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The effect of a polycrystalline silicon (poly-Si) seeding layer on the properties
of relaxor Pb(Zrg 53,Tig.47)O3-Pb(Zny/3,Nbg/;3)03 (PZT-PZN) thin films and
energy-harvesting cantilevers was studied. We deposited thin films of the
relaxor on two substrates, with and without a poly-Si seeding layer. The
seeding layer, which also served as a sacrificial layer to facilitate cantilever
release, was found to improve morphology, phase purity, crystal orientation,
and electrical properties. We attributed these results to reduction of the
number of nucleation sites and, therefore, to an increase in relaxor film grain
size. The areal power density of the wet-based released harvester was mea-
sured. The power density output of the energy harvester with this relaxor
composition and the poly-Si seeding layer was 325 yW/cm?.
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INTRODUCTION

The search for ways of harvest energy has recently
been accelerating.’™ One way of harvesting energy is
by use of vibrations, an abundant source of energy*?®
because kinetic energy is typically present in vibra-
tions, random displacements, or forces.® The amount
of energy generated by vibrations depends funda-
mentally on the quantity and form of the kinetic
energy available and on the efficiency of the energy
harvester. To harvest vibrations, it is necessary to
convert mechanical energy into electrical energy by
use of an electromechanical transducer. There are
five types of electromechanical transducer: electro-
magneticf’8 electrostatic,®1° magnetostrictive,'!
triboelectric,'? and piezoelectric.>®1%13-15 The ease
of integration of piezoelectric transducers into micro-
scale devices make them a good option for energy
harvesting applications in silicon-compatible tech-
nology.'° Identification of materials with piezoelec-
tric properties has therefore become of great
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interest.'®!%16 Evaluation of the piezoelectric prop-
erties of thin films for integrated energy-harvesting
devices has primarily focused on Pb(Zr,Ti)Os, or
PZT.>'" Recently, bulk relaxor ferroelectrics have
also been studied for energy-harvesting applications;
these gerform substantially better than conventional
PZT.1%1820 However, relaxor thin-films for inte-
grated energy-harvesting applications have not been
a topic of much attention.

In the development of piezoelectric energy har-
vesters, several types of structural geometry have
been proposed, with the purpose of power optimi-
zation. These include cantilevers, cantilever bimo-
rphs, serpentine structures, double-beam sandwich
structures, and tethered structures.?’~?* The single
cantilever configuration is, however, the most
studied geometry because it has the optimum cou-
pling characteristics in the 3-1 bending mode.'%?*
Two main variants of the cantilever configuration,
ds3 and d3;, depending on the direction of stress
relative to the electric field, have been described.'®
dss cantilever geometry is, typically, preferred to
the d3; configuration because the ds3 piezoelectric
constant is approximately twice as large as that of
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ds;, which, when combined with larger spacing
between the interdigitated electrode fingers relative
to the piezoelectric film thickness, enhances piezo-
electric power generation.?” These cantilevers are
typically fabricated bg' use of the expensive dry-etch
process (with XeF,).”> Here, we used a novel wet-
etch process that used a sacrificial poly-Si layer to
enable release of the cantilever. We found that this
sacrificial layer also acted as a seeding layer
enabling reduction of the number of nucleation
sites. The ds3 integrated cantilevers were fabricated
by use of Pb(Zro,53,Tio.47)03—Pb(Zn1/3,Nb2/3)O3
(PZT-PZN) relaxor thin-films as the active mate-
rial. We found that the relaxor ferroelectric phase
purity, crystal orientation, morphology, and elec-
trical properties were improved by introduction of
the poly-Si sacrificial layer.'”

EXPERIMENTAL

The sol—gel solution process used in this work has
been described elsewhere.'”?% Briefly, the starting
B-site alkoxide precursors, zirconium(IV) butoxide,
titanium(IV) isopropoxide, and niobium(V) ethox-
ide, were reacted in acetic acid (95%), as chelating
agent, and methanol, as solvent. Lead(IV) acetate
and zinc acetate dihydrate were added, and the
solution was then heated to 85°C to dissolve the
acetates. The concentration of the final PZT-PZN
solution was 0.4 M. To prepare the PbTiO; (PT)
film, the solution was prepared similarly, but with
titanium(IV) isopropoxide and lead(IV) acetate.

The 0.9Pb(Zr0.53,Tio_47)03—0. 1Pb(Zn1/3,Nb2/3)03
films were deposited by spin-coating then crystal-
ized at 675°C for 30 min in air.'® The PZT-PZN thin
films were deposited on two stacks that differed by
inclusion of a 3 um thick poly-Si layer on one, as
shown in Fig. 1. The stack with the poly-Si layer
(Fig. 1b) consisted of 3 um of Poly-Si, 100 nm of
thermal SiO,, 500 nm of SizN, deposited under
tensile stress by use of low-pressure chemical vapor
deposition (LPCVD), 500 nm of SiO, deposited by
plasma-enhanced chemical vapor deposition (PEC-
VD), and 50 nm of sputtered Ti. The entire stack
was then annealed at 1000°C for 30 min in O, to
completely oxidize the Ti to TiOs. The purpose of the
TiOy buffer layer was to passivate the substrate,
reducing reactions between Pb from the relaxor film
and Si from the underlying SiO,. SiO, acts as a
passivation layer for the SigN,, which is necessary
to increase the mechanical strength of the device.
We then deposited 810 nm of PZT-PZN on the TiO,
layer. Interdigitated electrodes (IDEs) were depos-
ited on top of the PZT-PZN films. The IDEs con-
sisted of 50 nm of sputtered RuO,, followed by
50 nm of Cr and 500 nm of Au deposited by use of
e-beam evaporation. This was followed by four pat-
terning steps, the first of which was IDE patterning
by use of lift-off lithography. The second step
was patterning of the encapsulation layer (100 nm
of PECVD SiOy). The third step was bond-pad

Fig. 1. Schematic diagram of a cross-section of the stacks used for
the study: (a) without poly-Si, (b) with poly-Si.

patterning. The fourth step was cantilever pat-
terning. The stack was then etched in 20% HF to
remove the PZT-PZN, TiO,, and SiO, layers. Next,
plasma etching was used to remove the SizgN,/SiO,
layers. Finally the sacrificial poly-Si layer was
etched away in 20% KOH at 50°C to release the
cantilever. At 50°C, KOH is very selective for the
poly-Si layer. A more-detailed discussion of the fab-
rication and characterization of the PZT-PZN has
been reported elsewhere.?” Figure 2 shows a flow dia-
gram of the general process of cantilever fabrication.

The roughness of the film was measured by use of
atomic force microscopy (AFM). An image of the
microstructure of the film was obtained by use of
scanning electron microscopy (SEM), and phase
purity and crystal orientation were determined by
use of x-ray diffraction (XRD). Capacitance versus
voltage (C-V) curves were plotted for the devices by
use of a Keithley 4200 semiconductor analyzer and
an inductance—capacitance—resistance (LCR) meter
(HP 4284). The -cantilevers were subsequently
packaged and tested by mounting them on a
mechanical shaker (Vibration Research Corporation
model VR5800). The force generated by the shaker
was proportional to the acceleration selected, which
was determined by the applied voltage from a high-
power amplifier (VR565 linear power amplifier).
The acceleration and frequency were monitored
with an accelerometer mounted on the piston of the
shaker. The amplifier was driven by a 12-V power
supply and signals from a frequency generator. The
output voltage from the cantilever was monitored by
use of a Tektronix digital oscilloscope (TDS 210);
an external variable resistance was connected to
increase the load resistance.??%%25
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Fig. 2. Flow diagram of cantilever device fabrication.

Table I. AFM average roughness of stacks with and
without poly-Si sacrificial layer

With poly-Si

Without poly-Si

(nm) (nm)
Thermal SiO, 38.1 0.375
TiO, 58.8 3.8
PZT-PZN 12 1.3

RESULTS AND DISCUSSION

The surface morphology of the devices was
examined at different stages of the cantilever fab-
rication process. Table I shows the average rough-
ness of each layer in the cantilever stack at different
stages in the process. The average roughness (R,) of
thermal SiO, growth on stacks with and without
poly-Si was measured to be 38.1 nm and 0.375 nm,
respectively. The average surface roughness of the
TiO, deposited on stacks with and without poly-Si
was 58.8 nm and 3.8 nm, respectively. Finally, the
last stage measured was after the PZT-PZN depo-
sition on stacks with and without poly-Si; average
roughness was 12 nm and 1.3 nm, respectively. The
microstructures of the PZT-PZN thin films in both
stacks are shown in Figs. 3a, b. The figure shows
that the stack with the poly-Si layer has a denser
film (uniform film with no pinholes), with an aver-
age grain size of 200 nm, compared with an average
grain size of approximately 50 nm for the PZT-PZN
film without the poly-Si seed layer. We attributed
the formation of the larger grains to the poly-Si
seeding layer, which apparently reduced the num-
ber of nucleation sites in the early stages of PZT—
PZN relaxor thin-film crystallization, which
resulted in the formation of fewer but larger
grains.?>?® It is apparent from Fig. 3a that the
PZT-PZN film grown without the poly-Si layer has
a second phase, as evidenced by the large number of

Fig. 3. SE micrographs of the PZT—PZN on stacks (a) without poly-
Si and (b) with poly-Si.

bright and small particles that cover the surface. To
confirm the presence of the second phase, the XRD
pattern was measured for both films; the XRD
results are presented in Fig. 4. This figure reveals
that the intense poly-Si peak in the film with the
poly-Si layer is the major difference between the two
films. The perovskite phase is present in both films,
with higher intensity in the (110) direction in both
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Fig. 4. XRD patterns of the labeled PZT-PZN on stacks without and
with poly-Si. The second phase is indicated by “Py”. X-ray source:
Rigaku Ultima Ill X-ray diffractometer with CuK, (1) = 1.54 A, oper-
ated at 40 kV and 44 mA.

cases. However, a minor pyrochlore phase (2 2 2) is
observed at approximately 29° in the PZT-PZN film
deposited on the stack without poly-Si (it is indi-
cated by “Py” in Fig. 4), confirming the presence of
the second phase observed in Fig. 3a. It is evident
that the poly-Si helps to eliminate the second phase
(Fig. 3b).

Interdigitated electrodes (IDEs) were deposited on
the relaxor thin films. After the IDE pattering step,
capacitance—voltage measurements were obtained
for the device structures shown in Fig. 5. The results
from the capacitance measurements were used to
calculate the dielectric constants of the relaxor thin
films. The results are presented in Fig. 6. The C-V
curves clearly demonstrate the superior perfor-
mance of the cantilever stack based on the poly-Si
seeding layer (Fig. 6a), for which the peak capaci-
tance was improved by nearly 23%. The dielectric
constant (Fig. 6b) was determined by use of the
method reported by Dimos et al.?? and Henderson®°.
Specifically, the dielectric constant is given by:

C—[K(1+e&)] 1
K[lexp(%ﬂ}’ (1)

éPZT-PZN = & + {

where ¢pz1_pzn 1S the permittivity of the PZT-PZN
film, ¢, is the permittivity of the substrate, tpzr_pzn
is the thickness of the PZT-PZN film, C is a value
calculated by use of Eq. 2, C, is the measured
capacitance, D is the finger spacing, F1, is the finger
length, N = 2P — 1, where P is the number of finger
pairs in the IDE pattern, and K is a geometric
constant defined bg the center-to-center spacing, L,
as given in Eq. 3:1%2930

Cn
FL * N

2
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Fig. 5. SE micrograph (a) and schematic diagram of the cross-
section (b) of the interdigitated electrode patterns used to test the
PZT—-PZN films.

The calculated value of the dielectric constant
(3,700) is comparable with results reported for
similar films.33?

We also measured the polarization of the PZT-
PZN thin films in both stacks by use of a Radiant
Technologies ferroelectric test system. The results
are presented in Fig. 7. The maximum polarization
measured for the stack with the poly-Si layer was
35 uC/em?, whereas for the stack without the poly-
Si layer the maximum polarization was 25 uC/cm?.
These values are comparable with those previously
reported for PZT-PZN films.?*37 The dielectric
constant and polarization values for the stack with
poly-Si are indicative of 24% improvement com-
pared with the values obtained for the stack without
poly-Si. The improvement in the dielectric constant
is attributed to reduction of the number of nucle-
ation sites as a result of the poly-Si.

“Nucleation-controlled” growth requires sub-
stantial activation energy for nucleation and then
less energy for continued growth.?® This method of
growth starts from arbitrary defects, for example
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Fig. 6. Plot showing (a) capacitance as a function of voltage (C-V)
and (b) the dielectric constant calculated on the basis of C-V mea-
surements of PZT-PZN devices, with and without the poly-Si layer.
C-V measurements were obtained at 1 MHz.
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Fig. 7. Polarization curves of PZT-PZN deposited on stacks with
and without poly-Si.

grain boundaries in the poly-Si layer. Pt and TiOy
have been reported to be good nucleation-controlled
growth layers.?*=*! Muralt®® described a method for
study of nucleation-controlled growth.*? For nucle-
ation to occur, an embryonic nucleus must be cre-
ated by migration of adspecies that become attached
to each other.*® Most of the embryonic nuclei will
decay, and this probability of decay is known as the
Zeldovich factor in the nucleation rate.*® The most
stable nuclei manage to grow quickly, as described
in the earliest theories on nucleation by Volmer and

Weber.** Nucleation has been observed to be much
more frequent at grain boundaries. If we analyze
the films with and without the poly-Si layer, we find
that when the poly-Si layer is added to the stack,
the subsequent layers are affected, resulting in a
film of TiO, with a grain size five times larger than
one grown on a single Si crystal. As a consequence,
the PZT-PZN film on top of TiO, also grows almost
four times larger (Fig. 3). As the main nucleation
sites are the grain boundaries, reduction of the
number of grain boundaries (because of the increase
in grain size) reduces the number of nucleation sites
from which the relaxor thin film can grow. Films
deposited on substrates containing the poly-Si layer
therefore have larger grains. These larger grains
introduce more domain states within a single grain
and result in films that are less susceptible to
reduced remnant polarization and that have better
piezoelectric response.*® Small grains can lead to a
limited number of domains, causing lower remnant
polarization and suppressed extrinsic contributions
to the piezoelectric response.

Other conditions also critically affect the micro-
structure of the PZT-PZN films. For example, in
sol—gel film processing, several factors which might
affect nucleation and growth include the presence of
excess Pb, the pyrolysis temperature, and the tem-
perature ramp in the thermal annealing. Here, we
kept these conditions constant. In addition, the
piezoelectric properties of materials, including PZT
and the relaxor materials, are strongly affected by
composition, thickness, grain size, defect chemistry,
and mechanical boundary conditions.*”°° These
also were maintained constant in this work.

We tested the power output of the wet-based
release cantilevers by subjecting them to a cyclical
force, by using a standard shaker set-up to probe the
functionality of the wet-based fabrication process.
The cantilever device was poled at 200 kV/em at
200°C for 50 min. An acceleration of 10 g at a fre-
quency of 3.6 kHz was applied to the cantilevers.
The cantilever with the poly-Si layer delivered
approximately 40 mV in a peak-to-peak open circuit
and an output power density (the power output
divided by the total device area) of 325 uW/cm?, as
shown in Fig. 8.21*° A general vibration test circuit,
in which an external load resistance was necessary
to perform the measurements, is shown in the inset
of Fig. 8322232551 Because we did not develop a
process to release the cantilever device by dry-
etching, we sent the samples to an external labo-
ratory to release the devices. Although the power
output results for the released devices without the
poly-Si layer were inconsistent, they were consis-
tently lower than for the devices with the poly-Si
layer, because of poor control over the cantilever
release process. Thus, in addition to improving
device performance, the presence of the poly-Si
layer significantly improved the cantilever release
process.
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Fig. 8. Resistance match data showing the power and voltage
density outputs from a cantilever using poly-Si as a sacrificial layer.
Measurements where obtained at 3.6 kHz and 10 g. Voltage and
power density mean voltage and power divided by the total device
area.

CONCLUSION

PZT-PZN thin films have been fabricated by sol—
gel processing using a sacrificial poly-Si seeding
layer. Significant improvements in microstructure,
phase purity, crystal orientation, and electrical
properties were observed for films deposited on the
stack with the poly-Si seeding layer. A piezoelectric
cantilever was successfully fabricated by use of
relaxor PZT-PZN thin films and wet-etch process-
ing. The power density of the piezoelectric cantile-
ver was 325 (W/cm?.
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