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Lead zirconate titanate (PZT) films grown on flexible Ni foils were utilized to explore the effects of thick-
ness and poling conditions on the performance of mechanical energy harvesters. In the case of Mn doped
1 wm thick (001) oriented sol-gel PZT (52/48) films on Ni foil, the dielectric constant and |es; s| are 390 at

2

10kHz and 11.3 C/m?, respectively, after hot poling. This film has a large figure of merit ( ei—‘rf ), of around
0.4 C%/m*, for piezoelectric energy harvesting. Unimorph cantilever beams were easily fabricated from
PZT films on Ni foil using simple mechanical cutting. The maximum power increases from 12 to 60 uW as
the thickness of Nb doped PZT film increases from 1 to 3 pum at resonance frequency (~70Hz) at 0.5 G. The
optimum poling condition (150°C, at 3 times the coercive for 15 min) enhanced the voltage and power
output of the cantilever harvester prepared using (1 wm) PZT films on Ni foil. It was found that the power
performance of harvesters strongly depends on the thickness of the film with resonant harvesters of the
same footprint area (0.385 cm?) using PZT films on Ni foils.

Keywords:

Piezoelectric thin films
Vibrational energy harvesting
Metal substrate

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Solar, thermal, and mechanical environmental sources contain
energy that is potentially available to harness for the opera-
tion of electronics. Energy harvesting technologies which generate
electrical power from mechanical vibration or movement for low-
power electronic devices (e.g. for wireless sensor networks or
consumer electronics) are of especial interest when solar energy is
unavailable. In principle, mechanical harvesting provides a poten-
tial solution to minimize the replacement of batteries for emplaced
sensors in remote areas [ 1]. Lead zirconate titanate (PZT) thin films,
which have a high piezoelectric response, are good candidates for
piezoelectric microelectromechanical (MEMS) energy harvesters
used in scavenging energy from continuous mechanical vibrations.
However, high resonant frequencies (typically more than 1kHz)
and low output power are the main challenges for MEMS energy
harvesters. The low powers are often a result of a small piezoelec-
tric area combined with stiff a support layer having low fracture
toughness [2].

Numerous reports have focused on improving the power density
of energy harvesters through advanced device structures, improved
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circuits for energy extraction, and increased piezoelectric proper-
ties [3-8]. To enhance the efficiency of energy transformation from
mechanical to electrical energy, it is crucial to optimize the mate-
rial properties. Improvements in the materials used in piezoelectric
energy harvesters (PEH) include the control of composition, crys-
tallographic orientation [9], stress state [8], processing-induced
defects (e.g. through the preparation of gradient free films) [10],
doping [11], and development of strong levels of imprint. Of these,
dopants (e.g. acceptor and donor) are well known to tailor the prop-
erties of PZT film [8,12-14]. For example, Nb>* is a donor dopant
that increases the dielectric constant and piezoelectric responses
by enhancing domain wall motion [12,13]. In contrast, acceptor
dopants such as Mn3* has been reported to lower dielectric con-
stant and loss tangent due to the presence of an internal bias field
[8,14].

The maximum extractable electric power for a cantilever struc-
ture (Fig. 1) operating in the 31 mode (e.g. a piezoelectric layer with
top and bottom electrodes, poled out of the plane of the film) is gen-
erated at the resonance frequency. The power can be expressed by
[15-17]
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where m is the mass of the proof mass, w is the natural fre-
quency, vs and Ys are Poisson’s ratio and Young’s modulus of the
passive layer for thin film piezoelectric, es3; 5 is the piezoelectric
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Fig. 1. Illustration of cantilever structure with elastic layer and proof mass (M) for
a piezoelectric energy harvester operating in the 31 mode.

coefficient, gy and &; are the permittivity of free space and relative
permittivity, respectively, Qo is the total quality factor of the res-
onating device, and A is the acceleration level. Of these parameters,
the transverse coefficient (e3; y) and the relative permittivity (¢;) of
the piezoelectric can be modified to increase the energy harvesting
figure of merit (FoM), defined as (e3; yf)zlgr. Therefore, e3; ¢ and &r
are the crucial materials-based parameters to enhance the output
power of piezoelectric energy harvesting MEMS. However, there
are few reports that directly demonstrate a link between the figure
of merit and the performance of piezoelectric energy harvester for
devices of the same size and resonance frequency [18].

In general, the process of poling, where a high DC electric field
is applied to the film along the desired direction, is essential to
improve the piezoelectric response by alignment of ferroelectric
domains in the direction of the applied field [19]. Additionally,
the dielectric constant depends on the poled domain state; this is
important in controlling the FoM of the energy harvester [20]. Thus,
the first goal of this work is to prove the link between the output
power of the harvester and the figure of merit; this was done by the
use of poling conditions to affect the degree of domain alignment.
Even though numerous studies have been reported for fabrication
of MEMS piezoelectric energy harvesters, there are few reports that
detail how the poling process impacts the performance of MEMS
harvesters.

Generally, it is well known that the thickness of the piezoelec-
tric layer is intimately correlated with the harvester performance.
While theoretically the relationship between the thickness or
volume of piezoelectric material is obvious, it is useful to exper-
imentally validate the relationship using resonant harvesters of
the same footprint measured under the same conditions (e.g accel-
eration level, poling) [21]. The second goal of this work is to
demonstrate an increase in the extracted voltage for a fixed vibra-
tional input via an increase in the piezoelectric film thickness. For
a 31 mode energy harvester, the open circuit voltage V by [16,22]:

€31,f

_ 23hstp(ls+lm)8
8081‘

V=
B4l + 3lm)

(1-ws) (2)

where tp, Is, I are the thickness of the PZT thin film, the length of
the beam and tip mass, Js is cantilever displacement at the bound-
ary between the beam and tip mass, and vs is Poisson’s ratio of the
substrate. Thus, a 31 mode device will generate higher open-circuit
voltages when the thickness of the PZT film is increased, provided
that the dimensions are fixed (i.e. V « tp) and the strain is the same.
However, it is important to note that the properties of films are
rarely constant as a function of thickness [23-25]. In particular, the
thick films of interest for mechanical energy harvesting are more
susceptible to cracking at high strain levels [26,27]. Such crack-
ing can reduce the e3¢ coefficient to zero. Thus, it is important to

Table 1
Sputtering and ex-situ crystallization conditions of PZT films on LaNiO3//HfO,//Ni.

Sputtering method RF-magnetron sputtering

Target PZT (52/48) + 8% excess PbO + 1% Nb
RF Power 88W

Chamber Pressure 2mTorr

Gas Ar only

Substrate Temperature Room Temp.

Time 12,5005 for ~0.5 pm

Crystallization Temperature 650°C in air atmosphere

assess the maximum in the harvester performance as a function of
the film thickness.

In this study, highly {001} oriented PZT films with high energy
harvesting figures of merit [ 16] were coated on flexible nickel metal
foils. Ni foils can deform plastically, and so are less susceptible to
brittle mechanical failure compared to substrates such as Si. In
order to assess the importance of PZT film thickness and poros-
ity on the energy harvesting figure of merit and the extracted
energy from a vibrational input, piezoelectric MEMS energy har-
vesters were prepared as rectangular cantilevers 7 mm x 5.5 mm
~0.385 cm? with 0.4 g proof mass; thus, all devices had approxi-
mately the same resonance frequency (<100 Hz).

2. Device fabrication and measurement
2.1. Fabrication of piezoelectric energy harvesters

{001} oriented Nb or Mn doped PZT thin films were coated
on (100)LaNiO3//HfO,//Ni foils by either rf-magnetron sputtering
(using a KurtJ. Lesker CMS-18 tool) or chemical solution deposition
(CSD).

Prior to growing the piezoelectric layer, a LaNiO3 seed layer and
a HfO, passivation layer were deposited on 25 pwm thick Ni foils
(Aldrich Aesar 99.99%) following polishing and pre-annealing as
described elsewhere [20]. In brief, atomic layer deposition (ALD,
Cambridge Nanotech Savannah 200 ALD System) was used to
deposit a 30 nm thick layer of amorphous HfO, which is an excel-
lent physical barrier between the Ni foil and atmospheric oxygen at
high temperature [28]. (100) oriented LaNiO3 (LNO) was deposited
by chemical solution deposition using a 0.2M LaNiO3 precursor
solution based on 2-methoxyethanol (2MOE). Use of these two lay-
ers allowed PZT layers to be deposited and crystallized under the
same conditions employed to grow PZT films on platinum-coated
Si substrates.

Two different approaches were used to grow the PZT films:
chemical solution deposition and rf magnetron sputtering. 1%
Mn doped Pb(Zrgs5,Tig4g)03 films were prepared by CSD using
0.4M 1% Mn doped PZT solution with 10mol% excess PbO on
LaNiO3//HfO,//Ni; further details are described in previous work
[20]. After all of the spin-coated multiple PZT layers were crys-
tallized, PbO solution was spin coated and crystallized to convert
a small amount of lead-deficient phases on the surface to phase-
pure perovskite PZT phase. Finally, the Mn doped PZT film had a
thickness near 1 wm.

In a second approach, RF magnetron sputtering with ex situ post
annealing was used to grow PZT films with thicknesses between
1 and 3 pm on (100)LNO//HfO,//Ni foil using a 1% Nb doped
Pbq 0g(Zro52Tig 48 )03 target under the conditions shown in Table 1.
For rf-sputtering at room temperature, ex-situ crystallization in a
rapid thermal annealer was used to crystallize the amorphous PZT
layer. Each 0.5 wm layer of PZT was deposited and post annealed
to achieve (001) orientation by controlling nucleation at the bot-
tom interface; these layers were stacked until the desired thickness
of PZT was achieved as described elsewhere [5]. It was found that
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crystallization was required approximately every 0.5 pm in order
to retain orientation for the whole film thickness.

X-ray diffraction (XRD, PANalytical X’pert) was used to deter-
mine the crystallinity, phase purity, and the orientation of the films.
The existence of pores and second phases was assessed through
field emission scanning electron microscopy (FE-SEM, Leo 1530,
and Merlin) of both cross-sections and the film surface. The elec-
trical properties of all PZT samples were measured using small Pt
top electrodes (diameter 200 m-400 pm). An LCR meter was used
for measurement of the dielectric constant and loss as a function
of frequency (100 Hz-1 MHz) at low electric field (30 mV). Polar-
ization as a function of electric field was assessed using a Radiant
Technologies Precision Multiferroics tester.

For the fabrication of the cantilever piezoelectric energy har-
vester, 100nm thick Pt top electrodes (2mm (length) x 6 mm
(width)) were deposited on the PZT film by dc magnetron sputter-
ing (Kurt J. Lesker CMS-18) and patterned using a lift-off process.
Additionally, the adhesion strength between the top electrode and
the PZT film was enhanced by heat treatment at 500 °C in air. The
PZT-coated Ni foils were cut by scissors for fixed-free cantilever
beams; most piezoelectric MEMS energy harvesters on silicon sub-
strates require a complex etching process. The PZT beam was 7 mm
in width, which is a little larger than the electrode size, to avoid
the propagation of cutting-induced cracks into the active area (See
FESEM images in Fig. 2). The beams were 5.5 mm in length to pro-
vide an area to attach the proof mass.

The PZT beams were poled under various conditions (e.g.
unpoled, poled at 3 times the coercive field (Ec) at room tem-
perature, or poled at 3E. at 150°C) to determine the relationship
between the transverse piezoelectric coefficient e3; ; and the elec-
trical output power from a unimorph PZT beam. The Ni substrate
was exposed by scratching the PZT films using a razor blade; this
allowed the bottom electrode to be probed. A positive voltage was
applied to the bottom electrode for poling. After attaching a brass
proof mass (~0.4 g) to the end of the beam, the base of the beam was
bonded to a rigid plastic fixture frame. This allowed the harvester
to be handled easily and mounted on a shaker with a magnet.

2.2. Experimental setup for testing harvesters

Fig. 3 provides a schematic illustration of the experimental setup
for measuring the performance of the vibrational energy harvester.
The harvester is shown connected to the external load resistance.

Vibration energy
harvester

7 v

Edge

25 ,
L L R - X

Fig.2. FESEM surface images of PZT films with cracks near the edge following cutting
by scissors.

A shaker table (F3, Wilcoxon) was used as a vibration source.
The sinusoidal excitation frequency and base excitation level was
controlled using a lock-in-amplifier (SRS830, Stanford Research
Systems).

An accelerometer (352C65, PCB Piezotronics) was mounted to
the spindle of the shaker to detect the vibration frequency and
acceleration level. A magnet, placed on the accelerometer, was uti-
lized to hold the harvesters to the accelerometer. A resistor box
connected to the harvester was used to alter the load resistance to
determine the optimum value showing maximum output power.
During vibration of the shaker, the mechanical input (operating
frequency and excitation level) and the output voltage developed
by the harvester were monitored on an oscilloscope (TDS3054C,
Tekrtronix). The output power was calculated from P=V?2/R. Data
were taken at multiple frequencies to assess the resonance fre-
quency and the optimal load resistance.

S

(b)

Fig. 3. (a) Top view photograph of a piezoelectric energy harvester utilizing PZT films on Ni foil with a resonance frequency of 63-72Hz. (b) Experimental setup for

measurement of the output performance of the piezoelectric energy harvester.
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Fig. 4. XRD 0-20 scan of crystallized PZT (52/48) film grown by sputtering (Nb-
doped sample) and CSD (Mn-doped sample) on LaNiOs3//HfO, //Ni.

3. Characteristics of thin films and devices
3.1. PZT crystallinity and microstructure

Fig. 4 exhibits the XRD pattern of strongly {001} oriented PZT
films on LNO//HfO,//Ni prepared either by CSD or sputtering with
ex-situ crystallization. Consistent with the work presented in Ref.
[20], strongly {001} oriented PZT films were achieved on Ni foils
without a pyrochlore phase by both techniques. In the case of
sputtered PZT films, the multilayer stacking with post annealing
every 0.5 wm thick layer enables control of the nucleation sites and
growth of the desired orientation. LaNiO3 serves as an orienting
perovskite seed layer [5]. The crystallinity of the Mn doped PZT
film by CSD shows the same results as Nb doped PZT films on Ni
foil [20].

Fig. 5(a), (b) show surface and cross section microstructures of
the sputtered PZT and sol-gel PZT films. There is no evidence of
pyrochlore phase on PZT films grown by either method. In the case
of sputtered 1% Nb doped PZT film, a columnar PZT structure with
nanoporosity is plainly shown in Fig. 5(a). These pores influence the
ferroelectric and piezoelectric properties [29]. On the other hand,
the 1% Mn doped PZT (52/48) CSD films have dense and columnar
grains [20].

Figs. 6 and 7 show the P-E hysteresis loops and dielectric
properties of various thickness PZT films grown by either sput-
tering or CSD. With 200 wm diameter Pt electrodes, all of the
100Hz, polarization-electric field hysteresis loops display well-
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Fig. 6. P-E hysteresis loops of 1-3 yum thick 1% Nb doped sputtered PZT films and
1% Mn doped sol-gel PZT film on Ni foils.
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Fig. 7. Dielectric constant and loss of 1-3 pm thick 1% Nb doped sputtered PZT films
and 1% Mn doped sol-gel (1 um) PZT film on Ni foils respectively.

saturated, square hysteresis loops with large remanent polarization
(Pr ~40 wC/cm?) [5,22]. There is no significant difference between
the various specimens as shown in Fig. 6.

To confirm the material figure of merit for piezoelectric energy
harvesters, measurements of the piezoelectric e3; s coefficient and
the dielectric constant (&;) are essential to directly compare with
the power generation from a unimorph cantilever made from the

Fig. 5. Comparison of surface FE-SEM image of PZT//LNO//HfO2//Ni cross-sections of PZT films deposited by (a) sputtering and (b) CSD.



94 H.G. Yeo, S. Trolier-McKinstry / Sensors and Actuators A 273 (2018) 90-97

-15 . 600
poled at RT ;
: § o
5 . $ o
-10f " > | {400 @
o * ' ° =
1S o
S . 8
~ 5L ¢ : {200 3
Q7 .. =
E coated by CSD
0 : 0
Q'é Q'C\ Q’é Q’6 Q"’\ Q’é
> > > > > >
& & & & & &
& &8 & o o o
& RS X & & &
R K K O @Q @(‘
& & <& K K I
AY Y oY \ \ \
T &Y Y
AL \x N
QQO \eb \le
3 < ¢

Fig. 8. Transverse piezoelectric coefficient and dielectric constant as a function of
thickness, and poling condition [blue circle (esq ), red diamond (dielectric con-
stant)]. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

same piece of PZT film. The dielectric properties measured at a
30 mV oscillation level for all samples after P-E measurement with
high electric field (~800 kV/cm) are shown in Fig. 7. Dielectric con-
stants for the sputtered Nb doped PZT films and Mn doped PZT
film by CSD were 390 and 500 respectively with a loss tangent of
3% at 10kHz. The comparatively low relative permittivities are a
result of a large c-domain population caused by a combination of
the crystallographic orientation and compressive stress in the PZT
film on cooling [22]. Furthermore, the &, of sputtered Nb doped
PZT films are lower than that of Mn doped PZT film by CSD. This is
a consequence of the porosity in the sputtered films. In principle,
Nb doping induces a modest enhancement of dielectric permittiv-
ity [13]. However, in the case of our films, the impact of doping on
the dielectric permittivity of the PZT films is small compared to the
role of porosity (since for air & ~ 1) [30].

In general, the poling conditions influence how well the dipoles
are oriented in the allowable direction closest to the direction of
applied field, and how stable the net polarization is after removing
the applied field [19]. The stability of oriented dipoles is impacted
by the build-up of an internal bias field after poling. It is well known
that PZT ceramics undergo extensive 180° and non-180° domain
switching on poling. PZT films are at least partially mechanically
clamped by the substrate and so tend to demonstrate more limited
ferroelastic reorientation [29].

The e3; f of various samples were determined by the wafer flex-
ure method [31]. To measure the piezoelectric response of PZT
films, the sputtered Nb doped PZT films were poled at 3 times the
coercive field for 10 min at room temperature (RT), while Mn doped
PZT films by CSD were measured either unpoled, poled at RT, or
hot poled at 150 °C. Fig. 8 exhibits the results of e31 ; obtained from
different thicknesses of sputtered Nb doped PZT films and various
poling conditions of sol-gel Mn doped PZT film. In this study, the
Nb doping does not significantly affect the piezoelectric response.

For the 1% Mn doped sol-gel PZT films on Ni foil, the dependence
of the piezoelectric transverse coefficient on the poling process
was assessed. Fig. 8 shows that hot poled films have higher e3¢
than either unpoled films or those poled at room temperature. It is
believed that the elevated temperatures enhanced the dipole align-
ment and the stabilization of the domain structure [19]. The higher
e31,r produced by hot poling improves the efficiency of piezoelectric
energy harvesters [18].

3.2. Performance of harvester dependence on thickness of film

To demonstrate the use of PZT films with strong out-of-plane
polarization in a vibrational energy harvesting system, 31 mode
cantilever beams were fabricated using strongly {001} textured
1-3 pm thick sputtered Nb doped and 1 p.m thick sol-gel Mn doped
PZT films on Ni foils. Fig. 3(a) shows a fabricated energy harvest-
ing device with a 0.4 g brass proof mass. The top electrode area
is 0.122 cm? (2 mm (I, length) x 6 mm (w, width)). The active area
of the fabricated energy harvester, including the proof mass, is
around 0.385cm?. The resonance frequency of each device was
found by sweeping the input frequency for the shaker, and detect-
ing the open circuit voltage on an oscilloscope. At the resonance
frequency, the device was excited at an acceleration level of 1.0G
(G=9.8m/s?). The maximum voltages (Vmax = Vpk-pk/2) of 1 pmand
3 pwm sputtered 1% Nb doped PZT film were measured to deter-
mine the optimum load resistance for maximum power transfer
(Pmax = Vmax2/R) as shown in Fig. 9(a). The maximized output power
of 1 wmand 3 pm thick sputtered PZT films on Ni foil was generated
at the optimal load resistance of 50kS2 and 100 kS2 respectively.
In this experiment, the open circuit voltage of devices with 3 pm
thick sputtered PZT film is approximately 3.5 times higher than that
with 1 wm thick sputtered PZT film at the same excitation level.
The slight discrepancy between theoretical and experiment values
was caused by small fabrication-induced differences in dimension
or tip displacement. Thus, the results support experimentally the
relationship between the thickness of the PZT film and the open
circuit output voltage.

At the optimal load resistance, the maximum output power
depends on frequency as shown in Fig. 9(b). The sample with 1 pm
thick sputtered PZT film has a resonance frequency of 69 Hz. Most
of the devices prepared in this work have similar resonance fre-
quencies (around 65 Hz) with slight deviations mainly caused by
small differences of dimension. The variation is small enough to
enable direct comparison. The mechanical quality factor (Q) and
mechanical damping ratio (¢) also have strong roles in controlling
the achievable output power. In this work, Q was defined using
the half power method as: Q=f;/(f, — fa) where f; is the resonance
frequency and the bandwidth at the half-maximum amplitude
(FWHM) is fi, —fa [32,33]. High Q-factors of a device indicate high
power sensitivity as function of frequency; i.e. a narrow frequency
bandwidth leads to a tremendous drop of the output power if the
input vibration frequency deviates from the resonance frequency
of the device. On the other hand, a lower Q-factor with a broad fre-
quency bandwidth is suitable for increasing scavenged energy from
a wide spectrum of environmental vibration [34]. The mechanical
quality factor of all samples was around 13.9 + 1.3. The mechanical
damping ratio ({=(f, —fa)/2f:) was 3.6% in Fig. 9(b). The Q value is
lower than the previous reported Q values of (233) PZT on Si, (85)
transferred PZT to stainless steel PZT, and (30) KNN on metal foil
[2,32,34].

Fig. 9(c) exhibits the maximum output power as a function of
acceleration level for samples with 1-3 wm thick sputtered PZT
films. Overall, the output power increases rapidly with acceleration
level below 0.5 G acceleration and then rises more slowly. Ideally,
the output power is proportional to the square of the acceleration
level (A) per Eq. (1). However, an increase of air damping and non-
linear elastic compliance at large stresses (large acceleration levels)
can provide lower power densities as a function of acceleration
level [34,35].

3.3. Performance of harvester dependence on poling condition
As mentioned earlier, improvement of FoM of piezoelectric

materials depends on the poling condition such as electric field,
time and temperature. Thus, the poling efficiency strongly impacts
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Fig. 9. Maximum output power as a function of (a) external load resistance, (b)
frequency at 0.5G, and (c) Maximum output power as a function acceleration level
with optimum load resistance of piezoelectric energy harvester using 1-3 wm thick
(001) oriented 1% Nb doped sputtered PZT films on Ni foil (25 wm) measured at
resonance.

the output of the piezoelectric harvester [18]. Using Mn doped
sol-gel PZT films on Ni foil, the output voltage was measured for
different poling conditions. Fig. 10 exhibits the output voltage and
generated power as a function of external load resistance for sam-
ples that are unpoled, poled at room temperature (RT) and poled
at 150°C (high temperature (HT)). For the same acceleration level
(0.5G) and frequency, it is observed that the hot poling process
improves the extracted power compared with the performance of
either unpoled or RT poled samples, due to more efficient domain
alignment [18].

The optimum load resistance of unpoled and RT poled samples
was about 40 k€2. On the other hand, the optimum load resistance
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Fig. 10. Maximum output (bold) power as a function of (a) external load resistance
at 0.5 G and (b) acceleration level at optimum load resistance of piezoelectric energy
harvester using 1 wm thick 1% Mn doped sol-gel PZT films on Ni foil at resonance.

was 50 k€2 after hot poling. This is because the electrical load resis-
tance matching depends on the capacitance of the device [32]. Hot
poling reduced the dielectric constant of the PZT film due to signifi-
cant preferential c-domain alignment, the development of imprint,
and possibly reduction in the domain wall density. Fig. 10(b) shows
the output power of a harvester as a function of acceleration ampli-
tude using 1 mol% Mn doped sol-gel PZT films under different poling
conditions. Based on Eq. (2), if the excitation is constant for a given
total (electrical and mechanical) quality factor, the power is propor-
tional to the FoM. Because the dielectric loss tangents (and hence
the electrical quality factor) of the films were all comparable, the
data in Table 2 show reasonable proportionality between the gen-
erated electrical power and the FoM.

Overall, the hot poling process delivers better output perfor-
mance than either unpoled or room temperature poled samples
as shown in Fig. 10(b). Thus, enhanced piezoelectric response and
reduction of permittivity from the poling improved the gener-
ated power from the cantilever harvester [18]. Similar trends were
observed using sputtered 1% Nb doped PZT films on Ni foil in
Fig. 9(c).

For both deposition methods, at increased acceleration level,
the power does not rise as fast as predicted, presumably due to the
enhancement of mechanical damping [2].

Table 2 shows the relationship between piezoelectric, dielectric
properties and output performance of PZT films on Ni foil based on
the results of this work. 3 wm thick sputtered films on Ni foil shows
better output performance compared with thinner PZT films, even
if they have similar piezoelectric and electrical properties. Thus,
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Table 2
Summary of the performance of sputtered and sol-gel PZT films on Ni foils.

Thickness of PZT film Poling condition FoM

Res. Freq. @ 0.5G [1G~ 9.8 m/s?]

Max. Voltage [mV]  Optimal Load Resistance [k2] =~ Max. Power [wW]

1 wm (Sputtered) 3 xEcatRT 0.071 69

2 wm (Sputtered) 62

3 wm (Sputtered) 0.15 72
. No poling 0.026 63

1% Mn doping PZT h

1 wm (CSD) Poling at RT 0.17 63

Poling at 150°C 0.33 63

760 50 12
1190 70 23
2440 100 60
790 40 15.6
1065 40 28
1460 50 42.6

MEMS piezoelectric energy harvester

10000
&
NE 1000 f A
o ) % [
3
2 100
c
? oPZT ® o0A
$ 10} wLead-free
e AAN
OPSU cantilever beam (this study)
1 j i ]
1 10 100 1000 10000

Resonance frequency (Hz)

Fig. 11. Power density and resonance frequency of MEMS piezoelectric energy harvesters for a variety of piezoelectric materials reported; PZT [2,34,38-42], Lead-free (KNN

[32,35,43,44], and BiFeOs [45]), AIN [46-48].

there is an incentive to grow thicker films for harvesting. The result
is consistent with the simulation developed by Xue and Roundy in
terms of relation between average power and the ratio of piezoelec-
tric films (tpzr) to total beam thickness (tiora1) [36]. The simulation
based on Erturk and Inman’s distributed bimorph beam model
under base excitation demonstrates that the average power is sig-
nificantly increased by increasing the ratio of thickness (tpzr/total)
from 0to 0.4 [37].

Fig. 11 exhibits the power density and resonance frequency
of several MEMS piezoelectric cantilevers energy harvesters
reported in the literature [2,32,35,38-48]. The performance
(Powerms =9 wW at 0.15 G) of the device with 3 um sputtered PZT
thin films investigated in the study is indicated with a red circle.
As seen in Fig. 11, the harvester developed in this work possesses
some of the highest power densities (1036 wW/cm? G2) measured
at low frequency (<100 Hz) reported in the literature.

4. Conclusions

In summary, piezoelectric energy harvesters using oriented
PZT films grown either by sputtering or CSD were successfully
fabricated with similar dimensions to determine the relationship
between output power performance, PZT thickness, and piezoelec-
tric response. It was found that the volume of the PZT layer strongly
depended upon the power output of the devices under the same
conditions. All devices operated around 68 Hz. Piezoelectric energy
harvesters with 3 wm thick sputtered 1% Nb doped PZT film on
Ni resulted in an average power density of 1036 wW/cm? G2. An
enhanced power density of the harvester (582 wW/cm? G2) was
achieved using an elevated temperature poling process, with 1%
Mn doped sol-gel PZT films on Ni foil, relative to room temperature
poling. This result promises the extraction of energy from ambient

vibration with high power density for use in devices consuming
energy in microwatt ranges.
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