
Effect
perfo

Hong  G
a Materials R
b DGIST-ETH

a  r  t  i  c

Article histo
Received 17
Received in
Accepted 1
Available on

Keywords:
Piezoelectr
Vibrational
Metal  subst

1. Introd

Solar, 

energy t
tion of ele
electrical
power el
consume
unavailab
tial soluti
sensors in
which ha
piezoelec
used in sc
However
and low 

harvester
tric area 

toughnes
Nume

of energy

∗ Corresp
Gyeongbuk

E-mail a

https://doi.
0924-4247/
Sensors and Actuators A 273 (2018) 90–97

Contents lists available at ScienceDirect

Sensors  and  Actuators  A:  Physical

j ourna l ho me  page: www.elsev ier .com/ locate /sna

 of  piezoelectric  layer  thickness  and  poling  conditions  on  the
rmance  of  cantilever  piezoelectric  energy  harvesters  on  Ni  foils

oo  Yeoa,b,∗,  Susan  Trolier-McKinstrya

esearch Institute, The Pennsylvania State University, University Park, PA, 16802, USA
 Microrobotics Research Center, Daegu-Gyeongbuk Institute of Science and Technology (DGIST), Daegu, 42988, South Korea

 l e  i  n  f  o

ry:
 September 2017

 revised form 24 January 2018
4 February 2018

line 15 February 2018

a  b  s  t  r  a  c  t

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  �m  thick  (001)  oriented  sol-gel  PZT  (52/48)  films  on  Ni  foil,  the  dielectric  constant  and  |e31,f |  are  390  at

10  kHz  and 11.3  C/m2, respectively,  after hot poling.  This  film  has  a large  figure  of  merit (
e2

31,f

εr
), of  around

0.4  C2/m4,  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 �W as
ic thin films
 energy harvesting
rate

the  thickness  of Nb  doped  PZT  film  increases  from  1 to 3  �m at resonance  frequency  (∼70 Hz)  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 �m)  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  cm2)  using  PZT  films  on  Ni foils.
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thermal, and mechanical environmental sources contain
hat is potentially available to harness for the opera-
ctronics. Energy harvesting technologies which generate

 power from mechanical vibration or movement for low-
ectronic devices (e.g. for wireless sensor networks or
r electronics) are of especial interest when solar energy is
le. In principle, mechanical harvesting provides a poten-
on to minimize the replacement of batteries for emplaced

 remote areas [1]. Lead zirconate titanate (PZT) thin films,
ve a high piezoelectric response, are good candidates for
tric microelectromechanical (MEMS) energy harvesters
avenging energy from continuous mechanical vibrations.
, high resonant frequencies (typically more than 1 kHz)
output power are the main challenges for MEMS  energy
s. The low powers are often a result of a small piezoelec-
combined with stiff a support layer having low fracture
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 harvesters through advanced device structures, improved
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or energy extraction, and increased piezoelectric proper-
. To enhance the efficiency of energy transformation from
al to electrical energy, it is crucial to optimize the mate-
rties. Improvements in the materials used in piezoelectric

arvesters (PEH) include the control of composition, crys-
hic orientation [9], stress state [8], processing-induced
e.g. through the preparation of gradient free films) [10],
1], and development of strong levels of imprint. Of these,
e.g. acceptor and donor) are well known to tailor the prop-
PZT film [8,12–14]. For example, Nb5+ is a donor dopant
ases the dielectric constant and piezoelectric responses
cing domain wall motion [12,13]. In contrast, acceptor

such as Mn3+ has been reported to lower dielectric con-
 loss tangent due to the presence of an internal bias field

aximum extractable electric power for a cantilever struc-
 1) operating in the 31 mode (e.g. a piezoelectric layer with
ottom electrodes, poled out of the plane of the film) is gen-

 the resonance frequency. The power can be expressed by

= m
(
e2

31,f · (1 − �s)
2

)Q 2
totA

2 (1)

4ω εrε0 Ys

 m is the mass of the proof mass, ω is the natural fre-
s and Ys are Poisson’s ratio and Young’s modulus of the

ayer for thin film piezoelectric, e31,f is the piezoelectric
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Table 1
Sputtering and ex-situ crystallization conditions of PZT films on LaNiO3//HfO2//Ni.

Sputtering method RF-magnetron sputtering

Target PZT (52/48) + 8% excess PbO + 1% Nb
RF Power 88 W
Chamber Pressure 2 mTorr
Gas Ar only
Substrate Temperature Room Temp.
Time 

Crystalliz

assess th
the film t

 this
estin
. Ni f
le m
r to 

n th
gy fr
ers w
85 cm
ly th

evic

Fabr

001}
100)L
g a K
).
rior t
O2 p
rich 

ribed
bridg
sit a

phys
 tem
hem
tion b
llow

e con
bstra
wo  d
ical

dope
 1%

O3//H
. Afte
ed, P
all a

 pero
ness

 a se
aling
d 3 

8(Zr
f-spu

 the
tration of cantilever structure with elastic layer and proof mass (M)  for
ric energy harvester operating in the 31 mode.

t, ε0 and εr are the permittivity of free space and relative
ity, respectively, Qtot is the total quality factor of the res-
evice, and A is the acceleration level. Of these parameters,
erse coefficient (e31,f ) and the relative permittivity (εr) of

electric can be modified to increase the energy harvesting
merit (FoM), defined as (e31,f )2/εr . Therefore, e31,f and εr

ucial materials-based parameters to enhance the output
 piezoelectric energy harvesting MEMS.  However, there
ports that directly demonstrate a link between the figure
nd the performance of piezoelectric energy harvester for
f the same size and resonance frequency [18].
eral, the process of poling, where a high DC electric field

 to the film along the desired direction, is essential to
the piezoelectric response by alignment of ferroelectric
in the direction of the applied field [19]. Additionally,
tric constant depends on the poled domain state; this is
t in controlling the FoM of the energy harvester [20]. Thus,
oal of this work is to prove the link between the output
the harvester and the figure of merit; this was  done by the
ling conditions to affect the degree of domain alignment.
gh numerous studies have been reported for fabrication

piezoelectric energy harvesters, there are few reports that
w the poling process impacts the performance of MEMS
s.
ally, it is well known that the thickness of the piezoelec-

 is intimately correlated with the harvester performance.
eoretically the relationship between the thickness or
f piezoelectric material is obvious, it is useful to exper-

 validate the relationship using resonant harvesters of
 footprint measured under the same conditions (e.g accel-
evel, poling) [21]. The second goal of this work is to
ate an increase in the extracted voltage for a fixed vibra-
ut via an increase in the piezoelectric film thickness. For
e energy harvester, the open circuit voltage V by [16,22]:

,f

r
(1 − vs)

2 3hstp(ls + lm)

l2s (4ls + 3lm)
ıs (2)

 tp, ls, lm are the thickness of the PZT thin film, the length of
 and tip mass, ıs is cantilever displacement at the bound-
en the beam and tip mass, and vs is Poisson’s ratio of the

. Thus, a 31 mode device will generate higher open-circuit
when the thickness of the PZT film is increased, provided
imensions are fixed (i.e. V ∝ tp) and the strain is the same.
, it is important to note that the properties of films are
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s of interest for mechanical energy harvesting are more
le to cracking at high strain levels [26,27]. Such crack-
duce the e31,f coefficient to zero. Thus, it is important to

layer. Eac
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tom inter
of PZT wa
12,500 s for ∼0.5 �m
ation Temperature 650 ◦C in air atmosphere

e maximum in the harvester performance as a function of
hickness.

 study, highly {001} oriented PZT films with high energy
g figures of merit [16] were coated on flexible nickel metal
oils can deform plastically, and so are less susceptible to
echanical failure compared to substrates such as Si. In
assess the importance of PZT film thickness and poros-
e energy harvesting figure of merit and the extracted
om a vibrational input, piezoelectric MEMS  energy har-
ere prepared as rectangular cantilevers 7 mm × 5.5 mm
2 with 0.4 g proof mass; thus, all devices had approxi-

e same resonance frequency (<100 Hz).

e fabrication and measurement

ication of piezoelectric energy harvesters

 oriented Nb or Mn  doped PZT thin films were coated
aNiO3//HfO2//Ni foils by either rf-magnetron sputtering
urt J. Lesker CMS-18 tool) or chemical solution deposition

o growing the piezoelectric layer, a LaNiO3 seed layer and
assivation layer were deposited on 25 �m thick Ni foils
Aesar 99.99%) following polishing and pre-annealing as

 elsewhere [20]. In brief, atomic layer deposition (ALD,
e Nanotech Savannah 200 ALD System) was used to

 30 nm thick layer of amorphous HfO2 which is an excel-
ical barrier between the Ni foil and atmospheric oxygen at
perature [28]. (100) oriented LaNiO3 (LNO) was  deposited
ical solution deposition using a 0.2 M LaNiO3 precursor
ased on 2-methoxyethanol (2MOE). Use of these two lay-

ed PZT layers to be deposited and crystallized under the
ditions employed to grow PZT films on platinum-coated
tes.
ifferent approaches were used to grow the PZT films:

 solution deposition and rf magnetron sputtering. 1%
d Pb(Zr0.52Ti0.48)O3 films were prepared by CSD using

 Mn  doped PZT solution with 10 mol% excess PbO on
fO2//Ni; further details are described in previous work

r all of the spin-coated multiple PZT layers were crys-
bO solution was  spin coated and crystallized to convert

mount of lead-deficient phases on the surface to phase-
vskite PZT phase. Finally, the Mn  doped PZT film had a

 near 1 �m.
cond approach, RF magnetron sputtering with ex situ post

 was used to grow PZT films with thicknesses between
�m on (100)LNO//HfO2//Ni foil using a 1% Nb doped
0.52Ti0.48)O3 target under the conditions shown in Table 1.

ttering at room temperature, ex-situ crystallization in a
rmal annealer was used to crystallize the amorphous PZT
h 0.5 �m layer of PZT was  deposited and post annealed

e (001) orientation by controlling nucleation at the bot-
face; these layers were stacked until the desired thickness
s achieved as described elsewhere [5]. It was found that
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ation was required approximately every 0.5 �m in order
orientation for the whole film thickness.
diffraction (XRD, PANalytical X’pert) was  used to deter-
crystallinity, phase purity, and the orientation of the films.
ence of pores and second phases was assessed through
ssion scanning electron microscopy (FE-SEM, Leo 1530,
in) of both cross-sections and the film surface. The elec-
perties of all PZT samples were measured using small Pt
odes (diameter 200 �m–400 �m).  An LCR meter was used
rement of the dielectric constant and loss as a function

ncy (100 Hz–1 MHz) at low electric field (30 mV). Polar-
 a function of electric field was assessed using a Radiant
gies Precision Multiferroics tester.
e fabrication of the cantilever piezoelectric energy har-
00 nm thick Pt top electrodes (2 mm (length) × 6 mm
were deposited on the PZT film by dc magnetron sputter-

 J. Lesker CMS-18) and patterned using a lift-off process.
lly, the adhesion strength between the top electrode and
lm was enhanced by heat treatment at 500 ◦C in air. The
d Ni foils were cut by scissors for fixed-free cantilever
ost piezoelectric MEMS  energy harvesters on silicon sub-
quire a complex etching process. The PZT beam was 7 mm

 which is a little larger than the electrode size, to avoid
gation of cutting-induced cracks into the active area (See
ages in Fig. 2). The beams were 5.5 mm in length to pro-

rea to attach the proof mass.
ZT beams were poled under various conditions (e.g.
poled at 3 times the coercive field (Ec) at room tem-

 or poled at 3Ec at 150 ◦C) to determine the relationship
the transverse piezoelectric coefficient e31,f and the elec-
put power from a unimorph PZT beam. The Ni substrate
sed by scratching the PZT films using a razor blade; this
he bottom electrode to be probed. A positive voltage was
o the bottom electrode for poling. After attaching a brass
ss (∼0.4 g) to the end of the beam, the base of the beam was
o a rigid plastic fixture frame. This allowed the harvester
dled easily and mounted on a shaker with a magnet.

rimental setup for testing harvesters
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by sc

A sh
The 

cont
Syst

A
the 

acce
lized
conn
dete
Duri
freq
rovides a schematic illustration of the experimental setup
ring the performance of the vibrational energy harvester.

ester is shown connected to the external load resistance.

by the ha
Tekrtron
were tak
quency a

Top view photograph of a piezoelectric energy harvester utilizing PZT films on Ni foil
nt of the output performance of the piezoelectric energy harvester.
 table (F3, Wilcoxon) was used as a vibration source.
oidal excitation frequency and base excitation level was
d using a lock-in-amplifier (SRS830, Stanford Research
.
celerometer (352C65, PCB Piezotronics) was mounted to
le of the shaker to detect the vibration frequency and

ion level. A magnet, placed on the accelerometer, was  uti-
old the harvesters to the accelerometer. A resistor box

d to the harvester was  used to alter the load resistance to
e the optimum value showing maximum output power.
ibration of the shaker, the mechanical input (operating
y and excitation level) and the output voltage developed
rvester were monitored on an oscilloscope (TDS3054C,

ix). The output power was calculated from P = V2/R. Data
en at multiple frequencies to assess the resonance fre-
nd the optimal load resistance.
 with a resonance frequency of 63–72 Hz. (b) Experimental setup for
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ystallization. Consistent with the work presented in Ref.
ngly {001} oriented PZT films were achieved on Ni foils
a pyrochlore phase by both techniques. In the case of

 PZT films, the multilayer stacking with post annealing
 �m thick layer enables control of the nucleation sites and
f the desired orientation. LaNiO3 serves as an orienting
e seed layer [5]. The crystallinity of the Mn  doped PZT
SD shows the same results as Nb doped PZT films on Ni

a), (b) show surface and cross section microstructures of
ered PZT and sol-gel PZT films. There is no evidence of
re phase on PZT films grown by either method. In the case
red 1% Nb doped PZT film, a columnar PZT structure with
sity is plainly shown in Fig. 5(a). These pores influence the

tric and piezoelectric properties [29]. On the other hand,
n  doped PZT (52/48) CSD films have dense and columnar
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Fig. 6
1%  M

Fig. 7
and  1

satu
(Pr ∼
the v

T

s of various thickness PZT films grown by either sput-

 CSD. With 200 �m diameter Pt electrodes, all of the
olarization-electric field hysteresis loops display well-

harvester
the diele
the powe

Fig. 5. Comparison of surface FE-SEM image of PZT//LNO//HfO2//Ni cross-sections
ectric constant and loss of 1–3 �m thick 1% Nb doped sputtered PZT films
doped sol-gel (1 �m)  PZT film on Ni foils respectively.
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C/cm2) [5,22]. There is no significant difference between

us specimens as shown in Fig. 6.
firm the material figure of merit for piezoelectric energy

s, measurements of the piezoelectric e31,f coefficient and

ctric constant (εr) are essential to directly compare with
r generation from a unimorph cantilever made from the

 of PZT films deposited by (a) sputtering and (b) CSD.
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ce of PZT film. The dielectric properties measured at a
cillation level for all samples after P–E measurement with
tric field (∼800 kV/cm) are shown in Fig. 7. Dielectric con-
r the sputtered Nb doped PZT films and Mn  doped PZT
SD were 390 and 500 respectively with a loss tangent of
kHz. The comparatively low relative permittivities are a
a large c-domain population caused by a combination of
llographic orientation and compressive stress in the PZT

ooling [22]. Furthermore, the εr of sputtered Nb doped
 are lower than that of Mn  doped PZT film by CSD. This is
ence of the porosity in the sputtered films. In principle,

g induces a modest enhancement of dielectric permittiv-
owever, in the case of our films, the impact of doping on
tric permittivity of the PZT films is small compared to the
rosity (since for air εr ∼ 1) [30].
eral, the poling conditions influence how well the dipoles
ted in the allowable direction closest to the direction of
eld, and how stable the net polarization is after removing
ed field [19]. The stability of oriented dipoles is impacted
ild-up of an internal bias field after poling. It is well known
ceramics undergo extensive 180◦ and non-180◦ domain

 on poling. PZT films are at least partially mechanically
by the substrate and so tend to demonstrate more limited
ic reorientation [29].
1,f of various samples were determined by the wafer flex-
od [31]. To measure the piezoelectric response of PZT

 sputtered Nb doped PZT films were poled at 3 times the
eld for 10 min  at room temperature (RT), while Mn  doped

 by CSD were measured either unpoled, poled at RT, or
 at 150 ◦C. Fig. 8 exhibits the results of e31,f obtained from
thicknesses of sputtered Nb doped PZT films and various
nditions of sol-gel Mn  doped PZT film. In this study, the
g does not significantly affect the piezoelectric response.
e 1% Mn  doped sol-gel PZT films on Ni foil, the dependence
ezoelectric transverse coefficient on the poling process
ssed. Fig. 8 shows that hot poled films have higher e31,f
er unpoled films or those poled at room temperature. It is
that the elevated temperatures enhanced the dipole align-
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rmance of harvester dependence on thickness of film

monstrate the use of PZT films with strong out-of-plane
ion in a vibrational energy harvesting system, 31 mode
r beams were fabricated using strongly {001} textured
hick sputtered Nb doped and 1 �m thick sol-gel Mn  doped

 on Ni foils. Fig. 3(a) shows a fabricated energy harvest-
e with a 0.4 g brass proof mass. The top electrode area
m2 (2 mm (l, length) × 6 mm (w, width)). The active area
bricated energy harvester, including the proof mass, is
.385 cm2. The resonance frequency of each device was

 sweeping the input frequency for the shaker, and detect-
pen circuit voltage on an oscilloscope. At the resonance
y, the device was excited at an acceleration level of 1.0 G
/s2). The maximum voltages (Vmax = Vpk-pk/2) of 1 �m and
ttered 1% Nb doped PZT film were measured to deter-

 optimum load resistance for maximum power transfer
max

2/R) as shown in Fig. 9(a). The maximized output power
nd 3 �m thick sputtered PZT films on Ni foil was generated
timal load resistance of 50 k� and 100 k� respectively.
periment, the open circuit voltage of devices with 3 �m
ttered PZT film is approximately 3.5 times higher than that
m thick sputtered PZT film at the same excitation level.
t discrepancy between theoretical and experiment values
ed by small fabrication-induced differences in dimension
placement. Thus, the results support experimentally the
hip between the thickness of the PZT film and the open
tput voltage.

 optimal load resistance, the maximum output power
on frequency as shown in Fig. 9(b). The sample with 1 �m
ttered PZT film has a resonance frequency of 69 Hz. Most
vices prepared in this work have similar resonance fre-

 (around 65 Hz) with slight deviations mainly caused by
ferences of dimension. The variation is small enough to
irect comparison. The mechanical quality factor (Q) and
al damping ratio (�) also have strong roles in controlling
vable output power. In this work, Q was defined using
ower method as: Q = fr/(fb − fa) where fr is the resonance

y and the bandwidth at the half-maximum amplitude
is fb − fa [32,33]. High Q-factors of a device indicate high
nsitivity as function of frequency; i.e. a narrow frequency
th leads to a tremendous drop of the output power if the
ration frequency deviates from the resonance frequency
ice. On the other hand, a lower Q-factor with a broad fre-

andwidth is suitable for increasing scavenged energy from
ectrum of environmental vibration [34]. The mechanical
ctor of all samples was  around 13.9 ± 1.3. The mechanical

 ratio (� = (fb − fa)/2fr) was 3.6% in Fig. 9(b). The Q value is
n the previous reported Q values of (233) PZT on Si, (85)

ed PZT to stainless steel PZT, and (30) KNN on metal foil
.
c) exhibits the maximum output power as a function of
ion level for samples with 1–3 �m thick sputtered PZT
rall, the output power increases rapidly with acceleration
w 0.5 G acceleration and then rises more slowly. Ideally,
t power is proportional to the square of the acceleration

per Eq. (1). However, an increase of air damping and non-
stic compliance at large stresses (large acceleration levels)
ide lower power densities as a function of acceleration
35].

rmance of harvester dependence on poling condition
ntioned earlier, improvement of FoM of piezoelectric
 depends on the poling condition such as electric field,

 temperature. Thus, the poling efficiency strongly impacts
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 after hot poling. This is because the electrical load resis-
tching depends on the capacitance of the device [32]. Hot
duced the dielectric constant of the PZT film due to signifi-
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s and output performance of PZT films on Ni foil based on
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tput performance compared with thinner PZT films, even
ave 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. @ 0.5 G [1G ≈ 9.8 m/s2] Max. Voltage [mV] Optimal Load Resistance [k�] Max. Power [�W]

1 �m (Sputtered) 3 × EC at R.T 0.071 69 760 50 12
2  �m (Sputtered) 62 1190 70 23
3  �m (Sputtered) 0.15 72 2440 100 60

1%  Mn doping PZT
1  �m (CSD)

No poling 0.026 63 790 40 15.6
Poling  at RT 0.17 63 1065 40 28
Poling  at 150 ◦C 0.33 63 1460 50 42.6
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