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Abstract

Lead zirconate titanate (PZT) films have been used in a number of novel MEMS
(microelectromechanical systems) devices due (o the superior electromechanical
properties of ferroelectric PZT. For the proper design of such devices, precise knowledge
of the electromechanical properties of PZT films, including the longitudinal piezoelectric
coefficients dy; are required. However, most of the curent prezoelectric characterization
technigues are not directly applicable to the measurement of piezoelectric thin films due
to the existence of a substrale and the limitations imposed by the sample geometry. [n this
work, a pnermatic pressure charge technique was developed for characterization of the
effective di; of piezoelectric films using the direct piezoelectric effect. A stress nermal to
the filin plane was applied to the PZT films through the pneumatic pressure rig and the
induced charge was measvred for calculation of the effective diyz. It was found that
additional in-plane stresses were also applied to the film due to friction between the O-
ring and film surfaces; most of the stress was released quickly through O-ring sliding.
The remanent in-plane stresses were minimized by proper design and operation of the
pressure rig. A measurcment procedure which eliminated the charge induced by the in-
plane stress was then introduced. Using this procedure, accurate dsy cocfficients were
measured for both bulk and thin film PZT specimens, as was indicated by calibrations
using laser interferometry and the Berlincoun method,

Eff¢ctive dy; coefficients of sol-gel derived PZT films with compuasitions near the
morphotropic phase boundary were investigated. The films had small grain sizes (~(.1
um) and strong preferred orientation {either [111] or [100]). The ditelectric constant and

the remanent pelarization increased when the film thickness increased from 0.25 pm (o




N

3.4 pm. while the grain size and preferred orientaiion of the film didn’t change. Before
poling, the films showed very weak piezoelectricity with an cffective dsw less than 10
pC/N. The cffective diy increased with both peling time and field and saturated as the

poling field exceeded three times the coercive field. With an increase of fitm thickness,

the effeciive dyy increased, primarily due to the increase of the remanent polarizaticn. The
maximum effective di; was mcasured at a Zr/T1 ratio of 52/48 with typical values
between 100 pC/AN to 120 pC/N for films 1 um thick. The effective d3x was larger on the
tetragonal side of the morphotropic phase boundary than on the rhombehedral side. It was
alsa found that PZT films with <111 preferred orientation had larger effective dss than
films with <100> preferred orientation. The effective dss of PZT films measured by the
pneumatic pressure charge technique was slightly larger than that by laser interferometry,
due to differences in the mechanical boundary conditions on the thin film. Theoretical
analysis showed that substrate clamping is partially responsible for the small effective da;
in PZT films.

The cffective dsa coefficients of PZT films are smaller than those of their bulk
counterparts, especially when the filin thickness is small. In part, this is due to substrate
clampng. Limited exirinsic contributions to the pieroelectric properties may also reduce
piezoelectricity in PZT films. Te investigate this, domain wall motion and the extrinsic
contributien to the dielectric and piezoelectric response in PZT (ilms were examined. The
temperatare dependence of the dielectric properties showed that the intrinsic diglectnic
constant was similar for all the PZT films and 25% to 50% of the dieleciric response at

reom termperature arises from the extrinsic contribution. The extrinsic contribution 1o the

dielectric constant in PZT films was mostly from 180° domain wall motion, and it




increased with hoth film thickness and grain size. On the other hand, ferroclastic non-
180° domain wall motion was found Lo be hmited in {ine grain PZT filins, suggesling that
the extrinsic contribulion o the piczoclectric coefficient in the fine gram PAT filins way
smafl, However, as the films became thicker (> 5 un), non-lisear behavior between the
piezoclectric coefficient and the eleciric driving figld was observed. This indicated that
there was significant ferroelectric non-180° domain wall mation under high external
cxcitation in thicker films. The activity of the non-180° domain walls was stulicd
through non-180° domain switching. For fine grained lilms with film thicknesses less
than 2 pm, non- 180° swilching was negligible, mdicating that cither the pinning of non-
180° domain walls was very strong or ihat there were faw present in the [ilms. As the
films became thicker, non- 186% domain switching was obscrved when the poling ficld
cxeceded a threshold ficld. The threshobd ficld decreased with an inerease in [lm
thickness, suggesting more non-180° domain wall mobility in thicker films. Non-180°
domain switching in the large grained PZT tilms was found to be much easier and more
significant than in fine grained PZT films. Transmission electron microscope plane view
micrographs showed dotnain fringes in fine grained films. The majority of the grains
J 5 which had domain fringes only had one sct of parallel siripes. More complex domain

y fringes were observed in some large grains. Near the films surlace, very few grains which

had domain structures were found.
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Chapter 1. Introduction and Statement of Goals

1.1 Introduction

The demands for miniaturized mechanical devices and components which are
mlegrated with microclectronics have led to preat interest in the design and construction
of microclectromechanical systems (MEMS). The ability to machine micro-sized and
high-precision mechanical structures on silicon and the advances in IC microfabrication
technology make it possible to realize high-reliability and low-cost MEMS devices hased
on silicen. Incorporating smart materials suck as ferroelectrics into MEMS designs 1s an
effoetive way to enhance the pedformance of sensing and actuation functions of the
devices. Among the lerroelcctric matcrials. lead Zirconate titanate (PZT) s especially
altractive for MEMS applications as a result of its large piezoglectric coefficicnts and
igh encrgy densities [1, 2]. Numerous MEMS designs based on PZT thin films
deposited on silicon substrates are found in the literature and 2 pumber of prototype
devices huve been demanstrated | 3-6).

For the proper design of novel microclectromechanical systerns (MEMS) which
utilize piczoelectric thin films to realize its mechanical functions, it is csvential to have

precise knowledge of the elastic and clectromechanical properiics of hoth the substrate

and thin fitm, including the longitudinal {dyw) and (ransverse {dy; and dyy) piezoelectric




ceelflicients. Despite the trenendous efforts devoted to the develepment of pieroclectric
PZT thin films in the past en years, the clectromechanical behaviar of PET filmis is still
poorly understood. As a result, the clectromechanical propertics of bulk PZT ceratnics are
often used in designing MEMS devices, due 1o the difficulties in ihin ilm piczoclectric
measurements and the lack of piezoslectnic data available for PZT thin lilms. Since the
piczoclectric propertics of ferroclectnie materials including PET are strongly dependent
on grain size, defect chemistey, crystallographic erientation, and mechamnical boundary
conditions [7-9], it may not be appropriate 10 use the bulk values of these properties to
substitute for those of thin films. However, most of the cumrent cchniques capable of
measuring the piexoeleciric propoerties of bulk materials are nol divcctly applicable to the
measurement of picrocleciric thin films, due 10 the existence of a suhsirate and the
limitations induced by the sample geometry. In addition, thin film piczeeleciric
measurements are much more liable to errors since the strains or charges to be measured
arc extremely small. As a result, piczoclectric measurements on thin films are nol
commaon in the literature and the reported data are widely scatlered. Until recently, the
only cstublished techmique which was widely accepled for thin film longitudinaj
piczoclectric dy; measurements was double beam laser interferometry 10, 11]. However,
this technigque requires o sophisticated optical system and meticulous operation to
measure the extremely small ficld-induced strain. Therefore, a gquick, reliable, and
converient techmique is highly desirable for routine measurements of thin film
piezoglectric diz cocfficionts.

Recently, there arc reports from a few research proups in which the measurcd

longitudinal and transverse piczoelecivic cocfficients da; and dx; of PZT thin films are




considerably smaller than those of their bulk counderparts [12-14]. It is suggested that the
primary reason for the reduced piczoelectricily in ferroclectric thin (ilms is the inability
1o activate the non-180° domain wall motion, which results in limited exttinsic
contributions to the piezoclectiic propertics (13, 18], However, experimental evidence of
the reduced cxtrinsic contributions m PZT thin [ilms 15 needed to verify this hypolhesis.
To do Lhis, discrimination between the innnsic and extrmsic contmibations o the
dicleciric and piczocleetric responses in PZT films is required. Furthermore, separation of
the intrinsic and extrinsic proparties in PZT films will cnable a quantitative cvaluation of
both the intrinsic and the domain wall contributions to the dielectric and piczoelectric
properfies. Such quantitative analysis can provide imporlant information about the
influence of the grain size, preferred orientation, the film thickness, and the mechanical
boundary conditicns on the intrinsic responses, the domain structures, and domain wall
motion in these fitms. An understanding of the coffect of the above factors on film
propertics is very imporiant in the development of PZT films for MEMS applications

since it provides guidance on huw to improve the piczoelectric properties of PZT filins.

1.2 starement of Goals

Based on the ahove discussion, the objectives of this thesis can be divided into the

following categorics:




1. The development of a measurement technigue for characterization of the

lengitudinal piczoelectric coefficient of thin {ilms.

A direct piezoelectric measurement technigue for thin films is proposed which applics
prearpatiec pressurs to the piczoclectric films and measures the induced charge. The
stresses imposed on the films by the pneumatic pressure will be analyzed and a procedure
for accurate thin fiim di:s measurement will be developed based on the stress analysis.
Calibration wiil be made using other cstablished technigues. In addition, a detailed error
analysis will he given and the methods which reduce the measurement etor in this

technique will be discussed.

2. Investigation of the extrinsic contributions (o the dielectric and piezoelectric

propertics of PZT films.

The intrinsic and exicinsic dieleciric propertics of PZT films will be investigated
throuph studying the temperature dependence of the diclectric constant. The extrinsic
contribution to the piezoelectric propertics in PZT films witl be investigated by studying
the stress and electric field dependence of the piezoelectric coefficients. The ferroclectric
and ferroclastic activity of the non-180° domain walls in PZT films will be evaluated
though the investigation of the influence of unaxial stress and de clectric poling Field on
their dielectric properties. The effect of the grain size and the film thickness on non-180°

domain wall pinning and extrinsic contributions to the dielectric and piezoclectric

properties of PZT films will be discussed,




3. Investigations into the pieroeleciric characteristics of sol-gel derived PET films.

The dy; ceeficient of PZT films with differenl compositions, grain sizes, orientations,
and film thicknesses will be measored using the pneumatic pressurce charge technigue and
double beam laser interferometry. The influcnce of the mechanical boundary condition on
the effectve diz of LT films will be discussed by comparing the effective dyy values
measured by the two different techniquees. The effect of the poling fisld, film thickness,

film composition and orentation on the cffective dsy of the PZT filrs will alse be

investipated.




Chapter 2. Literature Revicw

2.1, Microelectromechanical Systems {MEMS)

With the rapid devclopment of silicon micromachining technologies in recent
years, the ficld of microelectromechanical systems {(MEMS) has drawn 4 greal deal of
altention for its potential to revolutionize many industeial products, such as surgical tools,
military devices, minialure instrumentation, sensors and actuators (17]. MEMS devices
generally refer to miniaturived mechanical devices and coinponents such as micro-
sensors and micro-actuators which are wsually fabricated on silicon substrates. Due to the
advances in silicon micromachining and microfabrication technologies, MEMS devices
with various mechanical structures can be formed with high precision and low fabrication
cost [18]. In addition, the excellence of both Lhe electrical and mechanical properties of
silicon single crystals makes it possible to integrate Lthe miniature mechanical components
with IC clectronics monolithically, which farther improves the reliability of the sysicimn.

Most MEMS devices are fabricated using silicon substrates and compatible thin
iilm matetials, sach as silicon dioxide, polysilicon, silicides, titanium nitride, and noble
metals, ete. These devices usually utilize electrostatic forces or plezoresistive offects 1o
realize the actuation and sensing functiuns [19, 20]. Through proper design and

enginceting of micromachined structures such as membrancs, canti levers, beams, and

diaphragms, a variety of sensors and actuators can be fabricated (21]. Although many




kinds of MEMS devices such as microphones [22], inkjet print heads [23], comb-drive
actuatars [24], microscanners [257 and accelerometers |20] have been successfull y huilt
using these materiats, the relatively low energy densities and forces which can be
generated using electrostatic actvation Hmit their performance. [n contrast, MEMS design
bascd on the pieroclectric cifect is an attractive alternative since it may provide much
larger forces and cnergy densitics than electrostatic devices. In addition, pievociectric
MEMS devices offer the potential for integrating sensing and actuation in a single device
using a single material. By incorporating a piczoclectric material into a MEMS device,
both sensing and actustion can e performed by this material through either the direct or
converse piczoelectric effects, which may result in better integration of the system and
sumplicity in the design,

Among available piezoelectric materials, ferroelectric lead zirconate titanate
{PZT} ceramics arc very attractive for MEMS applications since they have larpe
piezoelectric constants and electromechanical coupling coefficients {26] and FZT thin
film deposition on silicon substrates has been well developed. Compared to the most
commonly uscd piezoelectiic thin film, zinc oxide, which has a bulk longitdinal
piczoelectric coefficient of about 12 pC/N [27), PZT ceramics have more than one order
of magnitude larger plerociectric cocfficients. Thus thoy can provide much higher energy
densities and transmitted forces when used as the active material in MEMS desi gns, In
addition, unlike zinc oxide, which does not possess piezoclectricity in randomly oriented

polycrystals. PZT films can be poled to be strongly piezoelectric due to the reorentable

polar axis.
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During the past decade, extensive efforts have been devoled to the development
of piezoelectric PZT films for MEMS applications. A variety of MEMS designs based on
PZT thin films have been reported in the lilerature and several prototype devices have
been demonstrated in rocent years, Figure 2.1 shows the structare of a micremachined
acoustic or thermal sensor which was developed at the University of Minnesata |2%], and
Figure 2.2 describes the structure of micropumnps designed by the same institation [2].
Among other MEMS devices using PZT thin films as the active layer are micromotors,

accelerometers, scanning lorce microscopy tips, and micro-sonar arrays, ete, [28-321.

poly membrane sealed air cavily 'T

silicon suhstrat_e

[ Y ——

Figure 2.1. Cross section of a micremachined sensor strocture with active fi erroelectric thin
films. The piezoclectric material is PZT for mechanical microsensor application and PbTi(),

for pyreelectric detector applications. The air gap is formed by mic comachining to allow

either mechanical deformation or thermal igsalation [2H].




Figure 2.2. PZT piezaclectric micropump with both inpat and ouwtput ports [2].

2.2, Pieroclecttic and Blectrosinchive Effccts

Materials which develop an induced electric polarization when exposed to an applied

siress are called piezoclectric materials, Tn addilion, in piezoclectric materials a strain is

induced in response to an applied electric field. Therefore, a piczoelectric malerial always
displays its piezoelectricity in two ways: the dircet piczoelcetric effect, which is the lincar
relationship between electric polarization and applicd mechanicat stress, and the converse
; piezoclectric effccl, which is the linear relationship between mechanical strain and
electric ficld. In both cases, the proportionality constants are the piczoeicetric coalficients

and they are numerically identical to each other |33). They can be described as follows:

P =di O {2.1)

Xk =dijx Ei (2.2)
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where P; is the induced electric polarization (C/m®), aj 1% the applicd muchanical stress
(N/m’y, xy is the field induced strain, E; is the applied electric field {V/m), and dig is the
piezoelectric coefficient (C/N for the direct elfect and méV for the converse cffect). The
piezoelectric coefficients are third rank tensors as described in the above equations, Rut
for convenience, il is more common o use the reduced subscrip! matrix format rather
than the tensor format.

Microscopically, the piczoelectric effect originates from a coupling between the
clastic and clectric behavior of the crystal. When mechanical siress is applicd to a crystal,
it distorts the lattice. An clectric dipole moment can accompany this strain when the
change in the unit cell leads to a shift of the center of positive and nogative charge.
Similarly, when an clectric field is applied to the crystal, it deforms the crystal structure
in addition to altering the electric dipole moment in the unit cell. The piezoclectric
cocfficient tensor must have symmetry equal to or higher than the symmetry of the
crystal itself according to Neumann's principle (34]. To satisfy this condition, invatiance
of the piczoelectric lensor components under al] the symmetry element operations of the
crystal must be maintained. An examination of all 32 point groups shows that the 11
centrosymmetric  classes  are  all nonpiczoeleciric. Of  the remaining 21 non-
centrosymmelric classes, 20 classes have non-zero components in their piez.oslectric
coefficient (cnsors and therefore can exhibit the piezoelectric effect. The only cxeeption
is point group 432. Although it is non-centrosymetric, the combination of all the
symunetey clemient operations results in zero for all the piezoeleetric tensor COMPONEs.

The non-zero components and their relationship in each of the 20 classes are determined

by the symmetry of cach class and can be found in the literatore [33).




Unlike the piezoclectric effect which only appears in non-centrosymmetric
crystals, electrostriction is g quadratic effect and occurs in all erystals [34], When an
electric field is applicd (o the crystal, jt produces strains proportional to the square of the

polarization. This is catled the clectrostrictive effect, and can be defincd as:

Xy = Qi PPy (2.3)

The properionality constant in the above equation, i 18 the electrostrictive
coelficient. Fundumentally, the electrostrictive effect is a universal phenomenon and it is
the origin of the coupling between electrical and mechanical companents. The
piczocleeiric effect in ferroelectric materials can be viewed as biased electrostriction in
crystals which Irave a polarization. In these materials, the Letal polarization in the unit cell
15 the sum of the spontancous polatization at zero electric field and the electric ficld
nduced polarization (Pyg). Therefore, for an applied electric field By, c.g in the 7

divection, the total strain in the z direction can be written as [8]:

%3 = Qaz (Py + Pig)® = Qaa P9 + (2 Gz Pa) Py

= Qs Py" + 2 Qs3 Pyggen By (2.4

where P is the spontaneous polarization and £y£43 is the permiltivity of the crystal in the
7 direction. Obviously only the second term in equation 2.4 is the strain doe to the applicd

field. It can be seen that the induced sirain 15 tincarly related to the applied ficld, which is

by definition (he piezoclectric effect. Thus the piezoelectric coefficients of ferroeloctric
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materials are generatly determined by the clectrostrictive coefficients, the spontaneous
polarization, and the permitlivity of the crystal [35-36]. Since ferroclectric materials (see
Section 2.3) usually have much larger permittivitics than other materials, they also have
larger piezoelectric coefficients even though they have relatively small clectrostrictive

coefficients [26, 37].

2.3 Ferroelecirie Effect and Ferroelectric Malerials

Ferroelectric materials are spontaneously electrically pelarized under equitibrivm
conditions. In addition, the spontaneous polarization in a ferroelectric material has more
than onc possible crystallographic orientation and it can be swilched among these
dircctions by an achievable clectric field [38]. At sufficiently high temperalures, most
lerroelectric materials have a higher symmelry crystal structure (paraclectiic phase)
which docs not have a reorientable spontancous polarization. As the material cools
through the Curie lemperature (T.), a phase transformation accurs where it cvolves from
the paraclectric phasc into a lower symmelry femmoelectric phase with a spontancous
polatization [353]. At the transition temperature T,, the diclectric constant reaches u
maximum for most ferroelectric materials. At temperatures above the Cuaric lemperature,

ihe diclectric constant, K, abeys the Curic-Weiss law:

K = CAT-Ty) (2.5)
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where C is the Curic conslant, which is typicalty on the arder of 10" — 10° K [8], T is the
temperature, and Ty is the Curie-Weiss temperature, Tn a frst order ferroelectric material,
Te > Ty, while in a second order ferraclectyic material T, = Tp.

Perhaps the most important ferroclectric protolype is the perovskile oxide :
structure (Figure 2.3). Ferroclectrics such as barium titanate and PZT all belong (o this
family. PZT has a cubic structure in the high temperature paraclectric phase, in which the

. . K A
central atom is cither Zr ** or Ti ¥, the corner atoms are Pb*, and the lace centered atoms

arc O [39]. During the phass transilion at T., the cubic unit cell disiorts into a tetragonal
or thombohedral structure. The relative shift of the oxypen oclzhedra and the cation
atoms due to the structural dislortion resulis in the generation of an cleciric dipoic

moment in the ferroelectric phases [8],

@
»
h
O
N

& -

Figure 2,3, The perovskite unit cell of PZT [38). The central atom is either Zr ™ or Ti*, the

cornet atoms are Ph**, and the face centered atoms are OV,
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For lerroclectric materials, since there is moere than one crystallographic direction
along which the spontaneous polarization is slable, on cooling through the transition
temperature from the paraclectric phase, the material may cvelve into 4 pattern that is
composed of regions with different polarization vectors. This is called a dormain structere
[40]. A domain is a region where all of the polarization vectors are aligned along the
same crystallographic direction.  The relative orientation of the different domains is
dictated by the symmctry of the paraelectric phase and the symmetry clements lost al the
transition [38]. Domaln structures are developed in both polyerystalline and single erystal
saraples to minimize the free energy, and they significantly influcnce the properties of
ferroelectric matenals (see section 2.5 and section 2.6). Under an exlemal electric ficld,
the closer the polarization veelor is to the electric field, the lower the free energy of the
domain. Thercfore, the polarization vector of the ferroelectric domains can be switched to
a more energetically favorable dircction by the application of a large de eleciic field,
This is the poling process [40].

The trademark of ferroclectricity is the polarization electrie-field (P-13) hysteresis
loop. This loop is the evidence showing that the spontancous polarization can be
recriented among the possible crystallographic orientations. The hystercsis in the P-E
relation results from the stability of the polarization along the preterred erystallographic
oricntations and its resistance to reorientation. From the P- E hystoresis loop (shown in
Figure 2 .4), several distinclive characterisiics of ferroelectric materials can be described.

The saturation polarization. P,,, defined as the linear extrapolation ol the

polarization at high ficld back to the zero field puint, refers to the total peolarization that

can be attributed to the reversal of the spontaneous polarization. The remanent
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polarization, Py, is the polarization remaining in g ferroclectric material after the externul
electric field is released. It refiects the degree of alignment of the dipole moments in a
given ferroelectric. The covrcive field, E,, refers o the electric field at which Py = 0

[41].

AP

PSHtPr

C

Figure 2.4, Anillustration of the polarization hysteresis (P-E) loop of o ferroelectric
material. The saturation polarization P,, the remancnt polarization P., and the coercive

field 7, are shown as defined,

All Terroelectric erystals are piezoelectric since they all have polar structures.
However, randomly oriented polycrystalline ferroelectric ceramics are initially not
piczoelectric becanse they have a centrosymmetric soosm symimetry due to the random

distribution of polarization vectors after cooling through T.. However since the material

has a rearicntable polarization, by switching the domains to the energctically favorable




directions through de poling, its symmetry can be reduced 1o a noncentrosymmetric som,
where m lics along the poling axis [34]. Thorefore, femoclectric coramics can be
piczoelectric after poling. The piczoelectric activity induced by the poling process
incrcases monatonically with the degree of the alignment of the polar veciors tn al the
grains, which is indicaied by the ratio of the remanent polarization to the spontancous

polarization [26].

2.4 [.cad Zirconate Titanate (PZT)

Lead zircanate titanate, Pb{Zr,. 19004, is a solid solution system  between
POTIO; and PhZrO; which has the perovskite structure. After bein ¢ developed in the
[950"s, this material has become the most important and widely wsed plezocicoiric
ceramic due to its superor diclectric and piezoelectric praperties. In this solid solution
system, by changing the zirconium/titanium ratio, both the structure and propertics of the
material can be adjusted. The phasc diagram of the system is shown in Fipgure 2.5 [26].

At temperatires above T, the cubtc paraclectric structure (m3m) is stable for al
the composilions. On cooling through T, the paracleciric cubic phase Iransforms 10 a
tetragonal phase {4mm} for tiunium-rich compositions (0<x<0.52) and a rhombohedral
phase (3m or 3¢} for zirconivm-rich compositions (0.52<x<0.94), The distortions of the
cubic unit cell 1o tetragonal and rhombohedral unit cells are illustrated in Fi gures 2.fa

and 2.6b. In tetragonal PZT, there arc six possibie orientations for the spontancous

polarization which are the six <100 directions in the paraetectric cubic structure, while
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in rhombohedral PZT there are eight possible oricntations for the spontancous
polarization which are the cight <111> directions in the paracicctric cubic structure.
Thercfore, 90° and 1807 domains may be formed in tetragonal BZT while 71°, 1092, and

180" domains may be formed in rhombohedral PZT [42).

|
l:
E 150 P \ -
= 2 ./ *~,
100 » -
50 A‘:‘II/ Fuu.n\\ | |

1
Pb2rO, 10 20 30 40 S50 &0 70 80 90 PbTiO,

MOLE % PbTiOy

Figure 2.5. The lead zirconate titanate phase diagram [26]. P, is the paraelectric cubie
phase, F'r is the ferroelectric tetragonal phase, Fgyp, is the high temperature ferroelectric

rhomhohedral phase, Fro.ry s the low temperature ferroclectric rhombohedral phase, A, is

the antiferroclectric orthorhembic phase, and Ay is the antiferroelectric tetragonal phase.
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Figure 2.6a, Figure 2.6b.

The fervoelectric  distortion of 3 The ferroclectric distortion of o
tetragonal perovskite. The polarization rhombehedral perovskite, The
direction is along ome of the <100> polarization dircetion is along one of the
directions of the prototype unit cell [14]. <111> dircetions of the prototype unit

ccll [14].

The most impertant feature in the PZT solid-solution syslem is ihe existence of a
morphatropic phase boundary (MPB). The MPB refers 1o an abrupt struciural change
with variation in composition, but which is nearly independont of temperature. In the
PZT system, the MPB lies belween the Zo/Ti ratios of $52/48 and 3347, and it separalcs
the rhombohedral and tetragonal phases. The appearance of an MPE can be related to the
Instability of one ferroclectric phase against another upon a etitical compasition change,
At the MPB composition, two phases coexist since they have tdentical free energics, Due
to the structural instability of the material at compositions ncar this boundary, many
physical propertics will be either preatly enhanced or suppressed. In PZT, the diclectric
constants, the piezoclectric coefficients, and the clectromechanical coupling factors al!
reach their highest value at compositions near the MPR [26]. Figure 2.7 shows the
dependence of the diefectric constants and the piezoelectric coelficicnts of undoped PZT

Cceramics on compositions near the MPB. Table 2.1 lists the physical properties of

undoped Ph{Tiy 452rg 57 )0z ceramics after poling.
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Figure 2.7. Variation of room temperatore properties with composition for PZT.

{a) piezoclectric encfficients, (b} diclectric constant. From [26].
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Table 2.1. Elastic, dielectric and piezeelectric constants of poled PhiTi 70y £:)0 coerpmics

[26].

T 00y | gy E dag (PCANY | dap {pCINY | 733 tpmiN) | 872 (oMY | 8713 cpm/N
13

386 1180 | 730 | 223 035 138 4.7 -5.80 J

25 Ferrpelectric Domain Straciure

Ferroelectric materials usually form domain struclurcs in an aliemipt to minimize
their free erergy. On cooling down through T, ferroelectric distortion of the unit cell
results in bolth spontancous polarization and spentancous sirain in the structure. Due to
the exisience of surfaces, imperfecons and mechanical consiraints on lerroelectric
crystals, there are clectrostatic and elastic cnergies associated with the sponlaneous
polarization and the spontaneous strain in the crysial [40]. The clectrostatic encrgy is
caused by depolarization fields resulting from the uncompensated polarization at the
surfaces. This encrgy can be reduced by forming 2 180° domain structure in the crystal

tshown in Figwre 2.8a). In such a structure, the electrosiatic encrgy, Wy. can be described

as |43]:

W= 2.71PdViegt| 1 + (56,0 (2.6)

where ¢ and V are the thickncss and volume of the crystal, P is the polarization, d is the

domain width, £, and g, are the dielectric constants along the x and » axis respectively. It
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15 shown in thc above eguation that the clectroslatic enevgy associaled with the
depolarization ficld is proportional to the domain width, therefore a multi-domain
structure has less electrostatic encrgy than the single demain state, However, the
formation of 1807 domain structures also introduces domain walls inlo the crystal which
have an associated free energy. If the energy per unil arca of the domain wall is 6, then

the domain wall energy in the structure shown in Figure 2.8a can be expressed as [40]

W, = (G/d)Y (2.7)

Thercfore, a stable 1807 domain coafipuration should minimize the sum of the
clectrostaic energy und domain wall energy.  This feads to the following relation

between the 180° domatn width and crystal {grain) size, t [40]:

d e t'? (2.8)

Whelther the 130° domain configuration is formed or not in a ferroclectric crystal
or ceramic depends on whether there are enough fiee electric carriers to compensate the
spontaneous polarization (so that the depolarization field is screened). For materials with
large free carricr concentrations and a high mobility at the Curie temperature, 180°
domains are absent, as has been observed in PbTiO: and K(TaNb)Os single crystals [44].

For matesial has low free carrier concentrations at the Curie temperature such uy BaTiOs,

180° domain structures are often obscrved [4].
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Figure 2.8. {a} 180" domain struclure in a ferroelectric single crystal, from [43).

{b) 90° domain structure formed in a euhic geain, from |46].

The elastic energy associated with the development of the spontancons strain can
be reduced by the formation of non-180% demains. In fermelectric ceramics, this energy
is significant since cach grain is constrained by its neighbors. Therefors non-180° domain

patterns are often tormed to minimize the intergranular stresses in ferroelectric ceramics.

Arlt calculated the elastic energies and domain wall cnergy in a clamped BaTiOs grain
which was comprised of an array of twinned 90° domains (Figure 2.8b) [45, 46].

Minimizatien of the total encrgy gave:

d = (oygi2kep, 5" (2.9}

where g is the grain size, k is 4 constant, d is the domain width, B, is the shear angle of

the demain, oy is the energy per unit arca of the S0° domain walls, and ¢ is the stiffnass.
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Both cquation 2.7 and equation 2.8 show that the [80° and 90° domain width in g
stable configuration are proportionai to the square root of the grain size, which is in
agreement with the experimental resuits in BaTiy and PZT ceramics (47, 483}, The
cquilibrivm dornain pattern formed in a particular lerroclectric materiai depends on (he
CX&CL Siress states, any Hncompensatod surface charge and imperfections in the struedure,
The domain configurations alse change with the grain size. Fine grain PZT ceramicy
(grain sizes below Iim} were found 10 have domain structures much simpler than those
formed in the larger Erain ceramics [49], Very finely twinned domains (~ 10nm) were
observed at & grain size of 0.2 Kin for Nb-doped PZT 7.

As the grain size decreases 10 some fevel, the decrease in efastic cncrgy due o the
formation of domains Becomes smuller than the CErgy expense associated with domain
wall formation itsclf. In {erroelectric ceramics which have grain sizes smaller thay this
value, the twinned domain structures with non-180° domain walls have more free cnergy
than the single domain staic so that they should not appear. This critical grain size has

been calculated (o be 40nm for BaTiQy (451 and &nm for PbTiO; [50].

2.6 {nirinsic ang Extrinsic Contributiong

It has been found that the room temperature diciectric apd piczoclectric propertics
of ferroclectric materials are [rom both intrinsic and EXIFIDSiC sources |5 1-53). The
dielectric and picroelectric propertics of a single domain single crystal under the

appropriate boundary conditions arc defined as the imtrinsic propertics  (volume
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contribution) of that material. As illustrated in Figure 2.9a, the application of an eleciric
field will cause changes in both the spontanecus polarization and the spontaneeus strain
of the ferroelectric unit cell, resulting in an indoced charpe or strain in each domain. This
is the origin of the mnirinsic dielectric and piczoclectric response. For ferroelectric
pelycrystalline muaterials the intringic dicleetric and piezoelectrie responses are the
appropriate average of the intrinsic properties of all the domains in every grain in that
material. The phenomenological theory developed by Devenshire relates the intrinsic
piesoelectric cocfficients to the intrinsic dielectric properties and polarization as follows

[33]:

i = 2Q4ik EoEaPy (2.10)

where Qi is the electrostrictive coefficient, g is the permittivity of free space, gy 18 the

intrinsic diciectric constant, and By is the polarization.

Intrinsic Coaniributicn 180 dormsin
vl motion
-— —
| ; E -180°
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Fipure 2,9, (a) Intrinsic contribution due to the response from lattice.

(b} Extringi¢ contribution due to 180" domain wall maotinm

(c) Extrinsiv: contribution due to %0° domain wall mofion
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On the other hand, the diclectric and piczoclectric responises that originate from
sources other than the inininsic contribution arc lumped as extrinsic propentics of the
matcrials. It is believed that the majority of the extrinsic contributions ariginate from
domain wall mations [52]. As discussed in the previous section, domain wall notion in
response to applied clectrie Miclds or stresses can result in induced charge or stiain. This,
in tun, gives rise to a dicleciric and piczoclectric response in addition to the response
from the distortion of the unit cell (Figure 2.9b and 2.9¢). It is very important 1o Point out
here that 180° domain walls are purely ferroelectric walls. They can be exciled
clectrically, and their movements icad 1o a polarization change only. Thus the 180°
domain walls contributc only to ihe dielectric properties of ferrocleetric materials, In
cottrast, non-180° domain walls are bolh ferroclectric and ferroelastic: they can be
excited by both external electrical and mechanical signals. Such wall motion can cause
changes it the polarization and the strain, so thal it can contribute to both the dielectric
and piezoclecttic properties. The primary source of the extrinsic piczoelectric fCsponse in
ferroclectric materials is believed (o be the non-180° domain wall motion [54,55].

To understand how the dicleetric and picroclectric properties of ferreelectric
materials are influenced by domain structurc and domain wall motion, quantitative
evaluation of the intrinsic and extrinsic contributions to dielectric and piczoclectric
response is needed. In general, there are two kind of experimental methods which can be
used Lo separate intrinsic and extrinsic responses in ferroclectric ceramics. The first one is
measuremcnt of the [requency dispersion of the diclectric response [36, 57). In this

cxperiment the upper bound of the frequency of the applied clectric field is high enough

so that the domain wall motion and defect reoricntation can no longer respond Lo the
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change in the apphed field. At this freguency, the response from the material is totally
due to the 1onic motion of the latlice and clectronic displacement of the atoms, which 1s
the intrinsic response. However, this experiment requites frequencies in Lthe range of
GHz, and can only give infonmation about the dicleciric properties. In addition, the
dielectric constant measured at high {requencies is a ctamiped dielectric constant, which is
different from the diclectric constant measured below the resenance freguency. The other
experiment 1o diseriminale the intrinsic and extrinsic response is a measurement of the
temperature dependence the dielectric and piezoelectric constants [7,58). Since domain
wall motion aud defect reorieniation are thernally activated processes, they can be frozen
aut al wempcerature near zero Kelvin. Therefore the piezoelectric and diclectric propettics

measured at this temperature are completely from the inteinsic contribution. This method

¢t provide information on both diclectric and piczoelectric respunscs. But it should he
noticed here that the propertics measured near zero Kelvin may not be dircetly related (o
; the prapertics at high temperanires.

There have boen many studies conducted on the extrinsic contributions to
diclectric and piczoelectric characteristics in ferroelectric materials |52, 56, 57, 58, 59-

62]. The weak field (< 2 kV/om) dicleciric and piezoclectric responses of PZT ceramics

have been investigated as a function of the amplitude of the electric driving field {59).
Both the dicleetric and piczoelectric consiants were found to increase with the driving
field. Accompanied by the onsel of this non-lincarity, hysterosis loop started to appear.

The increase of nonlincar effecls was alse accompanied by an inercase in loss. By

i
!
i

applying 4 de bius field or decreasing the terperature, non-linearity was reduced. These
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results suggest that the nonlincar behavior in ferroelectric ceramics is of extrinsic mature
due 1o the domain wall motions [59].

The piczoclectric response of PZT coramics to an applied ac stress was studicd as
a function of both the stress amplitude and frequency [60]. Neulinear behavior was also
observed under sub-coercive field strosses. The author attdbuled the piezoelecttie
hysteresis and the dependence of the pieroelectric coefficiont on the applied ac stress (o
irrcversible domain wall motions. Tt was found that the piezoelectric non-linearity undor
sub-coercive strcss field could be described by the classical Rayleigh law which was
developed for ferromagnetic malerials, In this model, randemly distributed defects in the
[crrociectric materials interact with the mobile ferroclastic domain walls and act as
pinning cenlers to Jimit the non- 180° domain wall motions [60).

To separate the extrinsic contribution from the total response in a ferroelectric
material, the temperature dependence of diclectric and piczoelectric properties of PZT
ceramics was investigated from 4.2 K to reom temperature [38). Although PZT ceramics
modificd with different doparts had much different dicleetric and piezoelectric constants
at room temperature, their dielectric and piczoelectric behaviors were aimost identical at
4.2 K (Figure 2.10 and Figore 2.11), This result indicates that doping dous litlle to change
the intrinsic propertics in PZT ceramics, but can significantly influence the cxtrinsic
contributions 1o the room temperature properties of PZT coramics. The dielectric constant
measured at 4K agrees very weil with the thermodynamically predicted value | 7).

The investigation conducted by Zhang o al. [52] also showed that both the

measured dielectric and piczeelectric constanls of PZT ceramics decreased with

decreasing temperature due to the redeced domain wall activitics. The authors then tried




to quantilatively determine the relative contributions of the intrinsic and extrinsic
response based on an assumption Lhat domain wall mation under weak driving ficld does
not produce a volume change in the materials. They sugpested that the piczoelectric
hydrostatic coelficient dy does not have extrinsic centributions, and thus can be uscd o
scparale the intrinsic and extrinsic properties.  Using this idea, the temperature
dependence of both the intrinsic and extrinsic responsce of PZT ceramics was calculated,
and the domain wall contributions (rom 180° and non-180° domains were analyzed. They
cencluded that at room temperature, more than 50% of the diclectric and piezoelectric
response in PZT ceramic is from domain wall motion, and hoth 180" and non- 180"

lomain wall contributions are likely preseat in soft PZT [52).
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Figurc 2,1}  Temperature dependence of the dietectric constant of PZT ceramics

modified by different dopants [58].
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Figure 2.11  ‘Femperature depeadence of the transverse piczoelectric coefficient of PZT

ceramics modified by different dopants [58],

27 Phenomenological Theory of PZT Sysiem

For a better understanding of (he properties of multi-domain polyerystalline PZT
ceramies or films, knowledge of the propertics of single crystal single domain PZT is
required. Since the growth of good quality PZT single crystals for the composilion across
the MPB has not been accomplished, single crystal data are not available from direct
measuremcnts. Althongh the dielectric and pievoglectric properties of single domain PZT

can be deduced cxperimentally by low {emperature measurements, it gives only the

propertics  at  femperalures  nedar e Kelvin Therelorz,  thermadynamic
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phenomenological theory has been developed Lo predict the single domain propertics of
PZT. This theory can then be used to separale the inlrinsic and extrinsic contributions to
the properties of a multi-domain polycrystalline matertal. I can also be used to study the
effect of mechanical and electrical houndary conditions on the single domain properties,
which ts very important in understanding the behavior of ferroclectric thin [Tlms,

The principles of the thermodynamic theory for ferroelectrics is that the free
energy of a ferroclectric single erystal can be expanded in terms of a pawer series in the
order parameters which causc the phase transition [63]. For the paraclectric-ferroelectric
phase transition in PZT system, the order paraimeter is the spontancous polartzation. From
this energy function, the characteristics of ferroelectric phase transitions, the rclationships
between the coefficients in the power scries and the macroscopic parameters of the
crystal, and the temperature dependence of the macroscopic paramelers can all be
determined. Therelore the single domain properties of ferroclectric crystals and their
relationships with cach other can be described by just a few coefficients. This theory is
purcly macroscopic and phenomenological, and is applicable o almest all ferrostectric
crystals independent of the crystal structure and the microscopic processes responsible
for the ferroelectric phase trapsition. The details of the thermodynamic theory of
ferroclectrics can be found in & number of books and reviews, and thus will pol be
repeated here [8, 40, 63-65].

The phenomenological theory for the PZT solid solulion systcm have been
developed and used to explain the properties and phase transitions in this system [37, 66-

72). Since the coefficients of the energy function cannot be determined by direct

measurement from single crystals, the development of a complete thermodynamic theory

.- o
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for the PZT system is complicated and musl involve indirect methods 1o determine thesc
coefficients. For a single domain PZT near the MPB, the elastic Gibbs frece energy
function under isothermal conditions can be expressed as a power scries of the

ferrpelectric sponianecus polarization (I ) and stress (X} [69]:

AG=oy [P + P2+ Pl e PP +P  + P ] + 02 IR P2+ P2 P 4+ P2 P
+otypg [P+ PO+ P T+ oa (PR + P+ By AP +PsY + P (P2 + YY)
+ 0y PP P - W silX T+ X574 X |- s X0 Xa + XaXa+ XXy |
= Vo syq [Xa® # X524 X7 ] - QX (P + XaP2? 4+ X3P47 )
= Qu2 X1 {P2* + P + X3 (P + Py + X3 (P 4+ P

= Qaa [X4P2 Pz + X503 Py + XP Py) (2.11)

There are three sets of coefficients in the above energy lunction 1o be determined:
the ferroclectric dielectric stiffncsses at constant stress (o, 5 . 05 ), the elastic
compliances ai constant polarization (s;), and the electrostrictive coelficients hetween
polarization and stress ({). Amin measured the spontaneows sirains in ferroelectric
phascs by high temperature X-tay diffraction and caleulated the sponianeous polarization
through the electrostrictive constants. The dielectric stilTness coefficients (o, and 11}
were then determined from these data. The polarization interaction dieleciric stiffness
coeflicients (o2, (12, ti23) were determined throngh the aid of the morphotropic phase
boundary daia. Using these coetficients, a thermodynamic theory for the PZT system

from PbTIO, to the MPB was established, and (he clastic, dielectric, piezoclectric, and

lhermal propettics of the single domain ferroelectric PZT were calculated [69]. This
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theory was modified later to sceount for the cotnposition dependence of the Curic
constant which was found from a combination of calorimetric and phenomenological
data, and resulted in a belier agreement hetween the theoretical and experimental
dielectric dala near the morphotropic phase beundary [70].

A lhermodynatmic theory lor the entire PZT system was developed later by Haun
ot al. using an encrgy funcuon including additional order parameters, such as terms {or
the octahedral tilt angle, antiferroeleciricity, and coupling lerms [37]. To determing the
coefficients of the energy funclion and their composiuon dependence, pure and
homogencous IXAZT powders across the phase diagram were prepared by the sol-gel
method. PZT cerumics were also fabricated using these powders and their diclectric,
piczoclectric, elastic, pyrociectric, and elecwostrictive properties were measured for the
evaluation of the cocfficients of the encrgy function. The resulting energy lunction can be
used (o model the phase transitions and single domain propertics of the PZT system
across the entire composition. The spontaneous polarizations, spontancous strains, the
dielectric and piezoclectric properties of the single domain PZT were calculated by
solving the energy function [371. It was found that both the dielectric susceptibility
coeflicients and the diclectric anisotropy reached a maximum at the PZT 50450
composition, due lo the peak in the Ceric constant at this composition and the chunge in
the ratios of the dielectric stiffness coefficient as a function of composition. Because of
the significant compesition dependence of the dielectric susceptibilily coefficicnts, the

piczocleciric charge coetficients, dy, were also functions of the compesition, and showed

large peaks at compositions near the MPB due to the large dielectric susceptibility
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cocfficients there. Table 2.2 summarizes the theoretical single domain properties of PZT

at 25°C.

Table 2.2 The Fheorctical Properties of PZT at 25°C, From Haun [37].

Mol Fraction PhTiOy in PZT"

21 62 03 04 03 D26 GF O0F Q9 LD

Pg (CmT) 057 066 065 050 050 057 068 070 O 075
b5 (Deg.) 542 136 664 — — @ — o — .
Ty3 ® Mg’ 29. 277 280, 295 8L 197, 116 B64 728 666
Byp oAy’ 195. 262 360 529, V21 498. 218, 143 17, I,

233 (10" vayN) 268 D% MUE 419 966 1S 0L 114, 124 1M
g3 03 VMAN)  LBI3 L9513 (112 156 -460 333 318 -342 2304 -392

g5 Q03 v 129 143 155 181 410 384 408 449 486 509
dy Q012 oy 472 721 W07 8. 327 162 14, 822 812 72
d3; 0712y -133 -216 -385 -B05 -156. -S89 326 -262 -239 .23]
dpq (1071209 181 127 -7 .21 — —  —
dy5 02 om) U2 M3 420 00 66U 185 W6 S0 521 56

“The valises listed from 0.1 w0 0.4 were calculated from the high-lemperatre thombohedrsl equations, excepr
for Pg and ¢ from 0.1 to 0,3 which were calcubated from the fow-tempemire rhombohedmal cquations. The
values listed from 0.5 to 1.0 were caleulaed from ihe 1emagonal squations. Pg = Py In the 1eragonsl stats,
but Pg = 332 Py in the shombohedzal siates. Bg = 31205 ) and 13, were used in fhe toirgonal saic,
and 7y, "and 133" {300 Secrion 2.5) ware used in (he thombobedral stats, The piezocletric cosfficients aro all
based on the cubic ares,

28  Special Issues in PZT Thin Fiim Properties

The propetties of PZT thin films are wvsually differcnt from (hose of

pelyerystalline bulk ceramics since there are dissimilarities between bulk and thin Film
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PZT in many aspects. Depending on the deposition lechnique and the substrate used, PZT
thin {ilms can be made either epitaxial, textured, or randomly oriented. They may have
grain sizes much different from the typical grain sizes in bulk PZ1° ceramics. There are
often Jarge biaxial stresses in thin films dee (e the volume change during the phase
transition of PZT and the thermal expansion coefficient mismateh between the substrate
and the film. In addition, the substrate and clectrode adjacent 1o the PZT films may also
cause surface/interface effects and clamping in PZT films, All these are known to affect
the dielectric, mezoelectric and ferroclectric properties of PZT films by allering both the
intrinstc and extringic contributions in these films. Therelore (hese issues must be taken
into consideration in an investigation of thin film PZT properties. In this section, each of
these tactors will be discusscd individually and brief overviews on their effects on the

properties of PZT ceramics and thin ilms will be given.

2.8.1 Grain Size

The grain size of PZT films may have a very wide variation due to differences
brought about by the processing procedure and the choice of substrate. For PZT films
deposiled on single crystal substrales which have a lattice match © PZT, e. 2., metal
oxides with oxygen octahedra backbenes, the {ilms may be cpitaxially grown on top of
the single crystal substrates, These fiims can be viewed as 2 dimensional single crystals
with the prescnee of low angle grain boundaries within them. Therefore, the “srain sive”
in the lateral dircction may be enormously large compare to those in PZT ceramics. One

the other hand, PZT filnis deposited on polycrystalline substrates usually arc also
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polyerystalline, and thoy often have smaller grain sizes than bulk PZT ceramics due 1o
both the high ncleation density and the fact that the crystallizalion temperatures used for
thin film processes are censiderably lower than the temporatures used [or cerantic
processing. To reduce the thermal budgel and interdiffusion between the film and the
substrate, rapid thermal anncaling is often used for the crystallization of the PZT filins,
Films anncaled by this process typically have very small grain sizes since the soaking
time at high temperature is extremely short, Therefore, grain size effects are very
imporlant in studying the properties of PZT thin films.

The cffeet of grain sive on the properties of PZT ceramics has been the subject of
a number of investigations {7, 73-79]. It was found that the crystal tetragonality (c/a
ralio) of PZT ceramics decreased with decrcasing grain size, resulting in a decrease of the
average unit cell volume [7]. The observed result was attributed to intermal stresses which
inhibited the development of a fully wnclamped tetragonal structure on ceoiing throngh
the Curie temperature, With decreasing grain size, non-180° domain formuation becomes
difficult, which results in an increased internal stress. The remanent polarization was
found 1o increase wilh increasing grain size below [pm, saturate above 1pm, and then
drop slighily above 3pum [7). The coercive field was found (o increase with decreasing
grain size. The sharp decrease in the remanent polarization and increase in the coercive
ficld for the fine grain-sized ceramics was belicved to be due to the clamping of domains
exhibited by neighboring grains and grain boundaries [7, 76, 801, The obscrved decreasc

in the remanent polarization of the coarse grain-sized materials was attributed 1o

relatively free domain reversal processes just sfter the removal of ficld (7]
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As for grain size cffects on the dielectric properties of PZT, there are contrary
works in the open literature, Farlier works [73, 77, 78] showed an increascd diclectric
constant with increazing prain sizc. The authors explained this behavier using either a
spacc-charge distribution model [77] or a Gaussian distribution of the Curie temperature
model [78). However, Webster and Weston reported that the dielectric constants of hah
rhombohedral and tetragonal compesitions increased with decrcasing grain size, and the
above authors explained this behavior using an internal stress [76]. It is belicved that the
discrepancy described above may be due to artifacts associated with the processing.
Recently, Kim investigated grain size effects on the diclectric propertics of carefully
prepared FAT ceramics which had a wide range of grain gize [7]. I was found in this
work that the diclectric constant and loss of undoped PZT increased with decreasing
grain size. It was also noticed that the grain sive dependence of the diclectric constant
appearcd to diminish when the compesition approached the MPB. The author concluded
that there are both intrsic (intemal stress} and extrinsic (domain wall motion, grain
houndary phasc, defects) causes for the observed size effects in the diclectric constant,
and thal the extrinsic sources often dominate at room temperawure. The increase of loss
with decreasing grain size was attributed to space charge in the grain boundary phases,
Diclectric measurements at 15K showed that the grain size dependence of the dieloctric
censtant of PZT ceramics wus retained at this temperature and higher dielectric constants
were observed in fine grain specimens than in the coarse grain ones. This resuit supports
the internal stress model which explains the increase of intrinsic diclectric constant with

thecreasing grain size [7],
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The dependence of phase transition parameters on gratn size in PZT ceramics has
also becn investigated. Most resulls shawed that the diclectric maximum K, at the Curic
temperature decreased and the peak hecame broadencd with decreasing prain size. At the
same time, an increase of the Cutic temperalure was observed [7, 77-79], The reason for
the broadening and decrease of K., with decreasing grain size is still unclear. Il appears
that more than one mechanism can account for this behavior, including a change in
domain wall motion and the presence of a low dieleetric constant grain boundary phase.
‘The dependence of the Curic temperature on grain size is believed to be due to space
charge accumulated in the grain boundary phases |77, 801, It was reported that little
change of the Curic temperature with grain size was found in Nb-doped PZ'T in which the
space charge fayer in the grain boundary phases was minimized by donor doping [7).

The piezoelectric and related properties of PZT ceramics were consistently Found
to decrease with decreasing grain size in the literature. This behavior is belicved to be duc
to the clamping of domain walls in fine-grained PZT, In addition, the switching of non-
1807 domains during the poling process is suppressed by the ncighboring grains in fine
grain PZT ceramics. These same mechanical forces tend to cause relaxation of the
domains (depoling}, thus leading to a fast initial aging rate of the piczoelectric properties
at the carly stage after thc removal of the poling field. Funhcormore, space charge
associated with defects can accurnulate at the grain boundaries. The space-charge layer,
which 1s seen to increase with decreasing grain size, may degrade the poling ef ficiency.

These effects, coupled egether, seem to lead to the observed grain size dependence of the

piczoelectric-related properties over a wide range of temperatares (300K, 100K, 15K).
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With decreasing temperature, the extrinsic contribution such as domain wall motion was
frozen out, and the piezoelectric properties became independent af the grain size | 7).

In review of grain size cffocts on the proportics of PZT syslem, there are some
investigations on PZT bulk ceramics. However, there arc still some uniesolved problems
duc 10 the contrary results. As fer grain size effects in thin film PZT, there is no

syslemalic study reported in the epen lterature to the author's best knowledge.

2.8.2 Stress

Thin film materials deposited on a different substrate usually are mechanicatly
stressed. The origin of these stresses (which are primarily of biaxial natere) can be sorted
as thermal, inlrinsie, and extrinsic sticsses [81]. The intrinsic steess is commonly referred
to as the growth stress, and is determined by the nature of both the filtn and substrate and
is fundamentally related to the film doposition process. Large inirinsic strosses are
usualtiy found in films prepared by physical vapor deposition processes (c.g. sputtering).
Extrinsic strcsses are caused by structural changes which have an accOMpPanying
dimensional  change, such as the crystallization of an amorphous phasc o the
paracicctric-ferroelectric phase (ransition, Thermal stresses are dee to the thermal
cxpansion mismatch belween the filin and the subsirate. As the specimen is cooled down
from the deposition or erystaliization temperalure, residual strain develops in the film duc
to thermal cxpansion mismatch, which results in a htaxial stress in the film. Stress

measurements on sol-get derived PZT films deposiled on Pl-coated silicon substsates [82]

showed that the residual stress present in these films is mainly thermal stress. The
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residual siress was measared to be tensile and had a magnitude of about 100 MPa for
submicron PZT films with MPB composition, which was in good apreement with the
calculated therrnal stress [82, 83].

Due 1o the ferroclaste nature of non-18(0° domain walls in ferroslectiric materials
inciuding PZT, it is reasonable to expect Hiat the properties of these materials can be
influenced by mechanteal stresses. Both the intrinsic and cxtrinsic propertics of a
ferroclectine matenial can be changed by mechanical stresses through alterations in the
domain structure, Curie peint, dosnain wall activity, and switching propertics [81].

The cffccts of both biaxial stress and uniaxial stress on the diclectric and
piezoeleciric  characleristics of PZT ceramics have been the subject of many
tnvestigations [#4-90). “The results from compressive biaxial stress experiments showed
that as the applied stress increased, thete were decrcases in the dielecivic constant but
increases in the loss factor For hoth hard and soft PZT ceramics [B4]. The reduction of the
dielectric constant with an applied hiaxial stress in soft PZT ceramics was much sironger
than that in hard LT ceramics, and could not be recovered afier the removal of the
siress, These offects can be explained by non-180° domain reoticntation as a result of the
applicd siress. Under an applied compressive stress, domains which have polarization
vectors perpendicular to the stress are encrgctically more Favorable than those with
polarization vectors parallel to the stress, Thercfore a compressive biaxial stress tends to
reorient the polarization vector of the domains te 2 direction more perpendicular to the
plane. Since the dielectric properties of PZT are very anisotropic (g, < £,), the dielectric

constant of PZT ceramics decroases duc to the reorientation of the non-180° domains,

Similar experiments on the pieroclectric measuretnents showed that the dsy coefficients




of PZT ceramics also decreased with increasing applied compressive biaxial stress [R5].
This behavior was also attributed to tho non-180° domain reorientation due (0 the stress
application. A compressive stress would reorient ferroelectric  domains  whose
polarization vectors are parallet 1o the stress to directions perpendicular to it. However,
lhese reoriented domains end o arrange themsclves antiparalle]l 1o each other (i e,
forming 180 domain conligurations} o reduee the clectrostatic energy associated with
the depolarization feld. Therefore, the net polarization of the material and its
piezoclectric coefficients are reduced due to the non-180" domain reorieniaiion |41 ].
Uniaxial stress effects on the dieleciric and piezoelectric characterisiics ol PZT
cerarnics have also been investipated [86-90] Kmueger siudied the effects of the
amplitude and the sequence of the applied uniaxiat stress parallel to the poling direction
on the dicleetric constant and dss cocfficient for both hard and solt PZT [849]. The results
on the diclectric constant are shown in Figure 2,12, During the first stress cycle, there
was a significant increase in the dielectric constant with the incrcase of applied
compressive stress for hard PZT ceramics. [Towever for soft PAT, the diclectiic constant
inilially increased with applicd compressive stress, then reached a maximum atl aboul 33
MPu, followed by a large decrease as the applicd stress continue 1o increase during the
first stress application. The dependence of the diclectric constant on the applied stress
retinned a similar behavier for hard PZT in fater cycles, with only a slight decrease in the
magnilude of the changes and a small increase in the diclectric constant afier stress
removal. In contrast, the dieleetric constant of soft PZT showed little change as the

applicd siress increased during the later cycles.
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of PZT-4 (left side) and PLT SA (right side). Stress was applicd parallcl to the polar axis,

Mhata were taken frem Krucger [846].
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An increase in the dieleetric constant wilh applied compressive uniaxial stresy in
soft PZT ceramics was also ohserved by Nishi and Zhang et al. [89, 90]. This behavior is

believed to he due to the increased demain wall contributions to the diclectric and

piezoelectric properties caused by the applied uniaxial stress. In hard PZT, the defect
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dipoles are rearientable due to the mobile nawire of these defects, They tend 1o align with
the polatization vectors of the domains to stabilize the domain structure, A displacement
of the domain walls then increascs the material®s free energy so that the domain walls in
hard PZT are inactive against external excitatton. Small domain wall contributions n
hard PZT lead to reduced dicleciric constants and piczoclectric coefficients. However, by
applying a compressive stress parallel to the polarization vector, the ferroelectric domains
tend to rcortent to directions more perpendicular to the siress, which results oz
metastable domain configuration. Thercfere the domain wall motion is much enhanced
by the compressive stress, so that the diclectric constant and tan & increase as extrinsic
contributions increase |90].

‘The unaxial stress behavior of soft PZT ceramics also can be explained by domain
processes occurning in soft PZT ceramics in response 1o an applied stress. At the initial
stage where the applicd stress is small, domain wall mobility incrcases with applied
stress, which is stmilar to what happens in the hard PZT ceramics but less significant,
This results in an increased diclectric constant with applied stress. As the applicd stress
conlinues to increase, substantial non-180° domain swilching oceurs duc to the
reorientation of the ferroelectric domains to more enerpetically favorable directions. As
the domains with polarization vectors parallel 10 the stress reorient o directions
perpendicular to it, the piezoelectric cocfficient decreases due to depoling [86, 90].

The effects of biaxial stress on the properties of sol-gel derived P21 ihin films
were fnvestigated by Shepard et al. recently [14]. Through bending the substrale using a

uniform pheumatic pressute rig, both tensile and compressive biaxial sticsses were

applied Lo the films. It was found thal the dielectric constant changed very little with the
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applicd biaxial stress (<10% for £100 MPa) and that the changes were reversible,

Contrary to what was ohserved in PZT ceramics, the diclectric constant of PZT thin (1lms

increased when the applied biaxial stress was compressive, and decreased when the stress

e — - g Ll

was tensile. The change of the remanent polarization with applied biaxial stress was also

reversible, wnd the remanent polarization decreased with tensile steess and inereased Ior

.

compressive stress. In addition, a smal] increase (Jess than 10%6) in the coercive feld was

observed with applicd compressive stress, while the change in the coercive ficld was even

_ smaller for tensile stress. All these results, including the small changes in the dielectric
propertics in PLT films due to the applied stress and the roversible nature of the stress
effects on both the high field and low field characteristics, suggest that unlike the
situation in bulk PZT ceramics, non-180° ferroelastic domatn wall motions play little role
in the thin film propenies over the stress range studied [14].

The effects of uniaxial stress on the propertics of PZT filims have not been
reporicd in the literature. This kind of experiment is also very helpful for investigating

the ferroclastic activity of (he non-180° domain walls in ihese films.

283  Crystallographic Orientation of the Films

R Rl T Tt R T
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Through adjusting the processing parameters during the preparation procedure
andfor choosing appropriate substrates, highly oriented or cpitaxial PZT films can be
deposited by many deposition techniques, Duc to the large anisotrepy of PZT crystals
(calculated on the basis of phenemenological theory), all the properties of these films are

expected to be strongly dependent on the erystallographic orfentation. Futthermore, since

AT i
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there arc several directions which are equivalent in the high temperature paraclectic
phase but dilfferemt in the room temperatore ferroelactric phases, the dielectiic,
piezocleetric, and the ferroelectiic properties of PZT films are also strongly influenced hy
the domain structures formed in the filins during the phase transition. Thus PZT filrms
may have the same crystallographic oricntation in the high temperature paraclectric
phase, bul develop into different domain paticens on different substrates (e.g., a-domains
which have polarization vectors parallel to the film surface and e-domains which have
polarization vectors poerpendicular o the film surface),

The intrinsic valucs of the dielectric and piezoelectric propettics of PZT erystals
alomg any erystallographic direction can be calcalated by projecting the values along the
pringipal axis into that direction using the tensor transformation method. The dependence
of the intrinsic diclectric constants and piezoclectric coelficients on crystallographic
orientation has been calculaled [92] using data from the pheromenological theory [37]
for PZT of both tetragonal and rhombohedra] compositions near the MPB. Their
caleulations showed that for both letragonal and rhombohedral PZT, the dielectric
censtant monotonically increases with the angle from the spontancous  polarization
direction. The minimum and maximum values are found in directions which are parallel
and perpendicular to the polatization direetion respectively. Similarly the piezoeloctric
constant diys is found to have a maximum value along the polarization direction and
decrease as the crystal is rotated away from (hat axis for tetragonal PZT (Figurc 2.13a).
However, for thombohedral PZT, the calculation shows (Figure 2.13b) that dss has the

maximum value in a direction 59.4° away from the polarization direction [111], which is

clasc to the paraelectric cubic perovskite equivalent axis [100].
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Figure 2.13  (a) Intrinsic piczoelevtric coefficicnt dy; of tetragonal 48/52 PZT crystal

alimy any crystallographic direction {92],

{b) Intrinsie piczoeleciric cacificient d;, of rhombehedral 52/48 PZT crystal

along any crystallopraphic direckon [92).

The influence of non-180° domain formation on the diclectric and ferroelectric

praperlics of PZT thin films has been demonstrated by B. Tutle ct al. [83, 93]. Their

results on sol-gel prepared tetragonal PZT thin llms showed that films which are

predominanty a-domain have low remanent polarizations and high diclectric constants

while films which are predominantly c-domains have large remanent polarizations and

low dielectric constants. These results are consistemt with the directienal dependence of

the propertics in a tetragonal PZT crystal. The formation of g and «-domains is believed

12 be determined by the biaxial siress in the films at emperatures in ihe vicinity of the
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Curie temperalure, PAT films under tension at the transformation tcmperalurc are
preferentialiy a-domain oricnted, whercas films under compression at the transformation
lemperature are o-domain otienled. Since X-ray diffraction measurements of PZT films
as a tunction of clectric ficld showed that clectrical switching of 90° domains in these
submicron [lms 1s severely limited, the original orientation and assembly of these 90°

domains have significant impact oo the film propertics.

2,84 Clamping and Interface Effect

It is wcll known that the elastic constants, the diclectric constanlz and the
piezoelectric constants of a piezoclectric are all functions of the electrical and mechanical
boundary conditions. For a piezoclectric thin film deposited on a rigid substrate which js
much thicker than the film itsclf, the film is always mechanically clamped 1o some cxtent
by the substrate. Therefore the measured diclectric and piczocleciric constants in thin
films are those under partially clamped mechanical boundary conditions (which are
dilferent from either the constants under free boundary condition or the constants under
totalfy clamped conditions). The exact mechanical boundary condition under which the
dielectric andfor piezoclectric measwrements on PZT (hin films are performed varies
according to the peometry of the sample, the clastic constants of the film and (he
substrates, and ihe picxoeleciric constants of the film. Since little elastic dasa on PZT thin
films been reported in the literature, quantitative modeling of the mechanica) boundary

condition in these films is not possible, Purthermore, there have been no experimental

resulls on the influence of the substrate clamping on the properties of PZT thin films
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reporied in ihe litgrature, Therctore, the effect of the clamping cffect imposed by the
substratc on film properties is still not weil understood. However such information is very
important in undersianding the piczeelectric hehaviar of PZT films, and initial work is
imperative.

The film/substrate and filmvtop electrode interface is another factor which may
influence the properties of PZT films. As has been pointed out previously, local siresses
at these interfaces can pin the domain walls, which will result in a small catrinsic
contributions to hoth the dielectric and piczoclectric responses in these films, Space
charge ar the interfaces may also cause domain wall pinning, as indicated by imprint in
these films. In addition, low permittivity Jayers may form at these interfaces, which can
result in 4 low measured dielectric constant.  These layers may result from the
volatilization of PbO at the surface during annealing, the formalion of an amorphous
phase during the sputtering of the top elecirode, o the Formation of Ti(}; phasc at the

bottom electrode due (o the interdiffusion during annecaling.
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Chapter 3. Experimental Procedure

This chapter describes experimental procedures used in (ilm preparation,
structural analysis, and electrical and piezoclectric characterization for the investigations

performed in this thesis,

3 PZT Film Deposition

The scl-gel process is one of the prime methods among all ferroelectric thin (ilm
deposition techniques due to its precise compositional and doping control, good
homogeneily and uniformity for large area deposition, low Processing emperatures, and
low manufacturing costs. In addition, the grain size of sal-gel derived PZT films can be
controlled to some exient during annealing of the pyrolyzed amorphous films, These
advantages make the sol-gel process a suitable film deposition technique for the purposc
of the investigations performed in this study. Therefore, all the PZT films investi gated in
this thesis were fubricated through the sol-gel spin-on technigue.

In general, the sol-gel process involves the following steps:

4) dissolution and reaction of the cation precursors in a suitable solvent

b) monitoring the solution charactcnstics, including viscosity and solids content

¢) film deposition by spin coating

d) low temperature heal treatment for organic pyrolysis

¢} high lemperatare anncaling for film densification and crysiailization
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In this swdy, three sol-gel methods (which were different in both solution
chemistry and annezling process) were chosen for the preparation of the PZ1 filins. The
first one used sol-gel solutions made by the methoxyethanol process described hy Budd
et al. [94] and modified by Brooks et al [95]. Lead acetalc trihyduate,
PB{CH:CO0)-3H,0,  zirconium  n-prapoxide, AZr[OCH{(CH3)]q,  and  titanium
isopropoxide, TI[OCH{CH,)]4 (Aldrich Chemical, Milwaukee, WI were used as the
clemental precursors. Figure 3.1 details this method. First, lead acetate trihydrate way
dissolved in 2-methoxyethanol, and the waler of hydration was distiled at 110°C under 4
vacinm of 130mbar. Appropriate quantities of zircontum n-propoxide and titanium
Isopropoxide cortesponding to the tarpeled stoichiometry of the PZT lilms were then
mixed in 2-methoxycthanol and refluxed with the lead acetzte solution at i HPC for 2.5
hours. The preparation of the precursor solution was carried out in a Rotary Evaporator
(Labconce). A 0.4 Molar solution containing 12% excess lead was prepared for film
fabrication. 4% formamide in volume was added to this solution to adjust the surfacc
tension 1o reduce the likehood of cracking of the film during pyrolysis and anncaling
[94]. PZT films were deposited by spin caating the precursor solution on substoates al
3000 rpm for 30 seconds. Bach PZT layer was pyrolyzed at 340°C for 60 second on hot
piate. After four layers were spin coated and pyrolyzed, the deposited film was
crystallized at 700°C for 30 sec using an AG Associates, Healpulse 210 rapid thermal
anncaling system (RTA), and & PZ7T filim of approximately 0.25 wm in thickness way
obtained. Thicker films were fabricated by repeating this procedurc. PZT films with

composilion across the morphotrapic phase boundary (zirconium to titanium ratios of
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56/44, 52/48, and 48/52) and thickness from 0.25 wm to 3.4 pm were prepared by this
method.

However, for films thicker than 4 um prepared by the above method, cracks often
occurred due to the stress accumulation. To make thicker films, a second sol-gel method
was used which added additional acetylacetone into the precursor solution used in the
first method. [n addition, a 600°C to 650°C pre-annealing step was introduced into this
process for densification of the spin-coated layers (o prevent further shrinkage during the
final unnealing at 700° by RTA [96], This adjustment enabled preparation of PZT films
up ko 10 L thick.

The 1hird sol-gel method alse used the samc precursors as the first two but a
different solvent (acetic acid, CHvCOOHY. Ethylene glycol and deionized watcr were
added to the solution to control the viscosity and surface tension. This method was
propascd by Yi et al. [97] and modified by Chen et al. [98] and was also capable of
preparing PZT films 10 um or thicker without cracks. In addition, conventional hox
fumace anncaling at 700°C for | hour rather than RTA was used for the final
crystallization of the PZT films in this method. The details of this s0l-gel process can be
found elsewhere [98].

The substrates used for this work were Pi{11 1ITSI05] and PI{100VSICH/Si
walers  commercially produced by Nova Electronics and Teong  Yang Central
Eaboratories, respectively. For the P11 1)/T¥#Si0+/Si substrales. the thickness of 310;, Ti
and Pt layers were | pm, 0.02 um and 0.12 pm respectively. For the Pt{100SiC,/St

substrates, the thickness of $iQ, and Pt layers were 0.3 pm and 0.13 pm respectively, in

hoth cases, the wafers were single-side polished,
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[ Leod acelata frihydrota ] [jrmnium n-propoxida | LTih:nium iso-propoxide ]
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with 12 mol % excess Ph

Figure 3.1 Flow chart of the sol-gel method for the preparation of PZT thin films using

a 2-methexyethanol solvent,

32 Film Structure Characterization

The elastic, diclectric, piczoelectric and ferroelectric properties of PZT films are
ali closely related to the structure and wicrostructure of the materials, Thus, the phase
structure, the erystallographic erientation, the grain size, and the domain conf; guration of
the PZT tilms were characterized since all of them are important lactors governing the

propertics of the films.
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3.2.1 X-Ray Diflraction

The x-ray diffraction (XRD} pattems of PZT films were recorded al room
temperature with a Scintag DMC-105 diffractometer (Scintag, Inc., Sunnyvale, CA)
using Cu Ka radiation to determine the extent of erystalline structure and the preferred
orientation of the films. A scun rate of 2 degrees per minutc was used throughout the

struciure analysis,

322 Scaoning Electron Microscope

The surface morphelogy and cross-sectional microstructure of the PZT films wore
examined using a JEOL JSM6300F field-cmission scanning clectron microscope (FE-
SEM). A thin gold film was sputtered on top of the PZT film surfacc to increase the
surface conductivity. Such a continuous conducting layer is necessary (o provide betler

surface details and to prevent sample charging.

3.23  Transmission Electron Microscope

Transmission clectron microscopy (TEM) was used 1o reveal the microstructure
of the films, such as growth textures, grain sizes, and domain structures. Ta prepare (he
cross-section TEM specimens, the films were first ground to a thickness of about 0.1 mm
and then dimpled to ahout 10 pm thick. After that, argon fon milling was used (o thin the

sample to electron transparency. ‘The cross-section TEM images were observed using a

field-emission Hitachi HF-2000 TEM |9%]. The plane view TEM samples were prepared
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by grinding and jon milling from the substrate side followed by a short time ion milling
the top surface, The condition of jon milling is as follows: BV = 5 kV, current = 0.5 ma,

at 12.5" with liquid nitrogen cooling F1001,

324 Fim Thickness Mecasurements

In this study, an Alpha-Step 500 surface proftlometer from “Feneor Instmiments
{Mountain View, CA) was used to measure the actual filin thickness. This measurement
employs a sorsitive stylus which glides over the substrate surface across the step bolween
the deposited (fim and the bottom electrode. The step height is determined by the vertical
displacement of the stylus. In order (o form a thickness step profile, PZT films were
patteened by wet chemical efching in a dilute mixture of hydroflueric acid and

hydrochloride acid.

i 33 Llectrical Properties Evaluations

To examine the high and low field electrical propertics of the PZY films, a simple
metal-insulator-metal (MIM) sandwich configuration for the capaciter was used. To
facilitate the electrical property cvaluations, top contact electrodes of platinurn,
approximately 600 A in thickness ang usually 1.6 mim in diameler, were Sputter-deposited

on top of the PZT lilm surface through a shadew mask. The sputtering sysiem used was a

Blazers SCI 040 from Blazers Com. (Hudson, WH).
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3.3.1 Low Ficid Elecirical Characrerization

The dieleciric constant and loss tangent of the PZT [ilms were measured using
either a Hewlett Packard 4274A multi-frequency LCR meter or a 41924 LT impedence
analyzer. All low-field tests were conducted at a frequency of 1kHz and ac rms clectric
field of (.5 kV/em. In some cases, the dependence of the dielectric constant and loss

tangent on the amplitude of the applied electric field was measured at 1kHz. For these

measurements, electrical conlacts were made vsing point probes,

3.3.2. High Ficld Elecirical Characterzation

The polarization hysteresis loops of the PZT films were measured using a Radiant
Technodogies RT66A ferroelectric wester, from which the saturated polarization, P, the
remancnt polarization, P, and the cocreive field, ., were determined. Typically, the
maximum electric ficld was 500 kKV/em and the measurement frequency was 30 Hr for
the hysteresis measurements. An external amplifier (AVC Instrumentation 790 Series

Power Amplificr) was used to allow high ficld measurements on thicker films.

34 Piezoelectric Property Measurements

In order to measure the longitudinal piezeelectric coefficient ds; of the PZT films,

3 pnenmatic pressure charge method was developed in this study. Laser interferometry
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and a Berlincourt meter were used lor the calibration and crror analysis of the pneomatic
pressure charge method, To invesligate the influence of mechanical boundary conditions
on the effective dsy coellicient of PZT films, both the pneumalic pressurc charge method
and doublec beam inlerferometry were used to measure the cffective dys of the same

sample at the same position,

3.4.1 The Pacumatic Pressure Charge Technique

The pneumatic pressure charge technique is @ simple and inexpensive method for
cvaluating the effective longitudinal piezoelectric coefficicnt, dy, of piczoclectric films.
It is a ditect piezoeleetric measurement which applies a static normal stress perpendicular
to the filtn and measures the surface charge induced by the applied stress.

The experimental set-up of the pnevmatic pressure charge lechnigque 1is
schematically shown in Figure 3.2, There were two major parts in this set-up: a
pneumatic pressure rig which was designed to apply 2 uniform normal stress to the tested
specimen and a home-made charge integrator for induccd-charge collection. The stress
Tig congisted of two identical aluminum compoencnts machined with cavitics. The samnple
was placed between the aluminum fixlures with cavitios both above and bencuth it. O-
tings (Parker Seals, Lexington, KY) were used 1o seal both sides of the saraple in the
housing, By introducing high-pressure nitrogen gas into these cavities simultaneously,
equal and uniform forces were exerted on both sides of the sample. Thus a uniform

compressive normal siress was applied to the specimen. Similarly, relcasing the pressure

from the cavities resulted in a decreased compressive tormal stress on the specimen. The
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pressure inside the twe cavities was measurcd vsing Omega PX602 pressure transducers,

The pressure applied i this experiment ranged from €L 10 1.2 MPa.

HiGH PRESSURE
ELECTRICAL FEEDTHROUGH
Topr ELECTRODE LEAD

PrRESSURE CHAMBER
RETENTION SCREWS
C-RINGS

PZT
SAMPLE

ALUMINUM
Housing

CHARGE
INTEGRATOR

PRESSURE
ExHAUST

- BOTTOM ELECTRODE
: LEaD

Y

PRESSURE
TRANSDUCER

Gas
BoTTLE

Figure 3.2 A schematic drawing of the experimental set-up for the dy; measurement.
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The induced piezoeleetric charpe was collected using a charge integrator (Figure

i
A
F
;

k 3.3). The electronics converted the collected charge into a variation of voltage on a

capacitor of known size placed in series with the stressed specimen. The polypropylene
refcrence capacitor had very good temperature stability and low diclectric absorption,
Since the circuil runs in a virtwal ground mode, the voltape between the two clectrodes of
the specimen was always zero, so that almost all the induced charge was driven o the
capacitor.  The voltage ocutput from the charge integrator was wmonitored in real time

using a Hewlett Packard S4600A oscilloscope.,
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i Figure 3.3 Schematic of the clectric charge integrator.
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To characierize the pneumalic stress rig, resistatiee sirain gauges (Omega pre-
wired strain gauge, type KIFG-1N-120-C1-11L3M3R) were used o monitor the in-planc
strains presenied in the sumple mounted into the stress rig through a 3800 wide range
strain indicator (Vishay Measurements Group, Raleigh, NC). The strain gauge was
attached to the center of the sample surface using super glue. The tn-planc sirain in the
samplc was measured as a function of time after the pressure was intreduced or releascd
from the caviiies,

The effective piczoelectric coefficient dys of the lested PZT films can be

delermined from:

d31 = QFAP-A (3.1)

where Q is the pressurc-induced charge collected by the charge inlegrator, AP is the
pressure change inside the cavitics, and A is the area of the top electrode.,

For the piczocicetric measurements, PZT films were poled under various ficld
levels at room temperature for | min to 10 minutes, t was found thal the back of the
sHicon waler should be polished with 1 pm alumina powder 1o improve the accuracy of
the results. Air dry silver epoxy was used to contact the lop and bottom electrodes of the

thin film capacitor to the electrical leads. The top electrodes were spultered Pt films 1.6

mm in diamecter.
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342 Double Beam Laser Interferometry

A modified double beam laser interferometer system, which s capable of
resolving AC displacement on the order of 102 A with a lock-in amplifier, was adopled 1o
measure the clectric figld-induced longitudinal strain [11]. The cffective piczoelcctric
coefficient dyy of the PZT Ffilms was evaluated from the strain rcsponse to the exicrnal

driving [-[icid by:
iy = x2/Fs (3.2)

where %3 is the longitudinal field-induced strzin and Eg is the amplitude of the externa)l ac
driving field.

The ineasurement set-up is schematicaliy shown in Figure 3.4. This method is
based on the interference beiween (wo cohercat laser beams, of which one is the
relerence beam and another is a beam reflected from both the surfaces of a piezoclectric
sample. An electric-field-induced strain of the piczoclectric sample results in a change in
the optical path iength of the second luser beam, which leads 16 a vanalion of the light

intensity of the interfered pattern of the two laser beams, The light intensity is detocted by

the phato-deteetor and can be expressed as [10):

. AmAL
nen ]Sln{_l_‘}

1
I=—([ . +1_Y+—([ _ —I
2{ n:x I11.I.I1] 2{"13':

(3.3)

where Iy and Ty, ave the maximum and minimum intensities of the interfercnee fringes,

AL is the optical path lenpth difference induced by strain oscillation of the piezoclectric
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sample, and A is the wavelength of the laser light. When the displacement AL is much
less than the full fringe range, the sine function in equation 3.3 can be replaced with it
argument. The light intensity from the phato-detector is converted 1o a voltage which is
expresscd as

n
Valth=V, + (T}VW.M {t) (34)

where Vi, is the peak-to-peak voltage cosresponding to the full fringe displacement {i.e,
L - Imind and Vg is the de offset. From knowlcdge of the peak-to-peak valtage, which is
ohtained by moving the reference mirror over a distance of greater than A/2, and the
wavelength of the laser, the change in the oplical path length {AL) is measured. This
gives the surface displacement of the piezocleetric sample, from which the ffeld-induced

stritin and the eifective piczoelectric coefficients can be characterized.

pi=l i

R, rizroy Sarvn
ranadoury

Aiqy
AL PBSI .
Amp. g %m
PBE33

L= B ¥7]

—L Joma
Cucil. % :

Amp. A

P Lock-
53 Amp. PESZ
sy ] | Lo mirrre
b B T D
LAzg. | , Lo
Feope

Figure 3.4. A schematic of a double heam Mach-Zehnder interferometer [11].



BT
P

ol

A Helium-Neon laser (Model 127, Spectra-Physics Lasers, Inc., Piscataway, NJ)
with a wavelength of 632.8 nm was used in this system. A small picee of Pt-coated
silicon substratc was adhcred (o the backside of the specimen to increase the reflectance
(rom the back surface. The tested sample was mounted to a sample holder using super
gluc. The top clectrodes were 1.6mm in diameter and silver epoxy was used (0 contact
the lead frem both the top and bottom cloctrodes. A bipolar ac electric ficld of 1K1z was
applied between the twa electrodes (o generate an ac longitudinal strain in the specimen.
The intensity of the interfered laser boams was detected by a photo-diode, then amplified

and measured vsing a lock-in amplifier,

3.4.3  Calibralion using Berlincourt Meter

A ZI-2 piczoelectric diz meter (Institute of Acoustics, Academia Sinica) was also
used (o measure the day value of bulk PZT specimens for calibration of the pricurnatic
pressure charge technigue. The bulk specitmen nsed was a picce of PZT-5A ceramic
which was 23 mm by 25 mm by 2 mm in sizc and polished using 1pun alumina powdey
on both sides. A thin layer of Pt was sputtered on the whole area of one side s bottom
electrode. On the other side, 4 7.5 mm diameter top clectrode was alse formed using
sputtered Pt The sample was poled at 100°C for 10 min under an electrical field of 20

k¥/em. This sample was used as a standard for the calibration of the pneomatic pressuis

charge technigque.
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3.5 Lew and High Temperature Property Measurcments

The lemperature dependence of the dielectric constant and loss tangent of PZAT
filmgs was measured both above and below Toom temperature. For the high temperatyre
measurements, PZT (ilms were heated at ~ 2°CYmin up to 430°C tn a computer controlled
oven. Samples were mounted onto afumina chip carricrs with air-dry silver paint.
Conrections between the sampic electrodes and chip carrier bonding pads were made by
ultrasonic wire bonding {wedge bonder Model 4123, Kulicke and Soffa Industries, Inc.),
The chip carriers were inserted into the oven and contacted with spring loaded probes,
For the low temperature measurements, the samples were mounted onto 2 copper tod
(cold finger) nsing low temperature grease, By inserting the cold finger into a liguid
helium dewer and manually lowering it towards the cryopen, the lemperature of the
sample was continvousty decreased o liguid helivin temperature (4.2 K). The cooling
rate was about 6°C/min. Silver paint was also used for the elcctrical contact between (he
clectrodes and the lecads connected to the measurement bridge. The bridge used to make
dielectric constant and loss measurements was a Hewlotl Packard 42844 LCR meter The
oscillation signal used was typically 1 kElx in fiequency and 0.5 kV/iem in amplitude.,

The high field electrical properties of PZT films, including the spontaneous
polarization, the remanent polarization and the coercive field, were also measured as a
fanction of temperature down o 4.2 K. The measurements were made using a4 RTG6A

ferroelectric toster at discrete temperatures. In some cases, the diglectric nonlinearity of

PZT fiims at low lemperature was also measured,
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16 Uniaxial Siress Measurerment

The diclectric properties of PZT films were mcasured as a function of applicd
compressive uniaxial stress. The messurement setup is shown schematically in Figure
3.5. A hydraulic stress rig was constructed and used 1o apply uniaxial stress to PZT films.
The fixlure is very similar in design 1o the pneumatic stress rig used for dys
measurements. The sample was pul between two stainless steel parts, with cavilics both
above and beneath it By pumping hydraulic oil into these cavities, high pressure was
exerted on both sides of the sample, thus imposing compressive normal stress on the
sample. Instead of using a high pressure clectrical feedihrongh, the top clectrode was
directly connected to the stainless steel housing. Low field dielectric measurements were
made using a Hewleu Packard 4192A LF Impedance Analyzer at a frequency of 10 kHz
and an amgplitude of 1 kV/erm. Righ ficld ferroelectric hysteresis 1oop measurements were
made using a RT66A ferroelcetric toster. A two minutes waiting tme was allowed
before any measurements were made and the data were recorded as the average of 5
readings. The maximum pressure applied was 20 MPa. Larger pressures often resulted in
sumple breakage.

The piczoelectric cocflicient dyy of hoth PZT bulk ceramics and thin films was
measured as a function of stress amplitude. Static pressures from 1 to 12 MPa were
applicd to the samples nsing the pneumatic pressure rig described in section 3.4.1 and the
induced charge was measured using the in-planc stress scif-compensation procedure, The
daz coefficient was ealeulated from the induced charge and the applied pressure using

cquation 3.1 and then plotied as a function of stress amplitude.

e e Ml 1™
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37 Eleetrical Field Dependence Measurcment

The efiect of de poling on the dielectric and piezoelectric properties of PZT films
was investigated to evaluate domain wall activity. For the dielectric property
measuremens, the samples were poled under various de electric fields for one minute at
room  temperature and  measured  after five minutes aging, For the piezoclectric

measarements, the samples were poled for ten minules at room temperature and allowed

i ' 24 hours aging time before the measurcments were performed. The dielectric constant
1 and loss tangent were measured using a Hewlett Packard 4192A LF Impedance Analyzcr
P

. at a frequency of 1 kHz and an amplilude of 0.5 kKViem. dus was measured uxing the

prewimatic pressure charge technigue,

rbtimiery
A L T TR T P

Tfe%tmﬂ& 133
| /
ﬁf = === bedance
gitom
Analyzer
T ™ Electrode y
0-ring YWaler

! ydraulic -—0hm —»
N Pump
¢ pressure
gauge
Figure 3.5 Schermatic drawing of the experimental setup for wniaxial stress

measurements.
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Chapter 4. The Pneumatic Pressure Charge Method for the

Longitudinal Piezoclectric (d4;) Measurement of PZT Thin Films

4.1. Introduction

For the proper design of MEMS devices, explicil knowledge of the piezoclectric
preperties, including the longitudinal (dys) piezoelectric coefficient of the piczoelectric
films i required. The dis cocfficient of bulk piezoelectrics can be detennined by cither
resonance or static methods, In the resonance measurement, a specific saniple geometry
of fully clectroded thin plates or bars is required, so thal the vibration modes can be
regulated and predicted [104]. Quasi-static methods include methods using the direct
piezoelectric cffect {such as the nomal load and Berlincourt methods, which apply siatic
or allernating stresses to the sample and collect the induced charge} and methods using
the converse picxroclectric efivot {such as laser intecferometry, which invelves direct
strain measurements as a function of applied field), Compared to resonance technigues,
the slatic methods have the advantage of enabling measurements at high excitation levcl
and low frequency although they do not provide information about the elastic constants
andl coupling cocfficients, Such measurements can provide impertant information

coneerning high-freld piezoclectric properties, field induced structure (ransitions, nos-
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lincarity of the piczoelectric rosponse, and exlrinstc contributions to piczoclectric
response.

Unlike bulk piezoelectric measurements, thin film piczoelectric measurements are
much more difficult due te the small values of the charge and strain to e measured and
the complication caused by the substrate which is rigidly attached to the film, As a résull,
most of the piezoelectric measurement technigues established for bulk materials are not
suitable for thin film piezoclectric measurements. The 1EEE standard resonance method
cannot be directly used to delormine the piczoeleciric cocfficients of thin film materials.
Since the piczoelectrie vibration of thin film specimens is heavily loaded by the passive
substrates, the resonance usuaily occurs at very high frequencies and a complex
impedance spectrum is obtained which often contain peaks from a number of resonance
medes. To delermine the piezoelectric coefficients of thin films Irom resonance ditla,
models must be developed to simulate the vibratonal modes (102]. In addiion, g
minimum film thickness {more than 5 pm cutrently) is required for such measurementy
[103]. For converse static measurements, laser interferometry s able w0 measure the small
field-induced displaccments in piczocicetric thin films duc to its superior resoludion,
However, the substrate mukes accuerate measurement of the longitudinal strain more
difficult. Upon the application of an electric Geld, both lon gitudinai and transverse strains
are induced in the piezoclectric thin film, Since the film is rigidly bonded to the substrate,
and the clectric ficld does not induce any strain in the passive subsirate, substrate bending
occurs due to the transverse sirain in the film [10, 104]. Thus, the displacement of the

film suirface contains both the displacement due to the induced longitudinal strain in the

piczoelectric film and the displaccment duc to substrate bending. To determine the



o
[

e mEy

T e T I Tt ik o

O T )

&7

longitudinal piczoelectric coeflictent dsz, the surface displicemant due to substrale
hending niust be elinnnated. This can be done by using a double-beam instrument which
measures the net change in the distance between the two faces (front and back) of the
specimen [10, 11} However, it reguires a more sophisticated optical system and a better
laser source. As a rcsult, the measurement is non-trivial and the instrumentation is
extroinely sensitive,

Compared to the difficulty in measuring the small field-induced strain in thin Hlm
piczocleetrics, the stress-indoced charge is much casier 1o measure with modermn
clectronics. This tnakes the piezoelectric measurement using the direct piezogleclric
effect & simple, inexpensive altiernative. However, only a few attempts o determine the
piezoclecttic dyy coefficient of thin films using the dircet piczoelectric cffect have been
reported in the literature. Measurcment techniques using this methad for thin film diz
have not been well developed yot. The primary reason for the lack of success in direct
piczoelectric thin film measurements is believed to be associated with the difficulty in
ensuring that a unjaxial stress is applied to the thin Glm specittien (seg Section 4.2, 15,

Due to the lack of piczoelectric data for PZT films, electrornechanical properties
of bulk PZT ceramics arc often used in MEMS designs. However, such approximation
may introduce signiflicant creors in the design since the piezoelectric coelficients of PZ
filmg may be subsiantially diffcrent from those of bulk ceramics. Indeed, the lack of
relizble and convenient measurement techniques  for thin  film  piczoelectric
charactetization has become a major obstacle which hinders the development of
piczoelectric films [or MEMS application. In this chapter, 2 direct piczoelectric

measurcment technique was proposed for accurate day measurernent on thin film sampies.
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The effective di; coefficient is determined by applying pnemmalic pressure o a
piczoelectric film ond measuring the induced charge in this technique. The sircsses
imposcd on the films by the pacumalic pressure were analyred through studying the
induced charge signal and measuring the in-plane sirain, The possible sowrces of error
were then discussed and investigations for coror reduction in these measurements werc
made. An expetimental procedure which can measure diz accurately for a thin film
specimen was developed based on the above investigation. Finally, calibration of the
pheumatic pressure charge technique was made using laser beam interferometry and the

Berlincouler meter,

4.2 The Design of the Stress Rig

4.2.1 Problems in Stress Application for Thin Film Specimen

Measurement of the longitudinal piczoelectric coefficient dix using the direct
piezoclectric effect requires a uniaxial stress to be applicd to the tested specimen. For thin
[ilm piczoeleciric measurcments, this requirement means that the applicd stress must be
perpendicalar to the lHlm plane and no other siress components (such as in-plane or shear
strosses) can be imposed. A lew different methods for the stress application have been
reported. Surowiak and Crekaj tried to usc a device similar (o a Berlincourt meter to

measure the dyz coefficients of PZT thin fiims by applying an ac stress to the film using

solid hemispherical probe tips [105]. On the other hand, Lefki and Dormans used the
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static norinal load methed in which a furce perpendicular o the film was applied w the
sample using a rectangular melallic tip [106]. However, this technique is destructive (o
the sample and the ds; cocfficients calculated from the measurcd induced charpe are
questionable | 107]. To avoid sample breakage and ensure a uniform stress, a conductive
rubber Lip was used (o replace the metaltic tip for the stress application [108]. Despite
these cfforts, inspection of these methods tndicates that a true uniaxial stress is very
difficult (o uchicve in thin films due (o substrate bending and problems associated with
stress alignment,

In a thin fiim sampie, a very thin layer of piezoclectric material is cigidly swick 1o
a much thicker substrate. Thercfore even a small amount of substrate bending can
producc a very large biaxial stress in the film. Due to the intrinsic stress during film
grow(h and the thermal expansion coefficient mismatch belween the substrate and the
piezoclectric material, thin film samples usually have small curvatores. During 4 normal
load direct piezoclectric measurement, the thin film sample is simultancously bent when
torce 15 applied perpendicular to the film plane te produce a normal stress {Figure 4.1},
which imposes in-plane stresses on the piesoclectric filin in addition to (he out-of: ~plune
stress. From the constitutive cquations for piezoelectric materials, it can be seen that
these in-plane stresses also produce charge through the transverse piczoclectric effect.
Thus, the measuted siress-induced charge is the sum of the charges due 10 the normal and
in-plane stresses. Therefore an cvaluation of dis based on the (otal incasured charge will

be erroneons due to the prescace of the in-planc stress.
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Figure 4.1 Simultanerus bending of thin film sample during the application of normal

loadl,

Another problem for thin film di; measurements wsing either the normal load
method or the Berlmeowt method 15 associated with stress alignment. T'o ensure that a
true uniaxial stress is applicd to a specimen, the longiludinal dimension of the specimen
should be at least 3 times laveer than its transverse dimension 1101). However, duc to the
small thickness of the substrate, this requiremenl cannot be fulfilled in hin film
piezoelectric measurements, As a resull, forces applied to the sample may not be
perfectly perpendicular to the film plane, so that siress components other than the normal

one may also be produced.
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4.2.2 The Pneumatic Pressure Rig

As discussed in the previous scction, the key issue in thin filin d; measurements
using the direct piczoelectric cffect is the application of a uniform, truly uniaxial stress.
To overcome the problems associated with stress application, & pneumatic pressure rig
was developed lor thin fil piczogleciric dy; measurements in this study.

The pneumatic pressure rig (shown in Figure 3.2} was originally designed to
apply a uniaxial stress perpendicutar to the tesied thin film sample. The unique feature of
this rig is that the force is applicd by high-pressure gas over a large area of the sample.
Since the pressure inside the two cavilies 15 equal at equilibrium, the lorces on the sample
are uniformn and act equally on the two faces. Becatwse the applicd forees are balanced
everywhers across the surfaces of the sample, the pneumatic pressure does nol bend the
sample even if it has an initial curvature. In addition, normal stress perpendicular to the
film planc can be obtained without the need to align the stress rig, even though the film
thickness i mmuch smaller than the lateral dimensions of the sample. Besides, unlike the
noermal 1oad and the Berlinconst methods, there is ne solid contact for stress application.
Therefore, nniform stress can be obtained easily on a sample which docs not have flat
surfaces (which is usually the case for piczoclectric thin films due 1o the finite thickness

of the top electrode).
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43  Churge Response and Stress Analysis

The pneumatic pressure rig developed in this study was designed o apply
only a normal {out-of-plane) stress to the lested sample. Changes in the siress applied to
the tested sample were achieved by suddenly introducing or releasing high-pressure gas
inic the cavities. As tho valve between the gas tank and the cavities was opened, the
pressure in these cavities reached a preset value, and was held constant at that value until
the high-pressure gas was released. The profile of the out-of-plane stress as a funclion of
time during this process was shown in Figure 4.2a.

[deally, if the out-of-planc stress was Lthe only stress component produced on the
tested samples by the pneumatic pressure, the induced charge should follow the same
profile as the stress (e, the measured charge would be due only 10 the out-of-planc stress
through the longitudinal piczoelectric effect). Figurs 4.2b describes the signal which
would be expected if this were the case, However, what was observed experimentally
during the application and release of the pressure was much different, as shown in Figure
4.2¢. When pressurized pas was imlroduced into the pressure rig, the induced charpe
quickly reached a maximum, followed by a continuous asymptolic decrease, until it
stabilized afier about Y0 seconds. The pressare in both cavities was measured to bhe equal
and constanl throughoul the signal stabilization. The signal measured after relcasing the
pressure was very similar to the signal on applying pressure, and the final values of the
signal al stabilization were almost equal in magnitude, though opposite in sign. It shoold
be craphasized here that the variation of the measured induced charge was not due to

lcakage cither from the PZT sample or the clectrontes.  This was verified by applying a
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constanl normal load to a bulk ceramic sample and measuring (he induced charge using

the same clectronics. A step signal was indeed obtained in this case, as ex pected.
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Figure 4.2 {u) Normal stress applicd to the tested sumple by the pneumatic pressure rig
(b) Calculated charge induced by the rormal com poenent of the stress

(¢} Total induced charge measuwred during the pressure change
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The experimental results above indicated that during the first 90 seconds afler the
pressure was introduced or released, the induced charge continuously changed with time
although the pressure was constant inside the cavitics. Since the out-of-plane stress on
the sample was constant during this time, the change in the induced charge must come
from sources other than the narmal stress, This suggests that additional stress COMpOnEns
were also generated by the pncumalic pressure change, and these stress COMponents were
responsible for the time dependence of the induced charge in he initial stage.

The constitutive equations for piezoclectricity show that the atlly other stress
compenents which can induce charge in this measurement configuration are in-plane
stresses. That is, shear stresses would not produce measured charge. There are two
pussible mechanisms which could lead to in-plane siress in pieroelectric thin films. The
first is a pressure difference in the two cavities, which could induce in-planc stross
through substrate bending. Howover, it was found that the Hme dependence of the
induced charge could not be attributed 1o this mechanism. Due to the symmetry of the
pressure rig, the pressure difference in the two cavitics was negligible, as was indicated
by the pressure gauges. Furthermore, a similar time dependence of the induced charge
was also obscrved when a bulk ceramic PZT specimon was tesicd using the pneumnalic
pressure g, Since there is no induced charge associated with hending in a bhulk
piezoelectric specimen (i.e. the net in-plane stress ix zero), the in-plane stress must come
[rom other sources,

Another mechanism which could be responsible for 1he pressure-induced if-plane
stresscs 1o the film is friction between the O-ring and the sample surface. Friction arises

when there is a pressure change introduced into the cavities, The prietmatic pressure
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generates a force which acts on all the surfaces exposed to it, including the Q-ring cross-
section, Increasing the pressure increases the force acting on the O-ring cross-section.
This force is paraliel to (he film planc and pushes the O-rings oulwards, thus gencrating 3
surface friction on both sides of the sample, so thal a tensile in-planc stress is created.
The in-planc stress decreases over lime as the pneumatic pressure acting on the O-ring
leads o O-ting sliding. O-ring sliding reduces the net force acting on the O-ring by
creating & restoring force via defortmation. Eventually the in-plane stress stabilizes as a
force bulance on the O-ring is reached. The net result is that in addition to the desired
compiessive normal stress component, there are also remnant tensile in-planc stresses
prosent at sieady state due to the pneumatic pressure change. For the same reason, a
compressive in-planc slress atises when pressurc is released from the cavily, since the
unbalasced O-ring restoring ferces cause the G-ring to slide back towards its original
position. Since dy, and dia have opposite signs for PZT, the piczoelectric charge induced
by the normal stress component and the in-plane stress components add (0 cach other.
With the decrease in the tn-plane stress over time, the total amount of induced charze also
decreases, Finally at steady state, both stresses are constant and the signal ne longer
changes with time.

Experimental results demonstrated thal (he in-plane stress induced by the friction
hetween the O-ring and the sumple surfaces were responsible for the observed charge
response in the pneumatic pressure rig. Figwre 4.3 shows the induced charge signal
measured on releasing the pressurized gas as a function of the stabilization lime at high

pressure. When the gas was released right after being introduced, 1o pcak appeared so

that O was equal to Qs () and Q: have been defined in Figure 4.2¢). This can be
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explained as follows: since therc was no deformation in the O-ring because no time was

allowed for the O-ring to slide, there was no restoration force produced in this case,

Upon reieasing the gas, the in-planc stress changed from tensile o zero, producing charge

with the sume polaity as that due to the change of the normal stress. Since the O-rin g
I was already in ity equilibrium position, there was no change of the stress with time.
: Therefore the gradual decrcase of the charge signal was eliminated in this case. If the gas
was rcleased afler a sufficient-long stabilization time, a gradual decrease of the signal
was observed. This was becavse the O-ring was deformed 1o balance the force induced

by the gas and it gradually retumed to its original position afler releasin & the pas.
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To verify that there were in-plane stresses induced by frction belween the C-rings
and the sampie surfaccs during the pressure changes in the cavities, the in-plane strain of
a test specimen mountied on the prneumatic pressure rig was measured using strain gauges.
Figure 4.4 shows the measured in-plane strain as a function of time during introduction or
relcase of pressure, The in-plane strain followed a similar profile as the induced charge as
a function of time, Tt peaks right ufter a pressure change, followed by a gradual decrease
to a fower value. The in-planc strain was tensile when the cavitics were pressurized and
compressive after releasing the pressure, There was a remnant in-plane strain remaining
al cquilibrium, but it was much smaller than the peak value. These results agree very well
with the above siress analysis, indicating further that there were friction-induced tn-plane

stresses imposed on the specimens which decreased with time due to O-ring sliding,
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Figure 4.4 In-plane strain as a function of fime during pressure changes in the

pPneumatic pressurc rig.
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44 Remmant In-Plane Stress Analysis

As the induced charge in response to a pressure change finally stabilized, the in-
plane stress in the tested specimen was reduced to minimum because a majority of the
frietion had been released through O-ring deformation or recovery, The remnant in-planc
stress level at stabilization was cvaluated using a bulk PZT ceramic sample. The diz
cocfficient of this sample was tncasured using both the Berlincourt mothad and double
beam interferometry. Piczoclectric dyy measurements were mude at scveral spois within
the top electrade for both techniques and the average of the measurcd iz walues was nged
for the evaluation of remnant in-plane stress. The average di value given by the
Berlincourt meter and the laser interferometry were 305 pC/N and 302 prafV
respectively, which experimentally confirmed that the piczoeieciric coefficients from the
direct piczoclectric effect and the converse piezoelectric eifect were numerically equal to
cach other. The PZT bulk ceramic sample was then put into the pneumatic pressure tig
and the pressure-induced charge al stabilization was measured. By comparing the total
measured pressure-induced charge with the charge associated with the normal stress
component, the charge produced by the remnant in-plang stress can be estimated. This
charge 15 directly proportional 1 the remnant in-plane stress. Therelore the in-plane
stress can be investigated through evaluating the charge which is associated with it. The
charge associated with the normal stress component can be caiculated using the known
dx; valuc and the applied normal stress (which iy equal to the change of the pressure in

the cavities).
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The remnant in-plance stress analysis showed that the tolal measurcd churge at
stabilization was always larger than the caleulated normal stress-induced charge,
indicating thai an appreciable amount of remnant in-plane stress was presenl even af the
final stage. The remnmant in-plane stress was found to be affected by the experimental
conditions which influenced the friclion between the G-rings and the satfple suirfaces.
Typically, about 3-10% of the tolal induced charge at stabitization originated from the
remnant in-plane stress.

Methods which can reduce tho in-plane siress of the tested samples were
thvestigated in an attempt to optimize the design and the operation ol the pressure rig so
that less crror would be introduced in the calculated day. Since friclion is the TRE]Or
concern in this application, the following factors were considered in the design of the
pheuimatic presswic rig: the O-ring groove dimensions, Lhe (-ring eross section, and the
compression of the O-rings,

In principle, the frictional force is given by F = uN, where i ix the friction
coctficicnt between the two contacting surfaces and N is the force parallel Lo the surlace.
Therefore, friction s governed by the factors which alfcet either of these two parameters.
Table 4.1 lists the friction (actors in an O-ring seal. It should be noted that this is a
general guideline and there are often anomalics and difffeulties in the prediction of
friction.

All of the relevant taciors on friction were considerted in this stedy, [t was found
that there were several factors which controlied the friction in our pReumalic pressure rig.
Of them, the concentricily of the O-ring grooves and their dimensions are of the most

Imporiance. Misaligniment of the O-ring grooves in the two aluminum parts could resutt
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i substrate bending and must be avoided. The width of the O-ring groove should be
adequately larger than the width of the O-ring cross-section to allow the O-ring to slide
so that the friction can be released through O-ring deformation. However, excessive
width of the O-ring groove should be avoided since the O-rings may be misaligned
during sliding. The O-ring grooves can be a little hit deeper than (hat of the standard
hydraulic reciprocating design since lower squeeze designs are permissible in low
pressure preumatic applications for friction reduction [109]. Since the temperature ran ge
is very small and a little leakage is not eritical in this 2pplication, a fMoat seal in which the
depth of the O-ring groove is larger than the width of the (O-ring cross-section is allowed.
This design was expected to further reduce the friction because there was no COTOpression
in the O-ring. However, experiments showed that this design introduced other charge in
response to the pneumatic pressure and mighl cause more error in the determination of
d3s, possibly due to the solid contact between the sample and the aluminum housing, The
design which gave the teast in-planc stress in this study is shown in Fi gure 4.5.

(3-ring compression (i.c. the percentage reduction in dimension in the clamnping
direction} is another important facior which controls the Friction. Figure 4.6 shows how
the measured pressure-induced charge was affected by O-ring compression. The results
indicated that (he remnant in-plane stress dropped with decreasing O-ring compression.
This was due to a smaller strain when the O-ring was less clamped. Therefore very smail

O-ring compression was favorable in this application, as long as there is no clearance

between the sarmple and the housing.



Table 4.1 Friction factors in ()-ring seals [109]. The: [ast two Factors listed are minor

effects compared to the others.

TO GCREASE FRICTION FACTEA 10 DECREALE FRIELTION
Incregse » Jnif Load {squeezs) Decreass
Intrease AMS Surface Finish [matal} [ereaze AMS
Increase Curpmetar Decieass
Uatraeses Speed ol Motion Icraasa
Ingrease {ross Sectien of §-Ring Decraase
incrase Prassurs Decregse
Comit Lubriatitin {ea
Lower Tempesalure Increase
Datrezse Girogye Width [heradse
Intrease Dismeter of Bore or Rod Uegrease
Decrease Surface Finésh (0-Aing) Intsease
Slratch Q-ring Jouke Effact* Campreds O-Ring
Lower Durameter of 0-Ring Coatticient of FricBont R Iriuﬁsu Durometer
075
|
o] e 075 |
?ﬁp 04 { i I
- }
QO-ring Groove
Cavity
Alumintum Houing 0.070
O-ring 2-016
(a) (b)

Figure 4.5 The dimensions of: (a) the O-ring groove and (b} O-ring, Bimensions given

in inches.

Bl
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Figure 4.6 The etfect of O-ring compression on the measured pressure-induced charge,
O-ring compression was calculated as (d, —tk:)fdy, where dy is its original diameter and d. is
the dimension io the clamped direction. The crror in the caloulated dis was estimated hy

comparing the calcelated dy, value with that measured by Berlincourt meter.

Since rubber has an inherendy high friction cocfficient with almost all metallic
and non-metallic surfaces, adequate lubrication is very important, especially for
pncumatic scal applications. It was found (hat the friclion was greatly reduced by the
application of lubricant, and reliable measurements were obtained only when the sampic
was properly lubricated, Since the surface of the PZT films were very smooth, the

Jubricant must be able to form a strong layer over the film surface which canaot be wiped

away by the C-rings. The best resull was obtained when Parker O-lube was used, since it
clings tenaciously o the rubber or sample surfaces. Friction was also reduced by

polishing the back of the subsirales using {pm alumina powder.  The smoother the
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surface, the smaller the remnant in-plane stress. $mailer remnant in-plane stresscs were
also obtained when an O-ring with a smaller cross-sectional ared was used, since this
reduced the pneumnatic foree acting on il It was also Tound that friction was smaller
when harder O-rings were used, probably duc 1o the smaller friction coctlicient,

Under the best cxperimental conditions uwsed to reduce ihe in-plane  stress
compenent, the tolal measured pressore-induced charge exceeded the calculaled nortmal
stress induced charpe by about 3-4%. This suggests that a dy; coefficient caleulated using
the lotal measured charge after equilibfium would have an error of less than 56
However, this optimized condition was not always readily achievuble. As a result, there
was 4 relatively large scatter in the dyy value derived from this charge, and sometimes

creots as large as 10-15% were observed,

4.5 Sclf-Compensation of the Remnant In-Plane Stress

To further improve the acenracy and more impertantly, the reliabilny of (he
prienmatic pressurc charge technigque for dg measurement, the charge resulting from the
in-plane stress must be climinated from (he measured charge. To achieve that, a
measurcment procedure named remmant in-plane stress self-compensation (RIPSSC)
method was developed, In this method. the charge contribution from the in-plane stress

could be totally eliminated by manipulating the remnant in-plane stress levels. Figure 4.7

shows schematically how this method works,
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Fipure 4.7 Remnant in-plane siress produced by preumatic pressure during:
{#) procedure in which pressure was switched hetween ¢ and &,

(b} procedure with a remnant in-plane stress self-compensation mechanist

The charge induced by a pressure change is determined by the difference between
the initial and final stress states. Thercfore, it is the change in the remnant in-plane stress

hetween the two states which governs the accuracy of the diy measurement. Tn the
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previous section, where the induced charge was measured during switching the pressure
hetween P =0 and F = Py {Fig 4.7a), the remnant in-planc stress at the two steady states
were of opposite sign. Thercfore a differcnce in in-plane stress hetween the (wo final
states is unavoidable and is fundamentally responsible for the inflated di values. The
idea of the RIPSSC method is to tailer the remnant in-plane stresses so that they are of
the same sign and magnilude in the wo steady states. When this condition is reached,
there will be no change in in-plane stress between the (wo steady states. The induced
charge s then only that due 1o the normal component of the stress. Thus accurate dxa
vilues can be oblained. One way to reach this condition is 1o pre-load the cavities with a
pressure P = Py which s higher than P, and then reduce the pressure to P = P) {Figure
4b). By doing so0, » comprcssive remnant in-plane siress was imposcd on the sample duc
Lo the O-ring recovery. After stabilization, the pressure is released again to P =0 and the
induced charge is measured between the steady slites at P=Pand P =0,

The remnant in-plane stress at P = P, as a function of the preloading level (Pa)
wats investigated in studying how to control the magnitude of the remnant in-planc stress.
Fig 4.8 shows that the induced charge measured between P = P, and P = 0 decreased with
an increase in the preloading pressure (i.e. as P, increased). The normal stress induced
charge Q° {calculated using the d.; value obtaincd from the Berlincourt measurement)
was equal (o the total induced churge Q when the preloading pressure Pa was about two
times the value of Py. This result suggests thal the remnant in-plane stress can be
controlled by adjusting the preloading pressure, and its magnitude is determined by the
pressure change between the two steady states. This is reasonable since the friction is

proportional to the pressure change, Thus, one might expect that the remnant in-plane
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stress due to the friction would also be proportional to the change of pressure. Therefore,
| al Py = 2P, induced charge assaciated with the in-plane stresses was tolally eliminated,

and accurate di value was abtained.

b
=R
&
e
5
5
b
N
::2
R
.";
.::,,-

13 L L B S e "|'_1 [ e e O B B Y e et ]
g2l . §. .. i | © Pl=o025MPa
' % *® Pi=040MPa [
1.1 .._ -L(%+ _____ P e ]
g 1 _ ......... : f{)* ..... § T - |
T S T
0.5 _ ........... Lo b R 1
0.8 F ot _|_J o |_|._ IR PR R
0.5 1 1.5 2 2.5 3
P /P
-
Figure 4.8 Influence of the pre-loading pressore P; on the measured charge for g

pressure change from P =P, to P = 0. ) is the measured pressure-induced charge, and (" is

the charge due 0 the normal component of the stress evaluated using the dsy, value

measured by Berlincourt meter,

4.6 Calibration of the Pneumatic Pressure Charge Technique

L~

The pneumatic pressure charge technique was calibrated using other cstablished

techniques. A PZT bulk ceramic sample was used [or the calibration. As was cxpected,

the measured induced charge was found to be proportional 1o the applied pressure using
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the RIPSSC method (sce Figure 4.9). The day coeflicient for the bulk PZT EETAMIC
sample derived from the slope of the curve was 304 pC/N, which was in very good
agreement with the value obtained by both the Berlincoust method and tnterferometry,

indicating that the influcnce of surface {riction on the dy; measureinent was elirminated by

the RIPSSC meihod.
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Figuve 4.9 Charge induced in 3 bulk PXT-5A ceramic specimen as a fuaction of applied

pressure. Meusurements were made with the remnand in-plane stress sell-comepensation

method. The applicd normal stress is equal to the applicd pressure.

In addition te enhancing the measurement accurscy, the RIPSSC method also
made the diy measurement much less sensitive to variations in the remnunt in-plane

stress.  Figure 4.10 shows the infleence of the (-ring compression on the dyy
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measurernent with and without remnant in-plane stress self compensation. Tn (his
cxperiment, very large compressions (which were not used in aclual day mcasurements)
were intentionally applicd lo the O-rings to mapnify (he effect.  As the O-ring
compression increased, friction inercased and so did the remmant in-planc suess, as
indicated by a considerable increase (15%) in the caleulated dyy value when the RIPSSC
method was not employed. On the other hand, there was only a 2% wvariation in the
meisured day value from zero compression up to 17% compresston when the RIFPSSO
method was used. Practically, this is very important in the routine application of the

technique, making (he measurements much more consistent and the measurement

procedure much more convenient.
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Figure 4.10 Influence of ()-ring compression on the measured dy; coefficicnt of hulk

PLT-5A. The effectivencss of stress compensation is clear.
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1 4.7 Summary
.- ). A dircct piczoelectric dy; measurement method which uses preumatic
pressure for (he stress applicalion was proposed. A pneumatic pressurc rig was designed
R ]
T
i to enable measurement of bulk and thin film piczoeleetric specimen,
% f
f ' 2). In addition to the intended normal stress, in-plane stross was also generated by

the pnetimatic pressure due to the friction betwoen the sample and O-ring. The majority

of the in-plane stress, however, was released through C-ring sliding and recovery.

3). The change in remnant in-planc stress also prodaced charge through the

ransverse piezoclectric effect and this charge contributed 3-10% of the total measurced

charge,

4). The remnant in-plane stress was alfected by & number of faclors. Amton g them,
the ditmensiens of the O-ring groove and the Q-ring, the O-ring compression, lubrication,
and surface finish arc most important. By optimizing the design and operation of the

pressure rig, charge associated with the surface friction conid be reduced to Jess than 5%

of the tolal charge.

5). The charge associated with the in-plane stress was climinated using the
RIPSSC method and an accurate dsy value could be obtuined even if there was an

appreciable amount of friction present,
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6). ‘The pnenmatic pressure charge techniqoc was calibrated using a bulk PZT
sample. Excellent agreement among this technigque, the Berlincourt method and double

beam interferometry was obtained.
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Chapter 5. The Piezoelectric Characteristics of Sol-Gel Derived

PZT Films on Platinum-coated Silicon Substrates

In this chapler, the effective longitudinal piczoeleetric coefficient (dia) of sol-gel
derived PZT films with compositions near the MPB were measured using the prennatic
pressure charge technique {described in chapter 4) and the double beam laser
interferonmieter, The offects of the poling field, the film thickness, and the composition
and preforred orientation of the films on the effective dis of PZT fiims were investigated.
A small differcnee between the effective dya values measured using direct and converse
metheds was noticed and attributed to the differenl mechanical boundary conditions of
the PLT films for the (wo measurcments. The cffect of substrate clamping on the

effective das of PET Mims was discussed.

3.1 Sttuctural Analysis

The PZT films studied in this chapter were all prepared using 2-methox yethanol
solutions and rapid thermal annealing processes. Three differcnt composilions near the
MPB which had Zi/Ti ratios of 56/44, 32/48, and 48/52 respectively were chosen for this

investigation. The {ilms had thickness ranging from 0.2 un to 3.4 um.
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Before RTA annealmg, the pyrolyzed films were amorphaus, showing only the
substrate peaks in X-ray diffraction patterns. After annealing at 700°C, XRD showed that
the films were crystatlized into the perovskite phase with strong preferred orientation. No
pyrochlore phase was detected. Depending on the fexiure of the Pt hottom clectrode of
the substraies used, the films were cither <1 11> or <100 arienicd {indices given for
pseudocubic cell). Films deposited on substrates with <111> oriented Pt bottom
elecirodes were highly <111 eriented. On the other hand, films deposited on substrates
with <100 oricated Pt bottom electrodes had strong < 100> preferred orientation. Figure
5.1 shows the typical XRD patierns of both <111> and <> oricnted films. In either
case, the relative intensitics’ of the preferred erientations (<111 or < 100>) were greatcr
than 9G%. [n the film thickness range studied, the relative intensities of the preferred
oricatations didn’t change with film thickness for either <111> or <100> odiented PZT
films | 1 UJ].

The surface and cross-scctional microstructures of the PZT films were ohserved
using field-cmission SEM and TEM. The SEM surface morphology of as deposited lms
revealed a very fine structure at the top surface which showed features as small as 10-20
nm {Figure 52a). Through chemically etching the film surface using a very dilute
solation of HF in 10% HCL for 5 ta 10 scconds, the thin top layer was removed and
microstructures with average grain sizes around 50- 100 am were observed {Figure 5.2h).
This indicated that the average grain size of PZT films was about 50 nm 16100 am, and

there was a very thin surface layer which was either amorphous or pyrochlore. Figure

" The relative intensity used in this work was defined as;
(WIWTCLT* 0y + (UT*) 0 + (T e
where [and T are the inegrated intensities of the peaks of XRIY patterns of 2T filrus and powders,
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5.2¢ is the plane view of a 0.7 pm <111 orienmied PZT film which showed grain sizcs
ranging from 50 nm to 100 om [100]. The cross-sectional TEM imape of the films
revealcd a textured structure and a similar average grain size in the direction parailel (o
the film surface (Figure 5.2d). Electron diffraction paiterns indicated that the <I111>
oriented texture was very sirong near the bottom of the film and weak near the top of the
Film, which suggested that the nucleation of the perovskite phase during crystallization
was strongly influenced by the Pt bottom clectrode [99]. These results were consistent
with (he XRD pattern and the SEM surface morphology which also showed strong,

preferred orientation controlled by the orientation of the bottom clectrode and small grain

size in these (Hims,

1-5_'"'1'“"11"-l|'l—rrr
|8
- PZT52/48 thin films .-
I -
z 'y o
Y i "y
v
£
05

Figurc 5.1 XR1} patterns of PAT 52/48 films prepared using 2-methoxyethanol solution

and RTA process on 5i substrate with either <11> ar <100 oriented Pt bottom electrodes.
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From the SEM study, it was found that there was little change in the grain size of
these PLT films with a chunge in the filin thickness or composition. The grain size of
<100 orienled films was slightly larger than that of <11 1> oriented films (about 100 nin

to 200 nm), due 1o a larger grain size of <100> orlented Pt bottom electrodes.

1 2nen

Figure 5.2 Microstrocture of <111> oriented 52/48 PZT filnr: {a) SEM swrface
morphalogy of as-deposited film (b} SEM surface morphology afler chemical etching
(¢) TEM plan vicw image (Courtesy of Z. Xie et al.). {d} TEM cross-sectionsl image

{Courtesy of 8. C. Cheng).
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5.2 Dietectric and Ferrocleetsic Characterization

As described in chapler 2, the dielectric, ferroelectric, and piczoelectric properties
of ferrociectric materials are interrelated.  The intrinsic contribution 0 the longimdinal
piczoclectric coclficient dyy is a function of both the intringic dielectric constant g5 and
the spontancous polarization P; {Equation 2.]0). The extrinsic contribution to the
longitudinal piezoelectric coefficient dix is mainly controlled by non-180° domain wall
motion. This is alse an important factor goveming the extrinsic dielectric properties and
the high fleld switching properties of ferroelectric materials. For a berter understanding
of the longitudinal pigzoclectric behaviers of the PZT films, these propertics must be also
considered. Therelore, low and high field diclectric and lerroelectric characteristics of
these films were investigated,

The weak ficld dielectric properties of the PZT films were investigated at 1 kHz
under an ac ficld of 0.5 kV/cm, Figure 3.3 gives the thickness dependence of the
dielectric constant for both <111> and <100> oriented PZT 52/48 [ilms. The results
showed that with an increase of film thickness, the diclectric constant of both <]00> and
<111> oriented films increased. For filmts with the same thickness, <1003 oricnted films
had larger dieleclric constants than <! 11> orented films. In all the films, the dietectiic
loss was no larger than 5% and decreased from 5% to 2% as the film thickness increased

from 0.25 pm o 3.4 pm.,
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Figurc 5.3 Thickness dependence of the dielectrie constant for <1115> and <100

oriented PZ'T 52/48 films {pseudacubic indices).

The increase of the diclectric constant with film thickness was helieved to be duc
tainly to the increased cxtrinsic contribution to the dieloctric response as film thickness
inereased {which will be discussed in Chapter 8). At small thicknesses, the thin second-
phase layer at the top surface of the film was fourd to becorme impoitant in reducing the
dielectric constant. The reason for the decrease of the diclectric loss with tncreasing film
thickness al room remperature is still not clear. Low cmperature measurements (given in
Chapter &) showed that the dielecteic loss at 4K was much lower than room leTaperature
and it converged to about 0.6% for al! the films. This result indicated that most of the loss
at reom temperature was from extrinsic or transport sources. Kim suggested that in fine
graincd undoped PZT ceramics, the dominant Toss mechanism was dug to the space

charge accumulated at the grain boundaey [7]. The same mechanism may also account for
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the lass in PZT films. However, it was also found that the interfuce between the PZT and
clectrede played a vory important role in diclectric loss. For films which had top Pt
electrodes, the dielectric loss was about 50% lower aller & months aging than the
diclectric loss mcasured right after the top electrode was deposited. But il new top

electrodes were duposited on these aged PZT films, the diclectric loss was aimost the

samc as that in newly prepared (ilms with fresh top electrodes.

The high ficld P-E hysteresis loop meuasurements showed that the remancnt
polarization (Py) of both <111= and <100> oriented 52/4% filins increased with film
thickness (Figure 5.4). The coercive ficld was found to decrease as the film thickpess

increased. For films with the same thickness, <100> oriented films had smalier P, and

targer E; than <11 1> oriented films.
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Figurc 5.4 Thickness dependence of the remanent polatization for <111 and <108

oricnted PZT 52/48 films. The maximom eleciric field was S KV
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Compared Lo undoped bulk PZT ceramics, the hysteresis loops of PZT [ilins were
tilted, resulting in a larger differance between P, and P, The maximum clectric {icld
required to saturate the pelarization and E, were much larger that those in bulk ceramics.
In addition, P, and P, were smallcr (han those in bulk PZT ceramics. We believe the main
reason for these behaviors is the small grain size and high defect density in PZT films.
K.im has shown that in fine grain PZT ceramics (grain size < I um) therc was a sharp
decrease of Pp and an increase in B, with decreasing grain size [7) In PZT films, it is
likely that domain reversal through the applied elecitic field is much more difficult than
in large grained ceramics due to the impediment offered to domain wall mobility by grain
houndaries, pinning centers, incompatibility between domain structures in adjacent
grains, and the reduced number of twinned domains. Thercfore the switchable
polarization is smaller and the electric ficld required to reverse the polarization is larger
in these films. The large difference between P, and P, is the result of a significant amount
of free domain reversal after the removal of the electric field. This could be due (o
domain walls having lower frec encrgies at their original positions since they arc
statilized by pinning centers such as space charges or point defeets there. As suggested
by the decrease of the dielectric constant with the decrcase of the film thickness. the
domain wall clamping may become stronger as films become thinner (possibly due to the
stronger substrate cffect). Therefore domain reversal also becomes more difficult,
resulting in smaller P, and larger E, as filin becomes thinner. In addition, the second-
phase surface layer and the interfacial layer may also play roles in reducing P, and

increasing E. in thin films.




—_——t

o4

The dielectric constant of the PZT 52448 films was meastred as # function of
temperature from 25°C w 450°C. Figure 5.5 gives (he temperature dependence of the
dielectric constant for several filts with different fitn thickness and orientation. As was
expected, all the films showed a dielectric anomaly due 1o the lerroclectric-paraelectric
phase transition. The temperatures where the dielectric constant reached the maximum
(To) were all around 390°C for these Milms. This temperature i3 almost the same ag the
Curic termperature of the undoped PZT 52/48 bulk ceramics (386"C}. However, the
diclecttic constant peak at Ty, was much lower int these films than bulk F¥T ceramics.
The dielectric peaks were also very broad compared 1o the peak in bulk PZT ceramics.
With an increase in (ilm thickness, a modest increase in the maximum diclectric constant
at T, was ohserved. However, the film thickness seemcd have no effect on T,. In
addition, the temperature dependence of the diclectric propertics was found 1o be very

similar for <100 oriented films and <111> oriented films.
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Figurc 5.5 Temperature dependence of the diclectric constant of PZT 52/48 [ilms.
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In thin film ferroelectrics, therc ate (wo major factors which have been known fo
cause @ shift in the Curie temperature. The first one is the space charge effect. In bulk
PZT corumics, it was found that space charge could resull in a strong tnterna) ficld which
both favored the ferroelectric state and impeded donain wall motion, thus leading 1o an
increase in the Curic temperature and a decrease in the diclectric constant [7, 77, 80).
This effect was also observed in PZT films. Due to the high volatility of PbD at the
anntcaling temperature, Pb or O site vacancies may result in space charge in PZT films
and lead to an increase in Curic temperature. However, by adding excess Pb 1o ihe sol-gel
solution or by using an additional PbO top layer 1o compensate for the loss of PbO during
annealing, the space charge effect on the Curic temperature in P21 films can be
climinated. Figure 5.6 shows how excess Ph in the sol-gel solution reduces T, and
enhances the dieleetric constant of PZT (hin films. The space charge cffcet was also
manifcsted by the premature fatigue of the Pb-deficient PZT films. Figure 5.7 shows how
the remanent polarization of a Pb-deficient PZT films decreases with the number of
sequential measurements performed. The space charge in the film was rearranged by the
high clectric fiell applicd during the P-E hysteresis measurement and therefore pinned
the domain walls, By heating the film to a lemperature higher than 300°C, the remanent
polarization of the Matigucd film was found to returs to its original value (since the space
charge trapped at domain walls and the alignment of the defect dipoles were disrupted),
If the PbO loss during annealing was compensated by adding sufficient excess Pb in the
solution {129}, then the premature fatigue was greatly reduced.

Another factor which can cause a change in the Curic temperature of ferroglectie

films 15 a residual biaxial siress. There are large tensile biaxial stresses {around 100MPa)
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in sol-gel derived PZT films deposited on Pr-costed Si wafers duc to the thermal
expansion cocfficient mismatch between the film and the substrate [111].
Thermoedynamic theory predicts that tensile biaxial stresses can lead 1o a decrease in the
Curie temperature [or those domains which have the polar axis perpendicular to the stress
plane, and an increase in the Curie lemperature for (hose whose polar axis is paralicl (o
the stress plane [112]. The cffect of biaxial stress on T, has been observed experimentally
in predominantly ¢-demain epitaxial PZT films grown on M £0 substrates, in which the
Curie temperature shified up more than 50°C due to the compressive biaxial sirgss. Tuttle
ot al. have showed that if there are tensile biaxial stresses acling on PZT films at the
Curie temperature, the films lend to develop into predominantly a-domain films to reduce

the clastic eneray [83].
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Figure 5.6 The effect of excess Ph in solution on the Curie temperaturc of 52/48 PAT

flms.
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Figure 5.7 The remanent polarization of a lead-deficient PZT 53/48 thin film 25 x

:l function of the number of seyuential measurements performed,

Little shift in the Curic temperature was seen for the sol-gel PZT filins in thesc
% studies, althongh all the films had tensile biaxial stresses acling on them [ 141, This result

vg suggested that there may be both a-domains and c-domains in cur PZT fitms (although

ﬁ* theoretically a-domains are easier to form), otherwise the Curie lemperature would have
h shifted to higher temperatures due to the wensile biaxial stress. This was consistent with
the lact that there were hysteresis loops and substantial remanent polarizations measured
Tor all of the Films. Tf the films weore predominantly g-domain, the remanent polacization
wolld be noninal given the lact that non-180° domain switching is negligible in these
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films {as will be discussed in the next chapter). Since the tensile biaxial stress would
cause an increase in the Curte temperature for g-domains and a decrease in the Curie
temperature for c-domains, a split rather than a shift in the Curie lemperature is expected
in PZT films. However, cach grain in the film may have a differcnt amount of shift in the
Curie temperature. This is beeause the erystallographic orientation of the grains is
shghily different from onc 10 unother sinee it is distribuled around the preferred
orientation of the film. Therefore a diffused Curic termperatuie 15 expected inp PZT films
due to the different stress applicd to different grains. In addition, variations in the local
stress may also result in different shifts in the Curic temperature, The resulting diffuse
phasc transition emperatuie may be partially responsible for (he depressed divlectric
anomaly in polycrysiailine ferroclectric films. [t has been proposed that substrate
clamping due to the tensile strain might also be responsible for the suppression of the
dielectric constant of ferroclectric fiims near the transition lemperature [113). In addition,
the existence of the secondary phase at the top surface or an interfuce between the PZT
and onc of the clecirodes can act as a Curic point depressor, which will lead to a redyccd
and broadened peak of the dieleciric constant. The temperalure  dependence of the
dielectric constant of these layers is much smaller than that of PZT so that it reduces the
measured dicleckric constant of the film much more at the Curie lemperature and
apparently broadens the peak.

The difference in the dicleetric constant and P, between <1113 ordenied T ilms and
<100> oriented films suggests that the volume fraction of g-domains may be slightly
larger in the <100> orfented films. Since the intrinsic e, is larger than €, a larger volume

fraction of ¢-dotnains can result in 2 larger dielectric constant. The same reacon may also




accounl for the smaller P in <100 oriented films than in <1]]> oriented films. Since
non- 180 demain switching cannat be achicved during the P-E hysteresis measurements
in these films, domains with their polar axes parallel to the il plane do not contmbute 1o
the swilchable polarization during the hysteresis loop measurements. T hercfore, the
closer the polar axes of the domains are to the film plane, the smaller the switchable

polarization, and the smafler the remanent polarization.

33  The Longitudinal Piczoelectrie Propertics

Duie 1o the constratat of the substrate, the piczoclectric response of & thin film
specitnen to both electric fields and mechanical stresses i strongly dependent on the
mcchanical boundary conditions. In general, the ratio botwes the induced-charge and
the applied stress in a dircet piezoclectric mcasurement ar the ratio between the induced
strain and the applied ficld in 1 converse piczoclestric measurement does ot represent
lhe piezoeleciric coelTicients of the thin film itself {which should be measured under
unclamped conditions by definition), Thus, the piczoclectric coctlicient reported for a
thin film is generally the cffective coofficient undor the particular houndary conditions
for that measurcment only.

The cffective day of sol-gel derived PZT filins wis measured using the pneumatic
pressure charge technique. The charpe response of the films was very similar o that
observed in bulk samples (Figure 5.8). This indicated that the state of stress applied 1o the

thin films was similar to that of the bulk sample, i, ¢., a smail remnant in-plane stress due
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to Iriction was induced in addition to the designed normal stress. Thercfore, the charge
induced by the remnant in-plane stress must be eliminated in order to obtain accurale
cffective diy for PZT thin films. PZT films with different thickness, orientation and
composilion were measured using this technique and the measured effective dys was

compared with the effective ds; measured using the double-beam interferomcter.
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Figure 5.8 Charpe response of PZT films to the applicd pressure measured hy the

pnewmatic pressure charge technique.

Using the RIPSSC procedure (which was deseribed in Chapter 4), the charge
induced by the normal stress was meastred and used aleng with the applied pressure to
calculate the effective dy, using Equation 3.1. For ail the PZT filins measured, a lingar
relationship was found between the applied pressure and the induced charge. Figure 5.9

shows the induced charge as a function of the pressure change for a Ium PZT film poled
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at 150 kViem for | min. From the slope of the line, the effective dys value of the thin fihnm
was calcubated to be 88 pC/N. Again it is evident that a 7% error in the effective 3
could be introduced if the RIPSSC method was not used 1o compensale for the in-plane
stress.

Since doubte beam interferometry ts currently the most widely accepled wehnigue
{or thin film dyy measurenient and most of the dza values reported in the literature were
obtained wsing that method, a direct comparison between the tlaz value from cur method
and interferometry is necessary. “The same electrode uscd for the data in Fig. 5.9 was also
used 10 measure the effective dy using double heam nlerferometry. A linear increase in
the induced strain was observed with inercasing clectrie filed and an cffective day of 84
pU/N was chtaned from this technique. The two measurement lechmgues gave very

close dzs valoes, further confirming the validity of the charge measurement techniqu.

EEU __r L [ L e [ ™1 =0 | T 01 r_r'l T 'I T 2 F_l
- Effactive d,_ = 94 pC/N e
200 L o . ) ) -
- (without In-plano stress compensation) f,.--i_,f-
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2 150 £ \ .
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N . o . _
55 P Effactive d, , = 88 pC/N
i e {in-plane stress compe nsated)
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Applied Pressure (MPa)

Figure 5.9 Induced charge a5 a function of pressure change for a 1um PZT film poled

al L350 E¥/em for 1 min. ‘The applied normal stress is equal to the applicd pressore.
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For bulk PZT ceramic samples, the di coefficients measared by double-bearn

intecferometry and the preumatic pressure charge technique werc found to be

numerically equal to each other. However, it was noticed that for PZT films, the ellfective

d33 measured by the preumatic pressure charge technigue was always sti ehtly larger than

e sl Py Wl Ciderr— s L

that measured by the double-beam interferometry, even though the in-planc stress was
compensated using the RIPSSC procedure. It is our belief (hat the small difference in the
da3 value obtained from the two technigues was due to the different boundiry conditions
under which the two mcasurements were made. As was mentioned before, thin film
piezoclectric measurements yield an eifective value of the piezoelectric coefficient due to
the clamping cffect of the substrate. The effective dy; value of a thin film on a substrute
; is related to the unclamped dqs value via the elastic and piezoelectric constants of the film
and the substrate in a manner which depends on the beundary conditions.  Since ihe
boundary conditiens for the direct piczoelectric measurement wsed in the pnewmat ¢

pressure  charge technique and a eonverse piczoelectric  measurement such  as

interferemetry are quite differcnt, different effective ds3 values are expected even when
the same filr is measured by the two technigues. Lefki and Dormans analyzed the
boundary conditions for these two situations and predicted that the effective value given
by the direct piezocleciric effect should be larger than the cffective value given by the
converse piezoelectric effeet [106]), Their theoretical analysis supports our experimental
result, which we believe is the first direct experiment 1o show the influence of boundary
conditions on the effective dz; of piczoeleetiric thin films.

To quantitatively evaluate the difference in the effective da; measured by direct

and converse methods, the model developed by Leiki and Dormans was adopted as a first

ARAL s —— PR
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approximation. [n this model, the in-planc strain of the film was taken o be zero

(assaming the film was (otally clamped in-planc by the substrate) for (he converse

piczoelectric measurement, and  was equal o the in-plane sirain of the substrate
(assuming the substrate was free to expand and isotropic) for the direct piezoclectric
measuremen!, The effective dyy lor these mwo boundary conditions are governed by

Mag|:

d33(ep) = daz — 2,5 45T + 8% ) (5.1}

&3 (dp) = dis — 2dais®13 + VYW L + sE10) (5.2)

here d'33 (cp) and d’s; {dp) represent the effective dy; measured by the converse and direct

piezacleclric effect respectively, s“;j and dy are the compliances and piezoelectric

coefficients of the thin film, and Y and v are Young's maodulus and Poisson’s ratio of the
substrate,

Because of the lack of compliance data for PZ1 thin llms in the literare, data
for an undoped bulk PZT ceramic with the samc Zi/Ti ratio was used as a rough

approximation [26). For the caiculation, (he Young’s moduius and Potsson's raio of the

substrale were taken as the average of the values in the <100> direction and <] 10>
| ' _ direction, which are the maximum and minimom in-planc valucs for a <)00> silicon

waler [114]. Table 5.1 summarizes the values used for this worl, Substituting them into

equations (5.1) and (5.2) viclds:
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d's (cp} = diz + 1.19dy, {5.3)
d'53 (dp) = ds; + .96y, (5.4
Subtracting (5.3} from (5.4) yields:
| d'3z (dp) - d'3+ (ep) = -0.23d;, (5.5)

Since the typical da; value for these PZT films was sround -40pC/N to -50 pC/N

[14], the diffcrence in cffective ds; measured by direct piezoelectric effcet and converse

pieroclectric effect was estimated to be around 9- 10 pCMN using equation (5.5).

Table 5,1 Elastic properties of PZT and siticon substrate [26, 114]
5'1'1 LiFLT) -'ihmi-rn HF'n{pmj YS':-:;JG‘J:: YSE-:I]U; Y;we- Vi iile | Y8iclids | Vave I
AT 2 -1z 2 A2 02
L e {19 m N (0 m & | (Ofw L8 oY} (fa)
13,8 -4.07 -5.80 120 1695 1407 | .28 .0n4d 172
—_ l _

i However, in real measurements, the boundary conditions deviate somewhat from
the conditions used in the above model. Experimental results from single beam
interlcrometry measurcments indicate that the substrate is bent by the pieroclectric thin
film during eclectrical excitation [10, 104], making the assumption that the in-planc strain

K was zero doring the converse picrocicotric measurement invalid. In addition, during the

f:
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dircet piczoclectric measurcment the substrate was not Irce to expand parailel to the plane

ST FTAMRALTES Y, L,

because the periphery of the substratc was nol subjected to the pneumatic pressare,
Therefore, the model represents two cxtremes for the boundary conditions and gives a
maximom for the differcnce in effective dyw.  The discrepancies  between the
| meastirements tor the two techniques should and do fit between these bounds.
Kholkin ¢t al. also used the above model to explain the difference boerween the dyy
coelticients of bulk ceramic and thin film in PZT and Ca-modified lead titanatc {PCT)

[115]. The di; coefficient was significantly smaller in PZT thin films than that in PZT

ceramucs with the same composition, while in PCT, thin fitms and bu!lk material pave

similar d33 values. This was attributed by the anthors o the cffect of the boundary

conditions on the dsq coetficient obtained in 2 converse piczoelectric measurement. For
thin films, the cffective dya value s related to both the unclamped da; and d;, of the

piczoelectric material in a way similar to that described in Equations 5.1 and 5.2,

However PCT is a vory anisolropic material and its dy coefficient is abont 20 tinigs
larger than the dy; coefficicnt. Therefore the dilference in (he unclamped diy and the
effective dys in PCT is neghigible, while it is significant in PZT due to the larger ds,.

In piezoelectric films, since the film is rigidly attached to a subsirate, any
measurement of the di; coefficient is performed under ar least partially clamped
mcchanical houndary conditions unless the substrate is otally released before the
meusurement. The above experimental results and analysis indicate that the effective dys
is always smaller than the value measured under free mechanical boundary eonditions.
The difference hetween the effective dig and the urictamped one is determined by the

exact boundary conditions and the clastic properties of both the film and the substrate.




111

However, there are few elastic prapertics reported on PZT films in the literature, The
elastic properties of films may be differcnt from those of the bulk PZT ceramics due Lo
the small grain size and textured steucture of PZT films. Furthermore, it is difficult o
model the exaet mechanical boundary conditron for these mcasurements. Thorefare, an
accurate and quantitative evaluation of the unclamped diy [rom the effective ds is not
possiblc at this point, Neverthcless, it is evident that clamping by the substrate s one of
the reasons which causes a small cffective dss in PZT films.

The cffective dsy coefficient of all the PZT thin films measured before poling was
in the range between 0 and 10 pC/N, This result indicated that there was little or no pre-
existing alignment of the domains in the as-leposited films although all the films had
strong prefereed erystallographic orientation. The ds; increased with hoth poling titne and
poling field. Figure 5.10 shows the induced charge as a Function of the poling field for a
[.3pm PZT film with <11 1> preferred orientation. The coercive ficld of this sample was
about 42 kV/cm. As expected, a considerable increase in the induced charge was
observed as the poling field approached the cocrcive ficld of the film. The induced
charge started to saturate at a poling ficld of about three Hmes the coercive Tield, Poling
the film in the opposite direction led to a reversal in the sign of the induced charge, but
the dsy value was aimost the same for the (wo poling directions.

As the [ilm thickness increased from 0.25 um to 3.4 pm, the effective dyy of PZT
lilms was found o increase (similar o observations on the dielectric constant and
remanent polarization). Figure 511 is the thickness dependence of the effective dsz of
<i11> oriented PZT 52/48 films. All the films measured were poled at 150 kV/em for ten

min and the measurernents were made afler one-day's aging,
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The prexoelectric cocfficient di; of ferroelectric marerials is composed of both
intrinsic and extrinsic contributions. The intrinsic part is frem the contribwtion of the
single domain properties and can be related 1o the spontancous poelarization and the
diclectric constant of the single domain through the clectrostrictive effect {see Seclion
2.7). For a multi-domain polycrystalline ferroeieciric material, the intrinsic contribution
lo the piczocleciric cocfficient dss is the average of the intrinsic piezoclectric coeflicient
ds; of all the domains, In PZT filims, the polarization vectors of the domains are clustered
along several specific directions due to the strong preferred orientation of the grains.
Domains whose pelarization vectors are along dircctions close 1o the film plane
vontribute littke to the mirinsic dyz of the films. The intrinsic dys of the films arises mainly
from the longittdinal piczoclectric responsc of domains with pelarization vectors close to
the normal of the film (i.e., c-domaing). For bath tetragonal and rhombohedral phases, the

c-domain dz3 15 proportional to the spontancous polarization and the intrinsic dielectric

constants:
Tetragomai dyiz=2 enM53Q1 Py (2.6)
Hhombohedral dgj =72 En [:Th |Q| 1+ lﬂleg}Pj {5?}

Since the intrinsic diclectric constants of PZT films are belicved to be very similar
for all the films (see Chapter 6), the average of the single domain dss of these films is
proportional to the intrinsic dielectric constant and the remanent polatization of the films.

Therelore, with an increase in the film thickness, the intrinsic contribution to dyy in PZT
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films increases due to the incrcase of the remanent polarization. This results in the
cffective dsyz increasing with film thickness. As will be shown in the ncxt chapter, the
; noi-180% domain wall motion is strongly pinned in these lilms duc to their smali grain
size and film thickness, thus (he extrinsic contribution to dx, is limited in these PZT films.

The influence of the Zr/Ti ratio and preferred orientation on the piezoslectric

propertics of PZT films was also investigated. Table 5.2 lists the dieleetric constant, P

r

| and dy; of PZT films with Zr/Ti catios of 4852, 52/48. and 56/44 for both <100> and

<IT1> oriented films, All the films were 1 yum thick and poled at 150 kV/em for 10 min

al room lemperature. The dypy was measured using the preumatic prossure charpe

technigue.

Table 5,2 Typical values for the dielectric constant, remanent palarization and iy of 1

um thick PZT films with different Zr/Ti ratios near the MPE

iy |"-"IL_I'|J| B P
bry s JH, Ay o ¥

. Orientation <lll= <100
' Composition 48/52 | 5248 | 56/4d | 48/52 | 5248 | 36/44
& (before 950- 950-  [950-  |1030- [ 1150 [ 1000-
. poling) 1000 1000 1000|1080 | 1200 | 1050
Pe{uCiem®) 2326 | 2730 | 2023 | 2024 | 2427 | (920 ]
4 33 (PON) 100-105 | 110-120 | 80-85 | 90-05 | 95105 | 75.80

In PZT ceramics, the room temperalure diclectric constant and the piezoclectric

! coefficicnts are all found to reach their muaximum at compoesitions near the MPB
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composition (Z/Ti ratio of 52/48). From the phenomenological theory, a peak in the
diclectric constant occurs nicar the MPB compasition (Zr/Ti 50/50) in single domain PZT
due o the structural instahility brought about by the coexistence of the tetragonal and
rhombohedeal phases [37]. Dwing to the large dielectric constant al the MPB, the
intrinsic ptezoclectric coeflicicnts also peak al the same composition [37]. In our PZT
fllms, it was found that for the three compositions studied near the MPB, both the
remancnt polarization and the piezoelectric cocfiicient dx had the largest values at a
Zi/Ti ratio of 52/48, which is the closest compaosition to the MPB of bulk PZT. Chen et
al. also observed the same behavior in conventional fumace anncated PZT films and
concluded that the MPB of PZT films coincided with that of bulk PZT ceramics [98].
Since the spontancous polarization of single domain PZT does not have a peak at the
MFB composition, the peak of remanent polarization in PZT films is believed to be duc
to the high poling efficiency al the MPB. Because the two phases coexist at this
boundary, an clectric field indyced phasc transition may oceur and thus increase the
reversible polarization that can be achicved in those films. As was discussed for the
thickness dependence of d3;. the cnhancement in the effective dys ai the MPB may also be
attributed (o the enhanced remanent polarization at this composition. The diclectric
constand also had iig largest value at a ZoTi ratio of 52/48% for <100> oriented filrns,
similar to the bulk PZT ceramics and conventional furnace annealed PZT fiims which
also had strong <100> preferred grientatjon. However, for <111> griented filins, the

dilference in dielectric constant wore small for the three compositions near the MPB. It

was also noticed that the tetragonal 48/52 PZT filim had a larger effective dys than the
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rhombohedral 56/44 PZT film, possibly duc (o the larger remanent polarization of the
d8/52 PZT film.

A comparisen between the properiics of <111> and <I00> orented PZT films
showed that all the <111> oriented PZT films had larger effective dsy than the <100
oricnled films with the same composition. We believe (hat this is due to the larger
intrinsic djy in <111> oriented films since <i11> oriented films had larger remanent
polarizations than <10{)> oriented films. The extrinsic contribution to the piezeelectric

properties played liltle role here because it was very limited in these films.

54  Summary

Sol-gel derived PZT films were deposited on Pt-coated silicon wafers using rapid
theemnal annealing. The films had either <11 1> or <[00> preferred orientation depending
on the orientation of the Pt bottom clectrodes. All the films had very sniall grain size,
aboul 30nm to 100 nm for <111> oricnted films and 100 nm to 200 nm for <100>
oriented films. When the film thickncss increased from 0.25 pm to 3.4 pm, there was no
change in the grain size and preferred orientation. Both the diclectric constant and the
remanent polarization were found 10 increasc with film thickness. The temperature
dependence of the dielectric constant showed that there was no shift in the Curie
lemperature observed in these films, which suggested that both a-domains and o-domains

were developed in the films. The broadened and reduced peak of the dielectric constant




formed at the Curie lemperature could be the resull of the diffuse Curie temperature, the
tensile hiaxial stress, and the surface/interfacial layers in these films.

The longitadinal piczoclectric measurements showed that the effective dys from
direct measurements was slightly larger than that from converse measuretnents. A
consideration of the mechanical boundary conditions for (hese measurements indicated
that the clamping effecl of the substrate is the reason for this difference. Theoretical
analysis showed that substrate clamping is an important cause of the small effective
piezoelectric coefficients in PZY films. The as-deposited PZT films showed very weak
piczoclectricity, indicatling theve is w0 pre-existng alignment of the domains. The
effective ds; increased with both poling time and ficld and saturated as the poling ficld
exceeded three times the coercive tield. With an increase of film thickness, the effective
dy3 increased, primartly due to the increase of the remanent polarization. The maximum
ctfective dy: was measured at @ 21 ratio of 52/48, which suggested that the MPE of
PZT films coincided with that of the PZT ceramics, The effective ds3 was larger on the
tetragonal side of the MPB than on the rhombohedral side of the MPB. It was also found
that PZT films with <11 1> preferred orientation had larger effective di than films with

<100> preferred oricntation due 1o the larger remanent polarization in these filins.
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Chapter 6. Domain Wall Motion and its Contribution to the Dielectric

and Ficzocleciric Propertics of PZT Films

[t is weil known thar there are both intrinsic and extrinsic contributions to the
dielectric and piezoclectric responses in fenoclectric materials at room emperature, of
which the intrinsic contributions refor w the single demain properties and the exirinsic
conbributions are mainly attributed o domain wall motion. In ferroclectric PAT ceramics,
the large extringic contributions to the dielectiic and ferraclectric propertics al room
lemperalire are important tactors in the superior dielectric constamts and piczoclectric
cocfficients. Recently, it has been found thal the measured longitudinal and wransverse
piezaelectric coctficients of PZT films are much smaller than (hose ol their hylk
coudilceparts, especially when the film thickness is sroal] (10, 14, 116]. Tn the last chapter,
it was shown thal this is due, in parl, o ¢lamped mechanical boundary conditions,
However, i has also been suggested thal the limited extringsic contributions to the
piczoelectric properties fdue o (he inability 10 activate the non-180° domain wail
motions) muy 250 be respensible F14,15]. In this chapter, the domain wall mations and
their contributions to the dielectric and piezoeleetrie propertics of sol-pel derived PZT
films were investigated. To scparate the intrinsic and the extrinsic dielectric responses,
measureiments al 4K were made 0 freeze the domain wall motion. The cxirinsic
coflribution o the pieroclectric propertics in PZT films was investi gated by studying the
siress and clectric field dependence of the piezoeloctric coetficients. In midition,. threwegh

studying the influence of uniaxial stress and de eleciric field on the dielectric properties,
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both the ferroclectric and ferroelastic activities of the non-180° domain walls in these
films were evaluated. The effect of grain sive and (il thickness on domain wall motion

in PZT films will he illustrated.

6.1 Film Preparation and Properties

The PZT films investigated were all deposited on Pi-coated Si substrates with a
ZrfTiralio of 52/48. Three different sol-ge] processes were used to prepare the PAT filins
1o atlow large variations in film thickness, grain size, and prefecred orieniation. The first
sol-gel method used was a 2-methoxyethanol solution and RTA process. which was
already described in Chapter 5. The filmg prepared by this method had small grain size
(50 nm- 100 nm) and strong preferred orientation {(yec scction 5.1). The dicleetric,
fercoclectric, and picvoelectric properties of the films preparcd by His method were
described in Chapier 5 and will not be repeated here.

The sccond sol-gel method wsed in this investigation was an acetylacctone
modified 2-methoxyethanel solution and RTA process. PZT filns with thicknessos up ter
10 pm were propared by this method on <111> oriented PU coated Si wafers, XRD
patterns showed that there was a gradual change in the preferred orientation in tiese (ilms
with increasing film thickness (Figure 6.1). When the il thickness wils simall (<2pand,
the FZT films had <l 11> preferred orientation, indicating nucleation from the botion
clectrode. With increasing film thicknoss, the films hecame more and more randomly
oriented as the in[luence of the PUPZT interface was reduced [96]. The grain size of these

films was around 0.1 pin as observed by SEM and didn’t change with imcreasing film
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thickness. The cross-sectional pictures of the SEM images showed a layered strueture for
the thick films, in which cach layer corresponded to ene crystallization step (Figure 6.2).
There was no columnar growth found in these films, which was in agreciment with the
randomly vrierued XRD pattemns, Elcetrical characterizations showed that the diclectric
constant, remancnt polarization, and the effective piezoclectrie dyz coeflicient a)l
incroesed monotonically as the Ghm thickness increased from (.25 um e 7 am. On the
ather hand, the dielectric loss and coercive ficld initially decreased wirh inereasin g filin

thickness, then saturated for films thicker than two micrometors [Y&].
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Figure 6.1 XRD patterns of PZT films depasited using acelylicetone modified 2-

mothoxycthanol selation and RTA process (Courtesy of W, Ren).
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Figure 6.2 SEM pictures of a 7 um thick I"ZT 52/48 film prepared using acetylacetens

- ' madified 2-mothoxyethanol solution and RTA process (Con rtesy of W, Ren)

The third sol-gel method for PZT film preparstion was an acclic acid solution and

conventional furnace anncal process. PZT films up to 10 um ihick were deposited on

: i P 1Y TifSi0y/81 100) substrates. Despite the <1 11> preferred orientation of the bottom
elecirodes, XRD patterns showed that all the films prepared wsing this method were
strongly < 100> oriented. The relative intensity of the <100 peak was found 1o increase
with increasing film thickness [117]. Unlike the films prepared using RTA, films
. prepared by this method (erystallivzed using the conventional box furnace) had larger
grain sizes. The average grain size ncreased with the film thickness, typically ranging
g from 300 nn to 700 nim. Figure 6.3 is the AI'M surface image of a three pum thick <1
orieried PZ1 52448 film prepared using this methed. An average grain size of 500 nn
way oblained frorn this picture, It was also found from cross-sectional SEM study that

densce layered structures with well defined griins and cofumns were observed [117]. The
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dielectric constant and effective piczaelectrie dyy coefficient were found 0 increase with
film thickness in the range from 0.5 © 10 pm, but the remanent polarization increased

with Tilm thickness up to 3 um and then saturated as the film thickness continued 1o

eredse,
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Bigital Instruments HanoScope
Zcan size 3.000 pm
Ecan rate 1.587% Hz
Humber ol samples 256
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Pata scale 80.00 nM
L]
.00
(1™

Figure 6.3 AFM picturc of the filer surface of a 3 an thick <100 PZT $2/48 filny

prepared using acetic acid solution and canventisnal furnace anneal Process.
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6.2  Temperature Dependence of the Diclectric and Ferroeleetric Properties

The temperature dependence of the low and high ficld electrical characteristics of

the PZT films were investigated from room temperature down o 4.2 K This was done

for films with different (hicknesses, orientations and grain sizes, as shown in Figure 6.4.
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Figore 6.4 Temperature dependence of the dielectric constant of sol-gel PZT 52/4%

films at 1k Hz

At room temperature, there are large differences observed for the dicleetric
constants of the vartous PZT (ifms tnvestigated, The diclectiie constant increases with

: film thickness for films with the same onetation and grain size, and ix lavger in films

f with larger grain sizes. As the temperature decreases, the diclectric constats of al] the

films decrease. However, the temperature cocfficients of capacitance are different.




124

Eventually the dicleciric constants of ail these films canverge 1o approximately the sane
vidue as the temperature approaches to 0 K {except films < 005 (i thick).

As has been pointed out, the extrinsic contribution o the dielectric espanse in
ferroelectric materials is mainly [tom domain wall motion, phase boundary motion, and
defect reorigntation. These processes are mermally activated and thus can be frozen out
as the temperature approaches 0 Kelvin, Therefore the diclectric constant micasured at 4.2
K is almost solely from the intrinsic dielectric response, Fgure 6.4 indicates that
although the sol-get PZT {itms have much different diclectric constmts al room
lerperature due to the difference in thickness and grain size. they all have similar
intrinsic contributions to the diclectric constant near 0 K. A close look ut the diclectric
constant at 4 K showed thar there is stil] 4 weak dependence of the intrinsic dickectric
constant on the film thickness. Thix is probably due to the effect of the Lop surface layer,
as his been observed by SEM, andfor an interlacial layer between the PAT and the
bottom electrode. These layers usually have lower diclectic consiants than fermoelectric
PZL, and thus can result in o smaller apparent intrinsic dielectric constant. If the surface
and intcrfacial layers have a combined capacitance of Cine for all the films, then the

apparent capacitonee of the film Cu, is related w C, as follows:

M Cn = I/ Capy + 11 C (6.1}

wihere Chgy, b5 the actual capacitance of the PZT Flms. Sinee Ciyy, is determined by:

Cm.n =Bt {f:Z}
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theretore,

1 Coor =t/ 8088 + 17 (g 6.3)

in the above equalions, © s the film th tekness and § 15 the mes of the lop clectrode. This
assumes (hat the interfacial layer is negligibly thin compared 1o the measured thickness.
Figure 6.5 shows the plot of 1/ Cu versus film thickness t for <[ 1] aricited fine-
cratned PAT films. The linear relationship between 1/ Cior andd t along with the non-zero
intereept for the plot support the hypothesis that the thicknesy dependeince of the
dieleetric constant at 4 K i5 mainly duc to the surfuce and interfacial layers. U is expecied
that with improved film processing this eficct could be climinated, or ac least

substantially lessenee,
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Fipure 6.5 Reciprocal of the measurcd capacitance #s a functon of flm thickness for

<111> oricnted fine-grained PZT filigs,
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Since all the films have similar intrinsic dielectric conslants at 4 K, it is
reasonable 1o expect that they also have similar intringic conlributions 1o the dielectric
constant at roofm temperatuere. Some of the difference in dielectric constanis at OO
tempeeature can be attributed to the surlace and interfacial luyers, However, deviation in
the linear relationship between the reciprocal capacitance and the film thickiess was
found at roomi temperature. Thiy suggests (hat the extrinsic contributions w the diclectric
tesponse also contribute to a difference in diclectric constant at roonl lemperatuee, To
quantitatively separale the effect of the surface and iterfacial layver on the dielectric
canstant of the films at room wmperature, the capacitance of the surface and interfacial
layers musi be determined. This wasg atempled. however, it was not possible 1 determine
the mtercept in [/ C versus | line at 4 K accurately enough, due 1o the lack of diclectric
data in the very thin filny thickness range. Very small variations in this number leag 1o
very large over or under corrections of the room temperatie diclectric data in thin films.
in addition, the temperature cocfficien of the ticleetric constant of the surface and
interfacial layers is also unknown, which adds more complexilics in the cafeulations, In
apy evenl. it is clear that the interfacial layer docs not account for gl of the difference in
room temperalure diclectric constants for the Glms us 4 (unction of thickness,

The cxistence of extrinsic contributions to the dielectric constant in PZT films is
manifested in the ac driving-ficld dependence of the dielectric constant at room
temperature and 4 K (Figure 6.6). At 4 K, the non-linearity of the dielectric constunt i
very small, rellecting the characteristic of the intrinsic diclectric response of the material,

However, at room emperature, the dielectric constant inereases with the amplitude of (he

appired clectric field, showing a farge diclectric non-lincarity in these filis, This
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dizlectric nen-linearity is believed to he associated with cxitinsie sources and can he

aliributed to domain wall motions 159, 60].
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: Figtire 6.6 The dependence of the diclectric constant of P2 films on the antplitude of

the ac electric driving ficld.

Despite the targe difference in the texture aned grain size between the PAT films

. aind bulk ceramies, the dielectric constant of P7T Mlms was simiiar to that of AT buik
ceramics when measured at 4 K. Thepe are a number of actors which might lead 1o o

! vartation in the measured intrinsic diclectric constant between bulk and thin film PYT
specimens. Firstly, the P7T filmg have strong  preferred orientation; therefore the
polarization vectors {n these filmy are concentrated slong several specific dircetions
relative to the electrodes. This may give different averages of the intrinsie dielectric
constant for films with differant lextures, and for thin films and bulk PZT. Sccondly, with
a decrease in grain size, there is an increase in the internal stress due to the difficulty in

lorming aon- 1807 domains, Thercfore the inlringic dicleetric constant shoyld inerease ms
E
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the grain size decreases. It was found that the dielectric constant of bulk PZT ceramics
increased with decreasing grain size at temperature near 00 K, and was attribued w he
tnercased inlernal stress in fine grin ceramies 7], This effect would mesuit in & larscr
dielectrie constant in thin films than in bulk ceramics, and would also tend W increase the
dicleetric constant in fine-prained films, Thirdly, due (o the constraints of the suhstrates,
the measured dickectric constant of PZT films 19 @ Jeast partially clamped {clamping
should decrease &, ). Finally, since the thickness of the FZT filins i tnuch smaller than
hulk samples, Jow dielectric constant layers at the PZTVelcctrode interfaces can eause a
noticeable decrease in the rucasured dislectric consiant of thin filng while hoy have
virtually no eficet on bulk samples. The experimental results indicates that these fuctors
are cither very modest or 1hat ihey counterbalance each othor Thus, the intrinsic
diclectric constant are sinuilar Tor bulk coramics and maost of the thin film P21,

From the phenomenvlogical theory devoloped for PZF, the intrinsic contribution
to the dielectric constant at room temperatuze for PAT 52/48 bulk ceramics was
calculated to be ahowt 670 [7). Using this value as an approximation for the intrinsic
contribution w the dielectric constant of P77 f1hns at room lemperature, it was estimated
that 23% to 50% of the total diclociric constant at room tetperalire in these {ilims rom
the extrinsic sources. The cxirinsic contribution to the diclectric constant is likely to
increase with film thickness, and is larger in films with larger grain size.

As will be shown in the next two sections, non-180° domain wall mokion in the
small grain (<02 wm} aid thin {thickness smaller than 3 i} FZT Films is nogligible.
Therefore the extrinsic contribution to the diclectric constant in these filns was most

probably from 180° domain wall niotions or from phase houndary motion. "Uhe resson Tor
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the increase in extrinsic contribution to the diclectric constant with film thickness is ot
clear, One possibility is that there miy be pinning centers located at the interface hetween
the hottom electrode and the PZT film. In thicker Fums, fewer grains are affected by these
pinning centers. Therefore the 1807 domain wall or phase boundary metion becomes
easier. There is also evidence from THM study that the domain wall density was lower
near the film surface (see scction 6.5). ‘Ihe increased extringe comtnbution o e
diclectric constant in large grained fims is belicved to be due v the high deniain wall
density und less donain wali pinning. It has been shown in bulk 77T ceramics that the
domain wall density decreases with decreasing grain sive in the deep sub-micron range
[7]. There 15 also more grain boundary area in the T ine-grained filns where space churge
tends lo be trapped. As a result, domain wal] pinning is cxpected o be stronger in fing
grained filins. In addition, non-i80° domain wall motion may conttibute to the diclectic
constant in thick and [arge prained films, as imndicated by the extrinsic contribution to the
piezociectric cocfficient in these films (sce Sectton 6.3).

The diclectric loss of the prT flims was also measured ax g T unclion of
temperiiuie from room lemperature to 4.2 K {shown g 1 gure 0.7). Compared to the
diclcetric constant, the temperature dependence of the loss factor was nune complicated.
In general, there was a browd anomaly in the foss factor centered qut tempetatures botween
200 K 1o 250 K. For films with thickncssey larger tham | pum, (he diclcetric loss
\empetature around 200 K was fargec than its room temperature value, As (he temperature
dropped below 50 K, » vapid decrease of the loss Fuctor was observed in all films. When

the temperature approached ¢ K. the diclectric loss in these films converged o about

{.6%, though 1here was a lidle variaton.
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Figurc 6.7 Temperatore dependence of the diclectric loss of PLT 52/48 films.

The behavior of the diclectric loss wilh wmperature is sutl not well snderstond.,
Similar behavior of the dielectric loss was also observed in PZT bulk ceramics |38]. The
authors suggesied that there are scveral relaxation processes depending on composition
ane doping. The relaxation processes could be connected with the impurity ions and with
domain walls or phusc-boundary motions. Al temperatures near zero X, these thermally
activaled processes were froven oud, therefore the intrinsic single-domain propertics
doinimated the mcasured dielectric joss 158, A similar mechanism may also b
responsible for the dielectric loss behavior in PZT films.

The P-E hysteresis loop of PZT films was also measuicd ay function of
temperatere front room wmperature w0 4 K (Fignre 6.8a). Figure 6.8b shows the
temperature dependence of the saturation polarization and remanent polavization of 4 0.6
pm PZT 52448 film. The sauration polarization was almost independent of temperature

between 300 K and 50 K. As the emiperaiuie comtinued to decrease, there was a sl zht




131

deerease in the sawration polarization. In contrast, the remunent polarization showed a
much larger chunge with the [emperature. Il monotonically increased with decreasing
temperature. As a result, the difference between the saturation polurization and (he
remanent polarization decreased at low temperatures. Figure 6.9 shows the coercive field
of the 0.6 pum PZT film as a function of temperature, The coercive field wa found 1o
ncrease with decreasing walperature, As the temperaliee dropped below 50 K, VCTY

rapid increase in the cocreive field with the deerense of temperatare was observed,
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The temperature dependence of the coercive field indicates that domain reversal
in PZT films becomes more difficult as the temperature decreases. Sice non-80°
domain reoricntation is very linited in these lms, domain reversal is mainly achieved by
1ED7 domain wall motion. With tlecreasityg lemperature, the domain wall motion become
more diffienit, and thus a larger clectric field is needed to aceomplish it The tapid
increuse ol the cocrcive field at temperature betow 50 K indicated a dramatic decrease in
the 1807 domain wall mobility, which is also illustrated by the rapid decrease in the
diclectric loss in this teraperature range. The increase of the remunent polarization with
decreasing lemperature may also be duc to the reduced domain wall mobility. As wus
suggested carlier, the large differcnce between saturation and remanent polarizations in

P films is most likely u reseli of significant domain reversal after the removal of Uhe

electric field. At low wmperatores, he back switching of the domains is partially frozen
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out. “This, therelore results in a small difference between the saturation and remanent
palatizations, The slight decrease in the sarated polarizanion at teniperature near zero K
can be attributed (o the inability to reverse all the domains at that temperature, using a

S00 kV/ian excitation field,

6.3 Stress and Field Dependence of Dielectric and Piezoslectric Propertics

In order te investigale the ferroclastic activity of the non-1580% domain walls, the
low and high field clectrical chavacteristios of <i { I PZT filins crystallized by ihe RTA
process were measured as a function of applied vniaxial stress perpendicular to the film
plane, Figure 6,10 shows the effect of (he applicd nonmal siress on the diefectric constant
of 2 poled 1 pm thick <1115 PZT film which has an average prain size of abaut 0.05 pm
o .1 Wm.  The result shows thal the dielectic constant has a very weak stross
dependence, increasing less than 2% for an applied normal stress up (0 20 MPa. ‘Ihe

chinge of the dielectric constant with applicd stress s also reversible, ie., removal of Hic

applied stress results in the full recovery of the dielectric constant, Gn the other hand, the

dielectric loss is almost independent of the applicd stiess within the slress range wsed in
this investigation. The forreelectric -1 hysteresis loop was aiso measured doring the
E * application of normal stress. There was no noticeabe change found in either the remanent
polarization or the eoercive fickd with anplied steesses up o 20 MPa. Both high field and
low field measurements were performed on several films with lilm thickness ranging

From .5 um 0 3 o, Similar results were oblained on 2]l the sample tested,




134

In poled PAT bulk ceramies, it was found that for an applied compressive uniaxial
stress of 20 MPa there were 12% and 5% increases in the diclectric constant of hard and
soft PZT respectively [86]. This behavior was atiributed o stress-induced non-180°
demain wall motion which resulted in increased domain wall contributions i the
diclectric response [90], In hard PZT bulk ceramics, there ac defect dipoles which tend
t align with the polarization vectors of the demajns to stabilize (he domain stueture.
They act us pinning ceniers 10 prevent domain wal mottons due w external excitation,
resulting in small extrinsic contributions to the dieleclric constant, By applying a uniaxial
stress, ferroclastic domain wall motion aceurs in PZT bulk ceramics, which results in a
metastable dotnain configuration, Thercfore both the dielectric constant and loss increase
wilh applied stress as a result of the increased CXUINSIC response associated with the
deptnning of the domain walls in bulk PZT cersmics. Since domain wall pinning is more
severe in hard PZT, a larger stress dependence of the diclectric constant was Tound n

hard PET over this stress roange.
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Figure 6.10  The effect of applied normal stress on the diclectric constant of a poled

<111> PET 52/48 film which has an ayerage grain size of about 50 s (o 100 nm.
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"The stress dependence of the diclectric constant of the poled BAT lilms was much
smaller than in bulk P2T ceramics, In addition, there was no increase in the dicleciric
loss with the applicd stress. These results suggest that non-180° domain wall motion in
response Lo the applicd stress is negligible in these films for this stress range. Since slrong
domain wall pinning in these films is expected due 10 thetr small grain sz and 1o
interfacial effects, a large dependence af the dielectric constant and loss on the applicd
stress would be expected if the non- 18P domain walls were Ferroelastically active,

The cffeet of normal stress on the kigh field characteristies of the PZT films also
suggests that the ferroelastic activily of the non-180° domain wails is negligible in these
[ilms, Otherwise, a decrease in the remanent polarization and a change in (he coercive
licld would he expected, 1Towever, they were not observed in our experinients.

Both the low and high lield clectrical measurements as a funetion ot the normnal
SUESS arc cosisient with the hypothesis thal ferroclastic motion of the non- L&O® doinain
walls is limited. Jn an investigalion on the effect of biaxia) stress on [he properiics of PZT
thin films, it was aiso proposed that non-180° ferroelustic domain will motion playe
iittle role in the thin film properties Li4]. It is belicved that the submicron frain structure
Is the one critical reason (or thix behavior in sol-gel PZT films [14, 15, Besides, the
reduced domain wall denstiy and strong pinaing by the lmfsubstrate inleriace, point
defeets (such ag lead and oxygen vacancies} may also play roles in reducing the non-186°
dormain wall activity in PZT films [ 14].

Sinee the extrinsic contribution (o the piezoclectiic response in {erroclectric

ratertals is mostly from non-180° domain wall motion, little exirinsic contibution 1o the

piezoclectric coelficient is cxpeoted in PZ {ilms in which non- 180° domain wall motion
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is limited. To investigale whether this was the case, the cffeciive dyy of the P2T films
was measured using the pueumatic pressure charge wehnique as a function of the
amplitude of the applicd steess. Fipure 6,11 shows (e cffect of stress amplitude on the
dys coelficients of both a | pen thick <t 1= PZT film with 50 rn o 100 nm averige

grain size and a PZ1-3A bulk ceramic sample,
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Figure 6.11  The effcet of stress am plitude o the ds; cocflicients of a i L thick <111

oriented PZT Tilin (50 nm to 108 nan average prain sice) and a PZT-5A bulk cersmic.

The dyz of the bulk PAT ceramic was found o increase will the stress arnplitude,
showing & significant piezoelectric non-lincarity. The ron-linearity of the piezoclectric
response in ferroelectric materials is believed (o be of extrinsic nature and can he

attributed to non-180° dormin wall motion 139, 60). This behavior was observed in both

FLT and Dariuin titunate hulk coraimtes and was used o identify  the  extrinsic
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piezoelectric response in these materials, It was found in barium titanate ceramics that
both the duy coefficicnt and its non-lincarity with stress amplitude decreased as the grain
si7¢ decreased, due o the reduction of non-[80° domain wall metion in fine gratn
ceramies [118], Measurements an the fine grained (50 nm to 100 nm in grain size) PZT
thin films (thickness less than 2 um) showed that there was no inerease in the elfeclive
d3x with an increase of the applicd stress amplitade up te & MPa. This resull is again a
strong indication tha the ferroelastic motion of the non-180° domain walls in these iihms
i5 limited,

The piezocicetric non-lineatity of the PZT films was also measored as a function
ol the appiied elecuic driving field using double-beam laser interferometry, The PZT
films studied here were prepared using he ucetylacetone modified 2-methoxyethanol
solution and RTA process. The film thickness was between 1.5 and 6.7 um. These films
had an average grain size of 100 nm and afmost random orientation. The eifective dy of
the films was also found Lo increase with film thickness under an ac fieid of 24 k¥fem and
TkHz {Figure 6.12). To investigate the fermelectric non-lincarily of the effective ds;,
Measurements were made as a funetion of sub-cocrcive ac clectric fiekd (Figure 6,13}, For
films with small thickness (1.5 pm), the effective du remained unchanged as the applicd
ac Neld ncreased w 10 kViem. Above thai, only a small increase in the effective ity was
measured. For the 6.7 pum thick (i, the onset of the piczoeleetric non-lincarity oceurrad
helow 4 kViem, and the effective dsy inereased much more rapidly with the ¢ eloctrie
lield. Similar behavior was also observed by Kholkin, in which a 7 pm thick <1]1>
oticnted PAT flm showed lurge non-linearity in the effective tly; while a 0.3 pm thick

PZT showed very small piczoctectiic nor-iincari ty [12].
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The large piezoclectric non-linearity in thick PZT films Suggests that there s
stgnificant irreversible non. | R0° dotain wall motion at suificiently high ze eloctric
fields. The decrcase of the threshoid lield for piezoelectric non-tinearity with film
thickness suggests that the degree of non-180° domain wall pinring becomes less severe
as the films become thicker. This, in tern, suggests that there is an Increasing endency
ave extrinsic conttibutions 1o the piczoelcetric response as the films become thicker.
Again, the large threshold field for pieroelectric non-linearity and the small degree of
pilezoelectric ron-linearity in thin PZT filmg agrees with the hypothesis (hat there s
strong non- 180" domain wail pinning and thus litle exuinsic conribution to the
piezoclectric coclficient in thin BT filmy,

Unlike the effective i, which showed small non-linesrity with ac ficld, the
dieleciric constant of all PZT films showed very large amplitude dependence (Figure
6.14). All the films displayed a significant diclectric non-lincarity, which was found 1o
increase with the film thickness, Ag has been pointed out before, domain walls m g
ferroclectric: material can be categonzed inle lwo lypes: [§0° domain walls and pan-
1807 domain walls. 180° domain wal] motion coniributes only w the diciectric response,
while non-180° domain wall motion contribites to botk the drelectric and piezocicetric
properlies. The large difference betwoen the ron-lincarity in piezocleciric cocflicients
and diclectric constunts su ggests that 180° domain wall moiion is much more significant
than nen-180° domain wall motion. As a reselt, a majority of the extrinsic contibutjog [0
the dielectric constunt in PZT filins i due (o the 180° domain wall motion, The increase

in the dielectric roti-linearity with film thickness Suggests that the exteinsic contribution

to the diclectric constan also ittcreases with fim thickncss, which is in CORSISEENL With
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the results from the temperature dependence of the diclectric constanl mcasurements.
Kholkin also observed a large difference in the non-linear behavior of diclectric constants
and piczoclectric coefficients in PZT [ims [12]. However, be attributed this difference o
the geometry of the PZY filins, It was proposed that the larpe Jiclectric non-lincarity was
due o extensive non-180" domain wall motion, and the small non-linearity in clective
sz was due 1o the <l 1= orientation snd the tetragonal struciure of the filnis, He argued
that since all the allowed polarization vectors have equal projections onto Lhe substrate
normal, 90° domain wall metion should not produce any mechanical strain, and therefore
didn’t contribute to the piczoelectric response [12]. However, this argumcnt is not

applicable to the randomiy orientcd, MPB films used in this investigation, In addition, if
B0% domain wall motion is important [n tetragonat PZT filng, then the elfective das of
<100> PLT Ums is expected 0 be lager than <I11> PZT films due w0 oxtrigsic

contribution in <100= films. However, our caperimental results showed that this was not

the case.
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6.4 Non-180° Domain Swilching in PZT Filins

It is well known that the picroelectsic propertics of bulk PZT ceramics can be
improved by enhancing non-180" domain wall motion. In siall grain PAT filins the
cxperimental results in the last section indicated that the exirinsic contribution to the
effective dyy ts small due either to strong pinning of the non-180° domain walls or o a
low density of ferroclastic walls in the films, However, it was also found 1hat with an
werease in filin Lhickness, non-1807 domain wall motion might contribute to the
piezoclectric response, It bas been sugpested that the degree of non- 180% domain wall
prning 1% strongly influenced by the grain size of the PZT films [15]. In this scetion, the
activity of the non-180° domam walls of the PZT films and their relationship with the
film thickness and grain size were imvestigated.

The activity of non-180" dornain walls can be refated to the ease of non- |R0°
domain switching. In general, domain switching oveurs via domain wall motion driven by
the cxternal ficld. Therefore the smuller the degree of domain wall pinning, the moe
extensive domain wall mation should be, thus the more casily domain switching should
vccur, Domain switching can be identified by monttoring the change of the relative
intensity of the <00 1> and <100 peaks in the XRD pitterns for tetragonal PZT cermmies
and thin films [15, 119, “This method, though, cannot be used for PZT films al the MPR
composition duc 1o the overlap of the <00 and <100 peaks in the XRID pattern.
However, single domain PZT with the MPB comnposition has very large anisolropy in the

dielectric propertics, i.e., u-domains have much larger diclectric constants than e-domains

[37]. Thercfore a large chunge in the intrinsic contribution to the dickelric constant is
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expecied as a resull of non-180°% domain switching, This can be used to identify non-
180° donmain switching in PZT Fflims.

The cffect of dc poling on the dicleetric constant of the PLT Mims was
investigated at room temperature first. Dielectric medsuretnents were made under siall
field (0.5 KV/em) without de bias, FZT films were puled a1 different de Felds for one
minute al room temperature. A five minute aging time wias allowed before feasunng the
diclectsic constant. Figure 6.15 shows the diclectric vonstant as A function of de poling

tield.
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Figure 5,15  Weak ficld dicleciric constant of AT films as a function of e poling ficld,

For poling fields below the coesrcive f ield, all the films showed small increases i

hoth the diclectric constant and loss immediately alicr poling. The diehetric constant and
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loss gradually decreased with the increase of aging time, and linally returned to their

original values after ahout 72 hours ageng. This observation suggests that the initial

. Incicases i ihe diclectric constant and loss result fromn de-aging. 180" domain walls may
be de-pinned by the de poling field through the fennation of a meiastable domain
struciire o1 redistribution of the defect dipoles, thus leading to larper 180° domain wall
coniribulions to the diclectrie response in these films, Similar de-aging behavior was also

obscrved afier heal treatment a [emperatures above the Curie temperature, in which the

tlormain structuze and space charge distributions were also changed.

As the de poling field continued to increase, the dielectric constant remained fla
tov small grained PZT films when the film thickness was less than two micrometcrs, The
diclectric constant changed little through de poling in cither <1002 or <] 1> orended
PLLU thin flims up to the breakdown fields, This behavior suggests that the non-[80¢
domain wall pinning is so strong in these films that the ferroclectric switching of non-
I180° domain is not achicvable at raom wemperature, However, in thicker films, o
deercase in the diclectric constant was obwerved when the poling ficld exceeded 4 cerfain
level. Little change was observed in the dielectric loss. When heated ahove T the
diclectric constant recovered 1o its or gial value, so the chanpe was nob due 1o cracking
of vlectrode delamination. The decrease in the dielectric constant ean he explained by
non-180° domam switchin g Under ade poling field normal (o the film plane, ¢-domains
are energetically more (avorable than a-domains in FZT Olms. Since the dieleetric
canstant of g-domaing is much larger than that of e-domaing, non-140° domain switching

will result in a decresse of the dielectric constant in e direction measured. Since the

non-150% domain walls are strongly pinned in PZT films, some minimum clectric ficld is
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required to overcome the potentiul barrier 1o realize extensive domain wall motion,

Thercfore the thresheld field for the non-180¢ switching (the onset of the decrcase of the

dicleetrie constant} can be used as an indicalion of the degree of nos-180° domain wall

pinning in PZT films. It was found that {for films with similar average grain sizes on the

order of 0.1 pm, the threshiold field decreused with inereasing filin thickness, indicating a

reduction in the degree of the non-[807 domuin wall pinning (Figure 6.16). The

percentage change in the diclectric constant through dec poling increasedd slightly in

- : thicker filmys and was less than 20% in all the fine grain PZT films, indicating that only a

small raction of a-domains coull be switched to ¢-domatns by the ¢lectric field.
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Compared (o the film thickness, the grain size of the fims had 4 much stron ger
effcct on ferroelectric non-180° switching in PZT films. The farge grain PZT Ffilms
prepared using conventional furnace annealing showed much more significant decreases
it the diclectric constant {(40-50%) at a much smaller threshald field. The large decrease
in dielectric constant suggests thar there is a significant volume fraction of g-domains
which are switched 1o c-domuins by de poling when the poling ficld exceeds the
threshold fieid. The small threshold field for non-180° domain switching indicates tha
the pinning of non-180° domain walls in these large eratn filns is much less severe Lthan
that in the small grained films. It was also found that with an INCICAST N grain sive, there

was a decrcase in the threshold ficld {Figurc 6.17).
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To verify that there is non-180° domain swilching accompanying the decrease of
the dielectric constant with de poling, the diclectric constant of the PZT fibms was
measured as 4 (unction of teraperature before and after poling. Since the dielectric
consiant @ room lemnperature is composed of both intrinsic and cxtrinsic contributions, a
varigtion in the cxtrinsic contribution o the diclectric constant may also result in a
change in the rvom temperature dielectric constant. The domain configuration of the PZT
films can be changed by de poling, and this conld ag weli lead o a change in the extnnsic
contribution to the dicleciric constand. On the other hand, non- 180" domain switching
changes the observed dielectric constant of the BZT Milms via the intrinsic contribution.
Figure 6,18 shows the temperawre dependence of the diclectric constant of 43 1im thick
conventional fumace annealed PZT film which had an average grain sive of 0.5 . The
brge decrease of the dieleciric constant at 4 K alter de poling clearly showed that the
intringic contribution to the dielectre constant was reduced. This result indicated that
nen- 1807 domain switching accompanicd the decrease of the romm temperature dielectric
constant in coarse grained PZT films. In contrast, there was little change in the diclectric
constant either at room temperature or 4 K for fined grain thin films, again suggesting no

non- 1807 domuun switching in these films.

0.3 Drect Observation of Microstructure and Daenain Struciures

The cffect of film thickness and grain size on the domain configurations was also

investigated by direct methods, PAT filns preparcd by different sol-gel methods were
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sent o John Hopkins University for TEM observation (courtesy of 2 Xic and K.
Hemker). “The microstructucs of .3 um, 0.7 wm and 1 um thick PZT 52/48 Tilins
prepared by the 2-nethoxycthanol solution and RTA have been studicd by TEM plane
view, The TEM samples wore prepared by mechanical dimpling from the silicon
substrate, followed by jon milling from the substrate side. The comditions of ton milling
were as follows: voltage = 5 kY, curreat = 0.5 mA, al 12.5% with 4 liquid niwogen
coolng stage. To reduce possible contatnination, the thin film surface was profceled

while ion milling,
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Figure 6.18  Temperature dependence of the dielectric constani Before and after de
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TEM micrographs of PZT films showed that the films were composed of
equiaxed perovskite graing ranging from 30 nm te 100 nm in sive {sce Figure 52¢), No
change of the grain size with the flm thickness was noticed in these samples. By ion
milling the PZT films from both sides of the sample for different times, microstuetures
at different depths in the films were observed, Neur the film surface, very few grains
which had Jomam structores inside them were observed, In addition, dislocations wers
clearly seen inside grains and along prain boundaries, In contrast, domain {ringes were
observed in the middle of the films for all the samples. No distinet difference in the
domain configurations was Tound for the three thin filins, The vast TJority of the prains
which showed domain fringes only had one sct of paratlel siripes, as shown in Figure
&.19a. However, in some large srains (about 100 nmi}, more complex domain structyres
were ohserved. Figure 6.10b ix 4 TEM picture which shows a grain with four varianls
telated to cach other by ncarly 907 The investi gatuon of PAT fiimg prepaved by the other
two sol-gel methods is still under way and hopcfully will provide more information on
the effect of prain size on the domain conliguration.

The TEM results dexerihed above indicated that ihe domais assemblapes in PZT
films changed with both the Film thickness and grain size. The lower probability for non-
180% domain wall formation at ihe top surlace of the {iims can resuit in a smali dotnain
wall denstty. This, along with the Fact that the probability of forming multi-varian Eraing
decreased with the film thickness, may be responsible Tar the dilficulty of non- 1807
domain switching in thinner P77 filins. “Ihe relative ease in switching non- 180" domains
m large grained PZT films is possibly refated 10 the complex domain structure {more

domain varianis) farmed in larger grains | 7). Pomain structures have also been observed
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in the Iteragure in (ine grain PZT films using TEM. Twins 5-10 nm in width were found
in sol-gel PZT flims with average prain size of 0.1 n [30]. As for the grain size etfoot,
Tutte ct al. found {120 that many of the grains with dimensions on the erder of 80 nit in
PZT 20480 films exhibited single 90° domain lameila, whife it was difficult to find o0°

domain images in smaller grains {50-70 nm).

Figure 6.19 TEM Plane view of PZT S2/4R films prepared using 2-methoxyethunol
precursor solution and RTA.

{#) Dornain fringes which have one set of parallel siripes.

{(h) Domain fringes which haye four sets of variants related to each other by nearly

90°,
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B0 Summary

Domain wall motions and the extrinsic contributions (0 the dielectric and
piezoelectric response in sol-gel derived PZT filins were investigated. ‘The wemperature
dependence of the diclectric properties showed that although PZT f(ilms had mouch
different diclectric constants at room temperature Tor films with different film thickiless,
grain size, and preferred orientation, they all had similar intrinsic contributions to the
diclectric constant. 1 was cstimated that at room lemperature 25% 10 50% of the
diclectrie response of PYT filins artses from the exteinsic contribution. 'The exIrmsic
contribution te the diclectric constant in PZT {ilims was most] ¥ atiributed to 180° domain
wall motion, and way likely to increase with both (il thickness and grain give,

On the other hand, fervoelastic non-180° domain wall motion wis found to be
limited in fine grain PZT films, as was indicated by the small cffect of normal stress on
the Jow and high field clecirical characterislics of the fiims and the lincar relationship
between the pieroclectric response und the stress excitation amplitude, This, in wrn,
suggested that the extrinsic contribution to the piczoelectric coefficicnt m the fing grain
PZT films was small. However, as the films became thicker {> 5 um}, non-lingar
behavior between the piezoeiectrie coefficicnt and the electric driving field was observed.
This wdicated that there was significant {errocleetric non-i%0° domasin wall motion
under high external excitation in thicker films, which suggested that either the degree of
non-180° wall pinning decreased or the concentration of ferroclastic walls rose with

increasing (lm thickness.
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The activity of the non- (80" domain walls was studied through the characteristics
of non-180" domain switching. For fine grained films with flm thicknesses less than two
win, non-180° switching was negligible, indicating that cither the pintiing of nen-180°
domain walls was very sirong or {hat there were fow prosent in the films. As the fms
became thicker, a decrease in the diclectric constant was observed when the pohng ficld
exceeded a threshold ficld. The drop in dielectric constant was atiributed to non- 1 80°
domain switching, as indicated by dieleciric measurements @t 4.2 K. The threshold Teid
was found to decrease with an increasc in film thickness, sugpesting larger non-1807
domain wall mability in thicker lilms. The non-180° domatn switching in the large
grained PZT fifms was found to be much easier and more si gnificant than that in fine
grain PZT films. With an increase in the grain size, # decrease in the threshold field was
nbscrved.

Domain stuctures were studied in PZT Blms using TEM. Initial results on PZT
films prepared by 2-incthexyethonal solution and RTA showed Uit domuin fringes were
ubserved in the middle of the films for at] the sampics from 0.3 pm o ! pm thick. The
majority of the graing which showed domain fringes only had iwo variants. Multi-
variants domain fringes were observed in some large grains. Near the films surface, Very

few grains which had domain structures were Found,
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Chapter 7. Conclusions and Recommendations for Future Work

7.1 Conclusions

1.1.1  Pncumatic Pressure Charge Technigue for Plexoclectsic day Measurement

The pncumatic pressure charge technique was developed for characterization of
the effective da; of piczoelectric Alms using the direct piczoclectric effect, In this method,
a normal stress was applied to the tested specimen and the stross-induced charge was
measurcd for evaluation of the dy; cocfficient. Using a pneumatic pressere rig lor stress
application, substrate bending was avoided and a self-aligned normal stress was ubtained,
Hoewcver, it was found that in addition 10 the intended normal stress, in-plane stresses
were also applicd to the specimen by the prieumatic pressure due to the friction between
the swmple and Ge-ring. Although ihe majority of the in-pluane stresses were rebeased
through Q-ring sliding, a small amount of remiant in-plane stresses still existed, which
tended 1o give an inflated dsy value by inducing additional surface charge thronigh the
transverse plezoctectric effect. 1t was found that the remnant in-planc stresses were
controiled by a number of factors. Among them, the dimensiens of the O-ring proove and
the O-ring, the O-ring compsession, lubrication, and surface finish were most important.
By optimizing the design and operation of the pneumatic pressure rig, the remnant in-
plane stress induced charge was reduced to less than 5% of the total measured charge. To

further improve the accuracy and reliahility of this technique, a remnant in-plane stress
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self-compensation method was developed. In this method, surface charge associated with
the in-planc stresses was eliminated through manipulating the in-plane stresses during the
meagsurement. Using this method, accurate tly3 vilues were obtained even il (there was an
appreciable amount of friction present. Calibrations of the peumatic pressure charge
technigue were made using the Berlincourt method 4nd double beum interfervmetry. s,
coctficients of 304 pC/N, 305 PU/N und 302 pC/N wers obtained for o bulk PLT

specimen by these three techniques respectively.

7.1.2  The Piczoelectrie Characteristics of Sol-Gel Derived PZT Films

Sol-gel derived PZT Tilms were deposited on Pt-coated silicon wafers USittg o 2~
methoxyethanol precursor solution and rapid thermal annealing, SEM, TEM und XRED
stucdies showed that the films had smaii grain size (30 to 2000 nm) and strong preferred
vrientation with a very thin sccond plase layer at the film surface. Films deposited on
substrates with <11 1> oriented Pt bottom clectrodes were <11 1> oriented and films
deposited on substrates with <I00> oriented Pt were <100> oricnted. As the film
thickness tncreased from 025 pm to 3.4 sm, there was no change in the grain size and
preferred orientation obscrved. However, both the diclectric constant and the remanent
polarization were found to increase with tlm thickness. The wemperature dependence of
the diclectric constant showed thut there was a vory broad diclectric anomaly peuked at
Lo of about 390°C in thesc filems due 10 (he ferroclectric-paraelectric phase transition, The
peak value of the dielectric constant was much lower in these films than in bulk PZT

cerancs and slightly inercased with film thickness. However, no change in T, with film
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thickness was found. The modest shilt in the Curic lemperature sugfested that both a-
domains and c-domains were present in these films. The broadencd and reduced peak in
the dielectric constant at the Curie tempetature could result from tensile biaxial stress,
and surfacefinterfacial layers in these flns.

The effective dys of the PZT fils was measwred using both the pneurnatic
pressure charge technigue and the double beam laser interferometer. Resuits showed thal
the effcctive dsy from direet mwasurements was slightly larger than that from conversc
measurenments, This was atiributed to the difference in the mechanical boundary
conditions for the two incasuremicnts. Since the films were clamped by the substrates,
thin lilm piczoclectric measurements gave effective dy values which were related to the
unclamped value via the boundary conditions, Theoretical analysis indicated that
substrale clamping s partially tesponsible for the small cffective plezoelectric
coefficients in PZT films.

The as-deposited PZT films showed very weak piczoeleciricity with an effective
dyy fess than 10 pC/N, indicating there is no wr little pre-cxisting alignment of the
domains. The effective dyy increased with both poling time and fcld and saturaled s the
peling field exceeded three times the cocreive iield. With an increase of film thickness,
the effective dyy incicased, primarily due 1o (he increase of the rernaneit polasization. The
maximum effcctive day was measured at Ze/Ti ratio of 52/48, which sugiested that the
MPB of PZT films coincided with that of the 7T ceramics. For a i ur1 BT Tilm at thas
composition, typical effective day values between 100 pC/N to 120 pC/N were measuned,

The effective dsy was larger on the tetragonal side of the MPR ihan on the rhombohedral

side of the MPB. It was ulso found thut PZT films with <111> preferted orientation had

em s e s
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larger effcclive dy than fiiths with <100 preferred orientation due to the larger remanent

poiarization in these (ilms.

7.1.3  Domain Wall Motion and Extrinsic Contributions to Lho Diclectric and

Piczoelectric Properties of PAT Filns

Domain wall motion and the extrinsic contributions to the diclectric and
piczoelectric responsc in sol-gel derived PZT filins were investigated. The temperature
dependence of the diclectric propertics showed that although PZT films had much
dilferent dielectric constants al room temperataie for films with different film thickness,
grain size, and preferred orientation, they all had similar intrinsic contributions to the
dielectric constant. It was estimated that a1 room temperature 23% to 50% of the
diclectric response of PZT films arises from the oxtrinsic contribution, The cxtrinsic
contribution {o the diclectric constant in PZT filing was mostly attributed to 180° domain
wall motion, and was likely to increase with both [ilm thickness and prain size,

On the other hand, ferroelastic non-180° dornain wall motion was foond o he
limited in fine grained PZ1" fils, 25 was indicated by the small effcet of normal stress on
the low and high field electrical characteristics of the llms and the lmear relationship
between the piesoelectric response and the stress excitation amplitude, This, i tum,
suggested that the extrinsic conlsibution to the piezeclectric coclficient in the fine graincd
PZI films was small. Howcver, as the films hecame thicker (> 5 pum), non-linear
behavior between the piczoclectric cocfficient and the electric driving field was chserved.

This indicated that there was significant forroelectric non- 180° domain wal] motion tnder
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high external excitation in thicker films, which suggesied that either the degree of non-

180° domain wall pinnity decieused or the concentration of ferraclastic wails rose with
increasing fiitn thicknoss,

The activity of non-180° domain walls was studied through non-180¢ domain
switching. For fine grained films with film thickness Jess than 2 pum, non- 1RO swilching
was negligible, indicating thar cither the pinning of non-180° domain walls was Very
straong or that there were few present i the films. As the films became thicker, a decrease
in the dielectric constant was obscrved when the poling feld cxceeded a threshold field.
The drop in dielectric constant was atributed (o non- 180° domain switching, as indicated
by diclectrie measurements at 4.2 K. The threshold field was found to decrease with an
increase in film thickness, suggesting larger non-180° domain wall mobility in thicker
films. The non-180° domain swilching in the large grained PZT films was found to be
much easier and more stgnificant than that in {ine grain PZT films. With an increase in
the grain size, a decrease in the threshold f leld way observed,

Domain structures were studicd for PYT 1 ilms using TEM. Intrial resulis on PYT
films prepared by 2-tncthoxyethonal solttion and RTA showed that domain fringes were

observed in the middle of the films for al] the samples from 0.3 um o | wm thick, The

majority of the grains which showed domain {rin ges only had one set of parailel stripes.

Morc complex domain tringes were observed in some large grains. Near the fijms

smface, very few grains which had domain stanctures were found.




7.2 Recommendations for Fulure Work

[nvestigations performed through this thesis indicated that there ure several
mpportant factors which have a strong mfluence on the diclectric and plezoclectric
properties of PZT films, such as grain size, orientation, {ilm thickness, and substrate
clumping. All these factors act together on PZT films and delerniine Lthe cffective
dicleciric and piczoeleciric properties. For g botter understanding of the piczaclectric
behavior of PZT films, quantitative analysis of the effect of each of 1he sbove faciors on
the inirinsic and cxtrinsic propertics of PZT filins is desirable, However, due to
insufficient expetimental data and the complexity of polyerystalline PYT films, such
analysis s sull not possible at this moment. The future work should be aimed at
quantitative evaluations of both the intrinsic and extrinsic contributions 10 the diclectric
and piczoclectric properties of PZT films, and how they are slfaected by each of the
individual factors,

It has been shown that the partially clamped mechanicad houndary condition leads
to a small effective daq in PZT films, Theoretical evaluation of (his offect is not availahle
due to the uncertainty in the boundary conditions and the lack of clastic constant data for
the film. Flowever, the offect of subslrate clamping on thin film picroelectric constants
can be cvaluated experimentally by releasing the film from the subsirate, Suspended
cantilevers or beams of PZT film with only very thin electrades can he formed through
sclective elching, The unclamped piezoclectric coclficients can then be determined By the
resonanee method. Comparing this value with the clamped pieroclectric cocfficients

measured uwsing, static methods, the effeet of clamped boundury conditions can bhe




L] i

o

e e I,

158

evaluated. Using the resonance method, the anclamped piezocleelric coctfficients of the
PZT films could be measured at 4 K (o give the intrinsic piczoelectric coefficients. An
investigation into the temperature dependence of the piczoelectric coefficients of PYT
films will provide direct experimentai information on how the intrinsic and extrinsic
contributions te the plezoelectric response in these s arc alfected by factors such as
film thickness, grain size and orientation. In additton, elastic canstants of the P2T lilms
may also he obtained from the resonance measurements, Such data are required for the
design of PZT MEMS devices and may enable medeling and simulation of the
mecharical boundary conditions of the PZT films in real applications.

The effect of siress, orientation, and clamped mechanical houndary conditions on
the intrinsic dielcetric and piezoelectric properies of PZT can be investigated using
single crystal specimens. Due 10 the unavilability of [arge single crystal PZT. lead based
perovskile crysials such ag PolEn| aNDa 3 O-PBHTI, o PbiMg;NB2)O5-PhTiCH are
suggested for this study. Since thesc erystals have very similar structures as PZT, it is
cxpecicd that they will also have similar diglectric and piezoclectric hehaviors. The eflect
of uniaxial, hisxial, and hivdrostatic stresses on the intrinsic properties of singl: domain
single crystal specimens at varous catting angles would be nseful for understanding the
intrinsic properties of PZT fitins, Information about the ¢l amping effect on the intrinsic
propertics can also be obtained from this investigation. In addition, by tailoring the
domain patterns in these specimens, the extrinsic contributions to the dicleciric and
piezoelectric properties can be investigated. For example, the single domain specimen
can be partially depoled by injecting o controlled amount of oppusite surface charge 1o

introduce 1807 domain walls into the specimen. By mcasuring the dielectrie constant at
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frequencics both below and above the thickness resonance frequency, the cffect of
prezoclectric clamping on the intrinsic dicleetric constant and the 1807 domain wil]
conlribution 1o the dielectric constant of the crystal can be evaluated, as was reported in
barium titanate by Fousck [121]. Of particular interest is whether lead based
compositions show the same degree of piezoeloctric clamping as BaTiQ;. Another
tnleresling cxperiment is (0 apply uniaxial siress 1o the single dornain specimen o
introduce only non-180° domains into it By comparing the dielectric and piczoelectric
properties before and after the introduction of nen-1&0° domains, the relative
contributions of the non-180° domain wall motion to the dielectric and piczoelectric
response may be evaluated.

Experimental results showed that limied domain wall coniributions to ihe
piczoelectiie properties in PZT (ilms arc purttally sesponsibie for the small piezoelcctric
response i PZT films. There is cvidence that both 1807 and non-i 807 doimain wall
contributions  increase with i thickness and gran size. For 4 more detajled
nvestigation on the domain wall contributions 1o (he properiies of PZT films, a more
thorough TEM study would be very helpful. In particular, TEM siudics may provide
quantitative statistics on how the domain assemblage and domatn wall density vary with
film thickness, grain size, and oricniation. To investi gate the thickness dependence of the
grain size and domain structure, cross-sectional TEM observations should he performed,
It is also important to study how the domain structures change with de poling. This may
be achieved by TEM with both unipoled and poled PZT films. To distinguish the 18(0°
domains and ton-180° domains in these films, a high-resolution THM sludy iy

recommended,
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in addition to TEM, X-ray diffraction is also very uscful in analyzing the
microstructare and domain structures of the PZT films, From (he width of the peaks in
XRD patterns, the average coherence len gth of the erystailites may be determined. This
coherence [ength could be detertnined by the grain size, the domain width, or the defect
distribution of the films. Comparison between the measured coherem diffraction length
and the actual grain size might give another indication of (he domain sive in P7T Films,
An investigation of the X-ray coherent length of the PET films iy also provide
information on how the domain structures vary with film thickness, average BN size,
oricntation, and composition. By measuring XKD from room temperature 1o above the
Curic temperaturs, Lthe tomperature dependence of the coherence len ath may be obiained,
from which the evolution of the domain struchres of PZT films with temperature may be
deduced. Use of a synchrotron source would enable ki ghet resalution measurements, as
well as a very small spot size, so that the peak shape could also be tracked as a function
of the applied clectric field. A tore comprehensive understanding of the domain
structuees of the PZT films showld be achieved by combining the TEM and XRD results.

It is evident that therc are non-180° domain walls in PZT thick films and non-
180° domain switching can be achisved at nigh fields in these films. However, the non-
180 domain walls are strongly pinned in FZT films so that they have [ow mobility under
small driving fields. Therefore the extrinsic contribution to the picroelectric Tesponge
tnay be smaller even in thick PZT films in which (he degree of non-180° domain wall
pinning is much smaller than in thin PZT films. In hulk PZ1" ceramics, the domain wall
pinning can be reduced through adding soft dopants such us Nb into the materials. In thin

PZT tilms, donor doping is not eifective in enhancing wall mobility, But there iy no
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previous work on donor-doped thick fiims. Therefore, it may he possible to reduce the
degree of non-180° domain wall pinning tn thick PZL films by soft doping. If the non-
1867 domain wall pinning can be reduced (o such an extent that some of the nop- 180°
domain walls can be activated at relatively small excitation, then an enhancement in the
piczoelectric properties of PZT films would he achicved,

In many applications, it is required that the PZT films have low dielectrie and
piezoclecinic losses. However, the loss mechanism in PZT films is still not well
understood yet. It has been shown in this thesis that most of the diclectric loss al voom
kemperatere is from extrinsic or transporl sources, and it i greatly influenced by the
inferface between the PAT film and the lop clecirode. To investigale whether the
Schottky barrier between the PZT filim and the electrode Plays a role in the dielectric Toss,
lop electrodes may be deposited on PZT filmy using various mctals which have different
work functions. By changing the height of the Schottky barrier using differcnt top

electradus, its influcnce on the dieleetric loss of FZT films may be illastrated.
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