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Abstract:
Pb(Zr,Ti)O3 (PZT) is a very attractive material for use in piezoelectric-based
microelectromechanical systems (MEMS) due to its high piezoelectric coefficients and
ability for large displacements with relatively low applied fields (as compared to
electrostatic-based MEMS). The piezoelectric effect is strongly anisotropic, thus it is
very desirable to control the crystallographic orientation of the active material. This
study is designed to understand the effect of crystallographic texture on the long-term
stability of piezoelectric-based MEMS devices. Utilizing (100)-oriented solution
deposited LaNiO3 (LNO) and PbTiO3 (PT) seed layers, (001) fiber texture of rfmagnetron sputtered PZT films (ex situ annealed) with varying thickness was
optimized.
X-ray diffraction rocking curve data indicated good out-of-plane alignment,
with full-width-at-half-maximum (FWHM) values of 3.8° - 4.5° and 2.5°- 3.1° for

PZT on LNO and PT, respectively. This optimization of (001) orientation is
paramount to maximizing the piezoelectric response of PZT thin films for MEMS
applications, as this promotes the highest piezoelectric response. Dielectric and
ferroelectric properties were obtained for films 120-1320 nm thick. Subsequently these
films were subjected to lifetime (fatigue) tests similar to what is experienced in piezoMEMS applications. Fatigue endurance is a critical factor in evaluating long-term
device reliability in these devices. A study of fatigue dependence on film thickness,
morphology, bottom electrode, and field strength was conducted.
Results of these studies show film morphology contributes strongly to film
fatigue and film failure prior to reaching 108 fatigue cycles, with increased grain size
leading to improved fatigue endurance. Film thickness was also shown to contribute
significantly to fatigue, predominantly in PZT on PT films, with films over 1 µm in
thickness showing large fatigue after 108 cycles. Films with bottom LNO electrodes
demonstrated improved performance over all thickness ranges studied when compared
to PT bottom electrodes, exhibiting minimal fatigue after 108 cycles.
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Synthesis and Characterization of Pb(Zr,Ti)O3 Thin Films for Microelectromechanical
Systems
1. Introduction
Microelectromechanical systems (MEMS), also referred to as micromachines
or microsystems technology (MST), are small, integrated systems of electronics with
components such as sensors, actuators and transducers. MEMS devices are
traditionally electrostatically activated, although new technologies for actuation are
available. Some of these include electroceramic materials, such as piezoelectrics. The
method of integrating various materials including electroceramics, which boast a wide
range of functionalities, has lead to the development of a vast and growing field of
electroceramic-based

MEMS

devices

such

as

microactuators1,2,

ultrasonic

transducers3, as well as chemical4 and IR sensors. Applications even extend to energy
harvesting and micro fliers.5 In addition to MEMS applications, electroceramics have
drawn increasing interest in the field of non-volatile memory (NV-RAM).
The ferroelectric and piezoelectric material Lead Zirconate Titanate,
Pb(Zr,Ti)O3 (PZT) continues to attract attention for its excellent electromechanical
properties. There has been significant interest in PZT thin film embodiments in both
the field of MEMS as well as NV-RAM. In the former, MEMS which take advantage
of the actuator properties of the piezoelectric require high piezo coefficients such as
e31,f, the effective transverse piezoelectric coefficient. In the latter, high remnant
polarizations (Pr) are required to maintain read/write information. In both types of
applications, MEMS and NV-RAM, low coercive field (Ec), short switching times,

2
and minimal electrical fatigue are required of the PZT. Additionally, it has been
shown that strong crystallographic texture control, specifically (001)-texture, of the
PZT enhances these properties.6,7 The (001)-texture near the morphotropic phase
boundary (MPB) compositions of PZT has been shown to improve e31,f as well as
improve realization of maximum polarization response in the piezoelectric ceramic.8,9
This required texture control has long been achieved via a piezoelectric seeding layer
of PbTiO3 (PT) and more recently via conducting metal oxide LaNiO3 (LNO).
Device performance and reliability over the course of many operation cycles is
also a critical component of MEMS and NV-RAM device success. The number of
successful polarization switches achievable in a film (fatigue endurance) puts a limit
on the read/write capabilities for memory applications or the number of actuation
cycles for a MEMS device. Two main forms of fatigue are observed: unipolar fatigue
consisting of cycling a material in a single polar direction, and bipolar fatigue
consisting of cycling a material in alternating positive and negative polar directions.
Maintaining consistent electromechanical properties, such as remnant polarization,
over the course of these cyclic fields is a large part of this device endurance.
Fabrication of nominally fatigue-free PZT has been demonstrated, showing the factors
contributing to fatigue rest predominantly in the film electrode interface.10 Additional
contributors to the early onset of fatigue are film morphology, domain wall motion,
defect motion, and imprinting.
A traditional top and bottom electrode material in these devices is platinum.
With a reported resistivity of approximately 105 nΩm, Pt functions well for this

3
purpose. However, recent studies have shown that this choice in bottom electrodes
may lead to an increase in device fatigue in PZT thin films. Many studies also
indicate that the use of metal oxide bottom electrodes such as LNO, reduce observed
fatigue which is likely attributed to the oxygen vacancy gettering properties of these
materials.11-14
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1.1. Project Objectives
The aim of this research is to develop highly <001> textured sputter deposited
PZT on LNO and PT seed layers and investigate the dependence of unipolar fatigue on
film thickness for piezoelectric based MEMS devices. This goal was achieved by the
following research objectives:

1)

Development of a synthesis route for LNO films with <100> film
texture via chemical solution deposition (CSD) methods.

2)

Optimization of (001)-oriented PZT thin films via RF Magnetron
Sputter deposition onto textured LNO and PT films.
a. Analysis of texture dependence on sputter parameters via a design
of experiments (DOE).

3)

Characterization of dielectric and ferroelectric properties in highly
<001> textured PZT/PT and PZT/LNO films.

4)

Unipolar fatigue analysis of PZT/PT and PZT/LNO films.
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2.

Background
A primary objective of materials science research is to understand a material’s

properties (electrical, mechanical, thermal, etc.) and the inherent way in which
processing affects these parameters, as well as the multifunctional relationships that
exist between the characteristic properties (Figure 2.1).

Introduction
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understanding of linear interaction processes as well.

Reference

6
2.1.

Perovskite Structure
One particular crystal structure that has been well established in electroceramic

material research is the perovskite structure. The original perovskite, CaTiO3, was
discovered by Gustav Rose in 1839 in Russia.16 The discoverer named the mineral
after a respected mineralogist of the time and personal mentor Lev Alexeivitch
Perovsky. The original Perovskite structure does not, however, have the ideal structure
of a cubic lattice of ABO3 where ionic radius A>>B (Figure 2.2 top).17 But, as with
many scientific achievements, the most fascinating characteristics come from
anomalies related to the structure; ferroelectricity and piezoelectricity being two
powerful effects that arise from small distortions in the ideal Perovskite crystal
structure. Figure 2.2 shows the rhombohedral (bottom left) and tetragonal (bottom
right) distortions to the ideal perovskite structure. The figure also shows the shift in
the B site cation away from center, which is primary feature that leads to the
aforementioned properties.
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Figure 2.2: Distortion away from ideal cubic Perovskite crystal structure at
temperatures below Tc results in a polarization of the crystal lattice as shown for
rhombohedral symmetry (left) and tetragonal symmetry (right)

2.1. Ferroelectricity
The theoretical concept of ferroelectricity dates back to the 1600’s, but was not
observed experimentally until the mid 1800’s by Joseph Valasek.18 Ferroelectricity is
defined as the presence of a spontaneous electrical moment (or polarization), which
can be switched via an externally applied electric field between two or more
crystallographic orientations.19 In a perovskite crystal, the spontaneous polarization is

8
a result of a distortion of the B site cation away from center as observed in tetragonal
and rhombohedral symmetries. Figure 2.3 shows a polarization versus electric field
hysteresis loop for a ferroelectric material.

Figure 2.3: Ferroelectric hysteresis curve, or PE loop, showing remnant polarization
(Pr), coercive field (Ec), spontaneous polarization (Ps), and maximum (or saturation)
polarization (Pmax)

Important features to note in the hysteresis behavior of these materials are the
coercive field (Ec), remnant polarization (Pr), spontaneous polarization (Ps), and
maximum (or saturation) polarization (Pmax). In a single crystal, the coercive field Ec
describes the electric field required to switch the polar direction from one orientation
to another. In polycrystalline materials it is the electrical field required to bring the net
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polarization to zero. Saturation polarization (Pmax) is a function of peak electrical field
applied. As such, it may be more useful to describe the spontaneous polarization (Ps),
which is found by extrapolating back to zero field along the linear portion of the
hysteresis out near Pmax. This value should be invariable with applied field as long as
saturation is achieved. In ceramics the value of Ps is somewhat higher than the
remnant polarization Pr, which describes the remaining polarization in the ceramic
after the removal of the external field. Pr is a valuable parameter in the area of FRAM
(ferroelectric random access memory) due to the role it plays in read/write capabilities.
2.2. Piezoelectricity
First discovered by Jaques and Pierre Curie in 1880, Jaffe and Cook later
define piezoelectricity as the ability of certain crystalline materials to develop an
electric charge proportional to a mechanical stress.19 The direct piezoelectric effect is
the creation of electrical charge due to stress (Figure 2.4), which is an effect that
results from a change in the polar dipole moment of the perovskite crystal. The
indirect piezoelectric effect is the creation of a physical distortion due to an applied
field (Figure 2.5).20
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(a)

(b)

(c)

Figure 2.4: Piezoelectric ceramic with (a) no net applied stress and the direct piezo
effect (b,c) where applied mechanical stress results in electrical charge with the
polarization (b) and opposite the polarization (c)

(a)

(b)

(c)

Figure 2.5: Piezoelectric ceramic with (a) no net applied stress and the indirect piezo
effect (b,c) where applied electrical field results in a compressive stress in the
direction of polarization (b) and a tensile stress in the direction of polarization (c)
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2.2.1. Piezoelectric Coefficients
In order to develop the charges and mechanical distortions observed in Figure
2.4 and Figure 2.5 there must be an inherent direction, or polarity observed in the
crystals. Jaffe and Cady describe a need for what they referred to as “one-wayness.”
This effect can also be described as a crystal structure that is not centro-symmetric. A
lack of centro-symmetry is only observed in 20 of the 32 known crystal classes.19,20
This directionality provides a means by which we can label the direction of polarity,
which by convention is given as the 3-direction (Figure 2.6). The directions 1-3 in
Figure 2.6 are

used to describe normal stresses imposed on the material, be it

Figure 2.6: Normal and shear stresses and their associated directions in a poled
piezoelectric ceramic
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electrical charge or mechanical strain. Directions 4-6 in Figure 2.6 are used to
describe the shear stresses applied to a material about the 1-3 axis, respectively.
Piezoelectricity is known as a third rank tensor, or there are 33=27 independent
components, which can be defined in the array:

d111
d121
d131

d112
d122
d132

d113
d123
d133

d211
d221
d231

d212
d222
d232

d213
d223
d233

d311
d321
d331

d312
d322
d332

d313
d323
d333

(2.1)

€

However, dijk is symmetric in j and k and the remaining 18 terms are given new
symbols using the tensor to matrix notation that states: 11=1, 22=2, 33=3, 23/32=4,
31/13=5, and 12/21=6.21 This results in the array given by equation 2.2.

d11

!

1
2

d16
d12

1
2
1
2

d15
d14
d13

d21

1
2

d26
d22

1
2
1
2

d25
d24
d23

d31

1
2

d36
d32

1
2
1
2

d35
d34
d33

(2. 2)

These new symbols can be combined into matrix form as seen in the left side

of equation 2.3. Additionally, in piezoelectric ceramics where the polarizations of the
crystals have been oriented in the same direction (poled samples), many components
of the matrix can be eliminated due to symmetry. For example crystal symmetries
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impose that d36 (shear stress about the polar axis) must be equal to 0, reducing the
matrix to 5 (right side of equation 2.3)

"d11
$
$d21
$#d31

!

d12
d22
d32

d13
d23
d33

d14
d24
d34

d15
d25
d35

d16 % " 0
' $
d26 ' = $ 0
d36 &' #$d31

0
0
d32

0
0
d33

0
d24
0

d15
0
0

0%
'
0'
0'&

(2. 3)

The next important feature to note is that, due to crystal symmetries, many of

the coefficients are equivalent (i.e. d31=d32 and d15 = d24). This further reduces the
matrix of 5 coefficients down to a mere 3 unique coefficients for a poled piezoelectric
material.15,20 Equation (2.4) shows the final set of piezoelectric coefficients:
"0
$
=$ 0
$#d31

0
0
d31

0
0
d33

0
d15
0

d15
0
0

0%
'
0'
0'&

(2. 4)

! Figure 2.6 we can describe these coefficients using the directions
Referring to

shown, where the first number in the dij system (i) refers to the direction of applied
electric field or induced polarization and the second number (j) refers to the direction
of observed mechanical strain induced from the applied field or the applied
mechanical stress. For example, the piezoelectric coefficient d31 would describe the
direct piezoelectric effect as an electrical field applied along the polar axis (3direction) and the induced mechanical strain orthogonal to the applied field (the 1-or 2
direction) or conversely the indirect piezoelectric effect of an applied strain in the 1-
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or 2- direction and the resulting electrical charge observed in the polar direction. The
three coefficients can be quantified for poled polycrystalline PZT with the relations
shown in Table 1.

Table 1: Direct and Indirect piezoelectric coefficients for poled polycrystalline PZT
Direct effect

Indirect effect

d33

induced polarization in the 3- dir
stress applied in the 3 - dir

induced strain in the 3 - dir
united Electric field applied in the 3- dir

! d31

induced polarization in the 3- dir
stress applied in the 1- !
dir

induced strain in the 1- dir
unit Electric field applied in the 3- dir

! d15

induced polarization in the 1- dir
shear stress about the 2 - dir
!

induced shear strain about the 2 - dir
unit Electric field applied in the 1- dir

!

!
The d33 coefficient is referred to as the direct piezoelectric coefficient and as

shown in Table 1, describes the induced polarization in the 3-direction per stress
applied in the 3-direction. The d coefficients above can be formalized by the equation:

 ∂D  E
dij =  i 
 ∂T j 

(2. 5)

Another commonly €
referred to coefficient is the e31, or transverse piezoelectric
coefficient. This coefficient describes the polarization in the 3-direction per strain
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applied in the orthogonal, 1- or 2-, direction. This value can also be formalized with
the following equation:

 ∂D  E
eij =  i 
 ∂S j 

(2. 6)

€
Where D is the electrical
charge desity displacement, or polarization, E is the
electric field strength, S is strain, and T is stress.
It is also desired to have a way of quantifying the efficiency of the
piezoelectric effect. For this, the electromechanical coupling factor k is used. The
electromechanical coupling factor is a measure of the fraction of electrical energy
applied that is converted to mechanical energy, or vice versa.19,22 The relationship is
given by equation 2.7

electrical energy converted to mechanical energy
k =
input electrical energy

(2. 7)

2

!

or

k2 =

mechanical energy converted to electric energy
input mechanical energy

The coupling factor k is always less than unity. Reported values range from 0.1
!
for quartz, up to 0.7 for PZT ceramic, and as high as 0.9 for Rochelle salt.19 Most of
the reported values are for single crystals, but much of piezoelectric research is
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performed on polycrystalline ceramics. Baerwald9 developed an estimation of the
fraction of single crystal polarization and distortion that can be achieved after poling a
randomly oriented bulk ceramic. (Table 2)

Table 2: Adapted from [9]
Crystal
symmetry
and
polar axis

Number
of
equivalent
directions

Fraction
of
single crystal
polarization

Fraction
of
single crystal
distortion

Tetragonal [001]

6

0.831

0.368

Orthorhombic [110]

12

0.912

Not calculated

Rhombohedral [111]

8

0.866

0.424

Clearly crystallographic orientation has a strong effect on achieving a high
fraction of single crystal polarization or distortion. The trend is for the crystal
symmetry with the highest number of equivalent polar axes (i.e. orthorhombic in this
case) to obtain the highest percent, which is due to a greater possibility of equivalent
directions being available for 180° switching. Having many equivalent axes eliminates
a change in shape and the addition of any internal stress that is often associated with
non-180° switching. It follows then, that an even greater percent of single crystal
polarization and distortion could be achieved by uniformity in the crystal lattice
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through structured orientation. One study reported 90% of single crystal polarization
achieved in a {100} oriented film.23
Two types of film orientations are considered, epitaxial and fibre texture. For a
film to be considered epitaxial the crystals must orient uniformly in plane, as well as
out of plane. The out of plane axis, the c-axis, is typically the primary axis of a crystal
structure and is the unique axis of symmetry in tetragonal cubic structures. The a-axis
is typically an in plane axis. As such, if a film has primarily c domains it has mostly
out of plane domains, where as a domains refer to domains in plane. If a film is only
oriented out of plane, it is considered to have fibre texture.

2.2.2. Domains
In a piezoelectric material which has spontaneous polarization, a surface
charge density will begin to form and as a consequence a depolarization field. As a
means to reduce the energy, twinning occurs, or the dividing up of a crystal into
oppositely polarized regions.22 Figure 2.7 shows a schematic of a spontaneously
polarized sample and the effect of twinning.
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Figure 2.7: Induced Depolarization field (ED) due to spontaneous polarization (PS)
(left) and resultant twinning to create 180° domains (right). Adapted from [22]

In Figure 2.7 the right figure demonstrates the development of c domains,
which orient out of plane from the substrate. If domains develop perpendicular to this,
or in plane, they are considered a domains.

2.2.3. Intrinsic effects
The piezoelectric effect can be broken down into the intrinsic and extrinsic
contribution and discerning the difference between the two has been extensively
studied.24 The intrinsic contributions to the piezoelectric (as well as dielectric)
responses originate from the responses of single domains. A simple model of the
effect can be seen in a metal-oxygen tetrahedral where the distortion of the structure
(i.e. pushing the central oxygen atom towards the basal triangle of metal atoms) results
in the creation of a dipole.25 The effect can also be demonstrated by looking at a single
PZT unit cell. (Figure 2.8)
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Figure 2.8: Schematic of the intrinsic piezoelectric effect in a perovskite type unit cell.

In the case of crystals showing spontaneous polarization, such as PZT, the
elementary dipoles are already ordered. In this case, the application of a stress will
lead to a change in the dipoles and a change in the observed polarization. The effect is
noted in Figure 2.8 as a reduction in the polarization dipole, which would lead to a
compensatory charge as suggested in section 2.2 Figure 2.4 and Figure 2.5. Upon
removal of the stress, the dipole polarization will return, fully, to its original state.
Thus, the intrinsic effect is notably a reversible effect.26

2.2.4. Extrinsic effects
The primary components of extrinsic contributions to the piezoelectric and
dielectric properties of PZT are phase boundary motion, domain wall oscillations,
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and180° domain wall motion, which has been shown to increase with increasing film
thickness.27
Xu et al.27 noted that the superior dielectric and piezoelectric properties of PZT
near the MPB could be attributed, in a large part, to the increased extrinsic
contributions to these properties. It is thought that the coexistence of both
rhombohedral and tetragonal domains provides for even greater freedom of domain
switching; 8 (111) domains from the rhombohedral symmetry as well as the 6 (001)
equivalent symmetries from the tetragonal structure. Domain wall oscillations were
shown to contribute extrinsically to the piezoelectric effect. These contributions are
often referred to as Rayleigh behavior. Also noted was the fact that low d33
coefficients can, conversely, be attributed to 180° domain wall pinning.
Additionally, a primary source for extrinsic piezoelectric contributions is the
motion of non-180° domain walls. However, little non-180° domain wall motion is
observed in piezoelectric films below 2 µm in thickness, thus it likely provides very
little extrinsic contribution to the piezoelectric coefficients in most thin film
emobidments.27 Domain wall motion and formation of new domains is considered an
irreversible effect, while domain vibrations desist with the removal of the field and
thus are a reversible effect.

2.2.5. Orientation Effects
Many authors have reported on the drastic enhancement in materials properties
at or near a morphotropic phase boundary composition (MPB).8,28 A MPB is described
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as a transition in structure as a function of chemical composition, which is not
temperature dependent. At the MPB both rhombohedral and tetragonal symmetries
have equivalent free energies. The presence of coexisting tetragonal and rhombohedral
crystal symmetries, provides 14 equivalent polarization directions in the perovskite
structure. These equivalent polarization directions result from the 6 {001}f-directions
in the tetragonal crystal, and the 8 {111}- directions in the rhombohedral crystal.
Figure 2.9 shows the equivalent polar domains for tetragonal and rhombohedral

Figure 2.9: Possible polar directions for the perovskite structure for a rhombohedral
distortion (left) with 8 equivalent <111> directions and tetragonal distortion (right)
with 6 equivalent <001> directions

crystal symmetries. This maximization of equivalent orientation directions as seen in
(001)-oriented PZT films (Table 2), results in maximum piezoelectric and ferroelectric
(or polarization) response in these films. Figure 2.10 shows the increased response in
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the effective piezoelectric transverse response (e31,f ) for {100}-oriented chemical
solution derived PZT films with the MPB composition.8
MPB

Figure 2.10: Plot of e31,f vs. PZT composition near the MPB. From [8] and [6]

In addition to piezoelectric properties being strongly influenced by orientation,
ferroelectric and dielectric properties are also affected. As mentioned in section 2.2.1,
Baerwald suggest that orientation via certain domains leads to a greater percent of the
single crystal polarization that can be achieved. Out of plane orientation due to poling
has also been shown to reduce the dielectric constant. 27 Studies showed that dielectric
constant, at room temperature, decreased as more a domains switched to c domains.29
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2.3. Dielectric Properties
In describing the properties of a dielectric material one must first take a look at
the structure of a capacitor. The most basic capacitor is made of a two parallel plates
separated by a dielectric. (Figure 2.11b) The voltage in the material across some

(a)

(b)

Figure 2.11: The equivalent circuit (a) of a real dielectric material between to parallel
metal plates (b) Adapted from [30]

distance d is determined by the integration over that distance of the electric field E,
which is assumed to be uniform across the sample. The electric field can also be
described as the charge density in the material divided by the permittivity, E=ρ/ε,
leading to:

V=

!

"

d
0

Edz =

"

d
0

#
dz
$

()
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As stated before, assuming field is uniform and knowing ρ=Q/A, we get the
simple relationship for voltage across our capacitor:

V=

"d Qd
=
#
#A

(2.4)

!
Permittivity, ε, in a material is a combination of the relative permittivity of the

material, ε’, and the permittivity of free space, εo. It follows then, that the capacitance
of a material between two parallel electrodes can be described by the equation:

C=

Q "' " 0 A
=
V
d

(2.5)

!
However, this equation assumes a perfect dielectric material in a static d.c.

field. If instead an alternating field is used to test the dielectric material, the current
induced will not reach a maxima and minima at the same time as the applied voltage –
it tends to lead in phase.30 Figure 2.11a shows the equivalent circuit for a “real”
dielectric, which consists of a capacitor and resistor in parallel. This results in the
permittivity of the material as having a real and imaginary component.

" = "re # i"im

(2.6)

! describe the dielectric loss by the quality factor, Q, where
From here we can
Q=εre/εim. More commonly, loss is referred to by the loss tangent:
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tan δ =

1 εim
=
Q εre

(2.7)

€
Another important material and device parameter is the dielectric constant. The

dielectric constant k is a unitless value that describes the ratio of charge stored in a
material between two electrodes to the charge stored in identical electrodes separated
by a vacuum. This value is also referred to as the relative dielectric permittivity:

k = " /" o

(2.8)

!

where ε is the permittivity in the material, given by equation 2.4, and the permittivity
of the vacuum, or permittivity of free space, is given by εo = 8.85 x 10-12 F/m.
There are numerous ways of obtaining tanδ and k, which are outlined in a
chapter in “Dielectrics” by Harrop30 covering a.c. measurement techniques. Additional
methods are also outlined by Scaiffe.31

2.4.

Stress and Strain
Thin film deposition processes often result in materials with unique

morphologies and stress and strain states, which must be considered. Stress is a
measure of the force per unit area imposed on a material, while strain is the measure of
change in shape of the object undergoing said stress.
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There are many ways in which stresses can arise in thin films.32 However the
largest factors are lattice mismatch and thermal expansion difference between the
substrate and the film (discussed for LNO in section 2.5.3). Figure 2.12 shows the two
primary results of lattice mismatch between substrate/seed layer and film. The first
image (Figure 2.12a) shows a film experiencing tensile stress, which results from
substrate lattice parameters being larger than the film lattice parameters. In contrast
(Figure 2.12b) shows a film experiencing compressive stress, which results from a
lattice mismatch of the seed layer lattice parameter being too small in comparison to
the film. This stress on the material effectively induces a polarization in-plane (Figure
2.12a) or out of plane (Figure 2.12b) due to the piezoelectric mechanisms described
earlier.
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(a)

(b)
Figure 2.12: Schematic of tensile (a) and compressive (b) effects on grain polarization
orientation.

Another critical component in the development of stress in thin films is the
thermal expansion difference between the film and the substrate. Films under tensile
stress while cooling due to unequal expansion coefficients between substrate and film
will develop in plane orientation while films undergoing compressive stress will
develop out of plane orientation as a means to relieve film stress.
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2.4.1. Effect of stress and strain on Ferroelectric, Dielectric, and Piezoelectric
properties
As described in section 2.2, the direct piezoelectric effect is the creation of an
electric polarization due to mechanical stress. As observed in Figure 2.12a and b,
depending on the type of induced strain, preferential polarization can occur either out
of plane or in-plane. Some researchers have taken advantage of this stress component
to aid in preferential orientation of films33 and others have taken advantage of the
enhanced properties which may result from a stressed film such as increased curie
temperature34, or enhanced static dielectric constants.35 However, additional stress can
result in defects as well as encourage film cracking as a way to relieve the strain and
may have detrimental effects on the film properties.

2.5. Materials
2.5.1. PZT
A primary material in piezoelectric ceramics research over the past several
decades is Pb(Zr,Ti)O3 (PZT). Its end-members, PbTiO3 (PT) and PbZrO3 (PZ), were
first reported to show ferroelectric properties in 1950.19 Later reports indicated that PZ
was, in fact, antiferroelectric. The solid solution of PZT was investigated shortly after
the discovery of its end-members ferroelectric properties. The outstanding
piezoelectric properties, now well know to PZT, were revealed soon there after.36 High
remnant polarizations, low coercive fields, high piezoelectric coefficients, and a wide
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range of additional promising material properties makes PZT ideally suited for
application in MEMS devices.6,37
The phase diagram of PZT is shown in Figure 2.13. A noted feature is the
presence of a transition from a rhombohedral crystal structure to a tetragonal crystal
structure at a Zr:Ti ratio of approximately 53:47. This transition is nearly temperature
independent up to the Curie temperature Tc = 350 °C, at which point the material
transitions to cubic. This boundary is also known as a morphotropic phase boundary
(MPB) and the effect of coexistent phases as well as the distortion of the B site cation
away from center (Figure 2.2) is shown to enhance many of the ferroelectric,
dielectric, and piezoelectric properties of PZT.

Figure 2.13: PbTiO3 – PbZrO3 binary phase diagram. From [38]
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2.5.2. PbTiO3
A commonly used PZT seed layer is PbTiO3 (PT). This type of bottom layer has
an advantage in that it is easily deposited and orients wtih a (001)-texture on
Pt/SiO2/Si substrates. PZT then will deposit (001)-orientation on top of the PT.
However, there are a few strong disadvantages. First, PT is itself a ferroelectric
ceramic and this system has the effect of acting as two capacitors in series as electrical
testing is done on the PZT/PT capacitor. As discussed in section 2.3, a real capacitor
acts as an ideal capacitor and resistor in parallel.

This leads to a loss, which

corresponds to the resistance of the capacitor. When there are two resistors in series
the effect of the loss is compounded, which can result in lossy hysteresis and increased
potential for fatigue. Additionally, there is a necessity for a separate bottom electrode
as PT is non-conducting.

2.5.3. LNO
In this thesis, metal oxide LaNiO3 (LNO) will be used as an alternative seed
layer for PZT films over the more traditional PT. Many seed layers have been
investigated as a means of controlling the texture in PZT thin films including PbTiO3
(PT), (200)-oriented Pt,, and metal oxides such as SrRuO3, RuO2, Sn-doped In2O3, and
LNO.6,14,37,39 When used as a bottom electrode, conductive metal oxides have been
shown to reduce the electrical fatigue in PZT thin films for NV-RAM applications.
LNO not only functions as a bottom electrode, but demonstrates excellent
lattice matching to PZT; the in-plane lattice parameter for LNO is reported to be 3.84
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Å40 to 3.90441 as compared to 4.04 Å in PZT.42 Another factor that contributes to the
stress in PZT films is the thermal expansion coefficient. Wang et al. reported a
thermal expansion coefficient for LNO/Si of 2.618 x 10-6 /°C and 4.4 x 10-6 /°C at
room temperature and 650 °C, respectively. PZT has thermal expansion coefficients
of 2 x 10-6/ °C and 9 x 10-6 /°C at room temperature and greater than 350 °C,
respectively. This results in a thermal strain of 0.132% upon cooling the sample and
also results in an induced tensile stress in the PZT film. As a means of relieving tensile
stress, a film will orient with the a-domain structure, or the primary axis of the crystal
structure is parallel to the substrate. For PZT, this configuration relates to (001)oriented domains.
A (100)-textured LNO seed layer leads to excellent (100)/(001) texturing in the
PZT and thus minimal tensile and compressive stress between the substrate and film
layers. Successful chemical solution derived (100) LNO thin films deposited on Si
wafers were achieved by Miyake et al. showing excellent texture control as well as
low resistivity values. 12
An additional benefit of LNO as a seeding layer is its demonstrated dual
functionality as a template layer and bottom electrode, eliminating the need for an
additional layer as well as elimination of an etching step to prepare the final device
structure. A final benefit of LNO is the demonstrated benefits of metal-oxide bottom
electrodes in thin film switching fatigue resistance.11 In studies conducted on the
effects of such electrodes it was conjectured that the oxygen gettering abilities of the
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metal-oxide electrodes is what most significantly contributes to the observed reduction
in remnant polarization loss (the primary indicator of fatigue).

2.6.

MEMS Review
One of the primary applications of piezoelectric ceramics (especially PZT) is

piezoelectric-based microelectromechanical systems (piezo-MEMS). MEMS are
miniature systems made of devices or arrays of devices combining multiple
components like sensors, actuators and transducers, utilizing an integrated circuit (IC)
batch processing technique.43 The range of applications for MEMS devices is as vast
as the materials used and the functionalities derived.
Current MEMS applications include chemical microsensors4, microactuators1,
magnetorestrictive based micropumps and pressure sensors44, and much more.43
Piezoelectrics provide an improvement over thermally or magnetically driven
actuation devices, which typically require high power and may be sluggish, by
utilizing the piezoelectric effect to impose large displacements with low power, low
voltages, and low hysteresis. Also, as sensors, no external power is required and
piezoelectric sensing devices may even be utilized as a power source while sensing
capabilities are not required.8

2.6.1. Poling/Imprinting
Poling of a ferroelectric sample is achieved via the alignment with an external
electric field of the electrostatic charge domains in ferroelectric ceramics.

45

The
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effects of static (dc) poling are to reorient a-domains to c-domains which increases the
quantity of 180° switchable domains and consequently leads to increased ferroelectric
and piezoelectric responses.27,28 It is important to note that poling does not reorient the
grains, but rather is a means of reorienting domains within individual grains in the
direction of the applied field. However, poling is not yet fully understood in all of its
complexity involving charge injection, defect dipole alignment, and defect migration.2
The idea of locking a domain configuration is known as imprinting, and is very
similar to creating a poled sample, but may inhibit switching. Imprinting is the
tendency of a ferroelectric device to develop a preferential state under certain
conditions, including prolonged storage at the same state or many repolings into the
same state. This effect is an issue seen in ferroelectric memory devices and may
negatively impact their rewrite capabilities.28 There are a few ways of achieving
imprinting. One method involves the illumination of a sample with ultraviolet light
while applying an electric field. This has been shown to have the effect of shifting the
polarization electric field hysteresis loop.46 A second method for imprinting involves
heating the sample to create defect alignment and thus an internal field results, which
stabilizes a particular domain configuration.

2.6.2. Fatigue
Fatigue is defined as the failure of a component after prolonged exposure to a
stress significantly less than the stress that would produce immediate failure (static
fatigue). It also refers to the failure of a device after repeated cyclic stresses at levels
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below the immediate failure stress (dynamic fatigue).45 In practice, fatigue is seen in
devices such as ferroelectric memory (FRAM) and actuators, where the functionality
of the device is based on its ability to switch between positive and negative
polarizations. The ability of such a device to withstand certain levels of fatigue is
commonly referred to as fatigue endurance.
It has recently been shown that a major contributing factor toward fatigue in
PZT thin films is the electrode configuration.10 It has also been demonstrated that two
primary factors in minimizing fatigue are the use of symmetric top and bottom
electrodes39,47 as well as metal-oxide electrodes. Symmetric top and bottom electrodes
refer to using the same material for both cases. Metal-oxide electrodes, as previously
mentioned in chapter 2.1.2, reduce fatigue affects, which are likely due to their
abilities as oxygen getters.12

2.6.2.1. Bipolar Fatigue
Ferroelectric and piezoelectric ceramics have long been subjected to fatigue
testing to evaluate long term device behavior. The most common type of fatigue
cycling utilized to evaluate material endurance behavior is of a bipolar nature. Figure
2.14 shows a schematic of the pulse cycling applied during bipolar fatigue. Typical
stress values are ±2Ec and pulse widths ranging from 2ms to 0.1ms (or cycle
frequencies of 500Hz to 10kHz). Couere et al. evaluated the fatigue of ferroelectric
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YMnO3 bulk ceramic in 1968 and noted the strong correlation between fatigue rates
and sample thickness, nature of the electrodes, duration of the pulses, and field
strength.48

Figure 2.14: Schematic of bipolar fatigue cycling used. Pulse widths range from 2ms
down to 0.1ms, or 500Hz to 10kHz cycling frequencies.

2.6.2.2. Unipolar Fatigue
With the advent of non-volatile memories (NVRAM) and certain actuator
types which utilize an “on/off” style cycling with a zero/+ waveform instead of a +/one, unipolar fatigue may be more relevant in these device applications than the more
traditional bipolar fatigue. This is a result of device design and operation in such
applications as ink jet print heads (Figure 2.15). Piezoelectric ink jet print heads
function by applying a voltage bias to induce a change in films shape and the creation
of a pressure pulse. This pulse expels the ink. The bias is removed allowing the ink to
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refill the chamber before another pulse is initiated. Additionally, unipolar fatigue is
shown to be less impactful and thus is a better estimate of device reliability and
endurance.46,49

Figure 2.15: Schematic of one application for a device driven by a unipolar field.
From Muralt, et al. [5]

Unipolar fatigue is performed by cycling the film from 0 to 2Ec. (Figure 2.16)
Lou et al. performed a comparative analysis of the effects of bipolar versus unipolar
fatigue in PZT thin films.49 They demonstrated a strong reduction in the loss of
remnant polarization after 109 cycles observed during unipolar fatigue testing as
compared to the samples fatigued under a bipolar field. Alternatively, Polcawich and
McKinstry showed no loss to remnant polarization after 109 cycles but rather a shift in
the polarization hysteresis loop toward an increased negative coercive field.46 This
observed effect mimics the thermal imprinting, discussed in section 2.6.1.
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Figure 2.16: Schematic of unipolar fatigue cycling. Performed at 2Ec and 1ms pulse
widths (or a 1kHz frequency).
2.7.

Chemical Solution Deposition (CSD)
In this thesis, chemical solution deposition (CSD) routes were used to create

the LNO and PT buffer/seed layers for the sputter deposited PZT. Processing modeled
after Miyaki for LNO12 and Toyoda for PT50 will be outlined in chapter 3. Often the
term sol-gel is used for a specific type of CSD, which requires the use of organic
solvents, the creation of a precursor solution using either metallic salts or alkoxides,
and the formation of a “gel” after passing through what is referred to as the “gelpoint”.
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The gel point is essentially the point at which a solution transitions from a

viscous liquid to a solid-like phase called the gel phase. Figure 2.17 shows a schematic
of solution processing and the corresponding state of the solution/gel. Sols and gels
have been around naturally for a very long time, some common examples being blood
and milk. The oldest sols produced in a lab were created in 1853 by Faraday.52
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Figure 2.17: Outline of chemical solution deposition process and corresponding
ceramic state. Adapted from [53]
*LNO processing requires an intermediate short crystallization step between each spin
coat layer
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Pierre51 gives an excellent definition of sols, gel, and gelation. Sols are defined
as a stable suspension of colloidal solid particles with in a liquid. Gels can be
described as a porous 3-dimensionally interconnected solid network that stably
extends throughout a liquid medium. And finally, gelation is the process by which a
homogenously dispersed sol rigidifies and passes through the gel point.
A common sol-gel method used in the production of, for example, LNO is to
utilize a 2-methoxyethanol (2-MOE) solvent. The formation of transition metal oxide
gels involves hydrolysis, condensation (also called olation), oxolation, and gelation.54
The process of hydrolysis is shown in equation 2.9 below:

M(OR) x + H 2O " M(OH)(OR) x#1 + ROH

(2.9)

! hydrolysis, alkoxy groups (OR) are replaced by hydroxo ligands (OH)
During
or oxygen ligands (O). The next step in the sol-gel process is condensation, olation or
oxolation in the case of metal salt solutions, which results in the release of either
alcohol (equation 2.10) or water (equation 2.11):

!

!

M(OH)(OR) x"1 # M 2O + ROH

(2.10)

M(OH)(OR) x"1 # M 2O + H 2O

(2.11)
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The first case involving the transfer of an H to an OR ligand, and the second
involving the transfer of an H to an OH group. Important in this step is the formation
of the M—O—M “oxo” bridge. The use of a non-aqueous solvent to begin the
hydrolysis and condensation process, such as 2-methoxyethanol (2-MOE), is a
common practice and the exchange of alcohol groups (from an alkoxy group-OR to a
methoxyehtyl group-OR’) creates more stable precursors for the above chemistry:

M(OR) x + xR'(OH) " M(OR') x + xROH

(2.12)

!
Where, in the case of LNO and PT solution, R’ is the methoxyethyl group
C3H8O2. Narula54, Pierre51, and Hodes53 outline various chemistries for different solgel and CSD precursor materials and processes.

2.8.

Physical Vapor Deposition Techniques
Physical vapor deposition or PVD is a method of film deposition in which

films are deposited by highly physical means in a vacuum environment.55 Two types
of PVD will be discussed below, RF-magnetron sputter deposition and thermal
evaporation. The basics of deposition can be broken down into four stages: 1)
formation of the vapor, 2) transport of atoms or molecules to a substrate, 3) deposition
on the substrate, and 4) nucleation and growth of films on the substrate. The first three
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will be covered for both of the techniques in the two subsections, the fourth will be
covered in the chapter on nucleation and growth as it deals most with post deposition
processes.

2.8.1. Review of Sputter Deposition
There are few types of plasma sputter methods commonly employed for thin
film deposition. One method is DC sputtering, also referred to as diode or cathodic
sputtering. This method of deposition utilizes a direct bias voltage on the target to
excite the plasma. A schematic of the glow discharge for such a system is shown in
Figure 2.18a. This type of sputtering is useful for metal targets, but due to high
resistivities (greater that 106 Ω-cm) in insulating materials, impossibly large voltages
are required. These high voltages lead to the extinguishing of the discharge in DC
sputtering.56
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(a)

(b)
Figure 2.18: Plasma glow discharge(a) and the corresponding potential (b) in an RF
sputter deposition system. Adapted from [55] and [56]

An alternative form of sputtering is AC sputtering. This method of sputter
deposition utilizes an alternating field. At the range of 60Hz (audio frequency) and
tens of MHz (low frequency RF), ions are mobile enough to discharge at electrodes
during every half cycle. Additionally, at radio frequencies, voltage is coupled through
impedance so that the electrodes do not have to be conductors as in DC sputtering, but
rather, it can be any material regardless of resistivity.56 Figure 2.19 shows a schematic
of a DC and RF sputter configuration.
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(a)

(b)

Figure 2.19: Schematic of DC (a) and RF (b) sputter systems. Adapted from [56]

Once the plasma is ignited, ions in the plasma are attracted to the magnetron
target via the cathode sheath. The term sheath refers to the area of a negative floating
potential Vf compared to the plasma potential Vp (see Figure 2.18b). At low pressures
(i.e. few collisions are occurring) a free-fall model of current density j of ions through
the sheath, or the Child-Langmuir equation, is valid:

1

4" $ 2q ' 2 3
j = o2 # & ) V 2
9ds % m (

!

(2. 8)

44
where V is the applied voltage across the sheath thickness ds, and ξo is the field
amplitude (ξo = 11.5 V/cm for Ar at a radio frequency of 13.56 MHz).
Next, to determine the flux of target atoms across the chamber to the substrate,
we must determine a parameter known as the sputter yield S. Where S is given as the
number of sputtered atoms per incident particle. Sigmund theory gives S as a function
of two terms,

(2. 9)

S = "FD ( E )

!
where Λ is a materials constant and can be approximated to 0.042/NUs (Å/eV) at

energies above 1 keV. The term FD=αNSn(E), resulting in,

S=

0.042"Sn ( E )
Us

(2. 10)

!
with α being a function of the incident ion mass, the target particle, and the angle of
impact, but usually resides around 0.3, Sn(E) is defined as the nuclear stopping power,
and Us is the binding energy of particles to the surface. Typical observed values of
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sputter yield for PZT are S = 0.25 - 0.30 metal-oxides/ion.57 Combining this rate with
the flux in equation 2.8 we can extract the theoretical deposition rate, given by
equation 2.11

"=S# j

(2. 11)

!

2.8.2. Evaporation
Another type of physical vapor deposition is evaporation. A sub category of
evaporation, commonly use for metal electrode deposition, is thermal evaporation.
This technique of thin film deposition involves the vaporization of a material and the
momentum of the gas particles created moves them across the chamber to be deposited
on the substrate. Figure 2.20 shows a basic schematic of a vacuum evaporation system
using a resistive boat to thermally vaporize the deposition material.
This method of deposition is most commonly used to deposit metallic
materials on to thin films via a shadow masking technique. Due to the low energy in
this type of deposition, adhesion can become an issue. If adhesion is not ideal
delamination of the electrodes can occur. In the case of fatigue, this leads to artificial
apparent fatigue.

More detailed information on various set ups and evaporation

sources can be found in Ohring56.
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Figure 2.20: Schematic of thermal evaporation system
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2.9.

Nucleation and Growth (Rate processes review)
In thin film growth, the growth process is governed by heterogeneous

nucleation2, or the formation of a new phase on the surface of another material. First
we assume growth of a species in the vapor phase (which is the case in PVD
processes). When the vapor particles impinge on the surface they form a cap which
results in a decrease of the Gibbs free energy and an increase in the surface or
interface energy.58 Figure 2.21 shows a schematic of the heterogeneous nucleation cap
formed on the planar surface of the deposition substrate.

Figure 2.21: Schematic of heterogeneous nucleation. From [58]

The equation for the change in the Gibbs free energy is given by:

"Ghet = #Vsr 3"Gs + Avf r 2$ vf + A fsr 2$ fs # A fsr 2$ sv

!
where Vsr3 is the volume of the cap where V is given by:

(2. 12)
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V = 3" (2 # 3cos $ + cos2 $ )

(2. 13)

!
ΔGV is the change in Gibbs free energy per unit volume, γvf γfs and γsv correspond to
the surface or interface energy of vapor-nucleus, nucleus-substrate, and substratevapor interfaces, and A corresponds to the area of these interfaces which can be given
by the following equations:
Avf = 2" (1# cos$ )

(2. 14)

A fs = (" sin 2 $ )

!
where θ is the contact angle. All three equations of area can be derived via geometry

taken from Figure 2.21.
In heterogeneous nucleation, a stable nucleus is only formed when the size is
larger than the critical nucleus size with radius given by r*:

"2(Avf # vf + A fs# fs " A fs# sv ) 3
r* =
3V$Gv

(2. 15)

!
and the critical barrier energy is given by:

"G* =

!

4(Avf # vf + A fs# fs $ A fs# sv ) 3
27V 2"Gv

(2. 16)
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Substituting in the geometric constants from above we get the following r* and ΔG*
equations:

r* =

2"# vf
$GV

( sin 2 % & cos % + 2cos% ' 2 +
)
,
3
* 2 ' 3cos % + cos % -

(2. 17)

( 16"# vf +( 2 ' 3cos% + cos 3 % +
$G* = )
,)
,
2
4
* 3($GV ) -*

!
Where the first term of the critical energy barrier equation is the critical energy barrier
for homogeneous nucleation and the second term corresponds to what is called a
wetting factor. The wetting factor corresponds to the contact angle seen in Figure 2.21;
180° contact angle corresponding to wetting factor of 1 or no wetting at all and 0°
contact angle corresponding to a wetting factor of zero, or no energy barrier for the
formation of the new phase.58,59
With ex-situ deposition, the final crystal structure is formed after the
agglomerate is deposited, during an annealing step. During deposition films grow in
what is called “quenched growth” and likely take on a Zone T microstructure.56 This
structure formation is found when the reduced temperature of the deposition
temperature (Ts/Tm where Ts is the sputter deposition temperature and Tm is the
melting temperature of the materials) is between 0.4 and 0.5 for depositions at 30
mTorr. This results in a film structure, which consists of fibrous, dense, needle-like
grains.
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3. Experimental
3.1. Substrates, CSD and crystallization
Two different substrate/seed layer combinations were chosen to study both
texture control and various fatigue effects for the RF Magnetron ex-situ sputter
deposited PZT films. These effects include Pmax degradation, increased loss, decreased
dielectric permittivities, and shifts in the polarization versus electric field hysteresis
loops. Film seed layers were derived via CSD methods and spin coated onto either
thermal oxide/Si wafer or a Pt sputtered coated Si wafer (tOx-SiO2/Si or
Pt/TiOx/SiO2/Si).

3.1.1. PbTiO3/Pt/Ti/SiO2/Si
For the PZT on PbTiO3 (PT) seeding layer a sputter deposited Pt/TiOx/SiO2/Si
wafer was chosen. In this case the Pt acts as a bottom electrode to the PZT/PT system
as well as aiding in the growth of (001)-texture PT seeding layer. The TiOx layer is
used as the adhesion layer for the Pt.
PT seed layer was derived via a CSD method. A solution consisting of 2Methoxyethanol, Ti-isoprepoxide, and Pb-acetate was used to form a 20 Mol% excess
Pb solution. This solution was spin coated on to the Pt/Si using a filtered syringe
dropper at 3000 rpm for 30 seconds. The solution was then dried at 350 °C for 5
minutes. A total of 2-layers of PT were deposited, which was demonstrated to be the
optimum number of layers for the development of (001)-texture in the seeding layer.
This was followed by a thermal anneal in air for 30 minutes at 700 °C.
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PZT was then sputter deposited onto the PT/Pt/Si substrates at 60 mTorr, 100
W, and 6.5 cm target to substrate distance. Sputter deposition times ranged from 15 to
150 minutes resulting in PZT film thicknesses of 90 nm to 1270 nm as evaluated by
spectroscopic ellipsometry. Post deposition anneal in O2 was performed on these films
at 750 °C for 15, 30, or 45 minutes depending on the thickness. Preliminary
exploratory investigations of anneal conditions showed that films above 500 nm in
thickness (or approximately 60 minutes or greater deposition times) achieved a greater
level of texture development from 30 minute O2 anneal times and films about 1µm in
thickness (or 120 minutes or greater deposition times) benefited from 45 minute
anneal times, thus achieving maximum crystallization and texture control.

3.1.2. LaNiO3/SiO2/Si
For the PZT on LNO seeding layer a thermal oxide SiO2/Si wafer with (100)
orientation and a 14 to 20 nm thermal oxide layer (as observed via spectroscopic
ellipsometry) was chosen. In this case there is no need for a Pt layer as the LNO acts
as a dual functional layer, being both a seeding layer for PZT and a bottom electrode.
Additionally, the strong (111) texture in Pt was shown to be a large deterrent to the
development of a (100)-texture in the LNO.
The LNO seed layer was derived via CSD from a method adapted by Miyake
et al.12 Lanthanum Nitrate, La(NO3)36H2O, was added to 9 mL of 2-methoxyethanol
ACS 99.3+% followed by 1mL of monoethanolamine and Nickel Acetate,
(CH3CO2)2Ni4H2O. The final solution had a 1:1 molar ratio of Nickel Acetate and
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Lanthanum Nitrate with a molarity of 0.2 M LNO. This solution was then filtered
through Fisherbrand grade Q5 filter paper and spin coated at 3000 rpm for 30 seconds.
Following spin coating the solution was dried at 500 °C for 1 minute and crystallized
on a pre-heated ceramic tray in air at 700 °C for 1 minute. Two layers of LNO were
deposited in this fashion followed by a 2.5 hour thermal anneal in O2 at 750 °C.
PZT was sputter deposited in the same manner as for the PZT/PT system
above. Post deposition anneal conditions were also done in the same manner. This
resulted in film thicknesses of 87 nm to 1200 nm as evaluated via spectroscopic
ellipsometry.

3.2. PVD deposited PZT
As a critical component of this thesis is texture control of the final PZT layer
on both the PT and LNO seed layers, a design of experiments (DOE) was performed
to optimize the sputter deposition and post-deposition annealing conditions. This
preliminary investigation study consisted of 18 samples for each of the substrate types
utilizing two L9 arrays for parameter variation for first deposition conditions (power,
pressure, distance, and time) and second for post-deposition annealing conditions
(time and temperature). These studies are discussed further in chapter 5.
Final results suggested sputter parameters of a PZT (52/48) target at 60 mTorr,
100 W and a target to substrate distance of 6.5 cm. Additionally, the analysis of post
deposition anneal conditions indicated a post anneal in O2 at 700 °C for PZT on LNO
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and 750 °C for PZT on PT at 15, 30, or 45 minutes, as discussed previously, in order
to achieve maximum crystallization and orientation control.
Initial fatigue tests on these samples showed low fatigue resistance in very thin
and very thick films. As a result of this, a two-step PVD deposition technique was
adapted, with the aim of correcting this effect. For these films a very thin (less than
100 nm) layer of PZT was sputter deposited on to the substrate. The thin layer was
annealed, followed by additional deposition of PZT to achieve the desired thickness
and a final anneal. Films were deposited under the same optimum conditions found
through the DOE as well as under went the same final anneal conditions.

3.3. Film Characterization Techniques
Films texture and orientation was characterized using a Bruker D8 Discover Xray diffractometer with CuKα radiation for all x-ray diffraction (XRD) θ-2θ and
rocking curve data. This is discussed in chapter 4. Film thicknesses were characterized
via Spectroscopic Ellipsometry depth profiling, discussed in chapter 5.1. Surface
morphology was characterized via Atomic Force Microscopy (AFM) imaging and is
presented in chapter 5.2. Resistivities of LNO were analyzed using a four-point probe
measurement system.
The ferroelectric properties of the PZT films were taken via polarization versus
electric field hysteresis loops performed on a Radiant RT66B system with external
field amplifier. Dielectric properties including loss tangent (tan δ) and dielectric
permittivity (k) were taken using an HP 4192 LCR meter (chapter 5.3). The Radiant
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RT66B plus external field amplifier system was also used to characterize the film
fatigue at up to 108 cycles (chapter 6). The electrical testing of the samples followed
the flow chart in Figure 3. 1.

Figure 3. 1: Flow chart of ferroelectric, dielectric, and loss data collection
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4. Crystallographic Texture Control
X-ray diffraction (XRD) θ-2θ and rocking curve measurements were
completed on all LNO samples in order to ensure achievement of (100)-textured films,
as well as on most PT films to ensure sample to sample consistency and the
achievement of the requisite (001) texture.

4.1. LNO
In CSD many factors play into the development and the control of
crystallographic orientation. First, the substrate plays a critical and often over looked
role as described in the previous chapter. Second, the precursor solutions
(methoxyehtanol, monoethanolamine, and acetic acid) are shown to have a large
impact on the final film orientation. And finally, heat treatment and annealing
conditions further impact the final crystallographic texture observed in CSD thin
films.
For LNO deposition, two basic routes have been demonstrated; one using
acetic acid as a solvent and another using methoxyenthanol. As methoxyethanol is
teratogenic, the use of acetic acid is often preferred. Meng et al. demonstrated the use
of acetic acid based LNO and the derived (100)-texture.60 Upon implementing this
technique on a Pt/Ti/SiO2/Si and thermally oxidized SiO2 substrates, repeated trials
showed undesirable (110)-texture development. Figure 4.1 shows an example of films
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deposited on each substrate. The PZT subsequently deposited above showed randomly
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Figure 4.1: Acetic Acid based LNO solution on Pt/Si wafers. Shows significant (110)
crystallographic texture. LNO on thermal oxide SiO2 (bottom) and LNO on
Pt/TiO/SiO2/Si

Returning to the methoxyethanol solvent method, a decrease of the (110) peak
intensity was observed, with the (100) peak completely disappearing (Figure 4.2).
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Finally, with the addition of monoethanolamine (MEA), as suggested by Miyaki et
al.,12 a transition towards (100)-texture was observed (Figure 4.3). The use of MEA
works to prevent stable formation of NiO prior to LNO formation by retarding the
decomposition of the nickel-acetate compound.

However, a small (110) peak
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Figure 4.2: Methoxyethanol based LNO solution on Pt/Si wafer. Showing no (100)texture
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Figure 4.3: Methoxyethanol and MEA based LNO solution on Pt/Si wafer. Shows
improved (100)-texture with (110) peak still present.

Noting that the use of the Pt/TiO/SiO2/Si substrate was likely inhibiting the
development of (100)-texture in the LNO, the substrate was exchanged for a thermally
oxidized SiO2/Si wafer with approximately 14 to 20 nm of thermally grown SiO2. This
resulted in a dramatic reduction in the (110) peak, and often purely (100)-textured
LNO as seen in Figure 4.4. However, the texture developed was weak with low peak
intensity and rocking curve FWHM values on the order of 6°. Additionally, following
the suggestion of the work by Miyaki et al, the addition of an intermediate short

59
crystallization step on a preheated ceramic resulted in a purely (100)-textured LNO
film, shown in Figure 4.5. Heating the ceramic before annealing creates a thermal
gradient across the sample so that the film is first heated at the substrate film interface.
Heating from the bottom results in the nucleation of LNO grains first at the substrate
surface. Miyake et al. go on to suggest that the (100)-plane of the LNO has the
smallest surface energy and thus is most likely to grow in this orientation along the
surface of the substrate. A comparison of the transition from non-oriented to fully
oriented LNO films is shown in Figure 4.7 as well as the development of a rocking
curve peak shown in Figure 4.8.
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Figure 4.4: Methoxyethanol and MEA based LNO solution on thermal oxide SiO2/Si
wafer. Shows weakly (100)-textured LNO. 2n Si (400) and LNO (110) peak located at
33°.
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Figure 4.5: Introduction of hot ceramic crystallization step to the methoxyethanol
MEA based LNO solution on thermal oxide SiO2/Si wafer. Shows enhancement of
pure (100)-textured LNO.

The resulting fully textured films demonstrated typical full width at half
maximums (FWHM) of 4.5° indicating excellent out of plane (100) crystallographic
texture control. The final CSD process implemented is shown in Figure 4.6. A
comparison of XRD scans for 1 to 5 layers of LNO is shown in Figure 4.7 with a plot
of the change in FWHM and film rocking curves is shown in Figure 4.8.
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Figure 4.6: Final LNO process implemented in PZT on LNO system.
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Figure 4.7: Development of the (110) peak in LNO seed layer with increasing film
thickness
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Figure 4.8: Improvement in LNO (200) rocking curve with increasing film thickness.
Optimum film chosen is 2 layers of LNO for reduced FWHM value and no (110)
peak.
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Note in Figure 4.7 the peak development at 3 through 5 layers. The LNO (110)
is located at 33.1° (4 and 5 layer samples) and the 2n Si (400) peak is located at 32.9°
(3 layer sample). The close proximity of these two peaks makes ensuring achievement
of pure (100)-textured LNO difficult as strain effects can also shift the location of the
peak slightly. The sharpness, or broadness of the peak is the primary indicator of LNO
(110) versus 2n Si (400). Higher order reflections show as sharp peaks (3 layers)
versus standard XRD crystal peaks, which have a broader characteristic shape (4 and 5
layers). Figure 4.9 best shows the difference in the two peaks for a LNO film. The
difference between PZT (110) and the 2n Si (400) peak is much more significant and
will be shown later.
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Figure 4.9: Difference between the LNO (110) peak (black), and the 2n Si (400) peak
(red)

To ensure adequate function as not only a seed layer, but also as a bottom
electrode, LNO films must exhibit low resistivities. Four-point probe measurements
indicated a resistivity of 63.9 µΩ-cm for a 2-layer LNO film, approximately 50 nm in
thickness. This value is consistent with other reported values.12,39,41,61 Figure 4. 10
depicts a comparison of resistivity versus number of LNO layers.

67

200

Resistivity µ!-cm

150

100

50

0

0

1

2

3

4

5

6

Layers of LNO
Figure 4. 10: LNO resistivity versus layers of CSD deposited LNO

4.2. PT
The use of 2-methoxyethanol, Ti-isopropoxide, and Pb-acetate in the
development of CSD PT thin films has been well established.13,50,62 This PT solution
grows on Pt/Ti/SiO2/Si substrates with strong (001)-texture, which PZT (001) easily
patterns from. Figure 4.11 shows the x-ray diffraction pattern of the PT seed layer. It
is observed that PT seed layers promote a lower FWHM value in the PZT films,
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correlating to greater out of plane texture control in the sputter deposited PZT films
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Figure 4.11: 2θ XRD scan of CSD derive PT on Pt/TiOx/SiO2/Si substrate
4.3. Texture control of PZT
XRD θ-2θ and rocking curves were performed on all PZT samples to observe
phase development, orientation, and texture control. A Bruker D8 Discover with
CuKα radiation was used for all XRD scans. While the primary factor in the observed
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texture of sputter deposited films is seed layer, other factors such as sputtering
conditions and post sputtering annealing conditions play additional roles.
When sputter depositing a film there are a few primary parameters that can be
controlled during a deposition. These include: power, pressure, distance, and time.
Power is given in Watts and is the power given to the gun to excite and maintain the
plasma. Pressure is the partial pressure of Ar gas in the chamber which makes up the
plasma. Distance is the distance between the target and the substrate. Time is simply
the deposition time.
In order to optimize a system for desired properties (in this case minimizing
FWHM values while maintaining single phase development) with four different
parameters and three different levels for each parameter the number of runs required
becomes prohibitively large. For the case mentioned, every possible trial would make
up an experimental set of 81 runs. However, with the use of a design of experiments
(DOE) L9 array, strategic varying of parameter levels reduces the experimental trials
down to nine. The nine experiments are shown in Table 3.
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Table 3: DOE experiments and parameters
DOE # P1

P2

P3

P4

1 50 W

5.5 cm

20 mTorr

60 min

2 50 W

6.5 cm

40 mTorr

120 min

3 50 W

7.5 cm

60 mTorr

180 min

4 75 W

5.5 cm

40 mTorr

180 min

5 75 W

6.5 cm

60 mTorr

60 min

6 75 W

7.5 cm

20 mTorr

120 min

7 100 W

5.5 cm

60 mTorr

120 min

8 100 W

6.5 cm

20 mTorr

180 min

9 100 W

7.5 cm

40 mTorr

60 min

After depositing these films, all were subjected to a standard 30 minute post
deposition anneal in O2 at 750 °C. After which, θ-2θ XRD scans, rocking curves, and
dielectric data were obtained to evaluate the orientation as well as device performance.
The data regarding the FWHM rocking curve values was compiled for each seed layer
type into an ANOVA table (ANalysis Of VAriance) shown in Table 4 for PZT on
LNO and Table 5 for PZT on PT.
Table 4: ANOVA table for PZT on LNO
Factor S

df

V

F

P1 0.0399

2

0.0199

0

P2 0.0174

2

0.00870

0

P3 0.142

2

0.0713

4.97

P4 0.108

2

0.0539

3.76

Error 0.0573

4

0.0143
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Table 5: ANOVA table for PZT on PT
Factor S

df

V

F

P1 0.194

2

0.0971

0

P2 0.304

2

0.152

1.72

P3 1.172

2

0.586

6.633

P4 0.159

2

0.0796

0

Error 0.353

4

0.0884

Where S is the standard deviation of FWHM value given for each parameter
(or factor) , df is the degrees of freedom of each factor, V is the variance in outcome
of a specific factor, and the F value indicates the level of statistical relevance of that
parameter. Small F values indicate little or no statistical relevance in the observed
variance. For PZT deposited on both PT and LNO the primary factor in FWHM value
is the P3 factor, or the deposition pressure. This is likely due to the fact that power
affects the deposition rate more than film morphology. The distance component was
likely not varied strongly enough given the other test parameters.
ANOVA tables are helpful in identifying significant and non-significant
factors, but to optimize the system it is important to look at how a change in each
parameter is affecting the ultimate outcome. This is accomplished by looking at the
“gain” which is given by evaluating the slope of change due to increasing or
decreasing a parameter at a set interval (i.e. changing pressure from 20 to 40 to
60 mTorr). Gain data can be graphically interpreted, as in Figure 4.12, where large
values indicate most significant change due to a parameter; negative meaning
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increasing parameter negatively effects the desired out come and positive meaning
increasing a parameter positively effects the desired out come. Note that the blue bars
mimic the data shown in the ANOVA tables, which were analyzed for FWHM values,
but gain charts give more information on effect of changing parameters.

(a)

(b)
Figure 4.12: Observed statistical ‘gain’ for deposition parameters. Large positive gain
means the parameter positively affects the desired outcome. Large negative gain
means the parameter negatively impacts the desired outcome.
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Further analyzing the variance of outcomes via varied parameters, we obtain a
Strength of Parameter table (Table 6). These values are derived from the overall
average observed outcome (i.e. average FWHM value across all nine experiments) as
compared to the average of a single parameter level (i.e. all experiments in which
20 mTorr pressure is held as the only constant). Again, tables for just the FWHM
values are given (Table 6 and 7). Here, it is important to maximize the positive, or
select from the table the combination of factor levels which give us the greatest sum.

Table 6: Strength of Parameter Table for PZT on LNO
Factor Level1

Level2

Level3

P1 0.0727

0.0154

-0.0882

50 W

P2 -9.35

-0.00122

0.0544

7.5 cm

P3 -0.173

0.0511

0.122

60 mTorr

P4 0.154

-0.0642

-0.0899

60 minutes

Table 7: Strength of Parameter Table for PZT on PT
Factor Level1

Level2

Level3

P1 0.0173

-0.188

0.171

100 W

P2 0.235

-0.0203

-0.214

5.5 cm

P3 -0.457

0.0317

0.425

60 mTorr

P4 -0.00300

0.164

-0.161

120 minutes

Comparing these tables to the ANOVA table, which indicates the most
statistically relevant variance, we can evaluate that a pressure of 60 mTorr will result
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in the best conditions (for the pressure range studied) for PZT deposited on LNO and
PT seed layers and is statistically relevant at the 90% level with F = 4.97 and 6.63
respectively. Next most significant factor for PZT on LNO is time, but with an F
factor of 3.76, there is little statistical significance in a change in this factor. Finally,
for PZT on PT the next most significant factor is distance, but with an F factor of 1.72
there is little to no statistical evidence that a change in this parameter affects the
outcome. A complete F distribution table can be found in the Appendix. Since
depostion at 50 W resulted in very slow deposition rates, final deposition was
performed at 100 W, 5.5 cm, and 60 mTorr for both PZT on LNO and PT.
In a similar manner to that outlined for sputter conditions, ex situ annealing
conditions can also be optimized. The primary factors that contribute to the texture of
the film at this point are temperature, duration, and sputtering conditions used. As a
check of the optimized sputter conditions evaluated above, two “best outcome”
experiments were chosen and are indicated as DOE 1 and DOE 2 in Table 8. For PZT
on LNO these were experiment 5 and 9. For PZT on PT these were experiment 2 and
5.
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Table 8: Anneal conditions DOE L9 array
DOE # P1

P2

P3

1 650 °C

15 min

DOE 1

2 650 °C

30 min

DOE 2

3 650 °C

45 min

DOE OPT

4 700 °C

15 min

DOE 2

5 700 °C

30 min

DOE OPT

6 700 °C

45 min

DOE 1

7 750 °C

15 min

DOE OPT

8 750 °C

30 min

DOE 1

9 750 °C

45 min

DOE 2

For this set of experiments, the data showed that PZT on LNO had an optimum
anneal temperature of 700 °C while that for PZT on PT was 750 °C. Additionally, film
processing (P3) showed to be of statistical relevance and the previously optimized trial
proved to be the best condition. Finally, time of anneal showed no statistical relevance
in film crystallographic orientation and texture control. Important to note, the films
used in the study of anneal conditions ranged from 100 nm to 500 nm, which showed
maximum crystallization and texture development after only 15 minutes indicating no
added benefit from additional anneal times. However, later tests showed that films
above 500 nm improved with additional anneal time totaling up to 30 minutes and
films above 1000 nm with additional anneal time totaling up to 45 minutes.
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The resultant films had strong (001)-texture as indicated by θ-2θ XRD scans as
well as low FWHM values. Typical PZT/PT and PZT/LNO XRD scans, as well as
corresponding rocking curves and plot of change in FWHM values over increasing
thicknesses, are shown in Figure 4.13 and Figure 4.14. PZT/PT films show FWHM
values on the order of 3° and PZT/LNO films showed FWHM values on the order of
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Figure 4.13: PZT on LNO 2θ XRD pattern for a 500 nm thick film (a), corresponding
rocking curve (b), and FWHM values for all thicknesses (c)
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Figure 4.14: PZT on PT XRD pattern for a 520 nm thick film (a), corresponding
rocking curve (b), and plot of FWHM values for all film thicknesses

While PZT/PT films show sharper rocking curves, indicating a high level of
out of plane orientation and texture control, PZT/LNO films also demonstrate
excellent (001) orientation.
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5. Film Characterization

5.1. Spectroscopic Ellipsometry Depth Profiling
To get an accurate picture of property dependence on sample thickness, depth
profiles were obtained using spectroscopic ellipsometry. Films were scanned from 300
to 1700 nm in wavelength and at incident angles between 60° and 75° at 5° steps.
Ellipsometric data collected are related to the depth profile of the dielectric function of
the film stack, thus a modeling procedure is used to obtain a ‘best-fit’ to the depth
profile. A low mean square error (MSE) was achieved during modeling as seen in
Figure 5.1 as indicated by the error bars. MSE is a measure of the goodness of the
model fit, a low MSE relating to accurately obtained optical constants and thickness
values. Additionally, a strong linear trend in thickness was observed for PZT on PT
and PZT on LNO, indicating consistent sputter deposition. Deposition rates for the
system were shown to be just less than 8 nm per minute, or 3 seconds per monolayer
of PZT for both substrate types. The slight offset of the PZT on PT is due to PT
having similar optical properties as PZT, thus contributing to the film thickness
(approximately 35 nm), unlike LNO, which has distinct optical characteristics
dissimilar to that of PZT.
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Figure 5.1: Plot of thickness for PZT on LNO and PT seed layers taken from
spectroscopic ellipsometry modeling. Linearity and small MSE values (error bars)
show consistent film deposition and accurate film modeling.

5.2. Atomic force microscopy (AFM) imaging
AFM imaging was used to characterize the surface morphology of the PZT
samples. Looking first at the CDS LNO seed layer on SiO2/Si, we note uniform, small
grain sizes on the order of 10 nm. (Figure 5.2). For the 90 nm PZT on LNO
approximately 50 nm grain size is observed (Figure 5.3). However, the most striking
features are the exceptionally large islands and significant quantity of voids.
Excluding these large island defects, the sample has a surface roughness of 6 nm.
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Figure 5.2: LNO seed layer

Figure 5.3: Microstructure of 90 nm PZT film deposited on LNO seed layer (left) and
the change in microstructure due to the two step sputter deposition process.

To account for this less than desirable morphology, a modified process was
introduced. A short pre deposited and then annealed PZT layer is used prior to
finishing the deposition to the desired thickness. Figure 5.4 shows a 90 nm PZT on
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LNO sample utilizing the two-step sputter deposition process with a 5 minute initial
deposition layer, followed by an O2 anneal, and then an additional 10 minute PZT
deposition and O2 anneal to achieve the full thickness. Apparent improved density of
the film, or the elimination of the large voids, as well as elimination of the large
surface particulates was observed. However, no improvement to surface roughness
was observed. The film had an RMS surface roughness of 7 nm, averaged from 6
distinct film locations.

Figure 5.4: Figure of improved microstructure in 90 nm PZT on LNO film with the
addition of 5 minute pre-deposited and annealed PZT layer.

83
In thicker films these large voids are not present. Also, feature sizes show a
steady increase with increasing thickness, as well as the development of a unique
microstructure as observed in Figure 5.5. Additionally, RMS surface roughness drops
considerably with increased film thickness. A complete analysis of the surface
roughness across all thicknesses shows there is a general decrease in roughness with
increasing thickness for the ex-situ sputter deposited PZT films on LNO seed layers.
These values were averaged from 6 well-distributed locations on each sample and are
plotted in Figure 5.6.
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Figure 5.5: AFM AC mode imagine for 200 nm (a), 360 nm (b), 500 nm (c), 710 nm
(d), 800 nm (e), 1020 nm (f) PZT on LNO thin films.
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Figure 5.6: Plot of reduction in RMS surface roughness with increasing film thickness
in PZT on LNO thin films

Repeating this study for PZT on PT, similar trends are observed. The PT seed
layer shows small and reasonably uniform grain sizes (Figure 5.7). The surface of the
thinnest PZT films has a large RMS roughness but lacks the characteristic voids
observed in the PZT on LNO films (Figure 5.8). With the addition of the predeposition PZT layer, a significant change in the surface morphology in the thinnest
films is observed. Additionally, as we increase the film thickness, roughness
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diminishes and the unique microstructure observed in the LNO seed layer PZT films is
again observed with the development of even larger primary grains (Figure 5.9).

Figure 5.7: AFM image of 2-Layer PT seed layer on Pt/TiOx/SiO2/Si substrates

Figure 5.8: Change in 120 nm PZT film microstructure resulting from the two step
sputter deposition process. Standard one step deposition (left) two step deposition
(right).
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(d)
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(f)
Figure 5.9: AFM AC mode imaging of 220 nm (a), 390 nm (b), 520 nm (c), 730 nm
(d), 830 nm (e), and 1050 nm (f) PZT on PT thin films.
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As with PZT on LNO, a general reduction in RMS surface roughness is
observed with increasing film thickness. However, the trend is not quite as clear.
Figure 5.10 shows the decrease in RMS values for PZT on PT films ranging from 120
nm to 1050 nm in thickness.
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Figure 5.10: Plot of RMS surface roughness in PZT on PT thin films versus film
thickness

The atypical microstructure observed in the films could be a result of a fluorite,
or non-stoichiometric, structure which developed during the long anneal times.
However, in both the PZT on PT and PZT on LNO samples this microstructure starts
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to develop prior to the samples that under went the 45-minute anneals. For example
390 nm PZT on PT being annealed for 15 minutes (Figure 5.9b) and 500 nm PZT on
LNO being annealed for 30 minutes (Figure 5.5c).

5.3. Dielectric and Ferroelectric Film Properties
Dielectric properties of PZT on PT and LNO seed layers were taken using an
HP 4192 LCR meter. Values of dielectric permittivity and loss tangent (tan δ) were
observed at typical device operating frequencies in the range of 1 to 10 kHz. Data
were collected at an oscillation voltage of 50 mV.

5.3.1. PZT on LNO
For PZT on LNO films, it was observed that low losses, approximately 5%,
were typical from 1 to 10 kHz. Also, dielectric permittivities ranged from 400 in the
thinnest films up to 1500 in the thickest films. A typical dielectric permittivity and tan
δ versus frequency is shown in Figure 5.11.
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Figure 5.11: Typical dielectric data for PZT on LNO thin films

Compiling the dielectric data across all sample thicknesses, a clear increase in
permittivity with increasing thickness is noted (Figure 5.12). For PZT on LNO this
trend appears to be approaching a maximum around 1500. Also, observed are uniform
loss values. All sample thicknesses showed low loss, consistently below 5%.
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Figure 5.12: Average dielectric permittivities and loss tangent versus thickness for all
PZT on LNO samples

Ferroelectric polarization versus electric field hysteresis loops were performed
on all PZT on LNO films. Figure 5.13 shows a typical hysteresis behavior for these
samples. All films demonstrated excellent Pr values ranging between 17.9 and 36.9
µC/cm2 and maximum polarizations (Pmax) achieved at a maximum applied field of
500 kV/cm ranged from 43.9 to 61.8 µC/cm2. The coercive field (Ec) ranged from
approximately 25 to 50 kV/cm for these films.
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Figure 5.13: Typical polarization versus electric field plot for PZT on LNO films.
Applied voltage ranging from 200 kV/cm to 500 kV/cm.
5.3.2. PZT on PT
Similar to the PZT on LNO films, it was observed that losses approximately
5%, were typical in all PZT on PT films from 1 to 10 kHz. Also, dielectric
permittivities ranged from 400 in the thinnest films and up to 1600 in the thickest
films. A typical dielectric permittivity and tan δ versus frequency is shown in Figure 5.
14.
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Figure 5. 14: Typical dielectric properties for PZT on PT films

Compiling the dielectric data across all sample thicknesses, a similar trend to
that of PZT on LNO is observed. We note there is a clear increase in permittivity with
increasing thickness (Figure 5. 15). For PZT on PT this trend appears to be
approaching a maximum around 1600. Also observed are uniform loss values. All
sample thicknesses showed low loss, consistently below 5%.
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Figure 5. 15: Dielectric permittivities and loss tangent versus thickness for all PZT on
PT samples. Loss tangent and permittivity taken at 5 kHz.

Ferroelectric polarization versus electric field hysteresis loops were obtained
for all PZT on PT films. Figure 5. 16 depicts a typical hysteresis response for these
samples. All films demonstrated excellent Pr values ranging between 20 and 70
µC/cm2 and maximum polarizations (Pmax) achieved at a maximum applied field of
500 kV/cm ranged from 40 to 100 µC/cm2 in the thinnest and thickest films,
respectively. The coercive field (Ec) for PZT on PT were slightly larger, ranging from
approximately 40 to 60 kV/cm.
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Figure 5. 16: Typical polarization versus electric field plot for PZT on PT thin films.
Maximum applied field ranges from 200 kV/cm to 500 kV/cm
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6. Unipolar Fatigue of highly textured films
6.1. Traditional PZT film growth method
Films were fatigued using the Radiant RT66B and Trek model 603 200 V
external amplifier system. A unipolar bias was applied at four times the coercive field
(4Ec) and cycle frequencies of 1 kHz, or pulse lengths of 1 ms. Figure 2.16 shows a
schematic of the applied stress field. Samples were poled at 5Ec for 15 minutes and at
150 °C. A 4Ec waveform was applied for 107 cycles and unipolar loops (measured at
2Ec) were tracked during each decade.
Figure 6. 1 shows results of unipolar fatigue on various sample thicknesses for
films that did not receive the pre-deposition PZT layer. Unipolar fatigue on these PZT
on LNO samples showed a loss in maximum polarization of 10 to 30% across all
sample thicknesses. Catastrophic fatigue was observed in films below 100 nm in
thickness prior to reaching 106 cycles and very high loss to maximum polarization
after 107 cycles was observed in samples over 1000 nm.
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Figure 6. 1: Unipolar loops taken during 4Ec fatiguing for various PZT on LNO film
thicknesses. Tracking loops observed at a field equal to 2Ec.

However, a very different story is seen when observing the pre- and postfatigue bipolar hysteresis loops. Figure 6. 2 demonstrates the typical change observed
in a polarization versus electric field loop for one PZT on LNO sample. In literature, it
is common practice that a bipolar loop is tracked during unipolar fatigue, for PZT
films.46,49 This fact makes comparisons between bipolar and unipolar fatigue more
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simple, but may give a false impression of the true impact of fatigue on a devices’
performance. At 300 kV/cm the actual effect on the maximum polarization is minimal,
here only 3%, where the above image (Figure 6. 1 bottom right) showed a large
change in the polarization.

Figure 6. 2: Effects of fatigue on bipolar polarization versus electric field hysteresis
loops at 300 kV/cm. Small change in maximum and remnant polarization (left) and
increase in negative coercive field (right) are typical fatigue responses.

Other effects characteristic to these films after unipolar fatigue at 107 cycles
was a shift in the polarization versus electric field hysteresis towards an increased
negative coercive field. This effect was also observed by Polcawich et al. and was
attributed to some level of imprinting on the film.
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Figure 6. 3: Change in maximum polarization in bipolar loops taken for PZT on LNO
samples

Compiling the results of the bipolar loops like that shown in Figure 6. 2, we
note low fatigue. Typically, films showed a degradation of maximum polarization of
less than 5% (Figure 6. 3). Little change to the remnant polarizations was observed.
However, for films greater that 1000 nm high fatigue to the maximum polarization
was still a factor.
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For PZT on PT samples, again with out a pre deposition PZT layer, similar
results are depicted in the unipolar loops taken during fatigue. Here, typical fatigue to
maximum polarizations was also on the order of 30% for most films. However, with
the PZT on LNO samples we saw a steady decline in the unipolar loops. In the case of
the PZT on PT samples, especially those over 600 nm in thickness, we see a sudden
drop in polarization response after 106 cycles. Figure 6. 4 shows typical hysteresis
loops for PZT on PT films during unipolar cycling at up to 107 cycles for various film
thicknesses.
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Figure 6. 4: Unipolar polarization versus electric field taken during 4Ec fatiguing.
Tracking loops observed at a field equal to 2Ec. Dramatic drop in maximum
polarization at 107 cycles in thicker films (bottom)
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Figure 6. 5: Effect of unipolar fatigue on bipolar polarization versus electric field
hysteresis loops. Small loss to maximum polarization observed as well as a shift in
polarization versus electric field hysteresis loop.

However, as with PZT on LNO, a very different pattern is observed when we
look at the bipolar hysteresis taken before and after fatigue. Again, only a small loss to
the maximum polarization is observed when cycled out to 300 kV/cm field as
compared to the 90% degradation observed in the unipolar loops shown for the
725 nm sample. Large fatigue was evident in most films, as compared to PZT on
LNO, but at 300 kV/cm bipolar loops the effect was significantly less than that
observed via the unipolar loops. PZT on PT films also showed the characteristic
increase in negative coercive field after cycling as well as minimal loss in the remnant
polarization (on the order of 1 to 2 µC/cm2).
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Figure 6. 6: Change in maximum polarization

6.2. Two-step sputter deposited PZT
Aside from electrode material choice, two major factors are typically shown to
have large effects on film fatigue. The first is grain size. As discussed in section 2.6.2
grain boundaries play a major role in film fatigue as they allow for the transport and
development of defects, which degrade a film over time. Maximizing grain sizes in the
film, to reduce grain boundary area, can reduce this. The second factor is film density
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and surface roughness. Poor film quality, in the form of less-dense films will lead to
electrical shorting from defect transport in a film. This is likely the cause for
premature failure in the films in section 6.1.
To reduce these two contributions to fatigue, a pre-deposition layer of PZT,
which was sputter deposited for 15 minutes (5 minutes for the thinnest films) and then
post annealed, was used as an additional seeding layer for the final film. The aim of
this method is to enhance texturing and film quality. In the case of the PZT on PT and
LNO increased grain size as well as an apparent decrease in surface roughness and an
apparent increase in film density was observed (chapter 5.2).
The two-step sputter deposited PZT films on LNO and PT were fatigued at 4Ec
for up to 108 cycles at 1 kHz. Unipolar loops were taken during each decade of fatigue
as well as dielectric data consisting of loss tangent and dielectric permittivity, k.
Figure 6. 7 and Figure 6. 9 show unipolar loops from 1 to 108 cycles for various PZT
on LNO and PZT on PT films, respectively. Figure 6. 8 and Figure 6. 10 show the
change in loss and dielectric permittivities over the course of the fatigue cycling for
PZT on LNO and PZT on PT, respectively.
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Figure 6. 7: Unipolar and Bipolar hysteresis loops for various PZT on LNO samples
taken during unipolar during 4Ec fatigue at for 170 nm (a), 710 nm (b), and 1020 nm
(c) films. Tracking loops observed at a field equal to 2Ec.
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This new film processing method shows improved fatigue endurance out to 107
cycles, most films lasting out to 108 cycles (Figure 6. 7), which was not achievable
with the previous film morphologies.
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Figure 6. 8: Plot of change in loss (top) and dielectric permittivity (bottom) during
film cycling at 4Ec for PZT on LNO
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Figure 6. 9: Unipolar and Bipolar hysteresis loops for various PZT on PT samples
taken during unipolar fatigue at 4Ec for 200 nm (a), 730 nm (b), and 1050 nm (c)
films.

108
-0.2

Normalized tan! ("!/!*)

0
0.2
0.4
0.6
0.8
1

200 nm 4Ec Loss

1.2

730 nm 4Ec Loss
1050 nm 4Ec Loss

1.4

Normalized Dielectric Constant (!k/k*)

1

10 100 1000 104 105 106 107 108
Cycles

-0.2
0
0.2
0.4
0.6
0.8
1

200 nm 4 Ec Dielectric Constant (k)

1.2

730 nm 4Ec Dielectric Constant (k)

1.4

1050 nm 4Ec Dielectric Constant (k)

1

10 100 1000 104 105 106 107 108
Cycles

Figure 6. 10: Plot of change in loss (top) and dielectric permittivity (bottom) during
film cycling at 4Ec for PZT on PT
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It is observed from the 4Ec fatigue that film failure rate is near 100% at 108
cycles for both PZT on PT and PZT on LNO films, with most films only surviving to
107 cycles. Comparing the films from section 6.1 to those in section 6.2, there is an
observed improvement in fatigue resistance, most notably in the survival of films out
to 107 and 108 cycles. However, large increases in film loss as well as decreases in
film permittivity are observed prior to reaching 108 cycles.

Additionally, films

demonstrate considerable loss to Pmax and Pr during fatigue, which would likely impact
their performance in device applications.
As previously mentioned, a 4Ec fatiguing field is an extreme environment. A
more typical operating field is on the order of 2Ec. The two-step sputter deposited
PZT films on both LNO and PT seed layers were subjected to 2Ec unipolar fatigue for
up to 108 cycles. A significant reduction in overall film fatigue and few film failures
prior to 108 cycles was observed, most films maintaining hysteresis out to the full 108
cycles. Figure 6. 11 shows unipolar loops taken during fatiguing of PZT on LNO
samples, as well as the pre and post fatigue bipolar hysteresis loops.
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Figure 6. 11: Unipolar and Bipolar hysteresis loops for various PZT on LNO samples
taken during unipolar fatigue at 2Ec for 170 nm (a), 710 nm (b), and 1020 nm (c)
films.
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The trend for the polarization loops with the PZT on LNO samples was
towards improved fatigue resistance with increasing film thickness. As observed in
Figure 6. 11a, the thinnest film (170 nm) showed significant fatigue, mostly noted in
the development of very lossy hysteresis loops by 108 cycles. Change in loss and
dielectric permittivities during fatigue is shown in Figure 6. 12. The 710 nm film
showed minimal loss to Pmax or Pr. It also demonstrated the shift towards an increased
negative Ec that was observed in previous samples. The thickest film, 1,020 nm,
showed no change to Pr, no shift in the Ec, and a small increase to Pmax. The most
notable impact of fatigue, here, was the loss in dielectric permittivity out to 107 cycles,
which appeared to be recovered by 108 cycles (see Figure 6. 11).
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Figure 6. 12: Plot of change in loss (top) and dielectric permittivity (bottom) during
film cycling at 2Ec for PZT on LNO
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For the PZT on PT films, fatigue in the thickest and thinnest films showed to
be significantly more impactful. Figure 6. 13 shows unipolar loops taken during
fatiguing at 2Ec as well as the pre- and post- fatigue bipolar loops. Large losses to
Pmax and complete film failure were observed in the 200 nm and 1050 nm films. This
can also be observed in Figure 6. 14 by the large increases in dielectric loss and
permittivity prior to 108 cycles. However, films like that shown in Figure 6. 13b,
demonstrated small fatigue impacts. Also, like some PZT on LNO films they showed
an increase in Pmax as well as a shift in the polarization hysteresis loop after 108 cycles.
While these films did not perform as well as the PZT on LNO, hysteresis was still
maintained on all samples out to 108 cycles.
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Figure 6. 13: Unipolar and Bipolar hysteresis loops for various PZT on PT samples
taken during unipolar fatigue at 2Ec for 200 nm (a), 730 nm (b), and 1050 nm (c)
films.
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There was no clear trend in fatigue behavior with film thickness for the PZT on
PT films. These films also showed, overall, less fatigue endurance as compared to the
PZT on LNO films. This was most notably observed in increased degradation of film
permittivity and loss to Pr over the course of fatigue. In both cases, poor hysteresis
was maintained in the thinnest films after 108 cycles, which is likely a result of
continued poor film quality at this thickness. The use of a LNO bottom electrode
shows the most significant improvement in the thickest films, with PZT on LNO
demonstrating minimal change in hysteresis behavior after fatigue and PZT on PT
showing large losses to Pr and Pmax values.
Over all the use of the LNO as a bottom electrode showed improvement in
fatigue endurance of the PZT films. A comparison of the unipolar to bipolar loops
during unipolar fatigue shows the means of measurement is critical in evaluating the
impact of fatigue as bipolar loops may minimize the apparent effects. Additionally,
the strength of the fatigue field had a profound effect on the fatigue endurance of the
PZT films with 4Ec fields resulting in failure prior to reaching 108 cycles, where as
samples fatigued at 2Ec fields maintained excellent hysteresis out to the maximum
number of cycles.

Finally, film morphology appears to play a role in fatigue

endurance with larger grainsizes giving rise to greater fatigue endurance in both the
PZT on PT and PZT on LNO samples.
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7. Conclusions and Future Work
This thesis aimed to elucidate the relations between processing conditions and
the development of texture in PZT sputter deposited thin films. It also demonstrated
the effects of various operating and physical parameters on the electrical fatigue in the
films.

7.1. Processing Conditions
First, the development of purely (100)-textured LNO seeding layer was
established.

Critical components to the formation of (100) LNO were substrate

choice, heat treatment, and solvent choice. SiO2/Si resulted in the strongest (100)texture.

Preheating a ceramic, to eliminate a thermal gradient while annealing

improved orientation development. The use of MEA as a stabilizer for the nickelacetate precursor enhanced (100)-texture.
In the development of (001)-textured PZT films a DOE was used to simplify
the process. This technique reduced the experiment set from 81 sputter parameter
trials and 27 anneal parameters trials for a total of 108 experiments down to 9 sputter
parameter experiments and 9 anneal parameter experiments.

The study used an

ANOVA table to evaluate the effects of each processing parameter. It was found that
the chamber pressure during deposition had the only statistically significant impact on
(001)-texture. Studies showed that, of the pressures studied, 60 mTorr deposition
pressure will result in the best conditions for PZT deposited on LNO and PT seed
layers and was statistically relevant at the 90% level with F=4.97 and 6.63,
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respectively.

It is observed that pressure has the greatest impact on deposition

behavior, while the other parameters had the greatest impact on deposition rate.
Results of the DOE gave FWHM rocking curves for PZT on PT on the order of
3° and for PZT on LNO 3.5°. These values indicate strong out of plane orientation
control (fiber texture) was developed in the films.
The 2-step sputter deposition of PZT resulted in a unique microstructure
consisting of large primary grains surrounded by very small (on the order of a few nm)
grains at the grain boundaries. This effect appeared to minimize with thickness,
especially in the PZT on PT films. The nature of the new microstructure is not fully
understood, and may be a result of long anneal times giving rise to a fluorite structure
on the surface. Further investigation is required.

7.2. Fatigue
Results of the fatigue studies show film morphology contributes strongly to
film fatigue and film failure prior to reaching 108 cycles, with increased grain size
leading to improved fatigue endurance. Film thickness was also shown to be a possible
contributing factor, predominantly in PZT on PT films, with films over 1 µm in
thickness showing large fatigue by 108 cycles. Films with bottom LNO electrodes
demonstrated improved performance over all thickness ranges studied when compared
to PT bottom electrodes, exhibiting minimal fatigue after 108 cycles. Reduced fatigue
is likely due to LNO acting as a getter for oxygen vacancies, which are shown to have
a predominant impact on film fatigue.
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The importance of unipolar tracking during unipolar fatigue was also made
evident by the large discrepancy between bipolar and unipolar tracking.

Large

changes in unipolar loop behavior were noticed in all samples out to 108 cycles, with
loss to Pmax greater than 10% in all cases. However, when a post 108 cycles bipolar
hysteresis loop out to 300 kV/cm was taken, minimal change from the pre-fatigue loop
was observed in the majority of samples.

7.3. Future Work
The unique morphology developed during the two-step sputter processes and
the resulting improved performance begs for further investigation. The nature of the
development of the morphology is questionable as to whether it is simply a fluorite
surface layer resulting from long anneal times, or truly the development of larger
grains. Cross-sectional microscopy could help answer this question.
Uncertain trends in thickness were observed leaving room for further
investigation. Widening the sample range and increasing the number of trials at each
thickness would give a clearer picture of any predominant trends. Similarly, the effect
of fatiguing field proved to be substantial. An investigation of the effects of fatigue
over a range of fields would give an excellent model for device performance
restrictions and operating ranges.
A desire for a greater number of samples for clear trend analysis leads to the
desire for a system that will fatigue the samples at significantly higher frequencies.
Many other studies on fatigue were able to successfully cycle samples at 10 kHz. The
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HP4192 LCR meter used for the dielectric measurements could be implemented in this
task provided the limit on voltage is sufficiently high.
Finally, most recently the study of symmetric electrodes (or top and bottom
electrodes being the same) has shown to significantly reduce fatigue. A comparable
study to the one conducted in this thesis, but utilizing LNO as both top and bottom
electrodes, would be a worthwhile extension of this research.
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Appendix: F statistics at the 90% certainty level (df2/df1)
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3.0481

2.6682

2.4618

2.3327

2.2438

2.1783

2.1280

2.0880

17

3.0262

2.6447

2.4374

2.3078

2.2183

2.1524

2.1017

2.0613

18

3.0070

2.6240

2.4160

2.2858

2.1959

2.1296

2.0785

2.0379

19

2.9899

2.6056

2.3970

2.2663

2.1759

2.1094

2.0580

2.0171

20

2.9747

2.5893

2.3801

2.2489

2.1582

2.0913

2.0397

1.9985

