the small dimensions of
the NG cell compared to the complete device. Using the
same procedure to extract the capacitance, as described in
the precedent section, allow us to extract a Cy, value of
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8.69 x 107 F  which is comparable with reported
simulation works on this same scale [18], [19]. This value
is not comparable with the experimental one because the
cell surface area is much smaller than the whole device,
but it is useful to calculate the ds5 value as shown below.

d33 as a function of the ZnO NW radius:

The model allows the calculation of d53 in function
of different parameters. A sweeping was made of all
variables involved in Eq. 2 as a function of the NW radius
for two values of applied pressure: 50 and 100kPa. Fig.5a.
shows the maximum voltage calculated (at t=0) as a
function of the ZnO NW radius. At low radii values, a
compressive pressure of 100 kPa can generate a voltage
(~68 mV) about 2 times higher than at a presure of 50kPa
(~34 mV). At higher values of radius (> 60 nm), the
voltage values in both cases are considerably reduced to a
few millivolts due to a strong screening effect generated
by free charges [8]-[11]. The piezopotential obtained in
the experiment (~80mV at about 50kPa) is within the
same order of magnitude as the one obtained in the
simulation (34-68 mV for a pressure between 50-100
kPa), although for NW radius relatively smaller (<70nm)
compared to those present in the actual device (80-
120nm). This can be explained because in the experiment,
not all the NWs have the same size, they are not all
vertically oriented [20] and the semiconducting properties
(N;+ and Ny) could differ from the considered values from
the literature.

Fig. 5b shows the increasing of the capacitance value
of the NG cell as the ZnO NW radius is increased, this is
expected considering the relationship between capacitance
and area (i.e. C < A).
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Fig. 5: a) Maximum generated voltage, b) NG cell
capacitance, c) corresponding applied force on the NG
cell and d) d;5 values as a function of the NW radius for
two values of applied pressure.

According to the Eq.2 and at first glance, we could
expect that the d;; would increase if the voltage is
increased by changing the applied pressure. But ds3 is an
intrinsic property and it must be a quantity independent of
both the applied pressure and the generated voltage. Fig.
Sa. and Fig. Sc. show that there is actually a compensation
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between the high voltage values produced at high
pressures and the lower voltage values at low pressures
through the applied force. Combining all the calculated
values and using Eq.2, we can determinate the d3; value
as a function of the ZnO NW radii. Fig. 5d. shows that
d3; have a maximum value of about 14pC/N at low NW
radius and is decreased up to a value of 1pC/N at high
radius. There is thus a radius dependency of d3; which is
related to the distribution of free charges by the presence
of a surface traps density [12]. Nevertheless, it confirms
that there is not any dependency of the ds; value with the
applied pressure or with the generated voltage.

It should be noted that the calculated d;; values are
within the range of experimental [21], [22] and
theoretically reports [23] (i.e., between 2-12 pC/N).
Moreover, the experimental value determined in this work
(as it is pointed out by the green star in Fig.5d) is also
within this range of values for a ZnO NW with radius
close to 70 nm. It is also important to mention that in the
absence of semiconducting properties, such models would
result in a constant value of ds; for the radius range
evaluated in this work [24].

CONCLUSIONS

This work shows an alternative method to calculate
the d53 coefficient of piezoelectric semiconducting NWs,
which is a fundamental parameter to estimate the
efficiency of related piezoelectric transducers. It consists
in applying a controlled compressive force on a composite
integrating vertically oriented NWs and analyzing the
exponential decay of the generated voltage pulse.
The experimental d33 value of ZnO NWs 3pm long and
with diameter between 80-120nm is close to 4.8 pC/N.
The simulation results considering semiconductor
properties and in particular surface traps are coherent with
the experimental results for NWs with radius close to
70nm. Additionally, our simulations show that the ds3
does not depend on the applied pressure and on the
generated voltage as expected. However, there is a radius
dependency of d33, reaching a maximum value of about
14 pC/N for radius smaller than 70 nm. Whereas for
larger radius d3; tends to 1 pC/N. Our results are also in
good agreement with the ds; values reported in the
literature (between 2-12 pC/N). Our models suggest that
this radius dependency is due to semiconductor properties
such as doping level and surface trap density.
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