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Abstract: Aims: Recent advancements in sensing technology and wireless communications have accel-
erated the development of the Internet of Things (IoT) which promotes the usage of wearable sensors.
An emerging trend is to develop self-sustainable wearable devices, thus eliminating the necessity of the
user to carry bulky batteries. In this work, the development of a flexible piezoelectric energy harvester
that is capable of harvesting energy from low frequency vibrations is presented. The target application
of this energy harvester is for usage in smart shoes.

Objectives: The objective of this research is to design, fabricate and test an energy harvester on PET
substrate using Aluminum Zinc Oxide as its piezoelectric layer.

Methods: The energy harvester was designed as a cantilever structure using PET/AZO/Ag layers in d3;
mode which can generate large output voltages with small displacements. The electrodes were designed
as an interdigitated structure in which two significant design parameters were chosen, namely the effect
of gap between electrodes, g and number of inter-digital electrodes (IDE) pairs, N to the output voltage
and resonant frequency.

Results: The sputtered AZO on PET showed c-axis orientation at 002 peak with 2 values of 34.45°
which indicates piezoelectric behavior. The silver IDE pairs were screen-printed on the AZO thin film.
Functionality of the device as an energy harvester was demonstrated by testing it, using a shaker. The
energy harvester was capable of generating 0.867 Vs output voltage when actuated at 49.6 Hz vibra-
tions.

Conclusion: This indicates that the AZO thin films with printed silver electrodes can be used as flexi-

ble, d3; energy harvesters.

Keywords: Flexible electronics, energy harvesting, ZnO, Aluminum doped ZnO, silver electrode, piezoelectric.

1. INTRODUCTION

Numerous technological advancements in terms of power
reductions [1-3], size [4-6], and cost [7-9] in the field of
integrated circuit technology have catalyzed the rapid evolu-
tion of wearable devices. Unfortunately, these new ad-
vancements are still constrained by the current battery tech-
nology, which creates expensive, bulky, and short lifespan
devices [10-12]. A promising alternative is the energy har-
vesting, where its technologies have potential in finding ap-
plications for various critical areas ranging from health
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[13-20], structural health monitoring [21-23], agriculture
[19, 20], to localization [26], logistics [22, 23], and security
[24-30].

Research and development on technologies of renewable
energy harvesting (EH) began during the early 21% century
[31]. Since then, numerous EH technologies have progressed
and even successfully turned into hardware prototypes to
serve as a proof of concept [32]. Many researchers have
spent a significant amount of time and efforts to find new
and realistic ways of obtaining energy harvesting solutions,
for example, solar [33-35], thermoelectric [36-38], vibration
[39-41], and radio frequency (RF) [42-44] to extend the de-
vice lifetime in various applications [29]. Usage of EH im-
proves the sustainability of low power electronic devices,
such as smart wireless sensor networks [45], smart mobile
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gadgets [46], and yields better operational lifetimes [47].
Solar gell 1§ difficult for portable applications due to its cost,
limited efficiencies and large area requirements [43, 44].
Portable thermoelectric devices also have problems achiev-
ing the desired temperature gradient due to its small size [50-
52]. As an alternative, vibration-based energy harvesters is
an ideal candidate for wearable devices as it is not limited by
the factors mentioned earlier.

The vibration-based energy harvesters derive their energy
from ambient vibration sources such as from a car engine
compartment, clothes dryer, blender casing, and even from
walking or running activity [53-56].Mechanical excitation
can usually be converted into energy using any of these three
transduction mechanisms: electromagnetic [52, 53], electro-
static [54, 55], or piezoelectric [56, 57]. Electromagnetic
energy harvesters are capable of generating high voltage by
capturing energy from the magnetic field. When miniatur-
ized however, harvesting energy from a magnetic field with
MEMS device is not a direct process and requires external
voltage sources and a high frequency [58, 59]. Electrostatic
energy harvesters also can produce high energy density.
However, it requires a polarizing charge or voltage for an
initial excitation [60-65].

Out of the three transduction mechanisms, piezoelectric
energy harvesting devices provide more promising solution
for wearables. This is because piezoelectric energy harvest-
ers are capable of directly converting vibration into usable
energy in both macroscopic and micro-scale applications
[61, 62]. It also has the highest energy densities [57, 64].

The aim of this work is to design, simulate and fabricate
the wearable EH which consists of d;; mode piezoelectric
structures and the Aluminum Doped Zinc Oxide (AZO) as
piezoelectric material sputtered on flexible PET substrate.
The performance of the proposed device is measured in
terms of resonance frequency, displacement, and output volt-
age [66-68].

The target application for this energy harvester is as a
smart shoe. The current trend of using wearables for moni-
toring the number of steps in order to maintain a healthy
lifestyle makes this application very suitable [69-72]. In ad-
dition to the basic step counter, wearables can also be used to
track other physical activities such as running, sprinting, in
which data such as speed, acceleration, pressure will benefit
advanced users such as athletes and the coaches [73-75].
Having a self-sustainable power source like an energy har-
vester will provide increased benefits for the user such as
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longer battery life and reduced necessity of charging. With
this application in mind, this proposed design targets reso-
nance frequencies lower than 100Hz to match ambient fre-
quencies generated by the human body which are typically
below 100Hz [76-78].

The rest of the paper is structured as follows. Section 2
explains the design concept and simulation of the piezoelec-
tric energy harvester device. Meanwhile, Section 3 discusses
the fabrication process, characterization of the device, elec-
tromechanical testing, and measurements. Finally, the con-
clusion of the study is given in section 4.

2. DESIGN CONCEPT AND FINITE ELEMENT SIM-
ULATION

2.1. Selection of Piezoelectric Material

One of the most important aspects of EH design is the
choice of piezoelectric material as it affects its energy con-
version efficiency. Lead zirconate titanate (PZT) [68, 69],
zinc oxide (ZnO) [70, 71] and aluminum nitride (AIN) [72,
73] are some of the piezoelectric thin films that are common-
ly used for EH application. The choice of piezoelectric mate-
rial highly depends on its capability to generate high output
power. Piezoelectric thin film with high ratios of k*/¢ or cou-
pling factor, &° over dielectric constant, ¢ has been reported
to generate high output power [79-85]. Table 1 shows the
comparison of three possible piezoelectric materials used for
the EH application.

As shown in Table 1, high k*/¢ ratios can be achieved by
zinc oxide thin films, making them ideal for energy harvest-
ing applications. Most importantly, ZnO thin film can be
sputtered on a flexible substrate using a standard sputter
deposition technique at a low temperature without compro-
mising its piezoelectric properties [86]. Poling and post-
deposition annealing are not required [87], making this
choice of material ideal for fabrication on flexible substrates
such as polyethylene terephthalate (PET) which has a low
melting point [77, 78]. For this work, aluminum-doped zinc
oxide, AZO thin films were used as they have been reported
to improve the material’s electrical properties and thermal
stability [88-90]. In the previous work, we have demonstrat-
ed AZO energy harvester demonstrated the capability of
generating output voltage of up to 1.61V at 7.77MHz reso-
nance frequency when fabricated on a silicon substrate [91].
This work intends to utilize the same piezoelectric material
but on flexible substrates for wearable applications. The pro-

Table 1. Comparison of three Piezoelectric materials [62].
Material Coupling Coefficient, k Dielectric Constant, & Ratio, K/e Density, p(kg/m®)
Lead Zirconate titanate 035 1,700 721 % 10° 7,500
(PZT)
Zinc Oxide (ZnO) 0.33 10.9 9.99x 107 5,606
Aluminum Nitride (AIN) 0.24 10.5 5.49x 107 3,260
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posed design targets resonance frequencies below 100Hz to
suit ambient frequencies produced by the human body, that
is usually below 100Hz [77].

Table 2 shows the comparison of eight different piezoe-
lectric EH devices. Work 1 produces 2V when actuated us-
ing normal gait movements of 1 Hz. The piezoelectric layer,
PZT can generate high voltages at the expense of being a
hazardous material, which is harmful to the environment
especially during fabrication process. Polyvinylidene fluo-
ride (PVDF) used in work 3 and 4 also produces high output
voltages of 3.6V and 9V respectively but has the drawback
of requiring poling after fabrication to induce piezoelectrici-
ty. In terms of output voltages, work 6, 7, and 8 can success-
fully harvest output voltages of 0.3 to 1.61 Volts. However,
the resonant frequencies used in these works are too high: 30
kHz, 7.77 MHz, and 220 Hz respectively, making it unsuita-
ble for applications that harvest energy from the environment
and human movements. The resonant frequencies for the
energy harvesters used in work 2 and 5 (48 Hz and 20-30
Hz) are in the desired low range of resonant frequencies.
Unfortunately, these works utilize rigid substrates such as
SiO,and stainless steel foil, which are not flexible and un-
suitable for wearable devices. The choice of using AZO ma-
terial for this work yields good results, where 0.87 Vs can
be generated when the devices are actuated at 49.6 Hz. The
devices were fabricated on flexible PET substrates, making it
ideal for integration in wearable devices [92-96]

2.2. Cantilever Design Considerations

A key design element is the energy harvester structure.
There are three kinds of structures that are typically used for
piezoelectric energy harvesting, namely the diaphragm [97],
cantilever [98] and doubly supported beam structures[99].
The cantilever structure is the most preferred as it can create
a greater stress in the piezoelectric material and hence larger
output energy at the same vibration level [100]. Within the
cantilever beam, two modes of excitation are possible, ds; (in
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the z-direction) and d3; (in the x-direction) as shown in Fig.
(1a).

In the d;; mode, stress is applied in the axial direction
while the voltage is generated in the z-direction perpendicu-
lar to the stress[101,103]. To harvest energy, ds; mode de-
vices require separate top and bottom electrodes to induce
polarization in the thickness direction of the piezoelectric
device. For the dj;mode, the applied force is parallel to the
direction of the obtained voltage[102]. Stress is applied using
interdigitated electrodes to realize an in-plane poling scheme
as shown in Fig. (1b).

For this work, d;; mode, three-layer devices were fabri-
cated with screen-printed silver interdigitated electrodes on
AZO thin films sputtered on flexible PET substrate. d;;mode
devices were selected as it produces smaller capacitance at
low-level vibrations and hence larger output voltage com-
pared to ds;devices [87, 88, 104]. The ds; piezoelectric mode
is more sensitive capable of generating larger voltages than
the d;; mode with the same displacement of the cantilever
[85]. During vibration, the cantilever bends and charges the
piezoelectric capacitor where the open-circuit voltage is pro-
portional to the stress, o and the gap between electrodes, g.
Meanwhile, in d;; mode, the open-circuit voltage is depend-
ent on o and the thickness of the piezoelectric layer. As the
gap between electrodes is easier to control than the thick-
nesses, this makes d;;devices better designed for energy har-
vesting applications. Another added advantage is that com-
pared to d3;, the d;;coefficient is also usually two times larg-
er than the d;;coefficient [85].

The resonant frequency of the piezoelectric energy har-
vester is one of the most important factors influencing the
conversion efficiency of a device from mechanical energy to
electrical energy [105]. The natural resonance frequency of
the device should be matched to the ambient vibration fre-
quencies in targeted applications to maximize the output
power. For dj; cantilever structures, the natural frequency of
the micro-generator can be expressed as [100]:

Table 2. Comparison of piezoelectric energy harvester devices.

Work Piezoelectric Material Substrate Resonant Frequency Output
1[80] PZT Fabrics 1 Hz 2V
2[92] PZT SiO, 48 Hz 42.5mV
3[93] PVDF Silicone rubber 1 Hz 3.6V
4 [94] PVDF PI 1Hz A%
5195] PZT Stainless steel foil 20 Hz to 30 Hz 300mV
6[62] AZO Stainless steel 30 kHz 3454 mV AC
7[91] AZO Silicone 7.77 MHz 1.61V
8 [96] AZO PET 220-1025 Hz 1.55V
9 This work AZO PET 49.6 Hz 087 Vo
1.22 Vi
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Fig. (1). (a) Concept of d;; and d;; mode of piezoelectric energy harvester. (b) The cross-section of the ds; piezoelectric device. (4 higher
resolution / colour version of this figure is available in the electronic copy of the article).
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Where f,, is the nth mode resonant frequency, V;, is the nth
mode eigenvalue, n=1, L is the length of the cantilever, [, is
the length of the proof mass, W is the width of the cantilever
beam, Y is the Young’s modulus, / is the area moment of
inertia about the neutral axis, p, is the density of the sub-
strate, p, is the density of piezoelectric material, ts is the
thickness of the substrate, and ¢, is the thickness of the pie-
zoelectric material.

Several design iterations were performed to determine
the optimum values for the piezoelectric energy harvester.
The devices were designed as wearable energy harvesters
that harvest energy during walking and running movements
which have reported frequencies between 25Hz to 100Hz
[105, 106]. To attain this, the lengths and widths of the canti-
lever beam as well as the gap between the interdigital elec-
trodes and the number of IDE pairs were varied. The materi-
al properties and physical parameter used for the theoretical
calculations are summarized in Table 3 and Table 4.

Equation 1 indicates that the cantilever’s length plays a
major role in tuning to the optimal resonant frequency. An
inversely proportional relationship was observed as longer

cantilever beams produce lower resonant frequencies. Fig. 2
shows the calculated resonant frequencies based on different
lengths of the cantilever beam. For this work, the lowest cal-
culated resonant frequency is 55 Hz for cantilever length of
0.023 m. This cantilever length was chosen as it lies within
the frequencies of the human movement during walking and
running(25Hz to 100Hz) [106].

Another crucial design parameter is the output voltage
generated by the energy harvester [107]. The voltage on the
load resistor of the power generator can be evaluated by
equation 4 [100]:

Nd33C29/E33

V=
J(ngn2)2+(fnz (kpZ/N)+(2cfn/ch))2

4)

where N is the number of interdigital finger pairs, ds; the
piezoelectric constant, €35 the dielectric constant, C, the
ratio of the stress of the piezoelectric layer to the vertical
displacement of the proof mass, g the gap between the inter-
digital electrodes, ¢ the damping ratio, f,, the resonant fre-
quency, k,, the electromechanical coupling coefficient, R the
load resistor, and C,, the total capacitance between the
electrodes.

2.2.1. Effect of IDE Pairs to the Output Voltage

As shown in Equation 4, the output voltage is propor-
tional to the number of IDE pairs, N as well as the gap be-
tween the interdigital electrodes, g. For this theoretical
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Table 3. Material properties used for the theoretical calculation.

Material Properties Symbol Value Unit
Density of PET substrate Ps 1400 kgm®
Density of AZO thin film Py 5680 kgm?

Young’s modulus of the substrate Y 2.00x10° Nm?
Young’s modulus of piezoelectric Yy 6.83x10° Nm?
piezoelectric constant dss 44.33 pmV™'
Ratio of stress of the piezoelectric layer c, 1 -
Dielectric constant €33 10.2 Fm'
Damping ratio c 0.05 -
Electromechanical coupling coefficient ky 0.33 -
Load resistor R 120 kQ
Total capacitance between the electrode Gy 9.9 mF
Table 4. Design parameters used for the theoretical calculation.
Design Parameters Symbol Value Unit
Thickness of substrate ts 175 pm
Thickness of piezoelectric ty 3 pm
Width of cantilever w 23 mm
Length of cantilever L 11, 14,17, 20, 23 mm
Length of the proof mass L 0 mm
Number of IDE pairs N 1,2,3,4 pairs
IDE gaps g 0.4,06,0.8,1.0,1.2 mm
180
x:0.011
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Y140 4
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Fig. (2). Theoretical calculation of resonant frequency versus length of the cantilever beam.
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calculation, the number of IDE pairs were varied from 1 to 4
with a fixed g = 0.4mm as shown in Fig. (3). The cantilever
length also fixed to 0.023m as it will produce the lowest fre-
quency as mentioned in the previous section. Other than that,
the resonant frequency f,, is fixed to the calculated value at
the previous section which is 55Hz. (Fig. 4) shows that the
highest number of IDE pairs which is 4 IDE pairs produces
the highest output voltage.

2.2.2. Effect of the Gap Between Electrodes to the Output
Voltage

Next, in order to identify the best gap between the elec-
trodes, the number of IDE pair is fixed to 4 since it produces
the highest output voltage of 21.743 mV ;. The gap between
the IDE pair varied from 0.4 mm to 1.2 mm as illustrated in
Fig. (5) and the calculated output voltage is shown in Fig.
(6). The resonant frequency also is fixed to the 55 Hz which
is similar to the calculated value in the previous section. As
predicted, larger gaps produce higher output voltages due to
the lower capacitance values. Hence, based on the theoretical
calculations, the optimum piezoelectric design is 0.023m in
length, 4 pairs of IDE, and 1.2mm gap between electrodes.
The number of IDE pairs is limited to 4 pairs and the gap is

1 IDE 2 IDE
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limited to 1.2mm in order to maintain the small size of the
device which is 25mm by 25mm.

2.3. Finite Element Simulations

For more accurate design analysis, finite element simula-
tion using COMSOL Multiphysics was performed to esti-
mate the resonant frequency and the output voltage of the
energy harvester [92 ,93]. COMSOL is a software frame-
work, focused on methods of finite elements to model and
simulate multiphysics applications using advanced numerical
methods. COMSOL currently provides a major framework
for electrical, mechanical, chemical, and fluid applications in
physics and simulation.

Fig. (7a-c) illustrates the two-dimensional model of the
energy harvester. The finite element model subdivides the
device into smaller domains to ease the computation of gov-
erning equations of interest using a set of functions defined
over each element. For this model, the mesh sequence type
was set to ‘Physics-controlled mesh’ with ‘Normal’ element
size. Using this method, the simulated result will be closer to
the true solution.

3 IDE 4 IDE

Fig. (3). Electrode design with different number of IDE pair for the theoretical calculation.
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Fig. (4). Theoretical calculations of the output voltage versus the number of IDE pair.
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1.2mm gap 1.0mm gap 0.8mm gap 0.6mm gap 0.4mm gap
Fig. (5). Electrode design with the different gap between eleetrodes for the theoretical calculation.
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Fig. (6). Theoretical calculations of the output voltage versus the gap between electrodes.

Two types of analysis were performed namely Eigen fre-
quency analysis to determine the device’s resonance fre-
quencies and electrostatic analysis to determine the output
voltages and displacement. The resonance frequency lies at
the highest vibration displacement and will thus provide the
energy harvester with the maximum output power.

Table 5 shows the design parameter for the simulation
work. The thickness of the electrode was set to 0.03 mm as a
tradeoff between having high conductivities and the limita-
tions of the printing process. The conductivity of the electrode
will be increased if the thickness of the electrode is higher
since the volume of the silver particle will also be increased.
However, if the thickness is too high, it will lead to smearing
of the Ag ink. After several runs of printing the electrodes, the
thickness of 0.03 mm was found to be optimum as the thick-
ness of the electrode is controlled at this value. The cross-
sectional view of the model is shown in Fig. (7a).

Eigen frequency analysis was performed for the piezoe-
lectric devices to amalyze the structure's resonance modes.
The dimensions for the PET and the dimension of AZO are
both summarized in Table 5. These dimensions are used by
following the same dimension used in the theoretical meas-

urement in order to get close and accurate desire result of
output voltage and resonant frequency. The cantilever beam
is fixed at one end side, while all the other regions have been
set free to allow bending. Fig. (7¢) presents the simulation
results of the generated output voltage and the displacement
at the resonant frequency. It shows that the highest dis-
placement of 1.155mm with 0.065 Vs output voltage occurs
at 48.55Hz or the resonant frequency

To verify and refine the theoretical calculations, the next
simulations are divided into two sections which are the 1)
effect of the gap between electrodes to the output voltage
and the resonant frequency and 2) the effect of IDE pairs to
the output voltage and the resonant frequency. For this sec-
tion, the resonant frequency will not be fixed to a certain
value since the result will appear with the output voltage at
the same time. It will totally depend on the design and prop-
erties that were inside the simulation.

2.3.1. Effect of Gap between Electrodes to the Generated
Output Voltages and the Resonant Frequency

Similar to the theoretical analysis, the IDE gap was var-
ied from 0.4mm to 1.2mm with the number of IDE pairs
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Table 5. Simulation parameters and device dimensions.

Design Parameter Value Unit
PET Young’s Modulus 3.6 x10° N/m?
AZO Young’s Modulus 6.83 x10° N/m?

Ag Young’s Modulus 22.1%x10° N/m?
PET density 1400 kg/m?3
AZO density 5680 kg/m?3

Ag density 8900 kg/m?3
PET Poisson ratio 0.3 Nil
AZO Poisson ratio 0.2 Nil
Ag Poisson ratio 0.33 Nil
PET dimension 23x23x0.175 mm
AZO dimension 18 x 18 x 0.003 mm
Ag dimension 14 x 14 x 0.030 mm

a) b) 1 1 1 1 1
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Fig. (7). (a) Cross-sectional view of piezoelectric cantilever design (b) Mesh of the device (¢) Simulation results of output voltage and dis-
placement of the energy harvester versus frequency (d) cantilever simulation results of displacement versus x at Mode 1 with resonant fre-
quency of 48.55Hz.

fixed to 4 pairs. Fig. 8 shows the simulation results which effective method to increase output voltage for ds; piezoelec-
indicate that the output voltage is higher when the gap is tric mode [104]. Larger gaps or spacing between electrodes
larger. Increasing the gap between the comb fingers is an allow capturing higher output voltages via a larger effective
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Fig. (8). The effect of the gap between electrodes to the output voltage.

area of the AZO layer. The highest output voltage of 65.34
mV . is attained when g = 1.2 mm. This is also in agreement
with the theoretical value of the maximum output voltage of
65.229 mV . The resonant frequency remains constant at
49Hz with different gaps, indicating that changing the gap
between electrodes does not give a significant effect on the
resonant frequency.

2.3.2. Effect of the Number of IDE Pairs to the Output
Voltage and the Resonant Frequency

For this simulation, the gap between the electrodes will
be the constant variable. It is fixed to 1.2 mm as it gives the
highest output voltage in the previous simulation section.
The variable value for the first category is the number of IDE
pairs which is varied from two to four pairs as shown in Fig.
(3). The simulation results are summarized in Fig. (9).

Based on the simulation results, it can be seen that the out-
put voltage increases when the number of IDE pairs increases.
This also agreed with the trend shown by the theoretical calcu-
lation. Fig. 10 shows the effect of IDE pairs on the resonant
frequency. The resonant frequency of the device will be lower
when the number of IDE pair increase. This might be due to
the weight of the device increase when the number of IDE
pairs increases since the mass of the device is indirectly pro-
portional to the resonant frequency based on the formula in the
theoretical calculation section. However, that formula in Equa-
tion 3 only considers the mass of the substrate and piezoelec-
tric material which lead to the same value of resonant frequen-
cy when the number of IDE pairs increases.

2.4. Proposed Piezoelectric EH Design

The next step after simulation is the proposed piezoelec-
tric EH design for fabrication. The electrode was designed
based on the simulation geometry design since the simula-
tion result agreed with the theoretical concept. The size of
the electrode, the number of IDE pairs, and the gap between
electrodes were fabricated according to the finalized design
as shown in Table 6. The electrode was designed using
Solidworks software. The configuration of the electrodes
was shown in Fig. (3) and Fig. (5).

3. EXPERIMENTAL WORK
3.1. Deposition of AZO Using RF Magnetron Sputtering

The technique of piezoelectric deposition comprises of
various processes, such as sputtering techniques [108-110],
chemical vapour deposition (CVD) methods [111] and spin
on sol-gel deposition [112]. RF Magnetron sputtering pro-
cess capable in preparing a highly aligned AZO on a sub-
strate [62]. RF Magnetron sputtering is a powerful method as
it permits low temperature deposition, enhances adhesion
and exhibits uniform AZO at high deposition rates [113].
AZO can be prepared using a variety of methods, including
CVD and sputtering process. The AZO deposition was done
using ULVAC RF Magnetron sputtering machine at
Kulliyyah of Engineering, [ITUM.

A 3-inch diameter Aluminum doped Zinc Oxide target 2
wt% Al,O; was used during the sputtering process. Polyeth-
ylene terephthalate (PET) with a thickness of 175 microns
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was used as the substrate. The deposition chamber was ini-
tially vacuumed until the total base pressure of 3 x 10” * Pa
was attained. Sputtering was performed in pure argon by
providing 250 WRF power at 13.56 MHz. As 20 sccm of Ar
gas was incorporated, the working pressure was controlled at
0.667 Pa. The AZO thin film then was sputtered on Polyeth-
ylene terephthalate (PET) substrate for about 75 minutes at
room temperature. The sputtering setups are summarized in
Table 7 and the image of the sample after the sputtering pro-
cess is shown in Fig. (11b).

3.2. Fabrication of Electrode Using Screen Printing
Technique

Screen printing is widely used especially for electrode
fabrication [114]. There are a few important things that need
to be prepared for screen printing process include screen
mesh design, types of ink and substrates, printing parameter,
and curing to ensure the adhesion of ink to the substrate
[115]. A 230 thread / inch polyester mesh with an emulsion
thickness of 20 pm and a 25 N tension screen mesh has been
used to screen-print the electrode using an automatic DEK
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printer at MTI Lab, Jabil Circuit Sdn. Penang, Bhd. Prior to
printing, silver ink with 70% metal loading (AST6400) from
Gwent Group was mixed and defoamed at 600 rpm and 700
rpm respectively for 30 seconds using a centrifugal mixer
(Thinky Mixer Model ARE-310). This is to ensure the ink is
homogenous and to get rid of trapped air. Fig. (11¢) shows
the sample after printed with silver ink.

Table 6. Finalized design parameters.
Design Parameter Value Unit
Substrate (PET) thickness 175 pm
Substrate (PET) dimensions 23x23x0.175 mm
Piezoelectric (AZO) thickness 3 pm
Piezoelectric dimension 18 x 18 x 0.003 mm
Electrode material Ag Nil
Electrode thickness 30 pm
IDE gaps 1.0,1.2 mm
IDE pairs 2,3,4 pairs

Table 7. Sputtering parameters.
Sputtering Parameter Conditions
Target AZO target 2 wt% ALOs

Gas flow 20 scem Ar gas

Substrate temperature Room temperature

Base pressure 3x10 *Pa
Substrate PET
RF power 250W

Deposition time 75 min

The silver ink was cured in a conventional oven (Con-
thermThermotec 2000) at 120 °C for 45 minutes. Fig. (11a)
describes the fabrication sequence of the piezoelectric device
and Fig. (11¢) indicates the image of the fabricated device.

3.3. Characterization of Materials
3.3.1. X-Ray Diffraction (XRD) Analysis

Usually, for obtaining high piezoelectric coefficients, fer-
roelectric materials need polarization [116]. Polarization can
be obtained by implementing high electrical fields to pro-
duce electrical dipoles in the material [117]. AZO was se-
lected as a piezoelectric material in this work, because it
does not require poling [91]. AZO thin film produced with
RF magnetron sputtering was reported to exert thin films
with hexagonal wurtzite crystal structure with a well oriented
c-axis in the 002 direction , making it piezoelectric [113].
The XRD measurements for this work were performed at
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Analytical Lab, MJIIT UTMKL using Panalytical X-ray Dif-
fractometer. This machine examines the crystal’s atomic and
molecular structure. The incident X-rays beam that emits to
the crystalline atoms will be diffracted into numerous specif-
ic directions and a 3D image of the electrons density can be
obtained by calculating the angles and intensities of these
diffracted beams. From this electron density, the crystal
structure of the atom and its chemical bonds can be identi-
fied [118].

Fig. 12 depicts XRD experimental measurements of the
RF Magnetron-sputtered AZO layer on the PET substrates
where the ZnO (002) peak c-axis orientation can be clearly
seen at 34.45 °. The ZnO peak full-wave half maximum
(FWHM) was evaluated at 0.2558 which is very narrow. The
lower the FWHM, the bigger the crystal size which makes
the quality better [119]. This ensures that the sputtered AZO
reveals the presence of ZnO(002) which is piezoelectric be-
cause the peak is close to ZnO orientation (34.4°) [91].
AlO; peak also is observed at 26.18° and its FWHM was
measured to be 0.7675 [120].

3.3.2. Field-Emission Scanning Electron Microscopy
(FESEM) and Energy Dispersive X-Ray (EDS) Analysis

The piezoelectricity of this device depends on the quality
of the ZnO films [121]. FESEM was used to clarify the Ag
and AZO layers cross-sections on PET substrate. The EDS
was used to evaluate the ratio of atom composition of
Ag/AZO/PET. The FESEM and EDS analysis for this work
was performed at Usains Biomics Lab, USM Nibong Tebal,
using Extreme High Resolution Field Emission Scanning
Electron Microscope (XHR-FESEM) Model FEI Verios
460L.

Fig. (13a) shows the cross section of the Ag and AZO
layer on PET. The columnar ZnO structures are perpendicu-
lar to the substrate and can be seen clearly in that figure. The
presence of the columnar structures indicates a high proba-
bility of piezoelectricity in the AZO layer. The thickness of
the piezoelectric film was also measured using FESEM. Fig.
(13b) and Fig. (13c) below illustrate the cross-section of the
piezoelectric films. The thickness of each layer is summa-
rized in Table 8.

The atom composition ratio of Ag/AZO/PET was dis-
played in Fig. (14a) and Table 9. The EDS analysis proved
the presence of Zinc, Oxygen, Silver, and Aluminum in the
fabricated sample. The distribution area of the Zn and Ag
elements were also depicted in Fig. (14b) below.

3.3.3. Piezoelectric Constant (d;;) and Sheet Resistivities

The d;; piezoelectric constant for each sputtered AZO
layer was measured using a Model ZJ-6B quasi-static
ds3/dsmeter. This measurement method is applicable for
numerous kinds of piezoelectric material, including ceram-
ics, crystals, and polymers [122]. The average measured ds;
constant value was 1.8 pC/N and was found to be within the
reported values of measured AZO piezoelectric constant of
0.02 pC/N to 5.27 pC/N [123].
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Fig. (11). (a)Fabrication sequence, (b) Sputtered AZO on PET substrate (¢) Screen-printed electrode on top of AZOthin film. (4 higher reso-
lution / colour version of this figure is available in the electronic copy of the article).
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Table 8. Energy harvester layer thicknesses.

Layer Thickness (um)
PET 175.5
Ag 24.9
AZO 1.86

175.5 um

Fig. (13). (a) Columnar ZnO structures in the AZO layer (b), (¢) Cross-section of the piezoelectric films.

Table 9. EDS analysis.

Element Weight (%) Atomic (%)
C 30.28 £0.36 59.86
(6} 18.45 +0.39 27.38
Al 0.04 +0.08 0.03
Zn 10.13+0.31 3.68
Ag 41.11 £ 047 9.05
Totals 100.00 100.00
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The sheet resistivity of the silver electrodes and the pie-
zoelectric film were measured using Jandel RM 3000 four-
point probe. The screen-printed silver electrodes recorded
values of 0.46 — 0.48 Q.cm. The AZO thin film has resistivi-
ties of 0.03 — 0.04 Q.cm which are within the reported values
of 10 Q.cm to 10 Q.cm in literature [124].

3.4. Experimental Measurement of Resonant Frequency
and Output Voltage

To validate the theoretical calculations and simulation, an
experimental setup for validating the sample was setup as
shown in Fig. (15). Both the piezoelectric energy harvester
and silver electrodes are connected to the Dynamic Signal
Analyser. The sample is mounted to a holder and is clamped
at one end. The Dynamic Signal Analyser (DSA) functions
both as a function generator and as a signal analyser. The
power amplifier will amplify the signal generated by DSA
before sending it to the electromagnetic shaker. This signal
will drive the electromagnetic shaker to vibrate the piezoe-
lectric device at a specific frequency. The generated elec-
tricity of the piezoelectric device is then measured using the
DSA’s signal analyser function.

In this experiment, 12 devices were fabricated on two
PET substrates. The devices were cut and measured individ-
ually using the setup shown in Fig. (15). In this measure-
ment, the input vibrations were swept from 0 to 100 Hz. A
sample of the measured output voltage at the DSA is shown

in Fig. (16). It can be seen that a resonant peak occurs at 49.6
Hz, in which the maximum output voltage of 867.4mV
was obtained. Measurements of individual devices with dif-
ferent number of IDE pairs and electrode gaps were also
performed and their results were summarized in Table 10.

In this work the devices were fabricated on two separate
substrates to evaluate how process variations may affect the
performance of the energy harvesters. It can be seen that
different substrates will produce different voltage outputs
even though both the sputtering conditions (Table 7) and
device dimensions are the same. Substrate 1 consistently
shows higher output voltages compared to Substrate 2. This
is due to the fact that the both substrates have different sur-
face roughness, resulting in different qualities of AZO thin
films. High quality AZO thin films have low surface rough-
ness which lower acoustic loss [121].

It can be seen that devices with larger gap (1.2mm) con-
sistently produce higher output voltage. Similarly, more de-
vices that have more IDE pairs produce larger output voltag-
es compared to devices with less IDE pairs. The measured
results were also compared with theoretical calculations
based on Equation (4) and COMSOL Simulations as shown
in Fig. (17). Based on the theoretical calculation, simulation,
and measurement, the output voltage can be increased by
increasing the number of the IDE pairs and the gap between
the electrodes [85, 93]. This was also shown in Table 11,
where the increase in number of IDE pairs results in a large
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Fig. (16). Frequency versus output voltage of a flexible piezoelectric energy harvester with four IDE pairs.

Table 10. Measured generated output voltages from two different substrates with different number of IDE pairs and different IDE

gaps.
Substrate 1
Output Voltage (mV )
Number of IDE pairs
Gap = 1mm Gap =1.2mm
2 6.736 20.39
3 28.94 29.79
4 637.5 867.4
Substrate 2
Number of IDE pairs Output Voltage (mV )
Gap = Imm Gap = 1.2mm
2 39.87 50.27
3 78.10 97.20
4 126.5 149.8
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Table 11. Number of IDE pairs versus output voltage.

Number of IDE Pair Output Voltage (mVrms)
- Theoretical Simulation Measurement
2 29.686 18.77 20.391
3 47.659 32.39 29.795
4 65.229 65.34 867.45

increase of output voltage. The device with four electrode
pairs produces the highest generated voltage of 0.87 V,
which is much larger than the simulated values. This is be-
cause larger number of electrode pairs allows the structure to
capture more bending in the cantilever during vibrations as
shown in Fig. (18).

Fig 18 (a) shows a device with only two IDE pairs which
are located near to the tip of the device, covering a small area
(136.8 mm?) of the piezoelectric material during defor-
mations in the z direction. In contrast, Fig 18 (b) with four
IDE pairs covers a larger area (295.2 mm?) of piezoelectric
material, enabling it to harvest more energy and resulting in
higher output voltage. These results are in accordance with
[125] which has reported highest strain values near the
clamped end of the piezoelectric cantilever beam. In the
work done by S. Du et. al [125], they partitioned the elec-

trodes on cantilever beam into 8 different sections and evalu-
ated the generated output at each section. It was shown that
the amount of strain decreases in an almost linear fashion
with the distance from the clamped end, x. This is in agree-
ment with the findings of our work.

Having increased number of electrodes does not affect
the resonant frequency of the cantilever beam as the mass of
the electrodes is considered negligible, when compared to
the mass of the substrate and the piezoelectric material.
Therefore, the calculated resonant frequency of the device
with different IDE pairs is the same as shown in Table 12.
The resonant frequency can be controlled by varying the
length of the cantilever [126]. Based on theoretical calcula-
tion, increasing the length of the cantilever will reduce the
resonant frequency.
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Fig. (18). Illustration of the devices with (a) two electrode pairs and (b) four electrode pairs during bending at resonance. (4 higher resolu-
tion / colour version of this figure is available in the electronic copy of the article).

Table 12. Theoretical, simulation and measured resonant frequencies.

Resonant Frequency (Hz)
Number of IDE Pair
Theoretical Simulation Measurement
2 55.54 55.10 50.05
3 55.54 51.70 52.00
4 55.54 48.55 49.60

CONCLUSION

This paper presents the design, simulation, fabrication,
and experimental measurement of fabricated piezoelectric
energy harvester in d3;; mode operation. The device has a
cantilever structure of PET / AZO / Ag layers. AZO was
preferred as a piezoelectric material due to the excellent
bonding to the substrate material and its high coefficient of
piezoelectric coupling. Simulation analysis was carried out
to visualize the resonance frequency as the resonance fre-
quency provides the highest vibration displacement and max-
imum output power. The output voltage of the piezoelectric
device also was simulated using COMSOL. The simulation
result shows that the output voltage will be high when the
number of IDE pairs and the gap between electrodes high.
The proposed designs were developed using RF magnetron
sputtering deposition for AZO with optimized parameters
and using a screen-printed method for the silver electrode
deposition process. Material characterizations were per-
formed using X-ray diffraction (XRD) and field emission
scanning electron microscopy (FESEM) with energy disper-
sive spectroscopy (EDS) to evaluate the piezoelectric quali-
ties and surface morphology with element analysis, respec-
tively. The c-axis orientation of AZO at 002 peak was clearly
shown at 2 0 values of 34.45° which is very close with pure
ZnO orientation. The fabricated device was tested to measure
the output voltage produced. The results indicate approxi-
mately 0.867 Vs output voltage is produced at 49.6 Hz res-
onance frequency
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