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Investigation of ferroelectric and piezoelectric properties of ferroelectric films at
nanoscale is not only of fundamental interest, but also critical to their applications
as non-volatile ferroelectric memories and as microsensors and microactuators for
microelectromechanical systems. Both intrinsic and extrinsic effects play a role in
determining film properties. Although the extrinsic contribution from non-180°
domain wall motion can be comparable to the intrinsic lattice contribution in bulk
materials, this effect is largely suppressed in polycrystalline films because of film
clamping by a substrate and pinning of 90° domain walls by defects.

Taking into account that integration of high quality ferroelectric films onto
silicon based substrate is very important for the microelectronic industry, we choose
the PbZrq2T1503 film epitaxially grown on Si substrate by pulsed laser deposition
to study the 90° domain behavior in the continuous films as well as in patterned

islands, which can be used as nanodevices. The goal is to investigate the mobility of



90° domain walls and to determine their extrinsic contribution to the piezoelectric
response of the epitaxial islands with reduced substrate clamping depending on
island geometry.

The cubic and the strip-like islands have been fabricated from sub-micron films
by focused ion beam milling. Ferroelectric and piezoelectric measurements on pat-
terned structures with top electrodes have demonstrated the dramatic enhance-
ment of their piezoresponse in comparison with a continuous film. Piezoelectric
force microscopy has revealed highly mobile two-domain structure in the strip-
like islands which show the maximumal piezoresponse. The intrinsic piezoelectric
response of the patterned structure with an immobile polydomain structure is
modelled using finite element analysis. The difference between the experimental
measured and calculated piezoeffect has allowed us to estimate a large extrinsic
contribution from the domain walls movement in the patterned structures. The
study of patterned structures together with additional observations of the domain
wall movement under local electric field in continuous films allow us to conclude
that a relative small extrinsic effect in the continuous films is a result of the elastic
substrate clamping rather than the domain wall pinning. Thus, the contribution
of domain wall movement can be increased by engineering special domain architec-
tures, for example, the plane-parallel domains in a film, which are patterned into

the thin strips.
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Chapter 1

General Introduction

1.1 Motivation and Objectives of Research

In recent years, ferroelectric films have become a subject of intensive research be-
cause of their potential applications not only as non-volatile random access memo-
ries or dynamic random access memories but also as active components of sensors,
actuators, and microelectromechanical systems (MEMS). These applications ei-
ther require a high electrical field response to an external mechanical field (direct
piezoeffect) for sensors, or a high strain response to an applied electric field (con-
verse piezoeffect) for actuators and MEMS. However, the fundamental problem
that limits their use is that ferroelectric films have inferior electrical and electro-
mechanical properties compared to their bulk counterparts. Particularly, the effect
of movement of boundaries between elastic (non-180°) domains on electromechan-
ical properties (so-called extrinsic dielectric and piezoelectric effects) is much less
prominent in the films than in bulk materials.

Discussion of this effect in constrained films has a long history. Since the

formation of elastic domains is a mechanism of relaxation of film/substrate het-



erostructures approaching an equilibrium[1], it is possible to shift the equilibrium
by applying an electric field and obtain reversible field-induced deformation due
to change of domain structure[2]. This extrinsic converse piezoeffect was analyzed
quantitatively, and it was shown that the contribution to the piezomodulus nor-
mal to film/substrate interface, dsg, of constrained ferroelectric film is significant
and comparable with intrinsic piezomodulus of a single domain bulk crystal[3].
However, experimental observations neither show visible change of domain struc-
ture under electric field or the relatively large piezoeffect expected theoretically.
Piezomoduli of polydomain films do not differ much from those of single domain
films. This had led to a conclusion that in contrary to their bulk counterparts the
elastic domain structure in epitaxial films is immobile because the domain walls
are pinned by defects inside the films or at the film/substrate interface[4][5].

It has been suggested in [6] that the effect of domain wall movement on piezode-
formation can be made much more visible if the elastic clamping decreases. One
way to decrease the clamping is reducing the lateral dimensions of the film to make
them comparable to the film thickness. According to the St. Venant principle, the
internal stress due to constraint is located in a region near the film/substrate inter-
face with a depth approximately equal to the lateral dimension of an island. The
decrease of an average biaxial stress in an island can be described as an effective
increase of the compliance,S, in the equation

257,

dfy = dgg — ——2
5{1 + 5{2

ds1 (1.1)

where d§3 is the converse longitudinal piezoelectric coefficient of the constraint film;
ds3 and d3; are piezomoduli of a free-standing film. Si; + S = S is the elastic
compliance of the film. This effective compliance increases with a reduction in the

ratio of the lateral size of the island [ to the film thickness h and approaches infinity



when [/h goes to zero. Then d§3 of the islands approaches ds3 of a free-standing
single domain film or a bulk single domain crystal. For a polydomain film, the
extrinsic effect due to domain wall movement is itself a result of clamping[2][3].
With decreasing clamping effect, theoretically this piezoresponse should increase
infinitely, while practically it is determined by the remaining clamping effect as
well as by finite mobility of domain walls.

Focused ion beam (FIB) technique provides the possibility to fabricate mi-
cron and submicron island by patterning the epitaxial films to decrease substrate
clamping[7]. This method was applied to microfabricate 1 x 1 x 1um islands from
PbZry2Ti9503 film grown on (001) SrTiO3. Partially released clamping gives rise
to substantial increase in the effective piezoelectric coefficient up to 3 times larger
than its theoretical intrinsic value[8]. Piezoelectric force microscopy of the islands
has revealed extensive domain wall movement under local electric field[9)].

Since modern electronic industry has relied on the development of materials
and processes compatible with silicon-based integrated circuit, it is of a great
importance to reproduce the similar enhancement of piezoproperty in the islands
fabricated from PZT films on Si-based substrate. To achieve this objective, it was
necessary to obtain high quality epitaxial films on Si-substrates, to develop the FIB
technique for the fabrication of not inferior ferroelectric micron and sub-micron
islands with mobile domain structure, and to explore the possibility of controlling
the domain nanoscale structure. Therefore, this research has been focused on the
FIB fabrication of the micron size film islands of PZT epitaxial film on Si-substrate
and on the study of their domain nanostructure and piezoproperties. Our research

includes the study of:

1. the piezoresponse of ferroelectric islands and its dependence on the shape of



the islands;
2. the island domain structure and its evolution under local electric field;

3. the effect of local field on the domain evolution in continuous film to estimate

mobility of domain wall in film on Si-substrate;

To determine extrinsic contribution of domain wall movement to piezoresponse
of patterned islands, the intrinsic response of the polydomain islands with immobile
domain walls is calculated using finite element method.

Combining the focused ion beam technique for nanopatterning of the film het-
erostructures, the structure and domain characterization, the measurement of fer-
roelectric and piezoelectric properties and their modeling, we have achieved the

goals of this research.

1.2 Contributions

In summary, the contributions of this thesis work include:

1. We conducted the systematic investigation of local electric field on the do-
main structure, and to our knowledge we are the first to observe the self-

organization of 90° domain in the constraint film;

2. We are the first to employ focused ion beam techniques to pattern the PZT
film epitaxially grown on Si substrate to micron size capacitor and strip

structure to decrease the constraint from the substrate;

3. We are the first to demonstrate the change of domain configuration from

three-domain structure to two-domain structure in a strip structure by nanopat-



terning and show the resultant maximum enhancement of piezoresponse in

the strip structure;

. We are the first to model the micron size islands with immobile three-domain
structure by the finite element method and calculate the intrinsic piezore-
sponse of the islands. We estimated the extrinsic contribution to the piezore-

sponse from 90° domain wall movement of the patterned structures;

. We detected the piezoelectric response of nanopatterned capacitor by piezo-
electric force microscope. We conducted systematic investigation of the de-
pendence of the piezoelectric response on the DC and AC electric field as

well as the effect of geometry of the patterned structures;



Chapter 2

Physics Background

2.1 Piezoelectricity and Ferroelectricity

The measured thermal, electrical and mechanical properties or their combinations
under equilibrium state of crystal are reflections of different crystal symmetries
and structures. From the crystallography point of view, all crystals can be classi-
fied to one of 32 point groups, in which 11 have a center of symmetry (they are
centrosymmetric). The other 21 point groups are non-symmetric, i.e., they lack a
symmetry center. These low symmetry structure crystals, except one (Class 432),
can exhibit a property called piezoelectricity when acted on by the electric and/or

stress field.

2.1.1 Piezoelectricity

The term piezoelectricity is derived from the Greek word piezein, meaning to press.
It was first discovered in quartz in 1880 by J&P Curie during the studies of pressure
on the generation of electrical charge by crystals[10]. The piezoelectric effect is a

linear and reversible electromechanical effect where the mechanical strain (S) and



stress (1) are coupled to the electric field (E£) and displacement (or charge density

D) linearly, as follows:

D =dT

S =dE (2.1)

The first equation describes the charge density change when a stress is applied
to the crystal, this is called direct piezoelectric effect. Similarly, the converse piezo-
electric effect in the second equation states that the crystal will become strained
when an electric field F is applied. The variable d in the above equations is the
piezoelectric coefficient. If considering the linear elastic and dielectric relations, the

piezoelectric constitutive equations can be written out in the full tensor form[11]:

Di = E;T,;Ej + dijlejk

Sij = duij By + siTh (2.2)

in which s is elastic compliance, a fourth-rank tensor, and the second-rank tensor
is the dielectric constant. The subscripts i, j, k, [ are values between 1 and 3. The
superscript £ means that the elastic compliance is measured under the constant
electric field (short-circuit condition), and T means the dielectric constant is mea-
sured under the constant stress. The values measured under constant electric field
and under constant stress can be very different because of the electromechanical
coupling effect. By using matrix notation, the number of suffixes can be reduced

as shown in Table 2.1[12]:
In general, there are 27 independent piezoelectric coefficients, 3 independent
dielectric constants and 36 independent elastic compliances. Since d;;; are sym-

metrical in j and k, s;j; are symmetrical in 7 and j, &k and [ respectively, and ¢;; is



Table 2.1: Matrix Notation

Tensor Notation

11

22

33

23,32

31,13

12,21

Matrix Notation

1

2

3

4

b}

symmetrical in ¢ and j, independent components are reduced. For a given piezo-

electric material, the number of independent parameters can be further reduced

using symmetry relations in the material. For example, for tetragonal structure

crystal which has a point group of 4mm, and is poled in 3-direction, there are only

3 independent piezoelectric coefficients, 2 independent dielectric constants and 6

independent elastic compliances. The matrices of these parameters are as follows:

0O 0 0
0o 0 0
ds1 ds1 dss

S11 S12 S13
S12 S11 S13
S13 S13 S33
0O 0 O
0 0 O
0 0 O

S44

0

€11 0
0 €11
0 O

566[: 2(511 - 512)]




As mentioned above, the piezoelectric phenomenon is forbidden by the sym-
metry in crystals with a symmetric center. This is because the non-symmetric
crystal can be polarized, i.e., electrical dipole moment can be induced, due to the
deformation of the crystal upon the application of proper external stress or electric
field (and only if the crystal is an electrical insulator). If the center of symmetry
is present, the crystal can not be polarized, which means the center of negative
charges and positive charges will always be the same. For given piezoelectric ma-
terials, the polarization generation mechanisms are closely related to the crystal
structure. For example, in a barium titanate (BTO) crystal, the generation of
polarization is due to relative displacement of positive central Ti ion and negative
oxygen ions which form octahedral structure around Ti ions.

Generally speaking, mechanical deformation can be induced by the application
of the electric field in all materials, this is called electric field induced strain. In
insulating low symmetry materials, the linear coupling (or primary coupling) be-
tween the strain and electric field is described by the converse piezoelectric effect.
More generally, a secondary coupling in which the strain is proportional to the
square of the electric field is present in all materials regardless of symmetry, this
is called electrostrictive effect. This quadric nonlinearity between the strain and
electric field is valid only in the single domain crystal and the state does not change
with the electric field. The relation between the electrostrictive strain y and the

induced polarization P by the electric field is expressed as



Xij = QijklPkPla (2-4)

where ;5. are the four-rank tensors called electrostrictive coefficients. The above
relationship holds for all the materials regardless of linearity or nonlinearity be-
tween the electric field and induced polarization. Due to the quadric term of
polarization P, the electrostrictive coefficients are always positive, while the piezo-
electric coefficient can be either positive or negative depending on the direction
of the applied electric or stress fields and induced strain or polarization. When
the external field is a combination of DC and AC electric fields, the interaction
term of Ppo and Pyc, i.e., (QPpc)Pac can be viewed as a piezoelectric effect in
an induced non-symmetric system that is biased by the DC electric field[13]. This
induced piezoelectric effect can be very large in certain systems such as relaxor-

ferroelectrics|14].

2.1.2 Ferroelectricity

A subgroup of piezoelectric crystals (10 out of 20 point groups) has a unique po-
lar axis. Crystals belonging to this group show an electric dipole moment even
in the absence of an external field. The polarization associated with the sponta-
neously formed electric dipole moment is called spontaneous polarization, which is
temperature dependent. When the temperature is changed, the electric charges

will change on the surface of the crystal due to the change of the spontaneous
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polarization. The phenomenon is called pyroelectricity[15], and may be written as

D; = p;AT, (2.5)

whereby p; is the vector of the pyroelectric coefficient. If the orientation of spon-
taneous formed polarization can be switched by the external electric field (lower
than the breakdown limit of crystal), then the crystal is said to be ferroelectric, or
they have ferroelectricity. So by definition, ferroelectricity is a pyroelectric mate-
rial with two or more stable states of nonzero polarization which can be switched
by the application of a sufficiently strong electric field.

Different from dielectric materials, the switchability of the spontaneous polar-
izations causes the hysteretic relationship between the polarization and the electric
field as shown in Figure 2.1, which is characteristic of the ferroelectric materials.
The finite polarization in the absence of the electric field is called remnant polariza-
tion (spontaneous polarization), denoted as P,.. The voltage at which polarization
changes direction is called coercive field V.[16].

Ferroelectric materials usually undergo structural phase transition from high
temperature non-ferroelectric phase to low temperature ferroelectric phase, which
is a result of lowering the total free energy of the system. The first transition (if
there is more than one structure transition) temperature to a ferroelectric phase
is called Curie temperature T,.. Close to the Curie temperature in the paraelectric

state, the dielectric constant falls off with temperature according to Curie-Weiss
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Figure 2.1: Hysteretic loop between the polarization and the electric field of fer-
roelectric materials, two remnant polarizations (spontaneous polarization) corre-
spond to two lower stable states

Law as

C

T:B ;
€ +T—Tc

(2.6)

where B and C are constants. At the lower temperature ferroelectric state, the two
lower stable states correspond to spontaneous polarization (4 P,, —P,) as shown in
Figure 2.1.

Ferroelectricity was first illustrated in Rochelle salt crystals in 1921 by J.
Valasek[17]. According to Landoldt and Bornstein[18], there are about 600 ferro-
and antiferroelectric materials have been discovered up to now. They can be
divided into hydrogen bonded systems like KDP, ionic crystals as in perovskite
crystals, and narrow gap semiconductors like GeTe. The most studied and fre-
quently applied ferroelectric materials are those with perovskite-type structures
and many are solid solutions of PbT70s3. The general formula of the perovskite

structure is ABOs, which A and B are cations such as Pb?>T, T and O is oxy-
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Figure 2.2: Unit cell of perovskite structure PbTiO3 (a) cubic structure at para-
electric state; (b) tetragonal structure at ferroelectric state

gen anion O?~. The cubic unit cell of the perovskite PbTiO3 (PTO) is shown
in Figure 2.2(a), in which Pb** ions sit at the corner of the cubic unit cell, O**
ions are located at the face center, while T%%" ions are at the body center. The
whole structure can be viewed as consisting of 7704 octahedron surrounded by
Pb** jons. The T, of PbTiO5 is 490°C. Above 490°C, PTO is paraelectric with
the cubic structure; lower than 490°C, it is ferroelectric. The Ti** ion displaces
toward one of its six neighboring oxygens and the crystal becomes slightly elon-
gated to form the tetragonal structure. The spontaneous polarization occurs as a
result of the relative shift of 7% ion and O?~ octahedra with respect to the Pb?*
ion as shown in Figure 2.2(b). This shift breaks the cubic symmetry, resulting in
six symmetry-equivalent variants with polarizations along the z,y, and z direction
of the pseudocubic axis.

The ferroelectric phase transition in the equilibrium state can be treated phe-
nomenologically by the Laudau-Ginzburg-Devonshire (LGD) thermodynamic theory[19][20].

The theory describes the macroscopic picture of ferroelectrics based on Gibbs free
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Figure 2.3: The free energy as a function of polarization for a ferroelectric with a
first-order phase transition as a function of temperature.

energy, which is expressed as

1 1 1
G = Go+ 58(T - To)P? + ZVP“ - 65]36’ (2.7)

where (3, v and § are constants. [ and ¢ are found to be positive in all known
ferroelectrics, while v can be either positive or negative. Figure 2.3 shows the
characteristic curves of the Gibbs free energy (G) vs. polarization for ferroelectrics
with a first-order transition in different temperature ranges. Ty, 7., 17, and T5 are
a series of special temperatures characterizing the transition from the ferroelectric
phase to the paraelectric phase.

As mentioned above, all the ferroelectric materials are pyroelectric, while not
all the piezoelectric materials possess ferroelectric properties. The relationships

between piezoelectrics, pyroelectrics and ferroelectrics are illustrated in Figure 2.4.
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Figure 2.4: Relationship between piezoelectrics, pyroelectrics and ferroelectrics
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2.1.3 Ferroelectric domains

When ferroelectric materials cool down from high temperature, the crystal is sub-
divided to regions with different spontaneous polarization orientations to minimize
the electrostatic energy of depolarization fields and the elastic energy due to me-
chanical constraints. The region that has the uniform spontaneous polarization
orientation is called a ferroelectric domain. For a fully compensated ferroelectric
single crystal of a suitable orientation, a single domain state is the lowest free
energy. However, in most cases, different domains will form which is driven by
electrical or mechanical boundary conditions. As in the example of PbT70s3, six
equivalent polarizations can possibly form in the crystal depending on the stress
and electric field conditions in the crystal during the cooling. The domains with
out-of-plane polarization are called ¢ domains, while the domains with in-plane
polarization are called a domains. The boundary of different domains is called
domain wall. 1f the angle between the spontaneous polarization orientations of
the neighbor domains is 180° apart, the domain wall is called the 180° domain
wall; if the angles are not 180° apart, for example, they are 90°, 71° apart as in a
tetragonal structure and rhombohedral structure, these domains are called 90° or
71° domain wall, or generally, the non-180° domain wall.

In the tetragonal structure crystal, both 180° and 90° domain walls can form in
the crystal; however, the formation mechanism is slightly different. The formation

of both the 180° and 90° domain wall can minimize the depolarization field by
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compensating for the surface charge in an unpoled ferroelectric ceramics, but only
the formation of the 90° domain wall can release the elastic energy stored in the
crystal. Moreover, both the 180° and non-180° domain wall motion will increase
the dielectric properties, while only non-180° domain wall motion will affect the
piezoelectric response. Because the lattice parameters of the unit cells at both
sides of 180° domain wall are the same, the movement of the 180° domain wall
will not induce piezoelectric strain. However, the different lattice parameters along
the 90° domain wall will induce large piezoelectric strain[21][22]: in the tetrago-
nal crystal, the strain induced will approach the tetragonality of the crystal and
increase the piezoelectric properties as shown in [23] and illustrated in Figure 2.5
. It is worth mentioning that the movement of 180° domains wall can increase the
apparent piezoelectric response when the applied electric field reached the coercive
field. This is due to the fact that the amount of domains that have the same
spontaneous polarization orientation with the electric field increases and these do-
mains expand along the electric field direction, while the amount of domains with
opposite polarization direction decreases and the domains shrink under the electric
field. This is illustrated in [24].

The switching of polarization leads to the hysteresis relationship not only be-
tween polarization and the electric field, but also between the strain and electric
field, which is in a butterfly shape as shown in Figure 2.6(a)[13]. Ideally, both the

hysteresis loops are linear, caused only by the pure piezoelectric effect; while in the
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Figure 2.5: Movement of 90° domain and induced piezoelectric strain

Figure 2.6: Strain vs. electric field (y vs.E) hysteresis loop (butterfly loop) in
ferroelectrics: (a) idealized loop in a crystal in which polarization reverses only by
180° and (b) actual polarization and strain loops measured on (111)-oriented, 322
nm thick, sol-gel Pb(Zrq53T0.47)O3 thin film (Damjanovic,1998)

actual crystal, due to the switching and movement of the domain wall (especially
non-180° domain wall movement), the actual hysteresis loop is more complicated.
Figure 2.6(b) shows the typical hysteresis loop observed in the experiment.

The general ferroelectric domain structures in equilibrium is a result of mini-

mizing the overall deformation and the electrostatic energy.

Wiot = Wy +Wg + Wpw + We = min, (2.8)

where W), is the elastic energy, Wy is the electric energy, Wpy is the domain

wall energy, and Wy is the surface energy. The static ferroelectric domain mi-
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crostructure in single crystals, powders, and ceramics has been observed by many
techniques including optical microscopy, scanning electron microscopy, transmis-
sion electron microscopy and recently atomic force microscopy. In ferroelectric
ceramics, each region of the material is not free to deform due to the surrounding
constraint, so complicated domain patterns form consisting of randomly orientated
grains. Polycrystalline thin films, however, often exhibit preferred orientation of
polar axis due to the strong interaction with the substrate and the domain rever-
sal processes are expected to be rather complicated and limited by the mechanical
constraining of film lattice to substrate. Such a constraint is most significant in epi-
taxial ferroelectric films; it is responsible for the unique periodic domain structure

formation which will be discussed later.

2.2 Piezoelectric response in ferroelectric mate-

rials

Ferroelectric materials exhibit piezoelectricity. The direct and converse piezoelec-
tric properties have been used as sensors and actuators, respectively, due to the
high piezoelectric coefficients of many ferroelectrics. A good example of such fer-
roelectric materials is Pb(Zry_,Ti,)O3, or PZT, the solid solution of lead titanate
(PbT'i03) and lead zirconate (PbZrQ3), which has been intensively investigated

and widely used in the past decades. Zr and 7% ions randomly occupy the center
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Figure 2.7: Phase diagram of PbZrOs; — PbTiO;3 (PZT)

of the perovskite lattice (B site). In the formula, = is the probability of find-
ing T atoms at the center of the unit cell, whereas (1 — z) is the probability of
finding Zr atoms that occupy the center of the unit cell. The equilibrium phase
diagram of PbZrO3; — PbTiO; solid solution is shown in Figure 2.7[10]. The line
that separates the tetragonal and rhombohedral structure in the middle of the
diagram is called morphortropic phase boundary (MPB) with Zr/Ti the ratio of
52/48 at room temperature. This composition of PZT has particularly interesting
properties from the application point of view due to the fact that the maximum
piezoelectric coefficient and dielectric constant appear at this composition. For
ferroelectric ceramics, a process called poling (the application of a high external
electric field to align domains in the polycrystalline materials) is necessary for the
materials to exhibit a bulk piezoelectric effect.

Different from the piezoelectric materials that is non-ferroelectric, due to the
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existence of spontaneous polarization in ferroelectrics, the piezoelectric coefficient
of ferroelectric materials can be expressed in a way that is related to the value
of spontaneous polarization. According to the LGD theory, in a mono-domain
tetragonal structure ferroelectric crystal, the piezoelectric coefficient along 3-axis
can be written as

dss3 = 2e0€33Q11 Fs (2.9)

in which ()17 is the electrostrictive coefficient, ¢y is the dielectric constant in vac-
uum, €33 is the dielectric constant of crystal along the 3-axis, and P; is the spon-
taneous polarization. It indicates that the realization of large piezoelectric coeffi-
cients in ferroelectric materials depends on a combination of large electrostriction
coefficients, large spontaneous polarization, and dielectric constant values. The
piezoelectric properties of ferroelectrics can be adjusted by changing these para-

meters.

2.2.1 Intrinsic and extrinsic response

Generally speaking, two types of contributions to the piezoelectric effect in ferro-
electric materials are distinguished, intrinsic contribution and eztrinsic contribu-
tion. The intrinsic contribution originates from the piezoelectric deformation of
mono-domain single crystal, as described in Equation (2.1). The extrinsic contri-
bution comes from any other extrinsic factors that may cause additional displace-

ment or strain under the electric field in a “real”crystal such as polycrystalline
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or thin film materials. It is mainly due to the ferroelectric-ferroelastic (non-180°)
domain wall motion; also it can comes from field-induced phase transitions, the
grain boundary effect, and/or the effect of defects. The extrinsic contribution
of 90° domain movement to the total piezoresponse has been extensively studied
since the 1950’s[25][17][26]. The extrinsic contributions account for 60-70% of the
piezoelectric and dielectric properties in BTO and PZT[27][28][29]. This is very
important to practical applications as actuators and capacitors.

Based on the phenomenological LGD theory, the intrinsic piezoelectric response
of PZT can be deduced not only for single crystal but also for polycrystalline
materials. This property depends on the crystal orientation. The piezoelectric
strain along the normal direction n = n;n; can be expressed in pseudo cubic

coordinates as

Xijn = Arijningly B (2.10)

in which x;;, is the normal strain along the normal direction n, dy;; is the piezoelec-
tric coefficient, while the electric field E}, = [, F, in which [, is the direction cosine.
If the electric field is applied along the normal direction n, then the piezoelectric

coefficient can be simplified to
Ay, = dpigngnin; B, (2.11)
Figure 2.8[30] shows the orientation dependence of the intrinsic piezoelectric

response of PZT bulk materials; for the tetragonal structure, the maximum value of
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Figure 2.8: Orientation dependence of effective piezoelectric coefficients of PZT

longitudinal piezoelectric constant ds3 is obtained along the polarization direction
[001], while for the rhombohedral structure, the maximum value is 56.7° away from
the polarization direction [111], close to the pseudo cubic [001] direction.

The movement of the non-180° domain under applied electric field can signifi-
cantly contribute to the extrinsic piezoelectric response of ferroelectric materials.
The domain wall can be pinned by defects [31] and grain boundaries of the crystal
and depinned under certain electric field. The contribution from the irreversible
displacement of the domain walls leads to a nonlinear and hysteretic piezoelectric
response, even at relatively low driving electric fields or pressures. In order to
determine the extrinsic piezoelectric effect, detailed information about the domain

wall structure, distribution and nature of defects and grain boundaries needs to be
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known. However, the complexity of polycrystalline ferrolectric materials makes it
very difficult to calculate the extrinsic piezoelectric effect. In the following, a brief
review will be given to the previous work on the 90° domain wall movement in the
tetragonal structure ferroelectrics and its extrinsic contribution to the piezoelectric

response.

2.2.2 Non-180° domain movement in ferroelectric materials

Bulk ferroelectric materials

It is widely accepted that the domain wall motion is a major source of piezoelectric
nonlinearity and strain hysteresis in bulk ferroelectric materials. Special distribu-
tion, relative volume fraction, and dynamic motion of these domains controls the
properties of the ferroelectric devices including the field-induced change in strain
for the piezoelectric devices and birefringence for the electro-optic devices. There-
fore, the study of non-180° domain and domain wall behavior under electrical and
stress fields is of great importance to the design and optimum functional ferroelec-
tric devices.

Among the many factors that affect the domain wall motion, the width of the
domain wall and domain wall energy are most important. Domain wall width plays
an important role in the mobility of the non-180° wall. Thicker walls are difficult
to move, while thinner walls tend to move relatively easy. However, how wide

the domain walls are and whether they are mobile or not are still controversial
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in literature. Some earlier researchers claim the 90° domain walls are much more
wider (hundreds of A) than the 180° domain walls and are immobile. For example,
Bursill et al. [32] estimated the 180° domain wall in BaTiOs to be 5-20 A, while
the 90° domain wall is much broader with a thickness of 50-100 A. Observations
of the domain wall has been done by HRTEM by different researchers. Tsai et
al.[33] observed in BaTiOs and Pb(Zrq5.Ti0.45)03 a diffuse dark contrast about
4-10 unit cells wide due to lattice distortion and ionic displacements. Stemmer
et al.[34] measured the width of the 90° domain wall in PTO to be 1063 A, and
domain wall energy is estimated to be 50 mJ/m?. Foeth[35] et al. confirmed the
width of 1563 A at room temperature. In contrast, recent researches show that
90° domain walls are extremely narrow, comparable to that of 180° domain wall.
Floquet et al. [36][37] combined the study of HRTEM images and x-ray diffraction
of BaTiO3, concluded the width of the 90° domain wall to be 40-60 A where the
crystallographic discontinuity is accommodated by irregular atomic displacements.
For micron-sized grains, they propose a wall thickness of only 1.0+0.3nm for PTO.

Similar to the domain wall width, reports on domain wall energy are diverse.
Padilla[38], Zhong[39], and Vendabilt[40], who investigated tetragonal BTO using
an effective Hamiltonian derived from first-principle calculations, shows the 180°
domain wall energy to be 16 mJ/m?. Poykko and Chadi[41], on the other hand,
found a much higher domain wall energy for BTO. First principle calculations

by Meyer and Vanderbilt[40] showed that the 180° domain wall energy is 132
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mJ/m? and the 90° domain wall has a much lower domain wall energy of 35
mJ/m?, combined with the calculated 90° domain wall width of around one lattice
parameter, ~ 5A, their work supports the idea that 90° domain walls are very
narrow and easier to form than 180° domain wall. The barrier for the movement
of these domain walls are very low; they should be move easily. They also explained
why the domains appear to be wider than actual at room temperature, which is
due to the thermal fluctuation.

To describe the extrinsic contributions to the piezoelectric properties from the
90° domain motion, several models have been set up. Basically, the 90° domains
are viewed as pinned by the randomly distributed defects; the potential energy
of domain walls are irregular as shown in Figure 2.9[42]. Either reversible move-
ment (vibration near the equilibrium position at the minimum point of potential
wall) or irreversible movement (depinned from the defect and across the potential
barrier) of the 90° domain wall will contribute to the piezoelectric response of the
ferroelectric materials. Arlt et al.[43],[44] expressed phenomenologically the rela-
tionship between domain wall displacement and the combination of electric and
elastic energy, and calculated the contribution of the reversible 90° domain mo-
tion to the dielectric and piezoelectric effect. The field and frequency dependence
of piezoelectric response, which is closely related to irreversible 90° domain move-

ment, can be described by the Raleigh law at low to moderate driving field[45],[46].
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Figure 2.9: Motion of a 90° domain wall in the potential (a) and correlated hys-
teresis loop (b)(Waser, 2003)

In addition, several methods can be applied to differentiate the intrinsic contri-
bution and extrinsic contribution from the 90° domain wall motion. For example,
the domain wall does not contribute to the total dielectric constant at high fre-
quencies in the GHz range, where dielectric relaxation can be observed due to
the 90° domain motion; moreover, from the temperature dependence measure-
ment of piezoelectric and dielectric properties, the intrinsic contribution can be

distinguished around 0 K where all the 90° domain wall motion is frozen[27],[47].

Ferroelectric films and size effect

In the past 20 years, research on ferroelectrics has shifted from bulk ferroelectric
materials (ceramics, single crystal) to ferroelectric thin films. Major driving forces
for ferroelectric applications are initially non-volatile memories [48] and high-K
dielectics. Now much research is being done in the area of microelectromechani-
cal systems (MEMS) [49]. In order to introduce ferroelectrics to microelectronic
industry, the properties of ferroelectrics at a small scale must be competitive with

the existing technologies such as DRAM, EEPROM and flash memory. Current
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memory densities in DRAM have reached the 1-Gbit level, the dimension of capac-
itor is about 0.13 pum, and the dielectric thickness is in the range of 5-30 nm . At
this low dimension scale, it is expected that the properties of ferroelectric materi-
als will be altered along with the vertical and/or lateral reducing of the materials.
For example, if we compare ferroelectric films to bulk ferroelectric materials, bulk
ferroelectric materials are usually good insulators; however, as the thickness of the
film decreases, the film behaves similar to semiconductors with large bandgap. In
addition, the high field required to switch the polarization state in bulk materials
can be realized at low voltages for thin film, which is suitable for the integrated
electronics applications.

The most important difference between three-dimensional bulk materials and
two-dimensional thin film, however, is that due to the clamping of the film by
a substrate, the measured properties of thin-films reflect the response from the
whole system (film, interface, electrodes and substrate) rather than the film itself.
The strain in the film plays an important role in tailoring the property of the
film which can be considerably different from the bulk materials. In an epitaxial
film in which the film is grown on a substrate of similar crystal structure but
with different lattice parameters, such as tetragonal film on cubic substrate, the
thinner film is stressed to fit the substrate. When the thickness is beyond certain
a critical point, the domain patterns will form to release the elastic energy in the

film. The ferroelectric film under tensile stress typically has dominant in-plane
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Figure 2.10: Phase diagrams of (001) single-domain (a) BaTiO3 and (b) PbTiO;
thin films epitaxially grown on different cubic substrates providing various misfit
strains u,, in the heterostructures (Pertsev, 2003)

polarization; while predominantly out-of plane polarization appears in the film
under compressive stress. Many PZT films grown on Si substrate are under certain
in-plane tensile stress due to the thermal expansion coefficients mismatch between
the film and substrate during cooling from the Curie temperature. The misfit
strain between the film and substrate affect not only the domain configuration,
but also the thermodynamic stability of the ferroelectric phases. Pertsev et al.[50]
derived the phase diagram of BTO and PTO in the form of film as a function of
misfit strain, which is shown in Figure 2.10. It can be seen that the order of phase
transition changes from first to second, and the rhombohedral phase is stabilized
to a very high temperature.

From a microstructure point of view, both bulk ceramic and thin film consists of
grains with different polarization in the polycrystalline form. The change of grain
size and domain configuration inside will be reflected in the change of properties;
this is called size effect. In large grains, the formation of domain pattern effectively

reduces the misfit energy. While in the fine grain ceramic, the domains can not
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form properly so the misfit energy can be considerably large. For example, when
the grain size is in the range of 0.2-10 pm, the non-180° domain size drops with
the square root of the domain size[51]. In small grains under 0.2 pm, there are
only simple twin bands. Thus poling efficiency which requires the coordination
of neighboring grains will be decreased and the residual stresses in grain will be
increased, which in turn affects the piezoelectric and ferroelectric properties. In
thin films, the grain size is fine and can be comparable to film thickness, and the
clamping from the substrate exists even in thick films.

The intrinsic and extrinsic contribution from the non-180° domain motion both
change with size. For intrinsic contributions, the ferroelectric transformation shifts
to low temperature for smaller grain size, and the temperature dependence of peak
value parameters (such as dielectric constant)will be decreased and broadened [51].
For extrinsic contributions, both domain population and domain wall mobility need
to be taken into account. They are all affected by the ferroelectric phase size or
grain size. Experiments show that over half of piezoelectric responses are from do-
main wall motion in some large grained PZT ceramics, while for fine grain ceramics,
the contribution from domain wall motion is limited. In thinner polycrystalline
PZT film (< 1pm thick), little contribution from non-180°domain wall movement
is observed even under a moderate external stress field (~100 MPa)[52],[53]. The
relaxation behavior at high frequency dielectric measurement is also not observed

indicating that the non-180° domain wall movement is strongly suppressed in the
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film. The small grain size, the high stress level, and /or a high concentration of mo-
bile defect dipoles such as Vp, — V{5 leads to lower non-180° domain wall mobility
by stabilizing the domain structure.

In thin films, the piezoelectric properties are generally much lower than the
properties of bulk ceramics. In addition to the reduction of the extrinsic contri-
bution, clamping of the film by the substrate also plays an important role. The
piezoelectric coefficient measured in the film is actually an effective piezoelectric
coefficient due to the in-plane constraint[54]. In PZT films, this clamping effect
is significant due to the larger in-plane constraint (ds3 ~ —2ds;). If the in-plane
constraint is reduced, as in Ca-doped PTO films with lower d3; values, the film will
have ds3 that is very close to those of the bulk materials[52]. On the other hand,
the clamping effect also has some effect on the non-180° domain wall motion. For
example, piezoelectric properties of a 12 um thick PZT film are still lower than
bulk material values due to the clamping by the substrate[55]. Therefore, the re-
duction of the clamping effect will help on improving the piezoelectric properties
of the film by increasing both the intrinsic and extrinsic response of the film, espe-
cially in epitaxial film where defects in the film are less than in polycrystalline film
and the clamping effect plays a more important role. This has been demonstrated
in epitaxial PZT20/80 film grown on STO substrate and patterned by a focused
ion beam, where the piezoelectric response is shown to be drastically increased in

the discrete island. In this work, we will use Si substrate instead to show the re-
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duction of the clamping effect on the piezoelectric response increase and the effect

of different substrates.

2.3 Applications of ferroelectric materials

The birth of ferroelectric materials as a useful class of materials came from the
understanding of both ferroelectricity and piezoelectricity through three critical
discoveries[56]. First, the discovery of an unusually high dielectric constant in bar-
ium titanate; second, the discovery that the origin of the high dielectric constant
was due to the permanent internal dipole moment-ferroelectricity; third, the dis-
covery that by electric poling, single crystal-like properties can be obtained in the
ceramics.

The ferroelectric materials now are widely used for a variety of applications.
In bulk form, its high permittivity over a wide temperature and frequency range
can be used as dielectrics in capacitors, its high piezoelectric coefficient is widely
used as transducers, and its pyroelectricity have potential application in infrared
imaging system. In thin film form, they are candidates for integration in the mi-
croelectronics industry. The large dielectric constants in the paraelectric state are
attractive for transient charge storage as in capacitors in dynamic random access
memories (DRAM)[57]. In the ferroelectric state, the reversible spontaneous polar-
ization is very promising for non-volatile ferroelectric memories (NVFRAM)[58];

especially, PbT'1Os-rich compositions are very suitable for ferroelectric memory
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Figure 2.11: Typical applications for ferroelectric film

applications due to the large spontaneous polarization available and more squarer
of tetragonal composition comparing to rhombohedral composition. In the micro-
electromechanical systems (MEMS) area, many efforts have been made to make
use of the piezoelectric properties of the film, mainly thick PZT film, which has
been reviewed by Muralt[49][59][60]. Also, relaxor ferroelectrics such as PMN-PT
are of great interest for many applications because of its giant piezoelectric con-
stants (>2500 pm/V) that can be achieved along pseudo-cubic [001] direction[14].

Typical applications for ferroelectric film are shown in Figure 2.11.
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Chapter 3

Domain Structure in Epitaxial
Ferroelectric Film on Si-Substrate
and Its Changes Under Local

Electric Field

In this chapter, we describe how we grew high quality PbZr2T17503 ferroelectric
film epitaxially on Si substrate by pulsed laser deposition, investigated the domain
structure in the continuous film and studied the domain evolution under the local

electric field by the piezoelectric imaging technique.
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3.1 Sample preparation

All the ferroelectric PZT samples used in this study were prepared by pulsed laser

deposition, which will be introduced first.

3.1.1 Pulsed laser deposition technique

Ferroelectric films can be prepared using several different methods[61], including
sputtering [62][63][64][65], sol-gel[66][67], MOCVD [68][69][70], and pulsed laser
deposition [71][72][73]. Pulsed laser deposition (PLD) as a film growth technique
was used successfully to grow high-temperature 7 superconducting YBCO films
in 1987[74], and has since attracted widespread interest. During the past decade,
pulsed laser deposition has been employed in fabricating thin films of epitaxial
quality. It remains an important research tool for growing high quality multi-
component oxide ceramic thin films, such as ferroelectric films, high temperature
superconductor films, ferromagnetic multi-layers, and colossal magneto-resistive
(CMR) films. PLD has even been reported as an effective technique in the synthesis
of nanotubes, nanopowders, and quantum dots.

Figure 3.1 shows a schematic diagram of a typical PLD system. During opera-
tion, a short pulsed laser beam from a KrF excimer laser is focused onto a target
inside a vacuum chamber. The high pulse energy density (~1 J/pulse) leads to
rapid evaporation of the target materials due to the high resulting energy density

(~3-5 J/cm?) at the target surface. The evaporated materials include both highly
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Figure 3.1: The schematic diagram of a pulsed laser deposition system

excited and ionized species. They present themselves as a glowing plasma plume
immediately in front of the target surface. The target, which can be any bulk
material of interest, is placed in a target holder and rotated continuously during
deposition. The substrate is mounted onto the substrate holder, and is placed
parallel to the target, about 10 cm away; the close proximity helps in obtaining
the maximum film uniformity. The substrate is heated, by an oxidation-resistant
heater, to the required elevated temperature during deposition.

PLD deposition offers many advantages when compared with other film depo-
sition techniques. The most important feature of PLD is that the stoichiometry of
the target can be retained in the deposited films. This is the result of the extremely
high heating rate of the target surface (108 K/s) when subjected to pulsed laser
irradiation. As such, polycomponent materials can be deposited onto substrates
to form remarkably stoichiometric thin films. In addition, since the target size is

smaller than in conventional PVD techniques, multiple targets can be loaded to-
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gether in the chamber, allowing formation of multi-layered, multiple composition
films. Another attractive feature of PLD is that the growth rate of a film can range
anywhere from one atomic monolayer per second to 10 pm/s simply by varying
the repetition rate; hence, both ultrathin films and thick films can be grown by
this method.

A major drawback to the PLD method is the splashing of particulates onto
the films due to subsurface boiling. Such particulates, up to a micron in size,
will greatly affect both the growth of the subsequent layers as well as the overall
electrical properties of the films. Inserting a shadow mask is one effective way to
block the large particulates. Another problem with PLD is the narrow angular
distribution of the ablated species, which limits the large-area uniformity of thin
films. Rotating both the target and substrate can help to mitigate this problem.

In order to grow films of high quality, the following parameters of deposition
need to be controlled and optimized for a specific film’s growth. First, the lattice
constants and the thermal expansion coefficients of the substrate and a desired
film have to be matched, in order to minimize decrease the stress and avoid crack
formation in the film. Moreover, the laser energy density and pulse repetition
rate have to be controlled to minimize the possibility of creating the micron-sized
particulates mentioned above. Because oxygen is easily lost during the deposition
process, one must also ascertain the oxygen partial pressure (working pressure)

which corresponds to the desired fraction of oxygen incorporated in the resulting
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film. The deposition temperature, or temperature at the substrate, is very impor-
tant when growing high quality films (from a crystallization point of view), since a
suitably high temperature tends to assist in the nucleation of deposited elements

at their correct positions/sites.

3.1.2 Sample preparation

In our study, all the PZT films were grown in a PLD system using a KrF laser with
a wavelength of 248 nm and pulse width of 30 ns[75]. The nominal Zr/Ti ratio of
the target was 20/80 for PbZry 2T s03(PZT20/80) film growth. A (001) oriented
Si single crystal wafer, with lattice constant a = 5.4308 A, was selected as the
substrate material, particularly since Si would be compatible in the application of
integrating a functional oxide film within the microelectronics industry. PZT film
cannot be grown directly on a Si substrate due to the large mismatch strain between
the film and the substrate; however, in this work, a ferroelectric Pb(Zrq2T95)Os3
epitaxial film was successfully grown on Si substrate using SrTi0O3 template layer
with a perovskite structure[76]. The thickness of the pre-deposited Sr7TiO3 (001)
template layer was 200 A, grown by molecular beam epitaxy. Prior to the PZT film
deposition, the 80 nm thick epitaxial La(Sry5C005)05 (LSCO) bottom electrode
was in situ deposited onto the substrate by pulsed laser deposition at 600°C, in
an oxygen pressure of 100 mTorr. During the PZT film deposition, the substrate

temperature was maintained at 650°C with an oxygen pressure of 400 mTorr. The

38



repetition rate of the laser was 4 Hz, and the beam energy was 400 mJ/cm?. After
growth, the sample was cooled in an oxygen pressure of 300 Torr. The cooling rate
was kept low (3°C/min) to avoid cracking. LSCO and Pt top electrodes, about
50 nm thick each, were also deposited by PLD to form capacitors for piezoelectric
and polarization measurement.

Figure 3.2 is a cross section of a 1 micron thick PbZrg5TiggO3/SrTiO3/Si film
heterostructure. Two thicknesses, 1ym and 0.5um, were prepared for the study. It
is known that the film is in a paraelectric state at the growth temperature (650°C),
with a cubic structure. Then during subsequent cooling, the film undergoes a
cubic-tetragonal transformation at 420°C (Curie temperature 7.), and becomes
tetragonal at room temperature. The film composition obtained by this work is
the same as the target as confirmed by energy dispersive spectroscopy. To apply
the local electric field, a conductive PFM tip was scanned on the naked surface of
the film. A weak AC electric field, combined with a DC bias, was applied between
the tip and bottom electrode. Since there was no top electrode on the film surface,
the PFM tip served as a movable electrode. Prior to measuring the ferroelectric
and piezoelectric properties, Pt was deposited by pulsed laser deposition onto the
film surface, which had been patterned using standard lithography. The resulting
capacitor size was 52 microns in diameter. For each film, five capacitors were
tested, and the results were averaged. Measurements were made at the center of

each capacitor to avoid the edge effect.
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Figure 3.2: Cross section of a 1um thick PZT20/80 film grown on Si substrate

3.2 90° domains in ferroelectric films on Si sub-

strate

3.2.1 Domain visualization and manipulation by PFM

Various scanning probe microscopies (SPM) have been developed and have be-
come power tools for studying ferroelectric materials. These techniques include
electrostatic force microscopy, piezoelectric force microscopy, scanning capacitance
microscopy and scanning non-linear dielectric microscopy|[77]. Of the many differ-
ent ferroelectric imaging techniques, Piezoelectric Force Microscopy (PFM) has
rapidly become one of the primary tools for ferroelectric thin film research. PFM
can be used for static domain structure imaging, with a resolution up to 10 nm.
In addition, by locally poling the different regions, the dynamic domain evolu-

tion under external thermal, stress and electric field can be detected [78][79], and
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electromechanical properties can be quantified by local hysteresis measurement.
Moreover, the domain size and density can be manipulated precisely by varying
the electric field[80][81]. In this chapter, we will focus on the domain imaging
technique. In next chapter, piezoelectric coefficient measurement by PFM will be
employed.

Piezoelectric force microscopy is a voltage modulated scanning probe microscopy,
and is based on the detection of bias-induced surface deformation[82]. It can be
used to image the ferroelectric film surface[83], and to measure the local piezore-
sponse of the film[84] by a lock-in technique. In image mode, an AC biased con-
ducting AFM tip scans the naked surface of a ferroelectric film. In contact mode,
local piezoelectric amplitude, phase information and topography can be recorded
simultaneously. The contrast of the piezo-image shows the contours of the domain
pattern, each representing a different polarization direction. This is realized by a
technique called Phase-Sensitive Detection (PSD), performed by a four-quadrant
(A,B,C,D) laser photo detector (phase sensitive detector, shown in Figure 3.3),
which is the heart of the lock-in amplifier. For ¢ domains, the polarization vector
is aligned either 0° to the electric field (“in phase”) or 180° from the electric field

(“out of phase”). The tip vertical displacement can be written as:
Y thin film
Az = dss E(z,t)dz (3.1)
0

where E(z,t) is the electric field as a function of time t and displacement z. ¢ is the

thickness of the ferroelectric layer. The displacement can be detected by tracking
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Figure 3.3: Phase-Sensitive Detection (PSD) technique

the signal difference between upper and lower detectors (A+B) and (C+D); for a
domains, the polarization aligns in the surface, and the shear effect of d;5 generates

a torque on the cantilever which can be approximated as:

A d15EAc(Z)dZ (32)

1 tr
0= o /0
This lateral displacement can be detected by the signal difference between left and
right detectors (B+D) and (A+C). The above signals are sent to two different
lock-in amplifiers and compared to the reference signal which is fed to the tip.
Both the amplitude, which is proportional to the piezoelectric coefficient, and the
phase, which is the angle difference ¢ between the piezoresponse and electric field,
are detected and separated. The “in phase”domain (¢ = 0°) shows black contrast

and the “out of phase”domain (¢ = 180°) shows white contrast. From the typical
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Figure 3.4: Piezoelectric force microscope setup for ferroelectric domain imaging
and piezoelectic coefficient measurement

PFM image shown in Figure 3.5(a) one can clearly differentiate neighboring 180°
domains due to the contrast mechanism. The PFM setup used for domain imaging
in our study is schematically shown in Figure 3.4.

Despite the wide application of PFM as a domain imaging tool, there is still
some controversy regarding the contrast formation mechanism. The experimentally

measured piezoresponse amplitude can be expressed as:
A= Ael + Apiezo + Anl (33)

In addition to the electromechanical response A, from the sample surface, the
PFM signal also includes contributions from long range electrostatic forces A.; as
well as non-local contributions A,,; due to capacitive cantilever-surface interactions.
According to the Contrast Mechanism Map developed by Kalinin et al.[85], regions
with strong indentation are the areas where piezoelectric response is dominant.

These regions depend on the contact radius and the indentation force. In addition,
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non-local interactions by the cantilever can be minimized by using stiff cantilevers
with spring constants k.;y >1 N/m. In our work, the conductive PFM tip is a
Ti/Pt coated Si tip with an apex radius of 20nm and a spring constant of 5 N/m,
the resonant frequency is 75 KHz, and the contact force is estimated to be 70~100

nN.

3.2.2 Observation of 90° domain motion in the film
1pm thick film

The out of plane signal PFM and SEM images of the 1 micron thick film are shown
in Figure 3.5(a) and (b).The film is observed to consist of three domain variants:
¢,al and a2, respectively. For the (001) oriented tetragonal film, the three-domain
variant pattern is energy favorable due to the symmetric biaxial in-plane stress.
Three variants form a cellular grid-like pattern on the film surface, in accordance
with the theoretical prediction[1][86] and the experimental observation of PZT
20/80 films with thicknesses larger than 300 nm|[87]. This structure is called the
c/al/c/a2 domain structure. Two polarization directions are associated with each
of these variants. In Figure 3.5 (a) and (b), the needle like domains are the a
domains. al and a2 are two sets of a domains which are orthogonal and inter-
locked to each other. Because a domains have in-plane polarizations, the contrast
of the a domains are gray in the out-of-plane signal PFM image. The polariza-

tions of ¢ domains point preferentially towards the bottom electrode, and nonzero

44



remnant polarization exists without the presence of an electric field (poling). This
has been observed in epitaxial PZT films grown on (001) single crystalline SrTiO;
substrate with LagsSrg5CoOj3 electrode[88]. This self-polarized polarization can
be explained by the internal electric field induced by a nonsymmetric electrode[89)].
X-ray diffraction (D500, Brucker-AXS) was also performed for the above film (Fig-
ure 3.5(c)). The films were shown to consist of only ¢ domains and a domains, and
no other phases (such as pyrochlore phase) exist. Figure 3.5(e) shows the ¢- scan
of the (101) peaks, indicating the epitaxial nature of the film. The domain fraction
of the film was determined by rocking curves. Rocking curves of ¢(002) and a(200)
are consulted to quantitatively determine the relative amounts of these domains
in the films, as shown in Figure 3.5(d). There are about 55 — 60% a domains in
the film, in agreement with the PFM images. The observed small FWHM widths
indicate that the film has good crystallinity. The (001) lattice parameter of the
film is 4.097A, close to the calculated bulk value of 4.135A, indicating that the
film is close to a fully relaxed state due to the formation of polydomain structure.

Cross-section transmission electron microscopy (TEM) was performed for the
film grown on Si. It clearly shows a mixture of ¢ as well as one set of a domains in
the film (Figure 3.6). It can also be seen that the a domain tilts about 45° away
from the substrate, and the thickness of the a domains is about 40 nm. The other
set of a domains, which is orthogonal to the first a domain and parallel to the

sample length, is missing in the TEM picture. The missing set of a domain, had
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Figure 3.5: Characterization of 1um thick PZT20/80 on Si substrate.(a) out-of-
plane PFM image;(b) SEM image of the film surface; (¢) X-ray diffraction of the
film; (d) rocking curve of PZT (200) and PZT (002) peak; (e) y-scan of the film
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Figure 3.6: TEM analysis of 1 micron thick PZT20/80 film epitaxially grown on
Si substrate. (a) bright field image;(b) diffraction pattern; (c) illustration of the
diffraction pattern of polytwin
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they appeared in the picture, would be observed as short bars parallel to the film
surface, yet it is observed neither in the above TEM picture, nor in the accompa-
nying diffraction pattern. This phenomenon will be discussed further later. The ¢
and a domains are twins, they are tilted toward different sides of the shared(101)
plane. The theoretical tilt angle # between the ¢ and a domain can be calculated

from the following equation:

™

0= Ztanfl(g) —

5 -3 (3.4)

The calculated tilt angle is 2.9° for bulk Pb(Zr2T%0s)Os. The measured and
calculated tilt angle from the diffraction pattern is 2.8° ~ 2.9°, which is in good
agreement with the theoretical tilt angle of bulk materials. The lattice tetrag-
onality in the film calculated from reciprocal mapping (Phillips MPD system)
measurements is 1.042, which is close to the theoretical tetragonality value (1.045)
of bulk PZT. The observations indicate that the stress that could arise due to the
lattice mismatch and thermal mismatch between the PZT film and Si substrate is
almost released because of 90° domain formation.

Taking a close look at the a domains in the PZT20/80 film grown on Si sub-
strate, Figure 3.5(a) shows that the a domain thickness is not uniform. There are
thick domains (about 100 nm) as well as thinner ones about 20 ~ 40 nm thick
in the film. In addition, PFM observation of the thick domains reveals that this
is not a single domain, but polytwin plate consisting of alternation of al and a2.

These fine al and a2 domains are about 45° to the [010] or [100] direction. The

48



Figure 3.7: Polytwin domain structure in 1 micron thick epitaxial PZT20/80 film
on Si substrate. (a) three dimensional topography image;(b) corresponding in-
plane signal PFM image. Below is the illustration of the polytwin domain structure

illustration of the fine polytwin domain structure is shown in Figure 3.7. These
polytwins are unstable under local electric field.

Figure 3.8(a)-(c) show the topography, in-plane and out-of-plane PFM image
of a polytwin plate in the absence of electric field. Figure 3.8(d)-(f) show the same
area after locally applying electric field. The 1 x 1um area film is scanned by
rastering the conductive PFM tip. There was -15V (i.e. -15MV/m) and +15V
(+15MV/m) bias between the tip and the film. It is seen that polytwin disappears

under the applied field. The change of topography shows that it transforms to ¢
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Figure 3.8: domain structure change in thicker a domain (a)-(c) are topography,
out of plane, in plane piezoimage of the 1 x 1um area of the 1um thick PZT20/80
film before applying electric field (d)-(f) are are topography, out of plane, in plane
piezoimage of the same area after applying -15V and +15V voltage in the area

domains.

500 nm thick film

The a domain wall motion under local electric field observed in the 1 pym thickness
film can also be observed in a 500 nm film. The 500 nm thick film was characterized
and shown in Figure 3.9. There are fewer a domains in 500 nm thick films than
in 1pm thick films. Figure 3.10 shows topography and out-of-plane PFM image

of a 500 nm film before and after applying local electric field. Before applying
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Figure 3.9: Characterization of 500nm thick PZT20/80 on Si substrate.(a) out-of-
plane PFM image;(b) SEM image of the film surface; (¢) TEM picture of the film;
(d) X-ray diffraction of the film;(e) rocking curve of PZT(200) and PZT(002) peak
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electric field, there is a long vertical a domain about 100 nm wide. After the
center area of 3 x 3um is scanned by the PFM tip with a bias voltage of -15V and
+15V, this vertical a domain cannot be seen, while the initial ¢ domain has grown
about 100 nm to the right, and the topography of the image shows a “bump”in
the initial position. Figure 3.11(a) is the line cross section of the topography
the same location before and after applying electric field. Figure 3.11(b) and (c)
schematically illustrate the change of topography, i.e., how the previous a domain
was in-situ transformed into the ¢ domain. According to previous research, the
electric field distribution in the film under an applied electric field is highly non-
uniform. The actual electric field at the surface of the film can be very high. The

a domain may become unstable when the electric field is applied.

3.2.3 Morphological transition of domain structure

Figure 3.12 shows out-of-plane piezoelectric image of a 1um thick film before and
after applying local electric field. 3 x 3um area of the film is scanned with a
-10V bias between the tip and the film. Comparing to the cellular structure of
the original film shows that the fine a domains in the center region (where po-
larization is reversed) were rearranged and formed the hierarchical structure (Fig-
ure 3.12(a)(c)). As has been shown by phase field modeling of domain structure
in an epitaxial film (Figure 3.13[90][91]), a hierarchical structure becomes more

stable than the cellular one with decreasing the fraction of out of plane ¢ do-
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Figure 3.10: Change of domain structure under local electric field in the 500nm
film. (a)-(c) are topography, out of plane, in plane piezoimage of the 5 x 5um
area of the 500nm thick PZT20/80 film before applying electric field (d)-(f) are
are topography, out-of-plane, in-plane piezoimage of the same area after applying
-15V in the center of the 3 x 3um area and, (g)-(i)after applying +15V voltage in
the whole 5 x bum area
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Figure 3.11: Illustration of the change of a domain to ¢ domain under the local
electric field. (a) the topography change of the same position before and after
applying the electric field; (b) the lattice change before and after a domain changes
to ¢ domain; (c) the explanation of topography change before and after a domain
changes to ¢ domain
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mains(Figure 3.13(b)[90]).In our experiment, the reversed electric field results in
decreasing the built-in field which poled the initial film and stabilized the cellular
structure, therefore, the fraction of ¢ domain decreases and the cellular structure
transforms into the hierarchical one.

The sequences of the images presented in Figure 3.14 and Figure 3.15 demon-
strate that the morphology transition does not depend on the size of the area with
polarization reversed by local electric field. Figure 3.15 demonstrates that this

transformation can be repeated by applying field of the opposite sign.

3.3 Conclusion

Domain structures of PbZrqsTi9s03/SrTi05/Si continuous films has been in-
vestigated by piezoelectric force microscopy (PFM). It is shown that the cellular
structure in the films on Si substrate is more complex than has been observed in
films on SrTiOj substrate. It contains polytwin al/a2 plates as well as simple
a domains embedded in ¢ domain matrix. The movement of domain wall under
local electric field has been observed. Morphological transition between cellular
and hierarchical structure theoretically predicted has been observed in the area of
reversed polarization. It is shown that this transformation does not depend on the
size of switched area. The study allows us to conclude that the domain structure

in the PZT film on Si substrate is more flexible than the film on SrTiO5 substrate.
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Figure 3.12: Formation of self-organized 90° domain in the 1pum thick PZT20/80
film grown on Si substrate.(a) out of plane piezoelectric image of virgin film; (b)the
out of plane PFM image of the same film after applying electric field of 10MV/m
in the center 3 x 3um area; (c)and (d) are three-dimensional images of (a) and (c),
respectively
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Figure 3.13: Phase field modeling showing (a) polydomain structure in a con-
strained (001) layers at different biaxial misfit, (e44,¢e,,)(Slutsker, 2004); (b)
The evolution of three-domain polydomain architecture from a two-domain struc-
ture to a single- domain one with change of misfit(top). The plane view of
the structures obtained by modeling with increasing fraction of out-of-plane do-
main(bottom)(Slutsker, 2002).
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Figure 3.14: The hierarchical domain pattern formation after local electric field
application in a 1pm thick PZT20/80 film grown on Si substrate.(a)(c)(e) topog-
raphy image of the film; (b)(d)(f) out of plane PFM image of the same film; (a)(b)
virgin film of 5 x 5um; (c)(d) after applying electric field of -12MV /m in the center
area of 1 x 1um; (e)(f)after applying electric field of 12MV/m in the center area
of 3 x 3um. The arrows indicate the positions where hierarchical structures form
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Figure 3.15: The hierarchical domain pattern formation after local electric field ap-
plication in a 1pm thick PZT20/80 film grown on Si substrate (continuing).(g)(i) (k)
topography image of the film; (h)(j)(1) out of plane PFM image of the same film;
(g)(h)after applying electric field of 12MV /m in the whole area of 5 x 5um; (1)(j)
after applying electric field of -12MV /m in the center area of 1 x 1um; (k)(h)after
applying electric field of 12MV /m in the center area of 3 x 3um.The arrows indicate
the positions where hierarchical structugegs form



Chapter 4

Nanopatterning Effect on Domain

Structure and Its Mobility

In this chapter, we first introduce the measurement of converse piezoelectric coef-
ficient by PFM and the polarization measurement, then discuss the domain move-
ment in the FIB patterned cubic and strip-like island island of a 1 micron thick PZT
film and square island of a 500 nm thick PZT film. Finally, the study of patterned
cubic islands on a 3um thick lead magnesium niobate-lead titanate (PMN-PT)

ferroelectric film is presented.
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4.1 Experimental techniques

4.1.1 Nanopatterning of ferroelectric film by Focused Ion
Beam technique

Presently much attention has been focused on the application of ferroelectric film
as a high density gigabit non-volatile data storage media. As the active memory
element shrinks to the nanoscale, due to the increasing high aspect ratio and high
surface to volume ratios, the ferroelectric element is subject to problems such as
polarization relaxation, fatigue, imprint, and leakage. Thus, it is imperative to un-
derstand the fundamental ferroelectric phenomenon at shrinking dimensions. To
pattern the film into smaller features, traditional processes in the semiconductor
industry include lithography and etching. The former defines the lateral structure
by patterning the resist; the latter removes the materials selectively by a develop-
ing process. However, for complex oxides such as PZT, etch techniques are still
not fully developed. These materials suffer from the common problem that their
possible etch products have a very limited volatility, even if reactive gases are used.

In our study, we use the focused ion beam (FIB) technique to pattern the
ferroelectric films to micron size scale. This method provides a convenient and
flexible way to pattern ferroelectric films. It has the advantage of high resolution
(image resolution<50 nm, cut accuracy ~0.1pum) and flexible layout patterning

offering either milling or deposition on a maskless surface with or without gas
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assistance.

The earliest focused ion beam for microfabrication was produced in Hughes
laboratories in 1973 with a beam spotsize of 3.5um[7]. Currently most FIB systems
use a high quality, long-life liquid metal ion source (LMIS) developed in the 1970s,
which allows the system to accomplish the tasks more readily[92]. A beam of Ga
ions is focused and scanned over the surface of the sample. The interaction of the
ion beam with the sample results in ejection of atoms from the surface (sputtering)
and the production of secondary electrons and ions. Deposition is also possible in
the presence of an organometallic gas, but only under specific operating conditions.
An electron flood gun can be used to compensate for the charging induced by the
ion beam and to keep the sample more neutral.

Sputtering is the basic ionic impact phenomenon during the process of FIB
microfabrication. It is an atomic cascade process, in which the accelerated ions
transfer their energy in a series of primary collisions to the surface of substrate,
and cause the ejection of surface atoms and ions as well as further collisions within
the substrate atoms. The sputter yield, which is the number of substrate atoms
removed per incident ion, is generally 1 — 10% per ion, depends on the materials,
incident angle of the ion beam and energy of the beam, usually determined by
the experiment. Ion milling occurs if the sputter yield is greater than unity. The
sputter rate can be increased through gas-assisted etching. The key feature of FIB

technology is its capability to localize the modification to only the area requiring
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Figure 4.1: Focused Ion Beam equipment.

alteration. FIB systems can be employed to make precision modifications to a
variety of samples. This makes the FIB systems an indispensable tool for failure
analysis and test structures analysis at chip level as well as the repair of nearly-
functional parts. The typical application of the FIB includes: nanoscale device
fabrication, optical lithography mask repair or modification, circuit modification,
and TEM sample preparation.

Although FIB process has the drawback of low throughput which is not suitable
for mass production, the system is good for the specialty devices production with
complete flexibility. The FIB equipment used in this work are the Micrion FIB 2500
and the Dual Beam FIB 620 (Figure 4.1). They are both equipped with a liquid
gallium ion source. While the former operates at an accelerating voltage of 50 kv
with a 5 nm ion column, the latter has a constant operation voltage of 30 kv and
20 nm. The Micrion 2500 has an increased available beam current with a smaller
beam spot size, thus it has both a higher resolution and a higher sputter rate. In

addition, the Dual Beam combined the FE-SEM with FIB into a single integrated
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Figure 4.2: Schematic ion column structure of focused ion beam

system, and can provide cross section images real time during FIB milling or
afterwards without ion beam erosion or gallium implantation. Figure 4.2[93] shows
the schematic picture of the inside structure of an ion column.

In order to decrease the substrate clamping effect[94], the ferroelectric films
are patterned into discrete islands by using focused ion beam[95]. The patterned
capacitor structure in PZT film is shown in Figure 4.3. The typical heterostructure
of the film is Pt/LSCO/PZT/LSCO/STO/Si. The capacitor forms in the film by
milling grooves of a certain pattern, and the maximum depth of the removed

materials in this work is 1 gm. The typical beam current used is in the range
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Figure 4.3: 1 x 1 x 1um cubic island milled by focused ion beam

of 70-1000 pA, and the corresponding beam diameter is 20-100 nm. The beam
scans the desired pattern(s) in parallel or in series by digital serpentine scan, or,
rastering process as is shown in Figure 4.4. The dwell time in each pixel is set to
10-50 ms. The overlap of the beam is 50% to make sufficient exposure of the film
under the beam. The total materials removed by the beam is determined by both
the dose (in nC/mm?) and the sputter yield. To fabricate the capacitor, the milled
groove needs to stop at either the PZT layer or the LSCO bottom layer. The end-
point analysis curve can help in estimating the stop point during real time milling.
It is a graphical representation of the intensity of secondary particle emission.
When layer boundaries of dissimilar materials are crossed, the secondary emission
rate changes, and the curve rises or falls as each underlayer is uncovered. The
schematic end-point analysis curve is shown in Figure 4.5[93]. The ion milling is
effective in making most structures, but there are some drawbacks which need to be

mentioned. When fabricating narrow deep grooves, redeposition of the sputtered
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Figure 4.4: Raster milling process of focused ion beam

Figure 4.5: End point analysis of focused ion beam
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Figure 4.6: Crack formation after the film is exposed to the Ga ion beam for half
a minute. (a) before exposure;(b) after exposure

material on the side wall leads to a ”V” shape groove. To avoid this problem, the
larger width of the grooves is needed to decrease the aspect ratio, or the sidewall
needs to be trimmed to keep it straight. Another drawback is the ion damage
caused by the heavy gallium ion implantation. When the film is exposed under
the ion beam, the film will be damaged, as shown in Figure 4.6. Stanishevsky[96]
studied the effect of ion dose on the hysteresis loop of ferroelectric films, which is
shown in Figure 4.7. The Ga ion bombardment on the film surface will destroy the
periodic structure of the crystalline, resulting in the loss of ferroelectric properties.
This surface damage can be avoided by depositing a protection layer before ion
milling and later washing it away by a lift-off technique, followed by annealing that
recovers the ferroelectric properties. In our work, we first deposited 500 nm thick
PMMA by a standard spin on technique, and then a Ti layer of about 100 nm is
deposited on the top of the PMMA by RF sputtering. After patterning the film,

the PMMA as well as the Ti layer can be washed away by acetone. After the
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Figure 4.7: The effect of ion dose on the hysteresis loop of ferroelectric films
(Stanishevsky, 2002)

Figure 4.8: The piezoelectric property of patterned device after ion beam milling
using the protection layer.(a) before annealing; (b) after annealing

film is protected during the milling, and using the smaller ion current, the device
retains piezoelectric properties even before annealing(Figure 4.8). After annealing,

the ferroelectric properties are fully recovered as indicated in Figure 4.8.

4.1.2 Piezoelectric coefficient measurement

The piezoelectric property of the ferroelectric films is an important indication of

the film quality and also closely related to MEMS related applications. Both a laser
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interferometer [52][97]and a piezoelectric force microscope [98][94][99]can be used
to measure direct and indirect piezoelectric coefficients. Due to the small response
of the film under the electric field, special care needs to be taken while measuring
and interpreting the piezoelectric data of the film. In this work, piezoelectric
measurements are performed with a piezoelectric force microscope. The schematic
of the experimental setup is shown in Figure 3.4.

The principle of piezoelectric coefficient measurement is the same as domain
imaging by PFM. Instead of applying a AC signal to “read”the surface displace-
ment, an external combination of DC 4+ AC voltage is applied through the conduc-
tive AFM tip, which serves as a probe to detect the hysteresis relationship between
piezoelectric response and the external electric field. The measurement is based on
the detection of the local electromechanical vibration of the ferroelectric sample
caused by the external voltage. The external driving voltage of certain frequency
w, which is much smaller than the resonance frequency of the cantilever, is applied
to the sample surface through the tip, and causes the surface to vibrate at the
same frequency due to the inverse piezoelectric effect. The surface displacement is
shown in Equation (3.1). The deflection response signal of the tip, which vibrates
with the sample surface, is detected by photodiode and translated to quantitative
piezoelectric coefficient by calibration using a standard X-cut quartz, so the inverse

piezoelectric coefficient ds3 can be expressed as:

(lock —in reading) x (di1 of quartz)

dsy = (4.1)

(conversion constant) X (Vac used to acquire the dss loop)
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in which conversion constant is obtained from the slope of linear relationship be-

tween piezoelectric response of X-cut quartz and the amplitude of AC electric

field.

4.1.3 Characterization of ferroelectric properties by polar-
ization measurement

The hysteresis loop of polarization change with electric field, which is characteristic
of ferroelectric materials, is measured by either the RT6000 for large capacitors,
or by the TF ANALYZER 2000 for micron size capacitors. Here we focus on the
polarization measurement of micron-size capacitor. A big problem associated with
the measurement of the small-size capacitor is the parasitic capacitance from the
circuit. Figure 4.9 shows the measured polarization hysteresis loop with different
capacitor size. The parasitic capacitance has larger effect with the scaling of the
capacitor size, therefore must be subtracted from the measurement result. This
can be accomplished by either measuring parasitic signal itself, or simply obtain
the slope of the hysteresis loop ( the parasitic signal is linear) and subtracted from
the total signal[100].

The TF ANALYZER 2000 is the modular designed for the electrical character-
ization system for both electroceramic thin film and bulk ceramic samples. The
system offers four modules. We use the FE-module in our experiment to obtain the

hysteresis relationship of polarization and electric field. FE module can be used
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Figure 4.9: Effect of capacitor size on the polarization measurement

to measure the hysteresis loop using either the quasi static or dynamic hysteresis
measurement[101]. The system consists of the Basic Unit, where the computer
and the high precision power supplies are located, and the Probe Head, which
the specific amplifiers are located. The Probe Head can be put very close to the
sample to pretty much reduce the loop between drive and return, so it can be
connected to any kind of probe station with shorter cables. The setup has an op-
timum signal to noise ratio by using different amplifier for different measurement
type. For the dynamic hysteresis measurement, the system offers an amplifier with
the amplitude up to 44V,,, and allows measurement cycle times between 1 second
and 1 ms. The current response of the device during test is detected by another
amplifier and the data collected by feedback method. This method has the ad-
vantage of reducing greatly the effect of parasitic capacitance and back voltage
known from the Sawyer Tower measurement. The measurement setup is shown

in Figure 4.10. The probe station in the figure is actually an atomic force mi-
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Figure 4.10: The polarization measurement setup for the ferroelectric film capaci-
tor

croscope (AFM) when measuring capacitor at micron size, the conductive AFM
tip serves as a probe, in contact with the top electrode of the capacitor, whereas
the bottom electrode of the capacitor is connected with the other probe. The dy-
namic hysteresis program can record characteristic values of a hysteresis loop in
a frequency range between 1Hz and 1kHz. In addition, the frequency and ampli-
tude of the excitation signal can also be varied. The typical measurement result
by the dynamic hysteresis measurement is shown in Figure 4.11. In which, V.,
and V,_ are positive and negative coercive voltage, respectively, P., and P,_ are
positive and negative state of remnant polarization respectively, and P,..;; and
P, are positive and negative state of relaxed remanent polarization, relaxed for
one second in the P, state. It can also characterize the polarization saturation

P, and change of polarization in the switching case and non-switching case. The
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Figure 4.11: The typical polarization measurement result for the ferroelectric film
capacitor

triangular voltage excitation signal for the measurement is shown in Figure 4.12.
It consists of a pre-polarization and three consecutive bipolar excitation pulses,
each separated by 1 second relaxation time. The pre-polarization pulse is to set
up a defined polarization state, which in this case is the negative state of relaxed
remanent polarization. The first pulse starts in the negative relaxed remnant po-
larization state (P, ) and turns into the positive saturation state (P4 ). When
the voltage reaches zero, the polarization equals the positive remnant polarization
(P-1), then it turns to the negative saturation (P, ) and back to the remnant
polarization state (P._). This value is usually different from the starting point
(Prrei—) because of the polarization loss over time. The second pulse switches the
sample into positive remanent polarization state without sampling data. The third
pulse starts from the the positive relaxed remanet polarization state (P e ), turns

into the negative saturation(P,_), becomes negative remnant polarization state at
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Figure 4.12: The excitation signal for hysteresis measurement

zero excitation voltage signal, finally drives into the positive saturation (Ppaz+)
and ends in the positive remnant polarization state (P,y). After that, the data is
balanced, respectively, to the values of P(+V,,4,) and P(—V,,4.). From the first
loop the parameters of V._, P._ and P,,._ are determined and from the third loop
V.o, P.yand P, are determined. The final hysteresis loop is calculated from the

second half of the first and the third loop.

4.2 Experimental results

4.2.1 Patterned structure in 1 micron thick PZT film
Cubic island

Figure 4.13(a) and (b) shows the SEM and PFM image of the domain structure of
the square island. It is seen that domain structure on the square island capacitor
is the cellular ¢/al/a2 structure, similar to the structure of the continuous film in
morphology as well as the density of the domains. Observation on PZT islands

~ lpum grown by hydrothermal synthesis shows similar cellular domain structure
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Figure 4.13: SEM (a) and out of plane PFM image (b) of square island of 1pm
thick PZT20/80 film grown on Si substrate

as that of the continuous film[102].

Figure 4.14 shows the longitudinal piezoelectric polarization P, and ds3 versus
maximum applied electric field for the cubic island structure as well as the contin-
uous film. As shown in Figure 4.14(b), the polarization of the island increases to
that of the single domain (~ 80uC/cm?) at 12 MV /m, indicating that almost all
a domains change to ¢ domains via 90° domain wall movement. On the contrary,
the polarization of the continuous film (~ 40pC/cm?) indicates the mixture of ¢
and a domains in the film. At about the same electric field (12 MV /m), it is seen
from Figure 4.14(d) that ds3 of the island has a peak value close to 400pm/V. This
value is more than four times larger than the theoretical value of a bulk single
crystal (87 pm/V), and eight times larger than ds; measured for the continuous

film (~ 50pm/V). Decreased substrate clamping and constraint by surrounding
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Figure 4.14: Ferroelectric and piezoelectric properties of 1um thick cubic island
patterned on the PZT20/80 film grown on Si substrate. (a) hysteresis loop of
polarization for different voltage; (b)change of polarization with maximum ap-
plied voltage; (c) hysteresis loop of piezoelectric coefficient ds; for different electric
voltage; (d)change of piezoelectric coefficient dz3 with maximum applied voltage.
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material cannot explain why the ds3 of islands dramatically increases, unless an
extrinsic contribution of 90° domain movement is taken into account. Based on the
PEM observations, we propose that the fraction of a domains start to decrease at
about 10MV /m, and most of @ domains transform to ¢ domains at about 12MV /m.
The movement of @ domain is observed to be partially reversible in islands: when
the electric field is decreased from 40MV /m, there is no jump of the ds3, but the
ds3 value is close to that of the continuous film, indicating that there should be

some new 90° domains formed when the applied field decreases.

Strip structure

It has been noted in [6] that patterning an epitaxial film into a narrow strip should
diminish the misfit stress across a strip width. For a strip width smaller than
its height, the stress state approach the uniaxial one and can be relaxed due to
formation of a two-domain polytwin sequence. We employ this design idea to
fabricate strip-like islands with the width/length ratio 1 to 8. The PFM and SEM
images of the domain structure of strip-like islands are presented in (Figure 4.15).
It shows clearly that the domain configuration of the strip structure is periodic
al/c/al/c/al structure, the a2 variant, which is parallel to the long edge of the
strip, is disappeared. The domain period along (010) direction is similar to that
of the continuous film in the same direction, and is less affected by the ion beam

milling. This change from the three-domain structure in the film to two domain
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Figure 4.15: The periodic ¢/al/c/al domain structure formation in the long strip
island. (a) out of plane PFM image of a 8 x 1um long strip island in the PZT20/80
film grown on Si substrate; (b) SEM picture of a 5 x 1um long strip island in the
PZT20/80 film

one in the strip island after FIB nanopatterning and annealing is due to the change
of the stress field in the strip island. After patterning the film into long island,
the constraint along the short side of the strip is released. The in-plane stress in
the strip structure is asymmetrical, therefore one set of a domain is sufficient for
the stress relaxation. This is also supported by the cross section TEM picture
(Figure 3.6), in which only one set of a domain is observed while the other set of
a domain is missing. The periodic two-variant domain structure formation by this
nanopatterning technique has not been seen reported in any literature up to now.

The effect of local DC electric voltage on the strip structure is shown in Fig-
ure 4.16. The 3pmx3um area of the 5umx5um film containing partial of 8umx1
pm strip island is written by 10V, -15V, +15V, -20V and 20V respectively. The
surface displacements along a horizontal and a vertical line is recorded to observe

the change of topography under the local electric field. From the vertical topog-
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Figure 4.16: Effect of local DC electric voltage on a 8 x 1um island strip structure
patterned in a PZT20/80 film grown on Si-substrate. (a) topography;(b) topog-
raphy vs. horizontal distance of a horizonal line cross section; (c)topography wvs.
vertical distance of a vertical line cross section;

raphy, it can be seen that the surface displacement changes with electric field.
The magnitude of the displacement change depends on the position measured. In
some locations, the changes are positive; while in other locations they are negative.
This is probably due to the local 90° domain movement in the island. The absolute
values of displacement are in order of a few nanometers.

As shown above, the domain structure changes from three domain variants to
two domain variants due to nanopatterning. We measured the piezoelectric and
ferroelectric properties to see if the change in the domain configuration can lead

to the property change. Figure 4.17 shows the polarization P, and longitudinal
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piezoelectric ds3 versus maximum applied electric field for the strip structure as
well as the continuous film. There are two steps in the relationship of polariza-
tion vs. maximum applied electric field (Figure 4.17(b)). The first step at about
10MV/m electric field has the polarization value of (~60uC/cm?), which corre-
sponds to the polydomain strip containing 30% a domain. The polarization value
of the strip jumps to the second peak value (~ 80uC/cm? at about 20MV /m), this
corresponds to the single domain state of the strip island. Similar to the cubic is-
land, a peak value is shown in the relationship of dsz3 vs. maximum applied electric
field (Figure 4.17(d)). This peak value is about 470pm/V at 20MV /m. Comparing
(Figure 4.17(b)) with (Figure 4.17(d)), the peak value of d33 in Figure 4.17(d) can
be explained by the movement of 90° domain.

The piezoresponse of the patterned structure and continuous film under AC
electric field is shown in Figure 4.18. The cubic and strip island has similar non-
linear piezoresponse at similar voltage while continuous film shows no apparent
nonlinearity. The nonlinearity has a peak value of about 270pm/V for the strip
island, which is higher than that of the cubic island (~100pm/V).

The similar phenomenon of improving the mechanical property by pattern-
ing was observed in a patterned shape memory alloy film cantilever, which the
transformation induced deflection of SMA/Si cantilever bimorphs is increased in
comparison to cantilevers with planar film [103]. The difference is due to the stress

state of the composite that are determined by the dimensionality of the film. The
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Figure 4.17: Ferroelectric and piezoelectric properties of 1um thick strip patterned
on the PZT20/80 film grown on Si-substrate. (a) hysteresis loop of polarization for
different voltage; (b)change of polarization with maximum applied voltage; (c) hys-
teresis loop of piezoelectric coefficient ds for different electric voltage; (d)change
of piezoelectric coefficient ds3 with maximum applied voltage.
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Figure 4.18: Piezoelectric response under AC electric field of patterned structure
and continuous film

increase of piezoelectric properties observed in the strip structure in this work can
also be explained by the two variant domain structure created by the uniaxial

stress field[6].

4.2.2 Square island in 500nm thick PZT film

The above nonlinearity of piezoresponse is also observed in square island of 500nm
thick PZT20/80 film. Figure 4.19 shows the longitudinal piezoelectric ds3 and
polarization P, versus electric field for the cubic island structure as well as the
continuous film.

Comparing the square island of 1um thick to the square island of 500nm thick
Figure 4.20, it is seen that peak value of piezoresponse of a 500nm thick island is
less than that of 1um thick island. Moreover, The electric field at which a domain

start to move is almost double for a 500nm thick island compared to the 1pm
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Figure 4.19: Ferroelectric and piezoelectric properties of 500nm thick square is-
land patterned on the PZT20/80 film grown on Si-substrate. (a) hysteresis loop
of polarization for different voltage; (b)change of polarization with maximum ap-
plied voltage; (c) hysteresis loop of piezoelectric coefficient ds; for different electric
voltage; (d)change of piezoelectric coefficient dz3 with maximum applied voltage.
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Figure 4.20: The effect of thickness on the piezoelectric and ferroelectric behavior
of the patterned 1 x 1um square island. (a)piezoelectric coefficient dsz vs. electric
field; (b) polarization vs. electric field

thick island. For 500nm thick film, the ratio of lateral island size to height of the
island is 2, the clamping of the island from the substrate is higher than the cubic
island of 1pm thick. Moreover, from previous chapter, it can be seen that the a
domain fraction in 500nm thick is about the half of the amount of a domain in a
1 pm thick film, so from both constraint in the island and the amount of movable
a domain point of view, it is expected that the extrinsic contribution from 90°
domain movement in a square island of 500nm thick will be less, resulting in the

lower peak value in Figure 4.20.
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4.2.3 Patterned structure in 3pum thick lead magnesium

niobate-lead titanate (PMN-PT) ferroelectric films

Recently, there have been intensive research works on relaxor-lead titanate type
ferroelectric single crystals, among which xPb(Mg1/3Nbs/3)O3 — (1 — x) PbTiO4
(PMN-PT) and xPb(Zny/3Nby3)O03 — (1 — 2)PbT'i0O3 (PZN-PT) are the center
of attentions because of their unusually high piezoelectric constants and electro-
mechanical coupling factors. Like PZT solid solutions, these ferroelectric systems
have morphotropic phase boundaries (MPB) separating stable ferroelectric phases
of tetragonal and rhombohedral structures. Their superior piezoelectric properties
are found on compositions of the rhombohedral side of the MPB. Specifically, gi-
ant piezoelectric constants (> 2500pm/V) have been achieved on (001) oriented
xPMN —(1—2)PT (x <0.33) and tPZN — (1 —z)PT (x < 0.09) single crystals
with an engineered domain configuration.

After discovery of these superior domain-engineered ferroelectric crystals, peo-
ple are trying to integrate them in MEMS devices by growing them in films.
However, the clamping from a substrate will reduce the longitudinal piezoelectric
response of a film and therefore hinders the development of film-based MEMS
devices with high sensitivity. In this work, we will demonstrate the effect of
micro-patterning by focus ion beam milling on the piezoelectric response of a
0.67TPMN — 0.33PT epitaxial film with an engineered domain configuration.

tPMN — (1 — z)PT epitaxial films with composition x=0.33 are grown on
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single-crystal SrT10O3 substrates with three different crystallographic orientations,
(100), (110) and (111), using an on-axis radio-frequency magnetron sputtering
technique. A SrRuOj layer as bottom electrode was pre-deposited by off-axis
radio-frequency (RF) magnetron sputtering from a stoichiometric sintered target.
During the film deposition, the substrate temperature was maintained at 670°C
with argon and oxygen pressures of 240mTorr, and 160mTorr, respectively. The
film thicknesses were kept at 3.3um in order to have fully relaxed structures and an
appropriated aspect ratio for micro-patterning. All of the films were stoichiometric
as of the target, which was confirmed by Energy Dispersion Spectroscopy. The
X-ray results showed good epitaxy and crystallinity of these films. Platinum top
electrode pads (with a diameter of 54pm) were fabricated by pulsed-laser deposition
at room temperature. Ferroelectric island devices in a 3um x 3um x 3um cubic
shape are fabricated by focus ion beam milling and are annealed at 650°C for 30
minutes to heal the ion-induced damage.

Polarization results (Figure 4.21(a), with P, for three films in the order of
(110) < (001) < (111)) and the composition suggested a rhombohedral structure
for these films. Similar to a (001) poled single crystal except for the clamping from
substrate, a poled (001) epitaxial film has an engineering domain configuration
consisting of 4 equivalent (111) domains. Therefore the (001) oriented film gives
the maximum piezoelectric constant due to the extrinsic contribution from rotation

of (111) domains. The measured remnant (at zero electric field) ds3 value for (001)
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Figure 4.21: (a)Polarization hysteresis of 0.67PM N — 0.33PT continuous films;
(b)longitudinal piezoelectric constant dz3 — F; (c) Polarization P — E, (d) Di-
electric constant 33 — F measurement results of the continuous film and the FIB
microfabricated device.
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film is about 250pm/V (Figure 4.21(b)), which is much less than that of the bulk
value. The clamping from substrate degrades the piezoelectric response of the
engineered domains. Therefore, in order to increase dss of the film, it is necessary
to reduce the clamping.

The measured remnant ds3 value (~500pm/V) on post-annealing microfab-
ricated PMN-PT devices was as twice large as that of continuous films (Fig-
ure 4.21(b)). Measurements on local polarization and dielectric constant are shown
in Figure 4.21(c) and Figure 4.21(d), respectively. The remnant polarization did
not change (Figure 4.21(c)) while the remnant dielectric constant (Figure 4.21(d))
was much larger for a microfabricated device, as compared with those of a clamped
film. The enhancement of the piezoelectric and dielectric properties of the discrete
island (rhombohedral structure) is due to the reduced substrate clamping and the
extrinsic contribution from rotation of (111) domains (so-called domain engineer-
ing). Detailed mechanism of domain engineering in rhombohedral structure film

can be found in [104].

4.3 Conclusion

In summary, the converse longitudinal piezoresponse of the PbZrgsT1i9303 con-
tinuous films grown on Si-substrates and nanopatterned structure with different
geometry microfabricated from these films are measured by piezoelectric force mi-

croscopy. Due to formation of periodic domain configuration in the PbZryoTi9 503
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strip structure on Si-substrate the effective d33 increases up to 430pm/V, which is
five times larger than the theoretical intrinsic ds3 value for a bulk single crystal.
The increase of piezoelectric properties of a patterned structure on a thick PMN-
PT film is also demonstrated. Enhanced longitudinal piezoelectric responses are
achieved in these microfabricated devices, which have an effective ds3 (~500pm/V)

twice larger than that of the continuous films.
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Chapter 5

Finite Element Modeling of
Piezoresponse of Polydomain
Islands with Immobile Domain
Walls and Comparison with

Experiments

In this chapter, we estimate the extrinsic contribution from the 90° domain wall
movement. Theoretically, the thermodynamic calculation is the only way to de-
termine dielectric and piezoelectric properties of ferroelectric films. However, it is

extremely difficult to calculate the piezoresponse of a finite discrete island structure
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by traditional phenomenological theory that are developed for an infinite system.
Instead, we model the nanostructure by the finite element method and simulated
the intrinsic piezoresponse of discrete islands with immobile polydomain structure.
The experimental results and simulation are compared to estimate the extrinsic

contribution from domain wall movement.

5.1 Finite element method for piezoelectric re-

sponse

Finite element analysis is a numerical technique to solve a set of differential equa-
tions when theoretical calculations cannot provide accurate results, usually in the
case when the geometry or process is very complex. It is widely used in computer-
based engineering analysis. The method can be used for analysis of a broad range
of engineering problems, including the analysis of structural, mechanical, electrical,
electromagnetic, electronic, thermal, fluid, and biomedical.

In all finite element models the solid in solid mechanics problems is divided
into a finite number of elements. These elements are connected to each other at
points called nodes. The displacements of each element are directly related to
the nodal displacements. The nodal displacements are then related to the strains
and the stresses in the elements. The finite element method chooses the nodal

displacements in order that the stresses are in approximately equilibrium with
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the applied loads, and are consistent with any constraints on the motion of the
structure.
There are a number of common steps in the solution procedure using FEA no

matter what finite element softwares are used[105].

Build the model

1. Specifying geometry: Defined the geometry of the structure to be analyzed
by entering the geometric information in the finite element software directly,

or by importing the model from an other solid modeler like Pro/ENGINEER.

2. Define element type and material properties: There are four major types of
structural elements defined - beam, two-dimensional, shell, and solid. Gen-
erally the element type which will require the minimum hardware resources
and minimum time to build and solve the model is chosen. Next, the material
properties are defined. For example, the Young’s modulus and the Poisson’s

ratio of the material are specified in an elastic analysis of an isotropic solid.

3. Mesh the geometry: The complicated structure is broken (or meshed) into
many simple shapes (finite-elements). This includes defining the types of
elements into which the structure will be broken, as well as specifying how
the structure will be meshed. This mesh subdivision into elements can either
be input by the user or, automatically by the computer with some finite

element programs based on the geometry of the structure (automeshing).
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Apply loads and obtain the solution

1. Apply boundary conditions and external loads: The boundary conditions

(e.g. location of supports) and the external loads are defined.

2. Generate a solution: The solution is generated based on the previously input

parameters.

Review the result

1. Postprocessing: Depending on the initial conditions and applied loads, data
is returned after a solution is processed, which can be viewed in a variety of

graphs and displays.

2. Refine the mesh: Because the finite element methods are approximate meth-
ods, their accuracy increases with the number of elements used. In order
to judge the accuracy of results from a single finite element run, extra runs
for convergence check purposes are needed: each time with a mesh of higher

density and see if or how the results change.

3. Interpreting results: This step is the most critical step in the entire analysis
because it requires that the modeler use fundamental knowledge of mechanics
to interpret and understand the output of the model. It is especially critical

for applying correct results to solve real engineering problems.

Finite element methods are extremely versatile and powerful. The designers can
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obtain information about the behavior of complicated geometries with almost ar-
bitrary loading. In spite of the significant advances of finite element analysis, the
disadvantages of the method cannot be ignored. The most significant limitation
of FEA is that the accuracy of the solution is usually a function of the mesh reso-
lution. In the regions of highly concentrated stress, such as around loading points
and supports, care must be taken to analyze the model with the use of a sufficiently
refined mesh. In addition, special efforts must be made to analyze the problems
which are inherently singular such as theoretically infinite stress.

The ANSYS program is a general-purpose computer program for finite element
analysis and design which can be used in all disciplines of engineering. It also
has the ability to perform coupled — field analysis. A coupled-field analysis is an
analysis that takes into account the interaction (coupling) between two or more
fields. Examples of coupled-field analysis are piezoelectric analysis thermal-stress
analysis, thermal-electric analysis, and fluid-structure analysis.

The piezoelectric analysis handles the interaction between the structural and
electric fields: it solves for the displacements distribution due to applied voltage, or
vice versa. It is available in the ANSYS/Multiphysics, the types of analysis can be
static, modal, prestressed modal, harmonic, prestressed harmonic and transient.

In this work, we use the element type of SOLID98 (Figure 5.1)[106], this is
a tetrahedral coupled-field solid element. The piezoelectric only analysis can be

activated by setting KEYOPT(1)=3. SOLID98 has large deflection and stress
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Figure 5.1: SOLID98 tetrahedral Coupled-Field solid element

stiffening capabilities. For static analysis, the sparse matrix solver is the default
solver. The piezoelectric model requires permittivity (or dielectric constant), the
piezoelectric matrix and the elastic coefficient matrix as materials properties. The
relative permittivity is input as €11, €22, €33, which represents the diagonal compo-
nents of the permittivity matrix [¢]. The values are measured at constant strain.
The piezoelectric matrix is defined either in [e]| form (piezoelectric stress matrix)
or in [d] form (piezoelectric strain matrix). The [e] matrix is associated with the
input of the anisotropic elasticity in the form of the stiffness matrix [c], while the
[d] matrix is associated with the compliance matrix [s]. Both the [e] and the [d]

matrix use the data table input as follows:
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Ty

Yz

xTrz

X

C11

C21

C31

Ce1

Cq1

Cs1

Y

C22

C32

C62

Cq2

C52

z

€33

C63

C43

Cs53

Y

Ce6

C46

Cs6

Yz T2
Cq4
C54 Css5

(5.1)

The 6 x 6 symmetric matrix of the elastic coefficient matrix uses the following

data table input:

ry
Yz

xTrz

C11

C21

C31

Ce1

C41

Cs1

C22

C32

C62

C42

C52

z

C33

C63

C43

Cs53

Ty Yz T2

Ce6

C46

Cs56

Cq4

C54 Cs5

(5.2)

For isotropic materials, another method to specify elastic constant is to define

Young’s modulus and Poisson’s ratio and/or shear’s modulus.

In ANSYS, the unit system of the data must keep consistent. For the system

that is at micron size, it is convenient to use uMKSV units. Table 5.1[106] is a list
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of conversion factors from standard MKS units to uMKSV units that are used in

this work. In addition, the free-space permittivity needs to be properly set for the

unit system used, in the uMKSV unit system, this value is: 8.72 x 107PC/uN.

Table 5.1: Conversion factor for MKS to uMKSV

Parameter MKS | Dimension | Multiply To obtain Dimension
Unit by uM K SV Unit

Length m m 10° wm wm
Young’s modulus | Pa (m’)“f’s)Q 1076 MPa (m:%
Current A A 10'2 pA pPA
Voltage \Y% (ﬁj)ﬁj;ﬁz 1 V “ggjf):gggj
Capacitance F (,fg )(ms))g 10'2 pF (,f;%f)é
Permittivity F/m m 10° pF/um (If;ifj));
Electric field V/m ((Ig’?),gz)) 1076 V/um ((]Z“;’g((‘; ’:))

5.2

Finite element modeling of patterned struc-

ture

5.2.1 Cubic island

Finite element modeling of a cubic island is constructed to calculate the con-
verse longitudinal piezoresponse using a commercial software ANSYS. A model of
polydomain island including all three-domain variants: ¢ domain ((001) oriented
polarization), al and a2 domain ((100) and (010) oriented polarization) has been

considered (Figure 5.2(b)). Domain thickness (50nm), period (137.5nm) and a do-
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main fraction (60%) in agreement with TEM and XRD observation are used in this
modeling. For simplicity, the polydomain ferroelectric is considered as isotropic
elastic media with Young’s modulus Y = 148G Pa, Poisson’s ratio v = 0.3[107].
Piezoelectric coefficients ds3 = 87pm/V, d3; = —26pm/V of PZT20/80 bulk mate-
rials are employed for the calculation[108]. The intrinsic piezoresponse is simulated
for islands with fixed 90° domain boundaries. The substrate is assumed to be rigid
to obtain the maximum possible intrinsic piezoresponse[109]. The normal sur-
face strain of the island is calculated and the result is shown in (Figure 5.2(c)).
The extrinsic contribution of 90° domain movement to the effective piezoelectric
coefficient can be calculated from the difference between the experiment and the
simulation. For instance, the calculated strain of the island is 0.0336% at 12MV /m,
while the measured value is 0.1455% (obtained by integration of ds3 data), so the
contribution of 90° domain movement to the effective piezoelectric coefficient of
the island is estimated to be ~ 370pm/V.

The extrinsic contribution to piezoresponse from 90° domain movement demon-
strated in this work is similar to the results observed for PZT20/80 film grown on
a STO substrate(Figure 5.3)[8], but the peak value of ds3 value is higher. It shows
that 90° domain movement is easier for the film grown on a Si substrate than on a
STO substrate. The measured result of the polarization change under the electric
field supports this argument. There are two steps on the polarization curve for is-

lands grown on the STO substrate. The first jump of polarization near 10MV /m is
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Figure 5.2: Simulation of intrinsic piezoresponse of a 1um thick cubic island pat-
terned on the PZT20/80 film grown on Si substrate by finite element analysis.
(a) illustration of domain configuration on the cubic island; (b) FEA model; (c)
simulation of the strain induced by the electric field.
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due to the saturation of ¢ domain polarizations, while the second jump of polariza-
tion around 15 MV /m shows that a domain have transformed into ¢ domain. For
the polarization evolution of the islands on Si substrates, only one step is shown
around 10 MV /m. This means that the 90° domain on Si substrates can move at

a lower voltage, which is close to the coercive voltage of the film.

5.2.2 Strip structure

From the PFM image observation, the domain structure of strip structure is two-
domain configuration. According to this observation, the finite element modeling
of the strip structure is constructed (Figure 5.4). From the simulation, the extrinsic

contribution from 90° domain motion is estimated to be ~430pm/V.

5.3 Discussion

From the comparison of experimental results with simulation result, it can be seen
that extrinsic contribution from domain wall movement can be observed in all the
patterned structures. A peak value at certain applied voltage is observed from lon-
gitudinal piezoelectric coefficient measurement, and polarizations of the patterned
structure reach the value of the single crystal film value at similar voltage. All of
these phenomena indicate that the 90° domain motion can be realized by pattern-
ing the film into nanostructures. On the other hand, the magnitudes of extrinsic

contribution of the patterned structure with different geometry are different. The
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Figure 5.3: Piezoelectric and ferroelectric properties of 1um thick cubic island pat-
terned on the PZT20/80 film grown on STO substrate. (a) change of piezoelectric
coefficient dsz with maximum applied electric field; (b) hysteresis loop of piezo-
electric coefficient ds3 for different electric field; (c¢) change of polarization with
maximum applied electric field; (b) hysteresis loop of polarization for different
electric field
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Figure 5.4: Simulation of intrinsic piezoresponse of a 8 x 1um thick strip structure
patterned on the PZT20/80 film grown on Si-substrate by finite element analysis.
(a) simulation of the strain induced by electric field; (b) illustration of domain
configuration on the strip island.
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calculated results vs. experimental results are shown in Table 5.2.

For example, in the cubic 1 x 1 x 1um island, the experimentally measured
longitudinal piezoconstant is 7 times larger than in the continuous 1 micron thick
film and 4 times larger than intrinsic piezoconstant of a single domain free standing
film. In the strip island, the effective piezoconstant of 8 x 1 x 1um size island is 5
times larger than the intrinsic piezoconstant of a single domain free standing film.
In addition, the maximum contribution of 90° domain movement to the effective
piezoelectric coefficient of the islands are estimated as ~370 pm/V for cubic island
and ~ 430 pm/V for strip structure, therefore the extrinsic contribution from
90° domain movement is higher for the strip structure than for the cube island
although they have same width of 1m.The difference in stress condition of the film
and the patterned structure resides in that the internal stress condition. The cubic
island has least film in-plane stress, while the strip structure has ”uniaxial” stress
constraint along one of the in-plane direction. So the extrinsic contribution should
be larger in cubic island. However, in the cube island, three domain variants(c, al
and a2) are interlocked to each other, and interfere each other from moving easily;
while in the strip structure, there are only two parallel domain variants ( ¢ and al),
the intersections between domains are largely reduced, therefore the a domains
have higher mobility in strip structure, which may lead to the higher extrinsic

contribution.
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5.4 Conclusion

Finite element models of the polydomain patterned structures have been con-

structed and the intrinsic piezoresponse has been simulated. By comparing the

result of simulation with the experimental results, the extrinsic contribution to the

piezoresponse from the 90° domain wall movement is calculated (see Table 5.2).

The extrinsic contribution is highest in the strip islands due to their special do-

main structure.

architecture.

The domain wall intersections are eliminated in the polytwin

Table 5.2: Comparison of experimental results with finite element simulation

Geometry a Domain | Experiment | Simulation | Extrinsic Film
Fraction(%) | dss(pm/V) | dss(pm/V) | ds3(pm/V) | ds3(pm/V)
Cubic island,1pm 60 393-413 28 374 48-53
Cubic island,0.5pm 26 130-150 51 89 52-58
Strip island,1pm 30 472-492 55 427 48-53
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Chapter 6

Summary

Domain nanostructures in ferroelectric films under different constraint conditions
and their responses to electrical field have been studied experimentally via PFM
imaging and measurement of ferroelectric and piezoelectric properties, and theo-
retically via finite element modeling. The following conclusions can be drawn from

our work:

1. High quality ferroelectric Pb(Zro2Tig)O3 epitaxial films up to 1 micron

thick have been grown by pulsed laser deposition on a Si substrate.

2. A focused ion beam technique has been developed for patterning films to
fabricate the micron and submicron size ferroelectric islands of different con-

figurations including cubic and strip-like shape.

3. Measurements of the polarization and piezoelectric response of islands demon-

strate dramatic enhancement of ferroelectric and piezoelectric properties in
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comparison to continuous films.

. Finite element modeling of the cubic and strip-like islands with immobile
polydomain structure has been performed to calculate their intrinsic piezore-
sponse. Comparison of the modeling to experimental measurement of piezo-
effect allows us to determine the extrinsic piezoeffect due to domain wall

movement.

. Piezoelectric force microscopy study of domain structure has revealed the
three-domain cellular architecture in the cubic island and the plane-parallel
two-domain structure in the strip-like island. These observations are in good
agreement with theoretical analysis of an equilibrium domain structure de-
pendent of the symmetry of the in-plane stress state due to a film substrate

misfit.

. Observation of domain wall movement in the strip island confirms that the
plane-parallel domain walls are very mobile due to absence of their intersec-

tions.

. Piezoelectric force microscopy study of domain structure in the continuous
films with thickness 500nm and 1 micron has revealed polytwin plates con-
sisting of alternation al/a2 in plane domains with relatively mobile domain

walls.

. Piezoelectric force microscopy studies have been shown that it is possible to
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transform of the cellular domain structure into the hierarchical one and back
by applying, via a PFM tip, local electric field to a small area of the con-
tinuous film. The observation is in agreement with the conclusion following
from the phase field modeling of the morphological transition between cel-
lular and hierarchical domain architectures with change of the out-of-plane

domain fraction.

. The investigation of piezoresponse of patterned ferroelectric films and the
observation of changeable domain structure under local electric field in con-
tinuous films allows us to suggest that a relative small extrinsic contribution
of the domain wall movement in the continuous films is a result of the elastic
substrate clamping rather than domain wall pinning. Thus, the contribution
of domain wall movement can be increased by engineering special domain
architectures. The structure of plane-parallel domains in a film, which are
patterned to the thin strips is an example of specially design nanostructure
with optimum functional properties. Fabrication and investigation of such
kind of patterned structures can be recommended for future research direc-

tion.
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