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Abstract

Lead wirconate titanate (PbArTij On) thin films offer higher prezoelectric
constants and electromechanical coupling coefficients than Zn0, and as u result are
extremely attractive for MEMS applications. To date. though, there is litle data on the
reliability of these materials as actuators under high electric field drive conditions, 'Thus,
this thesis was directed towards developing a database Tor the long-term reliabilily of the
transverse piczoelecinc coefficient, dy, under both unipolar and bipolar drives. TUnder
umpolar drive,. the films show excellent reliability with devices exhibiting increasing
piczoelectric constants over time due o progressive peling of the capacitors, Under these
condbitions. 995 of the ~1.0 pm thick capacitors examined survived w |0 cveles al
clectric fields of 120 — 200 kWV/em. Aging rates between 6 and |25 per decade were
typical for normally poled PZT thin flms, A reduction in the net polanzation. possibly
depoling due to an internal clectric feld, was responsible for the rapid aging rutes, Even
faster degradation nccurred during low field bipolar operation with losses as greal us U
% witnessed after 10° cycles. Similar 1o the aging results, a field induced depoling
mechanism was responsible for the large degradation in the pieroclectric constant during
cyeling.

Thermal and ultraviolet mprint echniques were ysed 1o improve aging and
bipolar drive relisbility, For films poled at 130°C, defect dipole alignment reduced aging
e 2 - 4 Yoidecade, which is similar 0 the aging of the diclectric constant. Low field

bipolar drive on thermally imprinted devices resulted in slightly increasing piczoelectric

coefficients. Ultraviolet illumination also improved both aging and hipalar depgradation.




[TV illumination resulted in non-linear agimg due o the presence of an internal space

charge Meld that develops from photo-induced charge carriers. As the space charge ficld
decays over time, dy increases until 10° - 10° seconds afler poling at which time dy
remains constant or slightly declines. Thus, the changes in di; were confined to 3 — 5 %
at 10° seconds after peling.  Similar behavier aceurred during bipolar operation with
minimal changes in the piezoelectric coefficient after 10° eyeles.

Additionally, a series of highly accelerated Tifetime tests (HALT) was performed
to determine the de reliability of PZT thin films. Statistical analysis was performed on
sets of 30 samples that were tested at temperatures rangmg from 1200°C w 180°C and
voltages ranging from 25 V w 40 V., A graphical analysis of the resulls, ASERMINE A
lognormal disteibution, revesled that breakdown was due o tweo distinet failure modes,
carly freak failures due to extrinsic defects and later faglures that exhibit a rapid increase
in leakage current upon breakdown. Additionally, the analysis provided numerical values
for the median time 1o failure, £, and standard deviation of the disidbution of failune
umes, g, The value of o, for vurious vollage and lemperatures stresses remained
similar with slight variations possibly due to the limited sample size. The relaive
independence of this parameter allowed for a direct determination of the sctivation
encrgy for failure, ~0.78 eV, and voltage acceleration factor, ~7.8, Lastly, samples that
failed during the HALT experiments were snalyzed by scanning electron MCTosCapy.

Analysis revealed that microcracking, filmfelectrodes defamination. and arcing all

contribule to failure during operation,
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Chapter 1: Introduction

Interest in device mimalunzation has led to the desire for thin films with large
piczoelectric coeflicients for sensors, actuators, and microelectromechanical systems
(MEMS3]). One of the leading camdidate materials for these devices ig lead Firconale
htanate (PLT) because ils piczoelectric coefficients are an order of magnitude larger than
those of widely used materials hke aluminum nitride (AIN) and zine oxide (Zn0).1. 2 Ay
PLl-based micridevices are developed, reliability issues became of greal concern.
However, only a limited number of studies have focused on electromechanical reliability
and the mechanismi’s) responsible for degradation in films.

A majority of the studies to date focused on determining the reliability of the
longitudinal piczoelectric coeflicient, ds;. This includes results on aging,”? unipolar ac
drive# and high field ac bipolar drive.d The results during unipolar drive arc the most
promising. with lile degradation wilnessed in the piezoclectric response out w10
cycles. Unfortunately, aging and bipolar degradation result in sabstaniial losses in the
longitudinal piezoclectric coefficient over lime,

While the work on the longilndinal piesoelectric coefficient is ilustrative, a
majority of MEMS device structures require the ransverse pieroclectric coelMicient, iy,
for sensing and actuation. Conseguently, this thesis focused on studying the factors that
affect the stability of the ds) coefficient.  Until recently, the transverse PFESTNIISE Was
usually delermined by resonance technigues on cantilever beams, The rigors of sample

preparation and the complexity of both measuring and analyring the data limit the

uselulness of this technique. The recent development of the wafer flexure technigue,

however, tacilitates monitoring dy, using a much simpler method,




Therefore, using the wafer flexure technique, an analysis of unipolar and bipolar

deive reliability was performed to assess the lifetime of PZT thin film MEMS devices
under clectrical stress conditions.  These experiments were designed 1o assist in
determining the fwlure mechanisms responsible for piczoclectric degradation. Tn bulk
actuators, results from  the lieraure™?® point o electrode/ceramic  delaminations.
microcracking, and arc dischurge as the most prominent failore mechanizims duning ac
cyching. Tn addition to these mechamsms, thin film piezoeleciric device depradation may
mvolve the influence of space charge and defect dipoles on depoling.® 4 % Ax well sy
examining ac rehability, experiments designed to determine the deo reliability of PZT thin
films were conducted in a serics of highly accelerated lifetime tests (HALT), These
experiments cnable a deterrmination of the activation coergy and voltage acceleration
factor for failure. This thesis revolves around identifying the roles of each of the
aforementioned failure mechanisms in PZT thin films with the explicit goals of providing

a greater understanding of piezoelectric degradation and mcreasing reliability in LT

based devices.




Chapter I: Literatnre Survey

2.1 Introduction

This thesis focused on understanding the factors that determine the reliability of
piezoelectric lead zirconate tilanate than [lm devices. This review describes the essantial
clements of ferroclectricity and piezoelectricity thal recur throughout later chapters. In
addition, a review ol eleciromechanical degradation in bulk ceramics is presented in
section 2.6 o describe possible mechanisms responsible for degradation in thin film

devices,

2.2 Ferroelectric Malerials

The identification of fomroelectric behavier in Rochelle salt in 1928 led 1w
numerous rescarch initiatives on this subject,  Owver the past 70 vears, considerable
progress has been made in topics such as phenomenalogy, the basiy of ferroelectricity,
and the development of useful devices, This review covers Tundamental aspects of
ferroelectricity.

A fermoclectric material is vne in which a spontanecus electronic dipole moment
can be re-oriented between crystallographically defined siable states by the application of
an electric ficld. In the perovskile structure, ABO; (Figure 2.1), where A is a divalent ion
and B is a tetravalent ion, a dipole moment develops as a result of a shifl in the
octahedrally coordinated tetravalent cation from the center of the unit cell. Additionally,

the oxygen ions and A sile 1ons may shift. For Pb(Zr,Ti,.,)0s, the shift in position of the

o 5 : F - P 5
A-site, Pb" ions, also results in a contribution to the ferroclectric properlies.
[




Consequenily, a dipole moment is created between the center of negalive charge and the

center of posilive charge.

@~ B oawgen

Figure 21! Representation of the cubic (Pm3m) prototype structure of perovskile ABOD;
slructure,

In perovskiles, the developmen! of the dipole oceurs at a phase transition from a
nim-polar paraelectric state 10 a polar ferroelectric state. This transition at the Curie
temperature (T.) is associated with & structural change from a centrosymmetric cubic
phase W a non-centrosymmetric distorted phase.  Additional iransitions lEmperalurcs can
exist between two non-centrosymmetric distorted phases (1Le, terragonal 1o orthorhombic
or orlhorhombic to thombohedral). Figure 2.2 illustrates the lattice distortions that yield
the observed structuryl changes in barium titanate (BaTiCk) A tetragonal structure
resulls through expansion of the unit cell in the [001] direction, while an expansion along
the [111] direction results in a rhombohedral struciure,

The development of a dipole at T, creates a spontancous polarization in cach unit

cell of the material.  This polarzation can be permanently re-oriented into different




equilibriom states with an applied electric field, leading to the most recognizable aspect
of fermmoelectnety: the polanzation clectne ficld hysteresis loop (see Figure 2.3). This

loop results from the change in net polarization of the material as the amplitude and

direction of the applied electric field are chunged.

Figure 2.2: Lattice distortions that cocur upon cooling below T, in perovskites: a) In the
tetragonal phase, P, develops along [001] of the original cabic structure, b) in the
orthorhombic phase, P, occurs along [01 1], and ¢} in the rhombehedral phase, P,

develops along [111]. The dotted cubes are for the cubic protobype; the solid lines show

the distorted unit cells of the ferroelectric phases.

Figure 2_3: schematic of the polarization electric field hyateresis loop illustrating the
suturation polarization (P, remanent polarization (P, arud coercive field (E.).

The saturation polarization, P, is defined as the linear extrapolation of the high

ficld polarization to zero ficld and represents the maximal amount of dipole alipnmeni
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achieved at a given clectric ficld. The remanent polarization, P, s the retained
polarization at zero electric fGeld. The coercive Neld, B, 16 the field, which mesults in a
net zero polarization. The polarization electric field hysteresis loop is a fundamental
aspecl of Merroelectricity and illustrates the recrientability of the dipole moment.

A spontancous polarization develops in each umit cell upon cooling below T, All
aljacent cells in a region polarized in the same direction comprise & domain, Domains
form both to minimize depolarization energy and stresscs present due to the laree lattice
distortions. "% These domains have orientations that are dictated by the prototype unit cell
and the symmetry cloments lost at the phase transformation. For lead zirconate titanate
(PLT), which can possess either a lelragonal or rhombehedral unit cell depending on the
LT racto, the polarization direction 1% along the original <001> or <111> axes of the
cubic prototype (see Figure 243 Tetragonally distorted PZT possesses 6 equivalent
polanzation dircctions, while rhombohedral distortions have 8 eguivalent dircetions.
Domain boundaries He on specific crystallographic planes.  Tetragonally  distarte]
porovskites possess 907 and 1807 cdomain walls, while rhombohedral peravskites have

71

1097, amd 180° domain walls, !

Figure 2.4: Possible polarization directions relalive to the cubic prototype for a)
tetragonal perovskite with & equivalent <K} = directions, b} orthothembic distortion with
12 equivalent <110= directions, or &) thombohedral with 8 equivalent <111 directions.
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A ferroelectric also possesses a very high relative permittivity {£) or dielecinc
constant (K} Nominally, the dielecinic conslant is the ratio of the material permittivity

(£} to the permittivity of free space (g,

Under ac electrical ficlds, the diclectric constant can be described as a complex number
with an in phase and oul of phase compoenent with respect to the applied voltage. The out
of phasc component is primarily due o dielectric absorption. resistive leakage, and
domain wall motion.  The dieleciric loss, represented as D oor tan &, 15 the ratio of the out
of phase and in phase components. ! The dielectric constanl and diclectric loss are very

important parameters for determining a material s usefulness o8 a capacitor,

2.2.1 Phenomenology

Many of the physical properties of ferroclectric materials can be described via
phenomenalogy. 12 The review here will he bricf and is intended 1o provide knowledge
on topics that will be discussed in later chapters, The descriptions generated by
phenomenology are strictly valid for single domain specimens,

A plezoalectnic 15 8 pn]arjzaE]e delformable selid and in  thermodynamic
cquilibrium the system can be characterized by a set of independent variables including
electric field (E,), stress (X;), and temperamre (T).12 Addivionally, the independent
variables uniquely determine a set of dependent variables: dielectric displacement (T},

strain (%), and entropy. In the descriptions following, dielectric displacement is replaced

by polanzation (P ) through the following relation:
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Usimg the set of independent an: dependent variahles, s set af thermoad ynamic
potentials (see Table 2.1) develop. These potentials can be used to describe many of the
husic material properies by taking the partial derivatives of (he thermod ynamic
potentials. This provides a description of the material propertics.

Table 2.1: Thermodynamic potentials for » polarizable deformable solid with the
boundary conditions for each potential. The ndependen! variables are tempersture (T),

stress (Xl and electric field {E,) whilc the dependent variables are polarizalion {1,
strain (X}, and entrupy (5).12

Thermodynamic Potentials Hoondary Condithons
Felmboliz Free Lnerpy fid = 88T - Hjjﬁxi,- B B TP
Enthalpy 6H = T83 + i - P SXE
Elmuc Bnthalpy BH | = T8E + 5%y + B e, SN P
Eleciric Enthalpy 6Hy = T4S - .‘»:-lji:'-x_j P8R, S$x B
Full Gibbs Froe Energy &G = 58T + "‘ijﬁ"{i_i - P TXE
Elagtic Gibks Free Baergy 3y = 58T + Ai.iﬁx:i + B 6P, TYT
Flectric Cihhs Free Boenny i3y = 58T _-.;“E,,:jl_ -PBE, T o
Tuternil Enceyy BU = TaS - X,y , b, BB i

Reviewing the Helmholtz free enetgy, the lollowing Maxwellian relations resule:
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Taking the second partial derivatives leads to a phenomenological depiction of maleral

parameters.  Again with the Helmholes equation, the following relationships  are

c]u'-'l:leEfl: 12




FEATY  rasy ey e
s =—l B N apecilic hoat, (2.3
| I AP .ﬁ Aul I
Fa2a 8K
li'l-."l'l. | L] . -
= =| g | =0y elastic constant. (2.4
'.-_m” TR “ul e

[ &4 )
| 88,2

|

=y

iE, |
= = | =% diclectric reciprocal susceptibility, (2.5}
1y

In addition to these direct relationships relating E and P, X and x, und T’ and 5.
mixed relationships can be generated by taking the second partial with respect to one of
the remarming boundary varisbles, The relations focused on in this thesis will invalve
those relating eleciromechanical properties (e, relating E and P o X and x). ATaIn
starting with the Helmholiz free energy the following electromechanical relationships

develop: 12

| 0 FE"-P"' | 'E':{'.i _-|F'_|' .
Bquations 2.5 and 2.6 are cqual so that |
5 A (%) _[3E, | ool
= =t W | = SR
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where ey, 15 one of the 4 piezoeleciric coefficients. The olher plezoeleciric coefficients
arc derived mom the remaining thermodynamic patentials in o similar manner and are

located in Table 2.2, This thesis will focus on the dinij coefficients relating Py, and X, at

constant field and E,, and xjj at constant siness.




I

The application of an clectric field to a pieroelectric material produces a sirain
directly proportional to the field. Additionally, there is a strain penersed that s
proportional to the square of the field {(or more appropriatcly, the sguare of the
polarization.  This second order effect 15 known as electrostriction and occurs in ull
materials.  Just as there are 4 piezoelectric coofficients, there are 4 electrostrictive
coefficients. However, for the purpose of this investigation the facus will remain on the

Qun-- term defined as-12
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Lhe first partial denvative with respeet to Py in equation 2.8 yields the following

relationship:

fdx
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Thus, the piezoeleciric effect in a ferroelectric can be related to the electrostrictive

response biased by the polarization.

Table 2.2: Thermodynamically derived definitions of the four mezoelectric coelMicicnts:
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£.3 Lead Firconate Titanate (PZT)

Muost solid solutions between PbZrOy and PHTi0, possess ferroclectricily and
show excellent piezoelectric properties. By varying the Ze™/Ti™ ralio, both the

ferroelectric and piezoeleciric properties can be altered significantly,
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Figure 2.5: Phase diagrarn for the lead ritconate - lead titanate solid solution 13

The phase diagram in Figure 2.5 illustrates the structural changes that occur as a
result of composition variations. Substitutions of Zr™ for Ti™ in PhTiO: reduce (he
tetragonal distortion and cause the sttucture o become rhombohedral. 10 As seen in the
phase diagram, the shift from a tetragonal  a rhombohedral structure OCCUrE al g

morphotropic phase houndary (MPB) near the Zr/Ti™ ratio of 5248 A MPE denotes
an abrupl structure change with composition af a constant temperature, [ From phase
cquilibrium the MPR is required to be a two-phase mixture of the letragonal and

rhombohedral structures, The presence of both of these structures in this region gives the

material an increased number of polarization dircctions.

For MPB compositions,




polarzation directions include bot the prodotype <100 and <11 1> directions and cesuli

n extremely large diclectric and piczoelectric propertics, as seen in Figure 2.6, The
presence of such large piczoelectric properties near the MPB make PZT an exiremely

attractive candidate for piesoelectric devices.
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Figure 2.6: Variation in relative permmittivity and piczoelectric coupling cocfficient (k)
with vanabion in the Zef1 ratio for P£T ceramics. 11

2.3.1 Hard and Soft PZT Ceramics

In many cases, PZT ceramics are deliberately doped to control baoth the
ferroeleciric and piesoclectric propertiss of the ceramics, Substitutions of higher valent
lons, donors, such as Nb™ or Ta™ 1o replace Ti'™ and La™ 1o replace Pb™, result in the
creation of Pb vacancies (Vi ) to campensate for the increase in charge of the matrix.
These vacancies arc associated with “soft” PZT, which show small coercive fields and
aging rates, but larger diclectric constants, dielectric losses, and pieroelectric

o -y n - 3
coelficients. 1! On the other hand, additions of lower valent ions. acceptors, such as Mg’

or Fe* for Ti* generate positive oxygen vacancies (V™) as charpe compensation and




lead to “hard” PZT. These compaositions possess lower dielectric constants. low
diclectric loss, large cocrcive felds, smaller plezoelectric coefficients, and faster HEing
rates, 11 The differences in the piesoclectsic cosfficients for hard and soft PZT is largely
atribuled to the esse of domain wall motion, resulting in larger d-coefficients for soft

FZT.

2.3.2 PZT Thin Films

With the drive toward miniature devices, thin film technology has exploded with
the development of numeroys techniques for depositing thin films. These techniques
mclude chemical vapor deposition, sol-gel processing, pulsed laser deposition, reactive
evaporation, molecular beam epitaxy, and various spultering procedures. 'While many of
these lechniques can be adapted 1o deposition of multicomponent  oxides, snl-gel
processing allows relatively straightforward conteol of film composilion.  Sol-gel spin
coaling cnables homogeneous coating wver large areas and is easy and cheaper than mast
methads because it dogs nol require the use of expensive vacuum Syuipment,

Tl has been demonstrated by several groups that PZT thin films possess smaller
piezoelectric coefficients than bulk ceramics.5- 1% 15 One reason for the Farge: ceviation
from bulk ceramics is clamping of the film o the su bstrate. The substrate prohibits the

lilm from cxpanding or contracting freely in the plane, reducing the amount of observed

mechanical strain. ' Anwber factor reducing the extrinsic response may be the limited

mimber or mobility of non-180° domain walls, which can contribute ~50%: 10 the hylk

piczaeleciric coefMicients (sce section 2.4.29,17-19




The response of films to doping can also differ from that in bulk ceramics Bulk
PZ1"s are often donor-doped 1o facilitate domain wall motion.  Since this wall motion
dominates the dieleciric loss, tan d incresses with donor doping.  In contrast, films ofien
have much higher electronic conductivities and lower domain wall mobilities than bulk
ceramics. Thus, denor doping in fRlms reselts in a decrease in the dislectric loss and the
lcakage curremt for small dopant concentrations, not an increase as occurs with donor

daping of ceramics. 2 21

2.4 Pieroelectricity

All msulating materials exhibit » dimensional change when subjected W an

applicd electric field.'!  There are two different mechanisme responsible for the

dimensional change. If the strain generated is proporiional to the square of the eleciric
feld then the strain is generated by the electrostrictive response. O the other hand, if the
strain 15 directly proportional 1o the electric field, then the pieroelcerric effect is the
responsible mechanism for the shape change. In addition, piczoeleciric materials develap
an electne charge upon the application of a stress, 10 These effects are wiilized in @ wide

range of devices including aciuators, transducers, and sensor AITAYS,

2.4.1 Direct and Converse Piexoelectric Fffect
The direct and converse piezoelectric effects are each illustrated in Figure 2.7,
The direct piezoelectric effect relates the induced pelarization, Py, to the applicd seress,

i and is described by the lollowing equation:

i
= 7.4 e
m T E dMIj:.I'ii1
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where () is charge, A is area, and deij 15 the piezoelectric coefficient expressed in
Coulombs/Newton.  Conversely, an electric field, B, can generate @ strain, x;, in the

raicrial:

Xy = ':!--:ui

s
with the d-coefficicnts expressed in melers/volt.

bk

Figure 2.7: The direct and converse piczoelectric effects, (d) The dircet effect is the
pencration of a surface charee, Q, upaon the application of an applied stress, X, In this
depiction, the das cocfficient is presented with the stress applied on the 1-2 plane in the 3
direction and the generated charge accumulates along the 3 direction. (b) The converse
elfect is the dimensional change of the material, or strain, x, upon the application of an
eleciric field. This schematic illustrates both & contraction along the 3 direction using
dazz and expansions in the | and 2 dircctions by day and dsgs.

A majorily of piezoclectric devices utilize 1he longitudinal  piezoelectric
cocfficient, dysa, or the transverse piezoclectric coefficient, da ;. By convention, the two

subscripts associated with the sircss asnd strain (1 and §) are reduced to one (i) hy

describing the orthogonal siresses or sirains as the numbers | — 3 and the shear

components as 4 — 6,22 Thus, the dazz and dayp cocfficients deseribed in Figure 2.7 arc
given in contracied notation as thys and dy,, respectively. This thesis will Tocus on the

transverse plezoelectric cocfficient, dy .




2.4.2 Intrinsic and Extrinsic Contribution 1o the Piezoelectric Effect

Piezoelectricity is comprised of two contributions, intrinsic and exirinsic. The
intrinsic response is from the expansion and contraction of the crystal lattice due o the
applicd field, whereas the extrinsic contribution results largely  from motion of
ferroelastic domains. 13 Non-180° domain walls separale domains which are lerroclastic
45 well as ferroelectric. The relative contribution of each of thezse responses to the room
temperature piezoclectric effect has been s topic of extensive rescarch, 17-19

Zhang et al.!7 measured the diclectric and piezoelectric propertics of 4 different
compositions of PZT as a function of temperature from 4 to 300K, The COMPOsTLons
were MPB PZT doped with NiQ (Type 1, WbaOs (Type 23, FeaOs (Type 33, and Sho0.
(Type 4), Figure 2.8 illustrates that although K and dy, are different at room lemperatore
For the 4 compositions, all composiions converge to the same K and da; values al 4K
Since domain wall motion is 3 thermally activaled process, it is eliminated at lower
temperatures.  Thus, the large differences ar room temperalure in the dieleciric and
piezoelecitic properties can be atiributed to extrinsic contribulions.  Therefore, the
EXITINSIc response comprised up 1o 60% of the room temperatore piexoclectric values for
soft PZT,

Other work quantifying the relative contributions of the two responses (o the room
lemperature piezoelectric effect has heen reporied by Zhang et al.!# and Damjanovic o
al.1¥  Zhang menilored the hydrostatie (de}, longitudinal, and transverse piczoelectric
coefficients versus lemperature, They assumed that dy resulting solely from intrinsic
respanses, since the polarization change from domain wall mation does not invelve a

volume change, On the other hand. dy; and dy; resull from both intrinsic and exirinsic




responses.  Their results revealed that dy was appraximately constant over the observed

temperature range of 10 to 300K while di and ds; exhibiled substantial increases with
empersture.  The difference was attributed to large extrinsic contributions for the

longitudinal and transverse piezoelectric coefficients,
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piezoelectric coefficient for 4 different bulk compositions of PZT, Types 1 and 3 are
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Recently. Damjanovic et al.'” have shown that in PZT ceramics imeversible
domain wall motion provides  sipnificant contribution o the piezoelectnc Tesponse.
They measured the pieroclectric response as a funclion of applied stress amplilude
Then, the contribution from extrinsic effects was calculated using the Raleigh Law, They
concluded that irreversible domain wall motion contribules between 20 and 40% of the

reasured piezoelectric response,

1.5 Microelectromechanical System (MEMS)
As electrical systems continue to be miniaturized. mechamical parts and
cquipment have remained macroscopic. Thus, there is a need to produce miniaturized

mechanical  systems, or  miceoelectromechanical IMEMS] deovices, (hat can he

mcorporated with the alrcady minute electrical systems. To accomplish this goal, a

piezoelectric material is required with large d-cocfficients which can produce the stram or

electrical response needed for large actuation or sensitive RENSINg,

Figure 2.9: Scanning electron micrographs of a) a micro slide motor constracted of
polysilicon and b) a micro motor constructed of permalloy, 23. 24
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2.5.1 Thin Film MEMS Devices

Many piezoelectric MEMS devices have been fabricated using AIN and Zn0),
Devices (sec Figure 2.9) including micromators, acceleromelers, and microgears, have all
been fabricated using established i processing routes. However, AIN and ZnO are only
ahle to achieve small strains due 1o their relatively small d-coefficients. Thus, there is a

desire 10 switch to a material that has much larger piezoclectric constants,

ia) ihl

Figure 2.10: Scanning electron micrographs of a) a micropunp and b) a microvalve using
PZT thin films as the acmator, |

PZT is very attractive as the replacement material, with d-coctficients an order of

maghilude larger than either AIN or Zn0). A few research groups have already Mabricated

devices using PZT as the active material Figure 210 illustraces the feasibilily of

manfacturing micropumps and microvalves using PZT, The micropump featured in

Figure 2.10a uses a PZT diaphragm structure o Iransport 4 medium between 2 ports, On

the other hand, the device in Figure 2.10b uses a cantilever beam design to open or close

& microvalve,




2.5.2 MEMS Design

To create actuation with piezoelectric matcrials, most MEMS ufilize (he
transverse piesoclectric response. This is a direct result of the: limited displacement thal

can be achieved longitudinally in films. To increase the available displacements,

mechanical amplifiers such as cantilevers and diaphragms are nsed. When a piczoelectric

film on a supporting structure 15 clectric ally excited, it attempts 1o expand or contract in
plane. Because 1t is attached to a supporting mechanical element, the composite element

bends in the out of plane dircetion. Relatively small piezoelectric siraing can thus result

in more substantial motions, Similarly, 4 small normal stress cun bend such a member,

resulling in large in-planc strains, which are readily detected prezoelecirically.

In the cantilever heam design fsee Figure 2.17a), & portion of the subsirate is

remaved from beneath the piezoelectric material. In addition, material from three sides

of the beam is removed, The strains producesd by the transverse piezoelecitic response

flex the beam up or down depending on the direction of the applied clecine field and the

direction of the polarization,

{it)

_ : (b}
PH:W S0 IR0
M oty Air Cavity
1 Silleen

Figure 2.11; Schematic of 1) a cantilever beam and b) a diaphragm design for
piczoelectric MEMS devices.

In a diaphragm design [see Figure 2.11b), the substrate bencath the terroclectric

thin Alm is removed. This cavity can be filled with either

gascs or liquids. The acipator




material 15 rigidly attached 1o the substrate near the cdges of the diaphragm, Similar to
the beam design, the transverse piczoelectric response causes the structure to flex up or
down, resulling in expansion or conlraction of the air cavity. Sequentially opening and
closing a serics of diaphragm structures connected by ports creates a micropump similar

to Figure 2,100,

2.6 Degradation Mechanisms

Piezoelectric actuators are widely used in numerous applications 8 Iy many bulk
ceramic actuators, the drive conditions are deliberately Hmited to minimize prematie
failure of the device. Piczoelectric Aging, mechamcal fallure ar field or siress
concentrations, electromechanical degradation, and de eleciric Aelds can all lead 1o
failure in bulk actuators. In thin film actalors, the factors that limit the reliability are not

well enderstood.

2.6.1 Bulk Ceramics
Examining the mcchanisms affecting reliability in bulk ceramics may help

ilustrate how thin film degradation occurs, This next section reviews the reported results

on aging, clectromechanical degradation, and dc electrical degradation in bulk ceramics.

4.6.1.1 Aging

Fxtensive research has been done on the mechanisms surrounding dielectric and
piezaelectric aging, Aging is the gradual decrease in the dielectric or piezoelcctric
responses with time in the absence of mechanical, clectrical, or [emperare stress

changes. Aging rates of 3 few pereent per decade are typical for most piczoelectric




ceramics. 1 In bulk ceramics, the agimg of K and di: occur a1 approximately the same
rates Y The aging of K and d.; appear o be related to 2 reduction i domain wall
mobility. 23 28 Over time, the domain walls become pinned by the creation of space

churge or internal stress, thus reducing the extuinsic contributions (o the dieleciric and

piczoeleciric response.

2.6.1.2 Electromechanical Degradation

Electromechanical degradation, or the loss of the piezoeleciric response after
repeated electric field cycles, is critical for determining actuator reliability. Both unipolar
and bipolar electric field siresses affec reliability, These stresses simulale operating
conditions and suggest how the device will operate under extreme conditions.

Experiments by Wang et al2? on PhZi,sTioeCh (PZT-5H) centered on
determining  the mechanisms  behind polarization  Tatigue and  clectromechanical
degradation.  Applving a hipolar electric field of varymeg magnitudes, they monitored the
polarization, permittivity, and transverse piczoeleciric paramelers over lime.  Their
results (presented in Figure 2.12) reveal that each of the parameters 15 scverely degraded
after valy 10° cycles for fields of 20 k¥/em or higher, 1t is also noted that each of the

parameters exhibits similar electric ficld dependence,

Unipolar experiments by Wang ef al.27 revealed. in contrast to their bipolar

results, very stable piczoelectric properties {sce Figure 2.13).  Their results exhibil

minimal loss in day when cyeled from 0 — 80 kKNiem and dyj actually increascs with

cycling for asymmetric fields of 8.5 — 40 kV/em. The difference between these (wn




2%

results is thought to be a result of an increase in either domain wall concentrabion or

mobility as the poling state is altered by the asymmetric electric ficld.
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Figure 2.12; Degradation of a) switchahle polarization, b) permiltivity,

and o) transverse

plezoeleciric coefficient as a function of bipolar electrical eveles in PZT hulk ceramics
Fatigue degradation oceurs in each property and the same eleciric field dependence 15
witnessed for each property. 27
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Figure 2.13: Piczoelectric reliability in PZT bulk ceramics during unipelar drive 27

Similar results for remanent polarization during unipolar fatigue have been
obtained by Ozgul *®  His experiments used PZT ceramics doped with 2 wis Nb and
driven with a ~3) kV/em unipolar feld at 100 Hz. He reports near stable perlarization
values up to 10° eyeles.  Electromechanical degradation in bulk ceramics occurs

predominantly during bipelar operating conditions and is nearly non-existent for armpolar

operating conditions

2.6.1.3 Device Breakdown

Pruring actuator operation, the most severe failure mechanisms are micTocracking,
¢lectrode delamination, and arcing.” 8 Figures 2.14 and 2.15 illustrale these failures
Delaminations at the electrode/ceramic interface predominantly result from processing
defects, such as poor adhesion of the multilayer stack.” Delumination results in lower
dielectric and piczoelectric values and more severcly increased electrical stresses.

Microcracking, similar to delaminations, can be a result of processing defocts. Voids,

pores, cdges of internal electrodes, and grain houndaries are siles for microcrack
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initiation.’» 29-31  These defects affect the clectric field flux lines in their vicinity (sec
Figure 2,16). This results in larger eleciric felds within the defect region (since the
defect has a lower £, than the malnx), in turn, increasing the local strain in the vicinity of

the defect. As the siress concentrations become larger, microcracks develop to relax the

B z i 4 ¥
elastic energy in this region, 32

Figure 2.14: Delamination al the clectrode ceramic interface in a mullilayer actuator.’

An additional Fwlure mechanism in moltilayer acators is gas discharge
breakdown or arcing, Arcing occurs at extremely large electric fields {~ I MVim) and is
the result of an electronic discharge between electrodes.” As shown in Figure 2.17, this
type of failure is extremely destructive, A majority of arcing events result from
processing defects, especially pores and voids near elecirodes.” These defecty provide
tavilies which as shown in Figure 2.16 can increase the local electric ficld. The larger

elecinic field within this cavity appears to he the starling point for a discharge event 1!




Figure 2.15; Microcrack initiation al the lermination of an internal electrode of 2
multilayer acluator,d

electric Geld Aux lines

PR

Figure 2.16; Schematic of eleciric ficld impingement in the vicinity of a pore,




Figure 2.17: Remanents of an arcing discharge illusirating a void as the catalyst
for failure.”

Another factor that may limit device reliability is resistance degradation, the slow
incrense of the leakage current under simultaneous temperalure and de electric Geld
stimuli 33 Experiments on multilayer capacitors using highly accelerated life testing
(TTALT) have identified two distinct modes of Tailure for these devices. The first is a
sharp increase in the current and results in immediate breakdown. This fast Tailure is
sometimes (and perhaps inappropriately) referred 1o as avalanche breakdown (ABD) by

the multilayer capacitor and aciuator industries. The second mode of lailure. thermal

runaway ( FRA), mvolves a gradual increase in the leakape current which results in Joule
heating and subsequent failure. Figure 2.1 illustrates the general trends ohserved in the

I-t curves for these two failure modes,
The mechanisms responsible for ABD failures are exirinsic in natare  and

cncompass poresity, processing defects, and microcracks. 34 On the other hand, TRA

type failures gencrally occur from intrinsic mechanizms including electrochemical




reactions at the clectrodes, vacancy migration, thermal effects, and catastrophic jon-

impact ionization *#
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Figure 2.18: Nlustration of the 1-t curves typical for ABD and TRA type failures 35

Experiments with de fields on bulk perovskite ceramics revealed thal breakdown
of the insulation resistance primarily results from Vo™ migration > 38 Under these
applicd fields and elevaled temperaures, Vo™ migrate lowards (he anode. Wazer el
al."s% electrocoloration experiments performed an Fe-doped SrTi0O; reveal changes in

the color of the anode/cathode regions over time, The changes in color are atiributed 1o 5

change n Fe impurity oxidation state from Fe™ jons (olorless) to Fe™ ions (ceddish

brivwn). Ower time, the anode regmion is oxidized as witnessed by the change to a reddizh
brown calor. Thus, the electrocoloration effect clearly indicates V™ migration to be a
cause of de breakdown of the insulalion resistance in bulk ceramics.

In bulk ceramic actuators, the leading causes of breakdown are microcracking,

delamination al the electrode interface, gas discharge, and oxyzen vacancy migration. By
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controlling processing to limit the amount of space charge, Yo' voids, pores, and
inclusions, the mechanisms responsible for aging, electromechanical degradation. and

device breakdown may be limited, allowing lor increased piczoelectric device liletimes,

2.6.2 Thin Films
Unlike bulk ceramics, the aging and degradation of the piezoelectric response in
thin films have not been siudied by many researchers.  This section reviews the

obsarvations thal have been reported in this arca

2.6.2.1 Aging

Thin film dielectric aging is apparently controlled by the same mechanisms as in
bulk ceramics, i.e. pinning of domain walls is responsible for the observed decreases in
the diclectric constant, 26, 39, 40

Kholkin ct al. measured the aging of the longitudinal piezoelectric coefficient in
PZT ceramics and thin films by double beam interferometry. Their results, seen in Fi Bl
2,19, sllhustrate that in Mlms, in contrast 1o the bulk, the aging of dyy differs greatly from
Es3. For bulk ceramics, £10 and dyy are similar, with aging rates of less than 1% per
decade. For films, £33 again ages at loss than 1% per decade: however, ds in films AgCs
more rapidly at nearly 3% per decade. With this large difference in the aging rates [or
permitiivity  and piezoelectric response, the researchers concluded that differen
mechanisms are responsible for each aging phenomenon. Aging of £33 in both thin filins
and ceramics is belicved to be due to pinning of domains; while, the decrease in i, in
thin films was atributed to a loss of polarization through what they called a

“spontaneous” depoling. A decrense in the net polarization of the malerial lowers e
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pierielectric response as a result of the coupling between the prezoclectric response and

polarization through the electrostrictive effect (see equalion 2113,
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Figure 2.19: Aging of the longitudinal piczoelectric coefficient and the dielectric constant
for a} a PZT thin film and b) a PZT ceramic.?

Similar results for the aging of the transverse piezoelectric response have been
reported by Shepard et al.? By vsing the wafer flexure technique’ 1o measnie s, they
confirmed the existence of rapid aging phenomena in the tranzverse piczoelectnc
coefficient with aging rates of 3 — |0% per decade observed in sol gel PZT thin films,

They also concluded that “spontancous™ depoling may he responsible for the rapid aging

of the piezoelectric coetficient,

2.6.2.2 Electromechanical n-l.-‘!g['ﬂdﬂﬂi;;l

Relatively little has been reported on the changes in the pieroelectric response of
PZT thin films under bipolar and unipolar drive. Kholkin et al 4 reported on the behavior
of dj; under both of these operating conditions, They illusirated that during bipalar drive
with field amplitudes greater than the coercive field, the piczoelectric response in PLT

i 1 [ . . - 3
starls to decline after 107 cycles in respomse to a reduction in the polarization during

cycling. This resull agrees with the many reports in the Titerature of polarization Tatigne
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in which a decrease in remanent polarization commences near 107 - 107 hipolar cycles,
[n addition to the decrease in oys, Kholkin et al, witnessed a polarization offsel during
cycling. The origin of the fixed polarization was attributed to de velopment of a preferred
polarization direction.4

Results during unipolar drive are similar to those reported on bulk ceramics 27 in
which very little if any degradation occurs in the pieroclectric response. Kholkin el al,
also reported the generation of an intemnal electric field during unipolar eycling. The
internal bias is generated as a result of trapping of charge carriers which are injected from
the metal electrodes. 4

Currently, a specific knowledge of the reliability of the tramsverse piezoclectric
response and the mechanisms responsible Tor its degradation in thin films is limiled,
Using knowledae of the mechanisms that arc responsible for piczoclectric and dielectric
degradation in bulk ceramics, this thesis determines the essential lactors responsible for

controlling: reliability in PZT thin films, Additionally, improvements upon the indtial

reliability are demonstrated by altering the distribution of internal space charge and

controlling the location of impurity defects.




Chapter 3: Experimental Procedure

A1 Film Production

FZT thin fims with 4 Z6/Ti ratio of 52/4% were deposited by a sol-gel spin coating
process,  Films were synthesized using a madification of the procedure described by
Budd, Dey, & Payne.?! Lead acetare trikydrate {Aldrich Chemical, Milwaukee, W) was
dissolved in 2-methexyethanol at 1 10°C for |5 minutes in & rotary cvaporator rotating al
120 pm. The mixture was vacuwm distilled al HOC until either a paste or powder
remaincd. The remaining material was then combined with mixlure of Htanium-1V
soprepoxide,  rirconium-1V propoxide, and 2-methoxyethanol {Aldrich  Chemical,
Milwaukee, W1). The resulting solution was then refluxed at 110°C for 2.5 hours,
Finally. 4 vol % formamide {Aldrch Chemical, Milwaukee, W1 was added (o the
resulting solution as a drving control agent with a resultant PZT concentration of 0.4 M.

The solutions were then spin coated onto either 1 7.6 cm or 0.2 cm diametes
platinized ( 100) silicon wafers {Nova Electronics, Richardson, TX). The wafer surfuce
had a | pum thermal oxide, sputicred 200 A titanium buffer laver, and a 1500 A

spultered platinum layer, The substrates were first blown clean with ultra high purity

nitrogen and dried on hotplate at 340°C for | minute, Using a P-6000 spin coater

(Specialty Coatin B Systems, Indranapolis, IN), 3 vacuum was used to hold the water onea
a chuck. A syringe with a (| Hm Whitman filter {Aldrich Chemical, Milwaukee, W1
wias used o deposit solution onto the stationary substrate yntil comprlete coverape was
obtained. The substrates were then spun at 3000 rpm for 30 seconds, The resuliing sol-

gel layer was pyrolyzed at 340°C for | minute. The deposition and Pyralysis process




was repeated 4 times before a crystallization step was performed. A Heatpulse 610 rapid
thermal anncaling furnace {A.G. Associates, San Jose, CA) was used ta complete
crystallization using a dwell at 700° C for 30 seconds, Depaosition continued until a final

film thickness 1.0 pm was achieved,

3.2 Electrical Contacts

Top electrodes of plainum were deposited on the crystallized films by glow
discharge sputtering through a 1.5 mm diameter shadow mask. A post-anneal at IR5° -
400°C for 60 seconds was performied to remove sputtering-induced surface damage or
contamination at the film-clectrode interface, Two methods were utilived o muke
contact o the capacitors. One method involved using micra positioners (Signatone,
Gilroy, CA) with fine (ungsten tps to make a pressure. contact with the platinum,
Alternalively, a 2 em long steel wire was attached perpendicular to the film surface near
the wp clectrode with Circuit Works conductive eposy {Chemtronics Inc, Kennesaw,
GA). The epaxy contacted a small section of the Pt electrode. The steel wire was psed as

4 conneclion post to solder an electrical lead from a panel of switches (50 thal many

capacitors could be measured in tandem), The measured dielectric propertics of the films

did not depend on the contact method. Figure 3.1 illusirates the clectrical circuit fos
connecling to the measuring instrumentation, By changing the inputs 1o the I and LO
lines, ferroelectric, dielectric, and piezoelectric measurements can be made un NTErons

samples in a short period of lime.




Figure 3.1: Schematic ol the clectrical connections used in making contact with the
capacitons and performing dielectric and piezoelectric measurements. During cyeling an
ac voltage s applicd to each sample using a buffer microchip to ensure 4 stable signal
By changing the connections w the HI and 1.0 lines. ferroelectric, dieleciric, and
piczoelectric properties of individual capacilors could be measured.

3.3 High and Low Field Ferroelectric and Dielectric Cha racterization
Measurements of the remarent polarization, P,, and the coercive field, E.. were

performed using a RT66A ferroclectric tester (Radiant Technologies, Albuguerque, NM).

Typically. the muximum applicd voltage ranged from 15 1o 50 velis depending on film

thickness. Low field measurements of the dielectric constant and dielecire loss were

performed using 2 41924 TF impedance analyzer (He wlett-Packard, Palo Alto, CAY All

low field experiments were performed at a frequency of 10 kiTe with a peak-lo-peak

voltage of 30 mY.




3.4 Measurement of the Transverse Piezoelectric Coefficient
The transverse (ds) piezoelectric coefficient was measured using the wafer
flexure echnigue,® This technigue uses the direct pieroelectric response to delermine the

Tilrm d=y via;

i s (3.1)
"l'"'.:irlll:|

where ) is the surface charge. A 15 the electrode area and Xy is the hiaxial siress on the
FZT thin film. The wafer flexure technique (see Figure 3.2) nses the oscillation of a 10
inch audio speaker to gencrate peniodic changes of air pressure in an aluminum air Cavity
housed beneath a PZT coated 5i wafer. These oscillations periodically flex the wafer
applying a biaxial stress to the silicon and PZT film. This ac stress creates a surfuce
chirge through the direct piczoelectric effect.  The resulling rms current, .. is

menilored by a 7260 DSP Lock-Tn Amplifier (EG&G, Wokinham, UK). The charge, (3,

is determined Mrom the measurcment of the rms current s

fou
(= _ms (3.2
2nf '

where T is the mequency of the pressure oscillations. To determine the stress on the film,
4 pressure transducer is used (o monitor the pressure in the air cavity. The rms ontpul
voltage from the transducer. measuread by the lock-in amplifier, is converted to & known

pressure from the transducer calibration standards.  This pressure is then translated into

radial and rtangential stresses in the wafer and (ilm using traditional beam bending

mechanics. 3
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Figure 3.2: Schematic of the wafer flexure method, A PZT-costed i wafer is clamped
between Al rings (not o scale) 42

3.5 Reliability of PZT Films Under a¢ Electric Field Drive

To determine the reliability of PZT films under operating conditions, a unipolar or
bipolar ac electrical field was applied 1o the film and changes in the pieroclectric,
ferroelectric, and dielectric propertics were monitored aver time. Typical values for the
magnitude of the unipolar electric field ranged from 120 — 400 kV/cm, while that of the
bipolar field ranged from 10 - 30 kV/em. The frequency of the ac signal was | — 100
kITz.  Experiments were initiated by poling the film with the resuliant polarization
directed towards the bottom electrode. aging for 5 min, measu ring baseline valnes for d..,
€3, and tan &, and then applying the electric field. Inlermittently during cycling, the Feld

was removed and the piezoelectric and diclectric properties were measured.

3.6 Imprint of PZT Films
Two procedures were followed 1o generate imprint in PZT thin films. In the firye,

samples were poled while lluminating with an ultravielet (V) radiation source. To

accomplish UV-assisted poling, a 365 nm Hg source lamp (UVF Inc, Upland, CA) was




used o illuminate 25 - 50 mWiem  © onla the PZT thin film. In order to achieve

penciration through the top electrode, semi-transparent (~ 150 A) Pt electrodes were
deposited. The Hg larvp was installed above the dy; measurement rig so that changing
the height of the lamp above the rig could aller the intensity and power of the
Hlumination.  Second, poling at elevated temperatures was used as a means 1o penerate
imprint by aligning defect dipoles, Thermal poling was accomplished with the film on a
hotplate set at 150°C. Poling times varied from 10 - 20 min at electric fields of 200 -

240 k'Viem.,

3.7 HALT Measurements

Highly accclerated lifetime tests (HALT) wers performed using Labview
(National Tnstruments, Austin, TX) based software to monitor the current across a PZT
thin film capacitor versus time. The sctup enabled up to 30 clectrodes o be manitored
simultaneously, Samples consisted of 4 section of a 10.2

i diameter silicon waler

Muluiple Pt electrodes were sputtcred onw the PZT quaner walers theough a 1.5 mm

dismeter shadow mask. Contact with the HALT equipment was completed using epoxy
and steel wire leads as mentioned earlier. However. for the HALT mMeasurements. the
conductive epoxy was Dupont 6838 silver epoxy (Dupont, Research Trangle Park, NCJ.

HALT measurements were conducted at temperalures from 120 - 1807 C with de electric

fields of 250 — 400 kViem.

3.8 Dielectric Breakdown

Using the HALT setup, multiple samples were monitored o determine the

average breakdown field (Eg) for the PZT thin films at room lemperature.  Voltage
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increments of 5V were applied every 3 minutes to allow the [ilm to equilibrate 1o the
new electric field, As samples began to fail, the vollage increments were reduced o 1 or
2V, again with 5 minute intervals hetween increases. This procedure was followed until

all samples had failed.

3.9 Degradation Mechanism Characterization

Films exposed to extremely large electric fields can fail by a number of possible
mechanisms incloding cracking, electrode delamination, and OXYEen VAcAncy migralion.
Lo determine the extent to which these mechanisms promcte Tailure, optical HICTOSCapY
was used Lo locate surface anomalies such as surface cracks and charring. Both surface
and crass-sectional analysis usin E scanning clectron microscopy was performed 1o locate
cracking and electrade delamination. Additionally, Auger electron spectroscopy (AES)

depth profiling was used to measure (he DRyEen content near the lop elecirode film

interface,




Chapter 4: Results and Discussion

4.1 Introduction

This chapter presents the results an the investigations into the relisbility of the
piezoelectric response in PZT thin films. The diclectric, ferroelectric, and prezoelectric
properties were examined in response 1o aging and clectric feld stresses, Addirionally,
the affect of imprint on the reliability of these properties was studicd wilh the goal of
mproving upon the imitial reliabilivy resulis. The long-term reliability of PZT sal-gel thin
films under de field was exarnined using the MALT technique, Lastly, the mechanismrs)

responsible for dielectric and pievoclectric degradation were examined,

4.2 Ferroelectrie, Dielectric, and Piezoelectric Properties

The PZT (52/4%) thin films used in this nvestigation had primarily a <[ []1>
orientation with some dearee of <li0> and <100= orientation as well. These films
possessed tilted polarization-electric field (PE} hysteresis loops. Figure 4.1 ilMlustrates «

tvpical PE loop for the sol-gel PZT thin films nsed in this myvestigation.  Valunes of P

ranged from 20— 25 uCicm” with an E_ ranging from 38 — 42 kVicm, Additionally, these

thin films possessed pood dielectric properties with £3: between 1000— 1100 and a an §
ol 2 - 4%, Experiments throughaut this thesis used a poling procedure with the Lo
electrode heing positively hinsed resulting in the polarization direcied toward the haottom
clectrode. Using the wafer flexure technique, the transverse piezoeleciric coefMicient fop
the PZT thin films was evaluaied with dy; values ranging from -25 to 240 PO, The
dielectric breakdown strength (Eg) for the PZT thin films ranged from 250 — 800 kVicm

depending on film quality and thickpess (0.7 - 1.3 um}.
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Figure 4.1: Polarization electric field hysteresis loap for a 1.0 pm thick PZT (52/48) thin
film,

4.3 Aging

T'he aging of the dielectric and piezoclectric response has heen well documented

in bulk and thin film piczoceramics 4 % 25, 26 The aging rates of the piecoclectric

response in thin films are substantially larger than those of bulk ceramics with a rapid

depoling possibly due 1o an internal clectric field thought to be the mechanizm

responsible for the larger aging rales.

The PZT films used in thiz thess rescarch possess aging rales al room

temperature and under dark conditions of 6 — | 29 perdecade ford 3 and 1 -2 % prer

decade for .., which agrecs well with valyes reported in the literature® 9 Figure 4.24

Hlustrates how quickly the magnitude of di; decreases during aging and Figure 4.2h

shows the difference in the aging rates of £33 and dy,. The presence of such a large

differcnce in the aging rates of these two propertics suggests that different mechanisms




are responsible for the aging behavior of each parameter.? The decay in the diclectric

properties has been attributed 10 domain wall pinming in both bulk and thin film
ceramics.d 26 On the other hand, the rapid decline in the piezoelecinc response of thin
films is believed to be the result of a loss of polarization due to a depoling mechanism, >

9 As will be seen Section 4.6, an internal field associaled with trapped space charge and

defcet dipoles is responsible for the depoling of the PZT thin [ilms.
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Figure 4.2: (a) Aging of the absolute value of s and (b} aging of the dielectric
permittivity, €55, and the transverse plezaelectric coefficient, 4,




4.4 Affect of a Unipolar ac Electric Field

In order 1o achicve large strains in & piczoelectric material, & larze electric field
must be applied. To assess the reliability of the transverse piczoelectric responsc undes
large electric Fields, unipolar square and sinusoidal ac electric fields were apphied 1o PZT
mezoclectric capacitors, These devices have shown excellen) reliability under varying
amplitudes of umipolar fields. Figure 4.3 shows that devices can survive up to 10° cycles
with no decrease in the piezoclectric response for electric field amplitudes from 3 - SE,
(=120 - ~200 kV/cm). The initial increase in the magnitude of dy; is a result of improved
poling of the PLT capacitors. The applied ficld causes depoled domains from the initial 5
munute aging period to reorient in the direction of the unipolar ficld. Additional slight
increases in the value of day during later cycles are again a result of improved poling us

previously unpoled domains begin to orient with the applicd field,
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Figure 4.3: Characteristic changes in the ds; and g5 cocfficient during unipolar cyeling
with a maximum electric field of 3 and SE; (~120 - <200 kVicm), Error bars illustrate
the range of values obtained in several experiments.




A sccond aspect of Figure 4.3 is the steady dechine of €1, during unipolar drive,

This decline is probably related o & decrease in the extrinsic contribution w the dielectsic
comstant by pinning or elimination of 180° domain walls, This may result from the
internal ficld that is gencrated during cycling. This electric field is withessed in Figure
4.4 by a shift in the PE hysteresis loop along the electric field axis, The shifl has a
magmitude of 4 — & kV/em and increases the negative field required to switch the

polarization from the positive remanent state. Tt is believed. given the low mobility of
non-180° domain walls in PZT films under a micron in thickness.'% 19 that the internal

held is more important than changes in the extrinsic contribution to da; in controlling the

bebavior doring cycling.
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Figure 4.4; Shift in the polarization clectric ficld hysteresis loop after unipolar drive
2060 kWiem. The magnitude of the shift is 4.9 kViem,

The reliability of the thin film piczoelectric response obtained for unipolar drive

agrees with the results of Wang et al.27 for bulk PLT samples. They reportad amly slight




variations in dy, after 10° cycles, A stable piezoclectric respemnse in thin flms driven with

a umipalar field was also reported by Kholkin el al#  Their study on the lengitudinal
plezcelectnic response, diy, in PZT thin films revealed a stable to IncTessme pieroelectric
cocfficient out to 10 unipilar cycles. They alse ohserved the development of 4
piezeelectric coefficient-clectric field hysteresis loop shift during unipolar cycling,. By
monitoring the change in E. during cycling, they concluded the build up of an internal
clectric field was responsible for the shifts in the dew eleetric field hysteresis loop and the
rise in ds3 during unipolar cveling.

Additional experiments using fields as high as 10F, have been conducted with
similar results. Again, stable d.; values oceur to at least 107 cveles, However, for filmms
with poor By, reliability of da; under large unipalar electric. felds was poor with sample
Failure occurring within 107 - 10° cycles, Figure 4.5 presents results for a film with ag
average By of 250 k'Viem cyeled with a field amplilude of 200 kViem. The extremely
low Eg for this particular film arises from the use of a PbD overcoal during
crystallization, A PhO sol-gel overcoat is deposited prior to crysallization o maintain
stoichiometry in the film by limiting Pb loss duning crystallization. Afterwards, it was
removed with acetic acid, leaving behind residual particies. Possibly, these particles
creale defects during subsequent depositions of PEZT, resulting in a low En. Alternatively,
il the PbO overcoat leads to the creation of PHO pockets at triple points within the film,
these would also lower Eg. The results in Figure 4.5 indicate that device reliability is
reduced with a reduction in the breakdown field. The fast decrease in dz; is probably

atiributed to either delaminalion or microcracks that initjate during cyeling (see Section

4.8.1).
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Figure 4.5: Representative results for PZT thin films with low breakdown fields {~250
k¥W/em) cveled with a unipolar field of 200 kViem. Ranges given show sample-to-sample
variations.

4.5 Bipolar ac Electric Field Drive

If film depoling contributes o the rapid aging behavior, then cyvcling with a
bipolar electric field with a magnitude less than E. should result in even faster
degradation rates by field induced depoling, If the film starts mitially poled at positive
remanence, then any perturbation with a ne gative electric field will result in same degres
of polarization switching as a result of the non-squarc nature of the PE hystercsis
response,  Thus, the larger the magnitude of a ipolar ac electric field, the greater the
degree of polarization reversal. Figure 4.6 confirms the amplitude dependence of the

bipolar degradation behavior, As the amplituce approaches E., there is a dramatic

decrease in the dy, response during cycling. With amplitides of o E., the day value drops
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e 30% of it original value after 107 cycles.  The existence of a large amplitude

dependence for hipolar degradation suggests thal the reduction in s 15, in Tact, due (o 4

reduction in the net polarization of the film caused by field-induced depoling. Ficld
induced depoling has a very dramatic effect on piezoelectric reliability. The resulis

indicate an initial rapid decay as a majority of the domains with a metastable orentation

depole;, followed by a slower decay as additional depaling occurs.  Afier poling mos|

domains are aligned with the applicd field, however a portion of the domains mdY conlain

local electric fields which oppose the remanent polarization. For these domains, the

appheation of a field antiparallel to the poling ficld provides the necessary Bnergy to
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Figure 4.6: Amplitude tlependence of hipolar degradalion with cach

the typical behavior observed ar a specified cyeling

dependence indicates field induced depoling is the mechanism responsible for the

decrease in dy, with cyveling. The ranges given are indicative of sample-to-sample
variahility,

CUrve representing
ficld. The strong amplitude

Monitoring the temperature of » sample during cyeling was conducted with a 0
gauge thermocouple wire placed on the film within ~1 mm of the measured (op elecirods

and held in place with a small section of seolch tape. Tt is assumed that the temperature 1s
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uniform in the vicinity of the drven sample due primarily o the large thermal
conductivity of the onderlying silicon substrate.  Investigations monitoring the
temperature of the PZT capacitors resulted in a temperature change of ~2 -5 *C during
cyehing, This small temperature change is insignificant and will not cause a substantial
degree of depoling.  Therefore, ficld-induced depoling is the most likely mechanisms

cansing the decline in dy, during cyeling,

4.6 Imprint o Improve Reliability

Ta improve upon piezoelectric reliability, a mechanism to prevent depoling in
PZT thin films is necessary, Creating a prefemed polarization state within the
ferroelectric is known to be effective in preventing depoling in bulk ceramics, and is
widely utilized in hard PZT compositions for actuator applications. A preferred
polarization state may be achieved by stabilizing a particular demain orientation.

A methed of achieving a preferred polarization state is 1o pin the domain walls
(perhaps with an internal electric feld) after orienting the domains during paling. The
idea of locking in a domain configuration is formally known as imprint snd has been
extensively studied as a factor limiting reliahility in ferroelectric memories {(where
repetitive switching is required). 39, 40, 43 Imprint is observed as a voliage shift in the
polarization hysteresis loop and has been proposed to be a result of domain pinming by
space charge or defect dipoles.#2

There are two main methods of achicving imprint. First, poling PZT films while
Hurminating them with ultraviolet radiation has been shown to shift the PE loap aleng the
field axis#3 Figure 4.7 is a schematic illustrating the mechanisms involved in 1TV

generated imprint, Inherently, there is some degree of space charge present in PZT thin
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films and az seen in Figure 4.7 it may reside in deep potemtial wells ar domain
boundaries. By using radiation with an energy greater than that of the band zap of PZT
{=3.3 eV), electrons can be cxcited o the conduction band. As the elecirons are removed
from the traps slong domain boundaries. the domains may align with an applied electric
field as the free eloctrons reduce the electrostatic potential to domain reorientalion 43
The mobile charges migrate wward the electrodes, where, upen removal of the applied

ficld, they become trapped and pin the domain walls in the aligned polarization

UV radiation

configuration.

Figure 4.7; Schematic of the detrapping of electronic charges through the wse of
ultraviolet illumination during paling. Removal of the space charge at the domain
boundaries allows locked domains to align with the applied electric field ¥4

The second method of achieving imprint utilizes the inherent point defects in sol
gel processed PZT and is seen in Figure 4.8, These defects include lead vacancies (Ve )

due to Pb volatilization, aAveen vacancies (V' ) to compensate for the loss of Pb, amd

hicavy metal impurities such as iron, The negative defects can assaciate with (he positive

pxygen vacancies and create delect dipoles, 'These dipoles, which are originally




randlomly oriented in the film, create local internal clectric fields that may be responsible

for spontancous depoling. 26 Additionally, these defect dipoles can pin domains and
prevent switching®3 Vo, =V 7 defec dipoles have a large energy barrier for
reqrientation and thus have a relatively low mobility @t room temperature. By using
elevaled temperatures during poling, however, the thermal encrgy allows defect dipole
complexes (Vi - Vo™, Fery — Vo™, et to align with an applied electric field 30 The

aligned defect dipoles increase the net polarization in the ferroelectric,

Figure 4.8: Schematic illustrating the usc of thermal energy during poling to produce
imprint in PZT thin films. The thermal encrey allows the defect dipole complexes [V,
- Vo, Fen - Vo', ete) to align with an applied elecinic field. Upon removal of the ficld
the defect dipoles pin the domains in the new aligned contiguration +4

4.6.1 Affect of Imprint on Aging

Using the two imprint lechnigues discussed previously, dramatic improvements in
the aging behavior occurred. Figure 4.9 presents the resull of the variois imprint
procedurcs on the aging behavior, Thermal poling led (o the greatest improvement, with
mitially larger dy; values and reduced aging rates of 2 - 3 Sh/decade, Therinal imprin
increased the magnitude of ds, by 36% +- [1% dve w improved poling.  Similar

increases in the dy; piezoclectric response have been obtained on PZT thin films 47 The

thermal encrgy aligns a greater percentage of domains with the poling field, The
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simultaneous alignment of defect dipoles with the applied electric field creates an internal
electric field, shifting the PE loop on the field axis, and decreases the likclihood of
progressive backswilching. Thus, in addition o larger piezoelectric cocfficients, aging

rates of dsy for thermally imprinted devices are significantly reduced.
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Figure 4.9; Tmpunt effects on aging. Thermal imprint reduces the aging rate from 7 — 10

idecade o 2 - 3 %fdecade, UV imprini results in non-linear aging becanse of an
nlernal space charge ficld.

Additionally, thermal poling reduces the magnitude of the diclectric constant ~14
“n) and loss langent (~20 %) When samples were cooled to 4 Kelvin, the difference
between normally poled and thermally poled samples dizsappeared (see Figure 4,100, This
suggests that the decrcase in £33 at room temperature is due 1w decreased extrinsic

contributions to the dielectric properties rather than the anisotropy associated with non-

180° domain reversal. The decreased £33 could be a result either of a reduction in the
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density of domain walls or a decrease in domain wall mobility 47 The reduction in tan &
could be due w a combination of this decrease in domain wall contributions, or o a
decreage in the concentration of trapped space charge. or to more stable defect dipoles,
As charge carriers are freed from deep lraps because of thermal energy, they can
annihilate with injected charges from the electrodes limiting the number of frec charge

carmers available to contribute to the loss tangent,
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Figure 4.10: Affect of thermal imprint on the lemperalure dependence of £39, Differcnces
in the room temperature dielectric propemies for thermally imprinted and normally poled
ms are eliminated at 4 Kelvin,

As scen in Figure 4.1 1, after thermal imprint, dy ages al nearly the same rate as
€33, Thus, thermal imprint results in thin film piezoclectric aging rates approaching those
experienced in bulk ceramics. Unlike bulk ceramics. tweo different mechanisms are
responsible for the aging of the diclectric and piezoclectric rosponses,  As stated
previously, £5 ages due to a decrease in 180° domain wall mobility. Because 180° walls
ilo not contribute to the piezoelectric response, another mechanism is required (o describe

the aging of dy;. Similar 1 normally poled samples, the reduction in dxy vver time is
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believed to result from a depoling mechanism possibly due 1o an internal leld sssociated

with space charges. The thermal imprint acts to slow the rate of depaling,
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Figure 4.11: Aging of €31 and ds; for a thermally imprinted sample illustrating nearly
identical aging rates,

Aging results for UV imprinied devices are quite different from those of thermally
imprinted devices. The dielectric constant is lowered by 11% +/- 3% relative 1o normally
poled samples. The lower values of the dielectric constan! can be explained by a
reduction in 180° domain wall coneentration or moebility as photo-induced charge
carriers are trapped al domain boundaries afier UV ex posure. Relative to normal poling,
UV imprint sometimes led (o increases and sometimes 1o decreases in the prezoclectric
response of up to 10%, depending at least in parl on whether the capacitors werc

previously exposed 1o UV illumnination during earlier experiments on other electrodes,

The increases in the piezoclectric response agree with the results of Khelkin et al 4% in

which substantial increases in das occurred when films were subjected to TTV illumination
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during poling. Since the voltage shift generated is similar (0 that obtained by thermal
imprint (as seen in Figure 4.12), a similar increase in the piezoelectric response might be
expected.  The mechanism behind the decrease in diy on UV poling is ril vet clear, hue

may result from the presence of excess charge carriers present in the piezoelectric.
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Figure 4.12 : Comparizon of the voltage shifis in the PE loop of UV and thermally
imprinied thin Mlms.,

After TV poling, the subsequent aging behavior of B3y 18 norinal, with reduced
aging rates of ~0.9 %/decade (see Figure 4.93. However, the aging behavior of ds; is
non-fincar (sec Figure 4.9, Apparently, near 107 seconds after poling and exposure,
there is a gradual incresse in the value of the pieroclectric coefficient. This rise
continues until [0° - 10 * seconds where the d-cocfficient remains nearly constant or
begins to decline.

To ascertain the mechanisms ) responsible for the aging behavior of the

Plezaelectric response in UV imprinted films, samples were nommally poled. aged.
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subsequently illuminated with UV radiation. and further aged. The goal was to determine
whether a space charge field associated with photo-induced charges was responsible for
the ahserved behavior in the transverse piezoeleetric coefficient. The results from the
experiments are presented in Figure 4.13 with schematics in Figure 4.14 presented 1o
illustrate the mechanisms responsible for the behavior of dy, after illumination. Prior o
Humination, the film ages al & vsual rate of 7 Swfdecade. Upon illumination, the valuc af
the pieroclectric cocfficient immediately drops and then continues to decrease with time.
This sharp decrease in day with illumination is probably a result of depoling of unstable
domams andfor backswitching due to the generated photovollage. As clectrons are
exeited from domain boundaries (see Figure 4.14b), some domains may reorient with the
depolurization field as the free carriers reduce the electrostatic potential barrier for
domain reorientationdd (see Figure 4,14c). The resull is 3 reduced net polarization and
subsequently & diminished  Iransverse piezoclectric  responsc. Additionally. «
photovoltage develops due to the photovoltaic eflfect. This field is oriented anti-paralle]
with the direction of the polarization and can he farge cnough to result in some degrec of
domain back-switching 4% The result is o decreased P and ds.

Continued decreases in ., during cxposure may oceur us charge carriers migrate

due to the photovoltaié effect. Photo-generated charges migrate under the influence of
the polarization potential ¥ The resulling huild up of free carriers acts to shield the

polarization potential and generaicy a rhotovoliage across the sample ¥ Therefare,

during illumination an internal field develops opposing the dircction of polarization (sce

Figure 4.14d). This field reduces the net charge available for measuring the transverse
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piezoelectric response. Thus, dy) diminishes during UV exposure s the magnitude of the

miternal ficld increaszes.
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Figure 4,13; Changes in the piezoelectric response in response e UV illwmination. Prior

Lk exposure, the device ages at 7 %/decade. Upon illumination, there is a sharp decline in
dy; in response to a depoling mechanism. Subsequent decreases are the result of the build

up of a space charge field. After illumination, d.y, again drops bul then begins to rise as
the space charge field diminishes. Error bars are representative of the range of values
ahserved among several similar experiments,

Another possibility is that an internal field arises from the Dember cffect ™ A
concentralion gradient of charge camiers develops from non-uniform  illumination
through the sample depth due o 4 progressive drop in light intensity associated with
absorption in the film and the top electrode. ¥ Consequently, the charge carriers migranc
o eliminate this gradient (see Figure 4.14¢). The lower mobility of holes?2 reduces the

thiffusion distance compared to electrons, reanlting in an internal electric field. This

internal field will be dirccted toward the bottom electrode. only resulting in a net




decrease in piczoelectric charge for films with a polarization directed loward the wp

electrode.
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Figure 4.14: Schematics illustratin £ the mechanisms responsible for the aging behavior of
UV exposed samples: (2) initial hormally poled sample with the applied ficld (Egpn)
directed toward the bottom electrode, (b) phota-cxcitation of charge carriers by UV
Hlumination, (¢} metasiable domains back-switch, alignin & with depolarization field
(Eaep), (e} migration of photo-induced charge carriers, resulting in a photoelectric tield
(Eyn), (e} development of an internal space charge Meld doe woa charge carrier
concentration gradient {Egrutient), () decay of the internal ficld due to migration and
recombination of excess charge carriers.

UY illumination on poled samrles with a positive and negative polarization state

revealed similar behavior, The simifarity in the aging behavior independent of poling
dircction eliminates = charge carrier concentration gradient as the controllin £ mechanism

for the ohserved aging behavior, Thus, it is concluded that the continued decrease in

dag




a7

during illumination results from an increasing internal field associated with the
photoveltaic effect. The presence of this feld reduces the net charge pencrated by the
dircet piezoelectric response, resulting in a lower value for the measured plezoeleciric
coefficients,

Upon removal of the UV illumination, there is again a sharp decline in dy;. This
15 believed to be associaled with a further increase in the space charge field as
generation/recombination interactions diminish and charges are trapped, The subsequent
aging after illumination is similar (o that created by UV assisted poling (in which an
increase in ds) commences ~ 107 scconds after illumination). This rise in daj is believed
e be associated with the decay af the internal space charge field as charge carriers
recombine or migrate due to the finite dark conductivity {see Figure 4.14f). The
annihilation or migration of charge carriers diminishes the space charge field.
Subsequently, the net piezoclectric gencrated charge increases resulting in an increased
i+ coefficient,

Increases in ds after post-poling illumination are limited 1o 3 - 5 % and are
followed by a drop in dy less than 107 seconds after exposure. Tn contrast, poling with
iflurmnation resulted in increases in dy 45 a large as 10%, which are retained greater than
107 seconds after exposure.  The shorler duration and lower magnitude of this increase
for past-poling illumination suggests that the mechanism responsible for these increases
is weaker in samples exposed to UV after normal poling. It is possible that a larger
photovoltage is generaled during UV assisted poling compared 1o that gencrated during

the illumination of pre-poled samples, The larger photovoltage results in a larger internal

tield, thus crealing an larger reduction in the nel charge available to messure da,.
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From the results of these studies, it is concluded that both UV and thermal imprint
can be utilized 1o improve aging, That is, the relatively modest electric fields that were
built into the films via imprint were sufficient (o stabilize the polarization and minimize
depoling.  Additionally, the development of an internal space charge Jduring UV
illumination limits the net charge penerated from the direct piezoelectric response and
results in diminished pieroelectric coefficients.  The subsequent decay of this internal

field after exposure increases the piczoelectric coefficient for 2 shor duration.

4.6.2 Affect of Imprint on Bipolar Degradation

Imprini also improves the bipolar degradation behavior of PAT films, as is
witessed in Figure 4,15, Compared 1o norfmal poling, in which -30% losses of the
original ds) value were seen after 10° cycles, imprinted films retain al Tesst 90% of their
original dyy values alier 10° bapodar cycles with a field of 20 kVicm. Again, increases in
dsy oceur near 10° seconds for UV imprinted films due to a decrease in the internal Space
charge held.

The diclectric constant of thermally imprinted samples showed the same behaviar
a5 the piczoclectric coefficient as a function of bipolar cycling. Figure 4.16 illusirates the
similarity in the two properties. There are several possible explanations for the observed
increase In g3y and ds; with cycling: an increase in temperature during cycling and an
increase in the net polarization (P by improvesd poling. That is, an increase in
temperature could be cansed by dielectric losses associated with the large ac fields. A
small temperature rise would be expected 1o increase both Eqy and dy. Alternatively, if
imprint has shifted the polarization eleciric field hysteresis loop far cnough along the

electric field axis, then the application of a symmetric bipolar ficld may resemble




54

unipolar operation in a normally poled sample.  Therefore, P, may ncrease due o

improved poling,
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Figure 4.15: Affect of imprint on bipolar degradation illustratin 2 the observed trends for
cach of the poling procedures.

To distinguish the relative importance of these factors, a variety of cxperiments

wers conducted, First, a polarization-electric field hysleresis loop was taken PLior 1o and

after bipolar cycling. From Figure 4.17, it is seen that 3 small voliage shift icreasing the

degres of imprint aceurs during cycling. Examining the PR loops for imprinted and
normally poled devices (sce Figure 4.18), it is seen that a bipolar field of +/- 20 kViem
Iraverses 4 less steep portion of the hysteresis loop for imprinted devices. Therefore,
there is a reduction in the degree of polarization back swilching during hipelar drive. Tt is

pussible that the continuous application of a field oriented parallel to the mternal field

acts 1o increase the remanent polarization, and hepee dy
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Figure 4.16: Characteristic changes in dyy and £+ during Mpalar operation (=20 KV /cm)

for thermally imprinted 1.0 pm thick PZT films.
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Figure 4.17: PE loops prior to and after bipolar operation.

Monitoring the temperature of 1 sample during cycling was conducted in the same

manner as samples that werc normally poled (see Section 4.5), aimilarly, it was
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determined that during cycling a small =2 - 5 °C temperature rise ooeurs, Reviewing the
results for g3 versus temperature in Figure 4.10, it is concluded that this change in
temperature during cycling would nol provide the necessary increase in the dieleciric
constant during bipolar cycling. Thus, a rise in temperature can be excluded as a possible

mechanism contributing to the increase in £33 and d.y associated with bipalar drive.
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Figure 4.18: PE loop illustrating that 3 20 kViem (shaded region) bipolar field provides &
simuller degree of polarization switching in imprinted devices compared to nofmal
devices.

Lastly, the increase in the dielectric constan during cyeling may be attributed to a

de-aging phenomenon as the concentration or mobility of 1807 domain walls increase

Ferturbativns with an clectric ficld oriented anti-parallel to the poling ficld may

destabilize the positions of the walls, so that they can be readily perturbed by the
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measuring field. This would increase the extrinsic contribution to the diclectric constant.
Ihe result is an increased £5; during bipolar drive.

In sumimary, imprint can be used to improve device porformance and lifetime
under bipolar operating conditions, The space charge field generated during UV imprint
plays a critical role in device performance with large increases in the piczoelecirc
coctficients occurring 107 seconds after 17V poling. Thermally imprinted samples exhibil
gradually increasing piezoelectric and diglectric properiies during cycling possibly due to
increases in the net polarization and increased extrinsic contributions to the properties,

respectively, during operation

4.7 HALT Analysis

To determine de voltage refiability, aceelerated liferime experiments were made
on PZT thin film actuaors. A series of experiments using 30 samples per experiment
were performed (o determine the failure mode{s) by which breakdown oceurs. The
results were obtained using « single 4 inch PZT coated ( ~1pm thick}) silicon water thar
was subscquently cut into small scctions for each of the HALT experiments, Tlsing
clectric ficlds of 250 — 400 k'Viem and lemperatures ranging from (20 °C to 180° C. the
roem temperature lifctime of the piczoelectric samples can be defermined in o HALT
techmique. The room temperature failure time is calculated using the following empirical

relationship:

- [%—_;2 ]J (4.1
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where subscripts 1 and 2 describe the test conditions, { is median time 1o failure (MTF), V
is voltage, N is the voltage acceleration factor, E; is the activation enercy for fatlure, k is
the Boltzmann constant, and T is temperature (K).54

The results from a typical experiment are presented in Figore 4.19. Tt is clear that
there is wide scatter in the leakage current prior to breakdown, This scatter arises as the
leakage currents are near or below the noise level of the instrumentation.  Even with the
scatter in the data, the general tremd of a gradually increasing current prior to failure is
present. Because of the scatler, failure was determincd at the time the leakage current
abruptly increased to ~10" amperes rather than the time st which the leakage current

increased an order of magnitude with respect (o the steady stale leakage curmeni
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Figure 4.19: Plot of leakage current versus the Hme illusi rating that failure ocowrs as an
abrupl increase in the leakage current
The first step in the analysis is to determine if more than one failure mode is
responsible for breakdown, This was done by reviewing the cumulative percent Tailure

tepl) versus log time plots in which deviation from linearity indicates the possible
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presence of more than one failure moede. The method of acquiring these plots a5 given in
Appendix A with the assumption that the data followed a logarithmic normal distribotion.
The calculated cpf plot for a termperature of 180°C and a Feld of 250 kV/em is presented
in Figure 4.20. As scen in Figure 4.20, an S-shaped curve results, indicating that s
mixture of failure modes s tesponsible for breakdown in the specimens. The lower
portion of the curve is associated with freak failures, typically a result of pores, voids,
and delaminations due to processing defects. ! Tocusing on the upper portion of the
curve, the median time to failure (MTF) and standard deviation can be caleulated vsing
the lechnigue described in Appendix A. Assuming & log normal distribution, te MTE s
the time for 30% failure {tsp) and the standard deviation iz the shape parameter, the
standard deviation of the natural logarithm of failure time {oy,). These two values sre

presented in'Table 4.1 for the various experimental conditions,
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Figure 420k Cumulative percent failure plot for HALT test conducted with a ficld of 250
kVicm and at a temperatures of 1807 C.
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As shown in Table 4.1, there is a small variaton in the O, values., I the
mechanism responsible Tor failure is independent of the thermal and village stresses, then
n should be constant. The reason for variation in these shape parameters may be due to
the limited sample size used in this investigation and slight errors associated with using a

graphical iechnique to determine the MTF and o,

Table 4.1: Results Trom HALT tests. Times are in howrs,

Temperature ("C) | Voltage (V) MTF itg;) L
| 200 iy 136 (.64
150 25 17 .31
180 25 0.5 0.47
150 30 x| 0,338
150 40 .47 0.64

Assuming independence of @, on stresses allows for an Arthenius type of
analysis to delermine the activation encigy, B A plot of the values for tsy versus the
inverse of temperature is presented in Figure 4.21. The E, as determined from the slope
of the curve is -(078 eV, This value is smaller than the values typically reported in the
literature {~1 V) for BaTiCk-based multilayer capacitors and similar to the vafue
tepurted for PZT thin films (~0.8 eV).3% 35 The value obtained in this investigation is
similar to the energies associated with shallow acceptor energy levels!l and oxvgen
vacancy migration in perovskites.¥2 Given the ease with which Ph volatizes and the
purity of the precursors, oxyaen VBCANCY migration is the more probable cause of wear

out in the PZT capacitors. The value obtained for the activation efiergy in this thesis is

statistically more significant than the previous reports on PZT thin films because of the
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full HALT analysis that was conducted and the larger sample size used in the

investigation.
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Figure 4.21: Plot of MTF versus 1/T determining the activation encrgy for failure. From
the slope of the line, an E, of 0.78 eV is caleulaled.

Similarly, @ voltage acceleration factor can be determined, The MTF scales as the
voltage raised to the power -N, where N is the voltage acceleration factor, Thus, plotting
MTF vemsus the voltage on a log-log scale will yield M. Figure 4.22 illusirazes the
exponential dependence of Ly on voliage. From the curve. 4 valtage acceleration factor
of 7.8 18 determined which is larger than that reported for multilayer capacitors. Reports
for mullilayer capacitors present N as being hetween 7 — 33435 for PZT thin films, Al
Shareel and Dimos report o value of 4 -5, 33 The larger value for N obtained in this
thesis might be due to extrinsic defects associated with processing which would lead 1o

cnhanced clectric fields in the vicinity of the defect, Because the field is larger in the

defect region, changes in the applied voltage can lead (o carlier than expected Tuilures.
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Again, the work of Al-Shareef and Dimos was performed on # limited number of samples

and may nel provide a seatistically significant value,
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Figure 4.22; Plot of MTF versus voltage yielding a voltage acceleration factar of 7.8,

In summary, a statistical analysis of HALT datq was performed as a means of
developing an understanding of the failure modes responsible for breakdown, The results
of the experiments reveal a substantial number of freak failures, suggesting that improved
sammple processing should increase reliability. This is not unreasonahle given that the
samples were not prepared in a clean room environment,  Analysis al Varving
temperatures and voltages allowed for the determination of an activation energy, 0.7% eV,
and 4 voltage acceleration faclor, 7.8. These values sugpest wear out of the PZT
capuacitors is due to oxygen vacangy migralion. Additionally, 5 median time 1o fuilyre

can be delermined lor any operating condition from cquation 4.1. For 1 pum thick devices

performing at room temperature snd at 10V, the MTFE is ~1.4+ 10" hors,
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4.8 Microscopy Analysis of Device Failure

scanming electron microscopy (SEM) and Auger eleclron spectioscopy (AES)
have been used in the determination of the failure mechanisms contributing 1o actuator
breakdown. These techniques aim io reveal the influences of microcracking, electrode

delarmnation, arcing, and oxygen vacancy migration upn breakdown,

4.8.1 Scanning Eleetron Microscopy

Microscopy analysis revealed three modes of [ailre: rmicrocracking, delamination
al the clectrode/film interfuce, and arcing.  Cross section analysis revealed cracking
through hath the film and electrode as a cause of failure. In addition, delaminations ai the
him/bottom electrode interface result in failure, Figure 4.23 illustrates both cracking and
delamination in a PZT dhin film. Clearly, both cracking and delamination result in
sample failure, Because of the small thickness of the top clectrode. it cannot be
determined if delamination oceurred at the top ceramicielectrade interface as it occurred

at the bottam interface:.

Figure 4.23: Scanning electron micrograph of cracking and delamination
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In some instances, failure was clearly visible with the naked eye with the tap
clectrade exhibiling a dark region where an arcing discharge has charred the electrode.
In this case, the magnitude of the electric field is large enough to create a sputicring am
acToss a gap, which completely removes material from the contact arca, Both PZT and
the top Pt Tayers have been removed, leaving residual spheres of material (see Figure

424,

Fl20RATge Tadsen

Figure 4.24; SEM micrograph of arcing revealing that the disch arge region is riddled with
tiny spheres of material,

Figure 4.25 rcwcajed an inleresting oceurtence towarnd the edge aof the discharge
region, It appears as if the PZT has rolled over itsclf during the discharge. The brilile
nature of ceramics should prohibit such behavior, One possible explanation is that local
melting occurred which allowed PZT and Pt to MNow and roll over the edges of the contact
region.  In this region, the arc does nol have enough encrey to dispel the malerial

completely so it is pushed aside. The tight radius of curvature suggests that the curvature




may ol be duc only to tensile stresses that exist in the film due to thermal expansion

mismatch.

Figure 4.25: Edge of arcing region showing the PZT film wrapped aver ilself, possibly
due to peeling from the magnitude of stresses or a Mash melting event,

Cualitative compaositional changes across the discharge region were determined
from a series of energy dispersive spectroscopy (EDS) scans. The results are presented in
Figure 4.26. The analysis is based on the relative X/7r peak height ratio, where X is any
element. Four regions were analyvzed: 1) the PZT thin film outside the tlamaged area, 2)
the edge of the arcing region, 3) spheres Iocated on the outskirts of the damaged arca, and
4) spheres located in the center of discharge region, It is seen that the PR ratio is large
fur the undamaged film. Moving loward the discharge area, the next scan was performed
on the fold region where the Pb/Zr ratio is slightly reduce, indicating somne degree of Ph
loss. Inside the discharge region, the spheres showed a significant reduction in all peaks
with the exception of Zr. Thus, the spheres within the arcing region are primarily a Zr

bused compound. Continuing to the position where contact was made with the poin
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probe it is seen that the PhvZr ratio is reduced even further, Therefore, in the vicinity of
the arc there 15 enough energy to remave all components excepl Zr. Because Zr is the
only component remaining after discharge, a review of the boiling points of zirconia and
titania may develop an understanding of why Zr was not removed as the other elements
The boiling point of Zr0Q; is nearly double that of Ti0, and substantially targer than thar
of PO, TF the vapor pressure scales as the inverse of the boiling point, Pbd and TiQy
should have higher vapor pressures compared to Zr0s at a given temperature. Therefore,

it should be casier to remove PhO and Ti0s rom the PZT fitm, leaving behind residual

Zr();
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Figure 4.26; Results from energy dispersive spectroscopy on various regions in and
arpund the arcing region,
From the microscopy analysis, it is concluded that the HALT samnples breakdown
by three main mechanisms, Microcracking and delamination conceivable are due 10

exringic processing induced defects. On the other hand. arcing may occur as result of




either extrinsic or intrinsic effects. While porosity and void space may provide the gap in

which an arc can be struck, oxygen vacancy mi gration, as witnessed trom the activation
efiergy analysis in Section 4.7, may also provide a means for an are 1o develop, As
vacancles begin to migrale toward the cathode, the clectric field concentration and
current density may increase in the near electrode regiom, It is then conceivable as the

current density rises during wear out that an arc can be generated resulting in breakdown,

4.8.2 Auger Flectron Spectroscopy

In an avlempt to ascertain whether OXYEEen vacancy migration may lead to failure
m PET thin films, AES was performed on both virgin and electrodes driven al 400 kVicm
for 48 hours. The results of these studies presented in Figure 4.27 were inconclusive,
There was an insignifican! change in axygen coneentration measured in the first soveral
thousand Angstroms. The variation in OXYEER concentration as seen in the two plols is
lower than the resolution limil of the inslrumentation, 'The AES technique may not be
ahle to resolve the oxygen VACANCY MIEralion 1ssue since its sensitivity is relatively poor
compared with the concentration of vacancies which may lead to breakdown -0

10" em’). 1 is also noted that there was nat 3 sigmificant change in the Ph content near

the surface,
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Figure 4.27: Results from Auger electron depth profiling on bath a virgin sample and a
sample driven at 400 kV/em for 48 hours. Although all components of the PZT films
were analyzed, the above plot only presents the results for platinum, lead, and SERYL




Chapler 5: Conclusions & Future Work

3.1 Conclusions

BT thin films exhibit excellent piecoelectric reliability under unipolar driving
lelds (120 - 400 kV/em), These films have survived w 10° eycles with limited changes
I the transverse piczoclectric coefficient, In contrast, (he diclectric constant exhibits
steady decline during cycling. The decrease in £33 is associated with a reduction in |80°
domain wall mobility, The development of a voltage shift {~4 — 6 kViem) in the PR loop
during cycling provides evidence that indeed domains are pinned during the application
ol a unipolar field, As these walls become less mobile, the extrinsic contribution to the
dielectric constant diminishes. resulting in lower values [or g4,

However, the dy) coeflicient exhibils rpid declines during both aging and hipolar
cycling. The mechanism responsibile for the large aging rates (6 — 12 S/decade) is field.
induced depoling of domains due to the influence of internal electric fields gencrated hy
both space charges and defect dipole complexes. Similar to aging, 4 depoling mechanism
15 rexponsible for the rapid declines in the piezoclectric response during small amplitude
bipolar drive.  Under these operating conditions, the apphied field induced depoling
lowering the net polarization and resulting in a rapidly declining oy, coefficient,

Thermal and UV imprint improved the aging and hipolar degradation behavior of
FZT thin films. The alignment of defect dipoles by thermal inprint increased the
magnitude of dy; by 36% +/~ 1 1% and reduced the piesoelectric aging rates to 2 — 3

Sldecade. Improved poling was responsible for the increased piczoelectric Tesponse with

4 resulting stabilized domain configuration reducing dy, aging. In contrast to the
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piezoelectric coefficient, the diclectric constant decreased afler thermal imprint.  This
reduction in £33 15 possibly associated with either a decrease in 180" domain wall
concentration or mebility during the imprint procedure,

UV imprint resulted in decreased dielectric properties, reduced aging rates for the
dieleciric constant, and a non-linear aging behavior for the piezoeleciric response.
Dielectric aging rates decreased nearly 50% 1o a valee of -0.% %/decade. On the other
hand, aging of the transverse piezoclectric response exhibited 8 non-linear reaponse with
increases in the magnitude of ds occurring near |07 seconds after imprint. This increase
15 the result of a decaying space charge field that is generated during imprint. The field
develops from excess charge camers introdoced into the piezoelectric from photo-
excitation. The resulting internal field limits the nel charge generated by the direct
piczoelectric effect, reducing the effective dyy,  After a short time period the field hegins
to decay as the charge carriers redisinbute, creating a gradual rise in the piczoelectric
propertics. The small dark conductivity of PZT allows the field 1o remain for nearly g
day after illumination. Thus, it is concluded that internal electric felds associated with
hoth trapped space charge and defect dipoles are responsible for the large d+) aging rutes
associated with PET thin Tilms,

oimilar to the aging resulix, imprint improved bipolar degradation behavior,
Again, UV imprint resulted in increases in the piczoelectric coefficient near 10 seconds
after poling with near rero degradation oceurring after the space charge ficld had
tirminished.  Thermal imprint also provided improvements in bipolar bebavior with
mereases in both £33 and di; wilnessed during bipolar cycling.  The increase in the

piezeelectric response resulted from an increase in the net polarization through improved
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peling during cycling: while, the increase in the dielectric constant resulted from either an
increase in 1807 domain wall concentration or mobility,

HALT measurements were performed illustrating the feasibility of performing
statistical approach o predict the lifetime of PZT thin films. The results from
experiments revealed that de operating reliability has two regimes. In the initial stages
there is a finite percentage of freak failures due primarily (o mechanisms associated with
processing defects, Second, there exists a lincar region in which failure is associated with
a rapid failure associated. Fitting the lifetime data with a lagnormal distribution allowed
for a graphical determination of the two independent variables, the median lifetime [lsq)
and standard deviation (). Calculations of both the activation energy for failure and
vollage acceleration factor were completed with a value of 0,78 ¢V for E, and & value of

7.8 for the voltage acceleration factor.

5.2 Recommendations for Future Work

3.2.1 Develop Database for HALT Analysis on PZT Thin Films

In order w properly assess device lifetimes using un aceclerated lifetime test. a
larger database 15 required consisting of a large sample size for each variation in e
stress conditions.  Conlinuing  the results of the HALT experiments presented in this
thesis would allow a more accurale determination of bath the activation energy for failure
and voltage acceleration lactor.  This, in turn, should result in improved lifetime
prediction under any operating conditions.

Additionally, a better control of the population of freak failures in the early stages

of operation is required.  Through improvements in cleanliness during sol-pel deposition




of PZT and subsequent sputtering of Pt. the film quality should increase as exirinsic

processing defects such as voids, pores. and delamination regions are climinated.
Improvements in the electrical contacl are also required to provide increased accuracy
and precision in the HALT analvsis. Possibilities include UsIng pressure contacts such as
probe tips or & hiquid metal electrode to eliminate any additional stresses sssociated with

using epoxy as the contact,

5.2.2 Ellipsometry as a Means of Measuring Oxygen Concentrations

To determine the role of oxygen vacancy migration in piezoelectric and dielectric
reliability, spectroscopic cllipsometry could be used to determine if a variation in axyEen
concentraticn  throughout the film thickness exists afior operation.  Spectroscopic
ellipsometry is a light reflection technigue capable of depth profiling with resolutions
typically on the order of angsiroms.  The changes in the phase and amplitude of the
polarization components of the reflected lizht are characteristic of the depth profile of the
dielectric function of the film~* Osygen vacancics can be detected indirectly by
monitoring color changes in the transition meial jons adjacent to the vacancies. Tn this
manner, 1t may be feasible (o detect changes in oxygen vacancy distribulion prior and
after operation.  The kinetics of the gradual build up of oxypgen vacancies near the

cathode should allow for a quantitative analysis of the role OXYEEN VACINCY mMigration

plays in piezoelectric reliability,

5.2.3 Bombardment Induced Imprint

The reliability of the piezoelectric response for thin films grown by physical

vapar deposition (FYD) methods (RF magnetron sputtering. pulsed laser deposition, ion-
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beam sputtering) should be investigated with an aliempt to generale imprint by vsing fon

hombardment during deposition. Recent work by Maria®2 has shown that precisc control
of deposition conditions during the growth of Pbidg ;s Nban ) O05-PETICH thin films UsINg
pulsed laser deposition allowed the degree of imprint to be controlled,

Applying Ihis process to other PVD techniques, the reliability of the transverse
piezoeleciric coefficient should be investigated with emphasis on aging, hipolar, and
unipolar drive.  Comparing the results from these studics with those achieved in this
thesis should allow for comparison of the controlling mechanisms in mezoelectric thin
lim reliability. Bombardment induced imprint uses the high energy of the incoming jons
tor impart a preferred polarization state in the forroelectric. The prefermed polarization
state: generaled during hombardment arises from stress celiel snd should not alter the:
space charge or defect dipole arrangements, Thus. by comparing the three mprint
techniques. a clear understanding can be developed describing the rales of space charge,

defect dipoles, and stress on the aging and electric ficld cycling degradalion behavior,

5.2.3 Verification of a Photovollaic Induced Internal Electric Field

Experiments designed o measure the thermally stimulated current on a PZT
actualor can be wsed as a means of verif ﬁu,f_l, that irapped space charge contributes to the
non-linear aging bebavior of UV imprinted films. To avoid the influence from changes
I the: polarization state of the film, the temperature should remain relatively low, far
from the Curie Temperature of ~380°C,  The current across the actuator could be
mamitored as the temperature is increased to - 150° C and subsequently decreased to room

temperature.  The cument flow could be monitored on both heating and cooling, if

possible.  As the temperature increases, trapped charge should be liberated, cansing an
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increase in the current. ‘The current may also merease due to thermal depohing, To
measure the degree of thermal depoling, the iransverse piczoeleciric coefficient could be
monitored prior 1o and afler the temperamire cycle. This procedure would then be
repeated several times, The subscguent current versys lemperature plots should show
changes in- the current upon thermal cycling. Taking into account the changes due to
thermal depoling, increases in the current can be attributed 1o the likeration of trapped
charge. thereby verifying the existence of trapped space charge and its contribuling role

in the non-lincar aging behavior of LIV mprinted samples.

5.24 Modeling Aging Behavior through a Modified Activation Barrier

As 15 shown in Section 4.6,1, imprint improves the aging behavior of PZT thin
films. The generation of an intersal field biases the PE hysteresis loop such that one
polarization state becomes preferred. Ti may be possible to model the piczoelectric aging
behavior by relating the internal field to a change in the activation barrier height tor
polarization reversal.,

From feroelectric phenomenology, it is known that the gradual build up of an
mternal clectric field results in skewing of the free energy versis polarization curve such

thal one polarization state becomes preferred. This increases the aclivation barrier for

: . i E., ;
switching among the possible polarization states by .k"-'}: where kg is Boltzman's
B

constant and T is temperature, With thiz understanding, it may be possible to yuantify
the aging rate of dy, (which is associated with depoling) through a modificd activation

barrier,  As the magnitude of the internal ficld increases, the activation cnergy for

paolarization reversal increases, rrsibly reducing aging rates,
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By biasing the PE loop varying degrees, the aging rate can he evaluated against
the magnitude of the internal electric field. Additionally, the aging rate can he cvaluared
as a funclion of temperature for a device with a specific intemal electric field
Comparing these two experimental tesults should reveal a quantitative relationship
belween the aging rate of PZT thin films and the sctivation encrgy for polarization

switching.

3.2.5 Magnitude of Internal Electric Field as a Function of Unipolar Cycles
Preliminary results reveal that the magnitude of the voltage shift m the PE
hysteresis loop varies lincarly with the logarithm of the number of unipolar cyeles,
Additional experiments  are necesgary 1o provide - statistical significance to  this
observation as well as w determine if the internal field salurates at laler cvcles. Tn

addition, 1t would be interesting o note if the build-up of an intemal electric fiell during

unipolar cycling is frequency or temperature dependent.
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Appendix

Device reliabilily is defined as the probability of survival during a distinct set of
operating conditions.? ! The reliability function, Rit). describes the device survival rate al
any time, 1. This function can be determined from a ser of failure times by using the
cumulative distribulion function of tailure, F{t), with

R{l}=1-Fit). P ]

Failure rates are gencrally not linear with time 5o fitting the data is required to
acquire an understanding of F(1).9! The two most prominent distributions wsed 1o fit
reliability data are the lognormal distribution, finit), and Weibull distribution, fuit).

density functions. This descniption will focus on the lognormal distribution Tunction,

which is given by

I s e YR
ot = s il tminia) o f SRR
y2ma | | oy

where tsg is the time ai which 0% of the devices fail and oy, is the standard de viation of
In . These two independent parameters describe the lognormal distribution and provide a
direct link for the determination of the reliability function, The In ts, is also referred to as
the median lifetime (MTE). Additionally, oy, should be independent of all stresses or
accelerated Tife wating to be applied 51

One method of determining the value for the two independent variables is through
# graphical representation. First, the data set of lifetimes must be rank ordercd from 1 to

n (the sample size). Following this, the cumulative failure distribution tunction (CDT),

F{l} is determined as [ollows:




Ei{ty= —, FAT)

where i 15 the rank order and 1 is the sample size. From the CDE. the cumulative percent
Talure {cpf) is calculated by multiplyving Fit) by |00, Next, using lognarmal graph paper,
the logarithm of the failure time, . is plolted agains! the cumulative percent lailure. For a
lognormal distribution,

Int=1Inty + o, lcpl). (A4}

Therefore, the MTF is determined directly from the graph as the tme for 50% failure,

Graphically, the standard deviation is caleulated from the slope of the line as tallows:

it
O =.l|"' '""-], (A.5)
i Lz

-

where iz and tg are the time 1o failure for 16 % ard 84 % of the samples, respectively.
The values of 16 and 84 are chosen becanse that is one standard deviation away from ts,.

S-shaped curves (see Figure A1) require a slightly differcnt approach. In this
case, the failure is due to a mixture of two failure modes34 5o that the probability of
Failure is given as the sum of the probability of failure for modes A and B,

Faws (1) = p*E(O* + (1 p)* F(1y®, (A.6)

where Faeit) is the observed lailyre probability, p is the probability of failure, and Fr®
and F{t)" arc the actual failure probabilities for modes A and B, respectively. Typically,
type A failures are associated with freak failures due o processing defects. The
inflection paint where the slope abruptly changes hetween the lower and Upper portions
of the curve is taken as the poinl where B tvpe failures begin 1o dominate at longer times.

The value of p is taken as the inflection hecause at this point il is asswemed that all type A

tailures have occurred 20 Fi)® equals Enity.
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Figure A1 Plot illustrating an S-shaped cdf curve and the graphical technique used to
determine Ly and o,

Concentrating on the upper portion of the curve. the MTF and o, must be
defermined from this curve. From & pont on the linear portion of this curve, both the
observed falure and actual failure for B type failures are noted. The actual failure, Fiop®,

5 determined by plugging valucs into Equation A.6 and solving for F(1)”, assuming that
Fit)* is unity, The value obtained is then placed onto the graph at the appropriate
location. This procedure is continued for other points in order to obtain a siright line for

values of ]'-(ljn. Next. in a similar procedure as stated earlier, the values of In tsy and oy,

are calculated from the resultant line.
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