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Abstract: Lead Zirconate Titanate oxide (PZT) thick films vthicknesses of up to Ifin
were developed using a modified sol-gel technigusually, the film thickness is less than
1 nm by conventional sol-gel processing, while thecteieal charge accumulation which
reveals the direct effect of piezoelectricity igportional to the film thickness and therefore
restricted. Two approaches were adopted to comraitsol-gel processing — precursor
concentration modulation and rapid thermal anngali&d 10nm thick film was successfully
fabricated by coating 16 times via this techniqliee thickness of each coating layer was
about 0.6m and the morphology of the film was dense withak-free area as large as 16
mnm?.  In addition, the structure, surface morphologyd aphysical properties were
characterized by X-ray diffraction (XRD), scannielgctron microscopy (SEM) and atomic
force microscopy (AFM) and electrical performancine dielectric constant and hysteresis
loops were measured as electric characteristidss study investigates the actuation and
sensing performance of the vibrating structureshwtite piezoelectric thick film. The
actuation tests demonstrated that a 4 mm x 4 mrb w6 PZT film drove a 40 mm x 7 mm
x 0.5 mm silicon beam as an actuator. Additionatlgenerated an electrical signal of 60
mVyp as a sensor, while vibration was input by a shakére frequencies of the first two
modes of the beam were compared with the theoletataes obtained by Euler-Bernoulli
beam theory. The linearity of the actuation antss® tests were also examined.
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1. Introduction

Piezoelectric materials are extensively adoptechgwo their many desirable characteristics. First,
they can transform electrical signals into mecharieformation. Hence, they can serve as actuators
They can also transform mechanical deformation eléxtrical signals, and so can serve as sensors.
Additionally, some piezoelectric materials can bmiaturized to produce films or nano-wires for
further applications. These films are important poments of both actuators and sensors in MEMS
and micro-optical devices such as micropumps, aoforce microscopes (AFM), ultrasonic
micromotors [1], infrared (IR) detector arrays [Bpjcromixers [3], micromirrors, microrelaies [4],
pressure microsensors [5, 6] and stress microseiigpr The applications of piezoelectric films are
myriad. Recently, piezoelectric materials withthigmnant polarization have attracted much interest
as they have great potential in the preparatiomemory devices [8]. High-quality actuation and
sensing materials are required for well-perfornfigMS devices.

PZT can generate a ten times larger force and ib@€stlarger acoustic power density than non-
ferroelectric materials such as ZnO (zinc oxidg) O, (quartz) and AIN (aluminum nitride) [10].
Three popular methods exist for fabricating PZmél- thick-film printing [11-13], sputtering [145]
and sol-gel processing [16-19]. The process afktfilm printing can easily form thick PZT films
with thicknesses of between 10 and 100. Sintering temperatures of over 860are required to
yield adequate PZT particles. Sputtering is anofamiliar approach for synthesizing PZT films,
which are typically less than 1 micron thick. Rdsposition annealing of sputtered films is requiite
crystallize the ferroelectric structure of the mialle Sol-gel processing is a wet chemical metfad
synthesizing and processing inorganic hybrid maleri This work is based on sol-gel processing
because it has three advantages. Firstly, it alline convenient control of the stoichiometric cloain
composition of lead zirconate titanate. Secongbf;gel processing is inexpensive, because it uses
100% of the precursors without expensive equipmeéirally, it can be used for mass production.

The sol-gel process is one of the most versatiteeaatensively employed techniques. Nevertheless,
the piezoelectric characteristics of sol-gel-dediRZT films tend to be inferior to those of bulk BZ
mainly because of the small grain size of the @eri¥ZT films, which, in turn, results from the
homogeneous nucleation of many crystalline PZT eiudlring crystallization. The piezoelectric
effects of the crystalline particles drop as thairgsize declines. Therefore, homogeneous nucteati
must be prevented to ensure favorable ferroeleptoperties. The second reason for the inferlor fi
properties is the limited film thickness. The H#mess of a film formed by conventional sol-gel
processing typically does not reach 1 micron, while charge accumulation associated with the
material electric dipole is proportional to thenfithickness. Restated, the finite thickness offilhe
restricts actuation strength and sensing performanc

Two techniques were applied to increase the thekmd PZT films and reduce the duration of the
fabrication process - precursor concentration metchr [20-21] and rapid thermal treatment [22].
The precursor concentration was modulated by apglyarticles to the PZT sol. Modulating the
concentration of the sol increased the thicknestheffilm at each coating process. Homogeneous
nucleation was thus prevented, and the sizes oP®E grains increased. Rapid thermal treatment
reduced the duration of heating and cooling, ang leduced the overall duration of the fabrication
process, increasing the convenience of batch psowedor various applications. In this work, a
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modified sol-gel approach based on rapid thermakaling and a high concentration of PZT sol is
utilized to vield a film of thickness 180m with a crack-free area as large as 16°mifhe films were
characterized. Furthermore, the sensing and amtuatpacities of the films were successfully
demonstrated.

2. Fabrication

A 500 nm-thick silicon dioxide layer was first witermally grown on a <100> silicon wafer that
was 500 m thick. Then, a 200 nm-thick layer of siliconride was deposited on the top of the silicon
dioxide film by LPCVD (low-pressure chemical vapbgposition). An E-beam evaporator was then
employed to grow the bottom electrode, with a 50thitk layer of titanium and a 100 nm-thick layer
of platinum. The PZT sol was next spun on a P{I/BiN4/SiO,/Si substrate and patterned by
conventional photolithography, with BOE (bufferedde etchant, HF (4&YENH,F (10%) = 6:1) and

an AZ4620 mask [19]. A 50 nm-thick layer of titam and a 100 nm-thick layer of platinum was
deposited and patterned on the PZT film as thestegtrode. A lift-off process was applied to tbp t
electrode to expose the PZT films and the bottagstedde for future measurements of electrical and
mechanical characteristics. Figure 1 schematicalijmmarizes the overall preparation procedure.
Finally, a poling process was performed by apply@B8gv/imm to the PZT films at 108C for one hour.
PZT sol was prepared using three precursors, P{OB), Zr(CsH;0), and Ti((CH)CHO)..
0.01 wt% PZT powder was added to increase the sitgcand concentration of the PZT sol. The sol
was passed through a 0.22n in-line syringe filter directly before the film ag prepared. The
supplementary particles acted as seeds duringdfieaRnealing process and homogeneous nucleation
was prevented to promote the growth of the PZTngraif the films. The sol was subsequently spin-
coated on the substrate at 1500 rpm for 32 s. wathayer was initially dried at room temperattoe
15 minutes to evaporate the solvent. It was tlagndly heated to 650 for 15 minutes to remove
organics. The layer was crystallized in this stdginally, PZT films of the desired thickness were
formed by repeating the coating and heating proe=duAppendix A presents a detailed recipe of PZT
sol.
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Figure 1. Preparation of substrate.

3. Characterization of PZT Thick Films
3.1 Physical Characterization

An XRD (X-ray diffraction, Rigaku D/MAX2500, Cu 4KV 100 mA) study was performed on the
PZT films with one, two, three and 16 coating laydo prove that the sintered film had the correct
chemical composition and was crystallized. Basethe profile of the XRD spectra presented in Fig.
2, the phase intensity of platinum was high whenrtbmber of PZT coating layers was under three.
However, the effect of platinum on the phase besomeaker as the number of PZT coating layers
increases, probably because the effect of platirsunarder to be detected in thicker films. Therefo
the platinum phase is absent when the film hasoup6t coats. Additionally, the X-ray diffraction
pattern reveals that the fabricated PZT film isopekite phase with no pyrochlore phase. The XRD
graph shows that the texture of the film exhibige@@ 10) orientation preference. The preparation of
the sol solution, the spin-coating process andhéd treatment are effective for the phase devetopm
of PZT films.
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Figure 2. XRD spectra of PZT powder, Pt and PZT films watte, two, three and 16 coating layers.

3.2 Observation of Morphology

Figures 3 and 4 present the surface and cros®sattimages of 2iém and 10mm-thick films
fabricated by modified sol-gel processing with pmsor concentration modulation and rapid thermal
annealing. The 2m and 10nm-thick films were fabricated with three and 16 toug layers. These
micrographs were obtained using FE-SEM (Field EminsS&canning Electron Microscope, PHILIPS,
XL-40FEG) and MSEM (Multipurpose Scanning ElectMitroscopy, JEOL JXA-840). According to
the SEM images, the structure of the films is desns@ crack-free. The thickness of each coating is
about 0.6mm, which is much thicker than the PZT films fabtexhby conventional sol-gel processing
[23]. Therefore, the supplementary PZT powdersnditlexhibit homogeneous nucleation; the growth
of the PZT grains in the films was promoted andfilme thickness increased. The surface roughness
of the films was measured by AFM (Atomic Force Mgcope, Veeco, CP). Over a surface area of
5mm x 5mm, the average roughness was 2.2 nm.

AccY SpotMagn Det WD Exp —————— 20

160kY 30 1000x SE 98 1 FESEM940503

(a) (b)
Figure 3. Surface morphology of PZT films (a) 2n-thick (b) 10 m-thick.
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Figure 4. Cross-sectional SEM image: (a) &-thick PZT film (scale bar represents); (b) 10
m-thick PZT film (scale bar represents 2@).

3.3 Electrical Characterizations

Table 1 presents the electric characteristics ef fittms which were evaluated by determining
dielectric constants. The dielectric constantsaweeasured at 1 and 10 kHz for two kinds of thiskne
2.19 and 7.29¢m. The measuring area of three different electymatts (pad #1, 2 and 3 in Table 1)
was 4 mm x 4 mm. The dielectric constants wermfi@?2 to 148 for a thickness of 2.4t and from
156 to 162 for a thickness of 7.28n, respectively. The table reveals that thickkndihad higher
dielectric constants, and that the dielectric camist decreased as the frequency increased.

Figure 5 displays the hysteresis loops of the 24® 7.29rm-thick PZT films. A Sawyer-Tower
electric circuit was assembled with an electricreedrom a function generator (Agilent 33220A) and
a signal receiver (Tectronix TDX2014). The loopsrgvmeasured with a fixed ac electric field of 20
V/mm and a reference capacitor with a capacitance of.1 The coercive field (Ec) and remnant
polarization (Pr) obtained from the P-E hysterdsim are 3.05 \fftm and 1.72vC/cnf for the 2.19
mm-thick film, and 6.46 \Wim and 4.22rC/cn¥, for the 7.29mm-thick film. Figure 5 also shows two
facts. In the first place, the loop of the 7/@8-thick film is more symmetric about the origin \ehi
that of the 2.19mm-thick film is shifted to the right. This phenonmn is called “Imprinting”. The
shift results from a bias field inside the matexrid6, 17] or the point defects in the crystal hseaof
a loss of oxygen ions, which causes an imbalangkercrystal electricity, generating electric dgml
[18]. The bias field is proportional to the polieffects of the ferroelectrics, indicating that 8T
film exhibits a piezoelectric effect before polin§econd, the thicker film has higher Pr and Ecesl
These experimental measurements reveal that stk has better ferroelectric characteristics.
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Table 1 Capacitance and dielectric constant of PZT fimits an area of 4 mm x 4 mm.

Frequency Capacitance Dielectric Frequency Capacitance Dielectric

[KHZ] [nF] constant [KHZ] [nF] constant
2.19| Pad| 1 9.633 148.984 | 7.29 | Pad| 1 3.065 156.645
m |1 10 9.157 141.623| m |1 10 2.951 148.072
Pad| 1 9.232 142.783 Pad| 1 3.005 156.713

2 10 8.877 137.292 2 10 2.896 150.884

Pad| 1 9.577 148.119 Pad| 1 3.178 162.49

3 10 9.184 142.04 3 10 3.05 155.946

Figure 5. Hysteresis loops of PZT films with thicknesse2dOmm and 7.29m in applied electric
fields of 20 VAim.

3.4 Dynamic Characterization

Dynamics is concerned with bodies having acceldratetion. Following physical characterization,
morphological observation and electrical properiasurement, the dynamic microstructure tests of
the fabricated films was studied. The tests coseptivo parts: actuation and sensing tests. The
actuation tests demonstrate the dynamic performahtige structure when the piezoelectric film was
applied by an electrical field. Additionally, tieensing tests show the response of the piezoelectri
film when the structure was excited by a shaker.

The first step is to demonstrate that the PZT filas sufficient actuation strength to excite the
silicon-based structure. The specimen was cutaritteam with the dimensions 40 mm x 7 mm. The
top electrode was patterned with dimensions 4 mhimm. One end of the beam was clamped and the
other end was kept free as a cantilever beam.ré& @) presents the top view of the geometrylof fi
and actuated/sensed beam while Fig. 6(a) is thensatic diagram of the experimental setup. The
setup consists of a function generator (Motech,583), a power amplifier (Piezotronics, PCB790), a
digital oscilloscope (Tektronix, TDS2014) and aefidmptical measurement system (MTI Instruments,
MTI 2000). First, the function generator drove ®&T film with the help of the power amplifier.
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Also, the photonic sensor monitored the vibratibthe cantilever. Meanwhile, all of the signalsreve
recorded on a digital oscilloscope, as show in Fig.Figure 7 displays the vibration signals of the
beam that was driven by a 61B-thick PZT film with an actuation area of 4 mm éynm. The first
trace is the voltage from the function generatorctvitan provide ac voltage between 0 and 10 volts.
This electrical signal was amplified 30 times bg fpower amplifier. The driving signal was divided
by 20 before sending to the oscilloscope in ordgarévent the damage resulting from the high veltag
The second trace is 1/20f the driving voltage. The final trace is thgrsl from the photonic sensor.
The system was driven at 346 Hz which was the #rqgy of the first bending mode.

The vibration amplitude at the tip of the specinvess 2.4mm at a driving voltage of 196 W
Furthermore, the frequencies of the vibration dreddriving signals were identical to that of thersee
from the function generator, presented as thetfiase. The results displayed in Fig. 7 show that4
mm x 4 mm x 6.5/m PZT film is sufficiently effective as an actuatordrive a 40 mm x 7 mm x 0.5
mm silicon beam with a vibration amplitude of agkas 2.4m.

(@)

(b)
Figure 6. (a) Schematic diagram of experimental setupdststof PZT films and (b) top view of
the clamped structure.
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Figure 7. Actuation tests of the 6.5m-thick PZT film in the first bending mode, usirtget
oscilloscope (CH1: excitation from the function geator; CH2: driving voltage divided by 20; CH4:
vibration signal detected by the photonic sensor).

An actuation linearity test was conducted ttedaine whether the reverse piezoelectric effect of
the film can serve as an actuator. The experimeaetap is the same as that in Fig. 6(a), and the
recording program LabView was used. The vibrafr@guency controlled by the function generator
was fixed in the first mode of the specimen withedectric field sweeping rate of 1.27/s. The
applied electric field was from 0 to 12.7rw. The vibration amplitudes at the tip of the spemn
were detected by the fiber-optic measure systeigur& 8 presents the experimental results between
the amplitude and the applied electric field to piezoelectric film. Figure 8 reveals that theraiion
amplitude is proportional to the applied electigld. Therefore, the film can serve as an actunatio
source for driving meso- or micro-structures.
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Figure 8. Actuation linearity testing of PZT films.
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The 6.5am thick PZT film adopted in the actuation tests \abB® used in the sensing tests. The
sensing tests were carried out by the function igeoe the power amplifier, a shaker (PCB
Piezotronics, Inc., AVC-712A01) and the photonins®. The shaker served as a vibration source to
excite the specimen with the help of the functi@meyator and the power amplifier. The photonic
sensor measured the vibration of the specimeneatamer of the free end. The digital oscilloscope
recorded the electric signal generated by the REATif response to the vibration of the shakemuire
9 displays one of the testing results recordedhbyoiscilloscope. The first trace is the drivindtage
from the function generator, which is 10.4,\at 347.7 Hz. The second trace is the drivingagst
from the amplifier into the shaker, divided by atéa of 20. The third trace is the voltage gerextdty
the PZT film in response to the vibration of the@men. The amplitude is 60 iy The response is
sinusoidal and its frequency is identical to thvidg frequency, indicating that the system is e t
linear range, and that the PZT film can serve asftettive sensor for small structures. Finalhg t
final trace is the vibration signal of the cantdewspecimen measured by the photonic sensor for
reference. It reveals that the photonic signal.i® 3/, which refers to a vibration amplitude of 7.8
mm. According to the experiments, the frequencythe® PZT sensing signal equaled the driving
frequency, and the amplitude was proportional &ekcitation voltage.

CH1 \

CH2

CH3
CH4

)/ /

Figure 9. Sensing tests of 6rin-thick PZT film at 347 Hz recorded by the oscitlope (CH1.:
excitation from the function generator; CH2: amptifdriving signal; CH3: signal of the PZT film;
CH4: reference signal from the photonic sensor).

A sensing linearity test was performed to undestahether the piezoelectric effect of the film
enables it reliably to serve as a sensor. Whemce fP is applied, a curvatukas formed as shown in
Fig. 10. Theoretically, the curvature of the damerk is defined as
k= ddo/ds (1)
Experimentally, we first denoted three positiorangl the top electrode as 1, 2 and 3 shown in Fig.
6(b). These points are evenly spaced with distaaece® 2 imm. Then the photonic sensor measured
the deflection (w, w, and wg) of the cantilever at position 1, 2 and 3. Acd@ogdto Euler-Bernoulli
beam theory, the curvature of the cantildvés approximated as
Ko» (W1-2 Wo + W) / (e ta, 3 3 3 33ypp333333
Moreover, the normal strain of the PZT filmeis k h/2, where h is the thickness of the cantilever.
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Figure 10. Curvature of a bending beam.

Next, the electric voltage applied to the shakes Wwatween 5 and 50, The electric signals
generated by the film were measured. The meantandard deviation of the electric signals were also
calculated. Figure 11 shows the relationship betwe electric response and the normal straiheof t
PZT film. The sensing response is proportiondhe®omechanical deformation of the beam. However,
the standard deviation increases with the nornnairnst
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Figure 11. Sensing linearity testing of PZT films.

Table 2 summarizes the dynamic tests and theomyitsesf the cantilever specimen. In the
actuation tests, the resonance frequencies wersumeghat the center of the tip and the corner ef th
beam to identify either a bending mode shown in ER{a), or torsional vibration mode shown in Fig.
12(b). The frequencies of the first two modes @mpared with the theoretical results obtained by
Euler-Bernoulli beam theory, suggesting that theeeixnental results are close to the theoreticalesl
with an error of 5.19 % at the first resonance.
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Table 2 Experimental and theoretical results of the afilmn of the cantilever specimen.

Actuator (excitation voltage into PZT film,p\

Sensor (excitation voltage in

[0l heory

196 V) shaker, \jp =99 V)
Mode | Tip center Corner Frequency Amplitude | Signal* | Frequency
Frequency Amplitude | Frequency| Amplitude
1st 346 2.4 345.8 2.2 347 7.8 60 364.39
bending
2nd 2300 0.96 2303 0.66 - - - 2283.3
bending

Units: Frequency [Hz], Amplitudearn]
* The sensing response of the PZT film is in urity/.

(@)

(b)

Figure 12. (a) Bending mode and (b) torsional mode of aileawar beam.
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4. Conclusions

PZT films with thicknesses of between 1 andni® were successfully fabricated by the modified
sol-gel method using two techniques - precursorceotration modulation and rapid thermal
annealing. The thickness of each coating layeratasit 0.6ym, and a 10rm-thick film was formed
by a 16-coating process. The morphology of thedilvas dense over a crack-free area of as large as
16 mnf. The electrical characteristics were evaluateteims of dielectric constants and hysteresis
curves. The experimental results indicated thatdielectric constant was around 160 at 1 kHz. The
remnant polarization and the coercive field of B&T ferroelectric capacitors are 4.82/cnf and
6.46 kV/cm, respectively. The dynamic microstruettests of the PZT films were characterized. The
actuation tests demonstrated that a 4 mm x 4 mrb s PZT film drove a 40 mm x 7 mm x 0.5 mm
silicon beam as an actuator. Furthermore, the ¢dmld generate an electric signal of 60 gn¥s a
sensor while a vibration was input to a shaker.e Trequencies of the first two modes of the beam
were compared with the theoretical values obtalme&uler-Bernoulli beam theory. This comparison
shows that the experimental results are similah#otheoretical results with an error of 5.19 %hat
first resonance. The results demonstrated thébikgsof using PZT films fabricated by the modifi
sol-gel method as actuators and sensors. Thestegxiwill be to improve the quality of the filmsdan
then investigate the repeatability and reliabitifyhis approach.
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Appendix A. Recipe of PZT sol

. Dissolve 61.2 g Pb acetate in 38 ml acetic acid.

. Heat to 110C (5 min) and then cool to room temperature.
. Mix 36.9 g Zr n-propoxide with 20.9 ml Ti-isagoxide.

. Add to Pb solution the Zr + Ti mixture.

. Add 40 ml of deionized water.

. Add 8 ml lactic acid.

. Add 9 ml glycerol.

. Add 12 ml ethylene glycol.

00 ~NOoO O WDN P
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