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There are both intrinsic piezoelectric response and extrinsic piezoelectric
response in ferroelectric materials. The intrinsic piezoelectric response is due to the
lattice deformation of a single-domain crystal, which can be characterized by tensors
of piezoelectric constants. The extrinsic piezoelectric response depends on extrinsic
sources of displacement under the electric field, which can be the movement of
domain walls, phase boundaries, or even defects like grain boundaries or dislocations.
Due to the elastic interaction between an epitaxial ferroelectric thin film and a
substrate, the piezoelectric properties of an epitaxial ferroelectric film are different
from those of bulk ferroelectric materials. This work is the first study on the general
orientation dependence of the piezoelectric properties of epitaxial ferroelectric thin
films, which includes both theoretical and experiment work on intrinsic and extrinsic
piezoelectric properties of epitaxial ferroelectric films.
A complete theoretical analysis of intrinsic piezoelectric responses in a single

domain ferroelectric film, which are characterized by effective longitudinal,

transverse and shear piezoelectric coefficients, is presented in this dissertation.



On the part of extrinsic piezoelectric response, our recent work on the piezoelectric
properties of epitaxial thick lead titanate zirconate (Pb(Zr,Ti,4)O3 with x=0.52) films
with tetragonal distorted structures will be presented as an example. It is shown that
(011) oriented epitaxial films had much enhanced piezoelectric responses as
compared with those of (001) and (111) oriented films. Detailed structure analysis
showed that instead of an interconnected 3-domain (3-D) architecture that is usually
found in a (001) oriented thick film, the (011) films consisted of a dominant 2-domain
(2-D) architecture, by which the pinning between neighboring domain walls is much
reduced. This study demonstrate the possibility of achieving high extrinsic
piezoelectric responses by optimizing the epitaxial relationship between the film and
substrate with respect to the domain mobility, and should also be instructive to the
design of ferromagnetic and ferroelastic thin film devices used for transducer

applications..
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CHAPTER 1, INTRODUCTION

1.1 Piezoelectricity and ferroelectricity

Piezoelectricity

Piezoelectricity was first discovered by Curie brothers in 1880 on the observation
of surface charges induced by mechanical deformation of a quartz crystal (direct
piezoelectric effect). The converse piezoelectric effect was verified by Curie brothers
one year later, following Lippmann’s prediction based on the thermodynamic principle of

reversible processes.
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Fig. 1.1 (a) Converse piezoelectricity and (b) direct piezoelectricity. S - mechanical

strain, E - electric field strength, P - electrical polarization, T - Mechanical stress.

A piezoelectric crystal may be defined as a crystal in which “electricity or electric
polarity” is produced by mechanical deformation, or as one that becomes deformed when
in an electric field. Piezoelectricity is different from electrostriction on that the sign of an
induced electric polarity/mechanical strain becomes reversed as the sign of an applied

mechanical stress/electric field does so. From this point of view, a piezoelectric crystal



must have certain one-wayness in its internal structure; in other words, it must have a
structural “bias” that determines whether a given region on the surface shall show a
positive or negative charge on compression. In the converse effect, the same one-
wayness determines the sign of the deformation when an electric field is applied to the
crystal.

All crystals can be divided into 32 classes or point groups (from 7 basic crystal
systems). The 32 point groups can be further classified into (a) 11 point groups having a
centre of symmetry and (b) 21 point groups that do not possess a centre of symmetry. A
lack of a centre of symmetry is all-important for the presence of piezoelectricity. As
shown in Fig. 1.2, the lack of a centre of symmetry means that a net movement of the
positive and negative ions with respect to each other as a result of stress produces an
electric dipole, whereas, for the centro-symmetric crystals, the centres of charges of
different polarity will still coincide even after the stress inducing a deformation. Of the
21 non-centrosymmetric point groups, 20 are piezoelectric (one class, although lacking a
centre of symmetry, is not piezoelectric because of the combination of other symmetry
elements) ", The basic equations that describe these two effects in regard to electric and

elastic properties are:

0

Here D is the dielectric displacement vector, E is the electric field vector, T is the

mechanical stress tensor, S is the mechanical strain tensor, d is the tensor of piezoelectric



constants, € is the tensor of dielectric constants (superscript T means under constant

stress, i.e. mechanically free condition), s is the tensor of mechanical compliance

(superscript E means under constant E field, i.e. short-circuit condition) 2]

e Center of positive charge

O Center of negative charge

Fig. 1.2. Schematics of a piezoelectric crystal (a) under a tensile stress (b).

Pyroelectricity

Out of the 20 point groups which show the piezoelectric effect, 10 point groups
have only a unique polar axis. In absence of any load, they develop a polarization
spontaneously and form a permanent dipole within the unit cell. Such kinds of crystals

are called polar crystals. The spontaneous polarization (Pspon) is defined as the value of

dipole moment per unit volume or the value of charge per unit area on the surface
perpendicular to the axis of spontaneous polarization. The value of spontaneous

polarization depends on the temperature (®), this phenomenon is called pyroelectric



effect and the crystals with this effect are called pyroelectrics 31 The pyroelectric effect

can be described in terms of pyroelectric coefficient p as shown in

AFgen = PAG (1.2)

Ferroelectricity

A subgroup of the spontaneously polarized pyroelectrics is a very special category of
materials known as ferroelectrics. By definition, ferroelectrics are polar materials that
possess at least two equilibrium orientations of the spontaneous polarization vector in the
absence of an external electric field, and in which the spontaneous polarization vector
may be switched between those orientations by an electric field.

Among all the ferroelectric materials, the most extensively studied and widely
used are the perovskite ferroelectrics. A perfect perovskite structure has a general
formula of ABO3, where A represents a divalent or trivalent cation, and B is typically
a tetravalent or trivalent cation. The origin of ferroelectricity in this family of
materials can be explained using the well-known example of Barium titanate (BaTiO3).
As shown in Figure 1.3, the Ba®* cations are located at the corners of the unit cell. A
dipole moment occurs due to relative displacements of the Ti** and O* ions from their
symmetrical positions. A good introduction to the theories of ferroelectrics and the
Laudau-Ginzburg-Devonshire (LGD) equation can be found in [6] and will not be
repeated here.

The interrelationship of piezoelectrics and subgroups can be seen in Fig. 1.4. All
ferroelectrics are piezoelectrics, but not all piezoelectrics are ferroelectrics. Ferroelectric

materials with high piezoelectric constants are widely used in transducer applications.



The direct effect is suitable for sensor applications, and the inverse effect can be
exploited for actuator, as shown in Fig. 1.5.

Depending on the symmetry of the crystal, Eq. (1.1) may have a simple or
complex full expression. For example, for a tetragonal distorted ferroelectric crystal,
there are only three independent piezoelectric constants, dss, ds;, and d;s. Fig 1.6
illustrates these piezoelectric constants in the converse piezoelectric effects. For a single
domain ferroelectric crystal, these piezoelectric constants are correlated with the self-
polarization as calculated from LGD phenomenological theory in Eq. (1.3) [6]. Where
Qij and g; are the electrostrictive and dielectric constants of the crystal, P, is the

spontaneous polarization, and g is the vacuum dielectric constant.

ds3 =280833Q11Ps
d31 =d3= 250‘933Q12Ps

d15:d24=80511Q44Ps (13)

From Eq. (1.3), it can be seen that any process involving a change in polarization
or dielectric constant (for example, movement of ferroelectric domain walls, poling of
ferroelectric ceramics, phase transition occurred in ferroelectrics which varies the
polarization, etc) may affect the magnitude of piezoelectric constants in ferroelectric
crystals. In fact, it is where the piezoelectric properties of ferroelectrics differ from those
of non-ferroelectric piezoelectric crystals (like quartz). The following sections of this
chapter will discuss those extrinsic effects on piezoelectric properties of ferroelectric
materials. Due to the equivalence between direct and converse piezoelectric effects, the

discussions of piezoelectric effects in bulk materials are limited to converse piezoelectric



effects (section 1.2 and 1.3), while for thin film ferroelectric materials, this equivalence
will be “broken” apparently, and we will discuss briefly in this chapter on both direct and

converse piezoelectric effects in ferroelectric thin films (section 1.3).
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Fig. 1.3 (a) Schematic illustration of the unit cell of perovskite lead titanate ferroelectric
crystals. Figure adapted from [4]. (b) Switchable polar states under electric field enable

applications for memory devices.
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Fig. 1. 6 Equations of converse piezoelectric effects in a tetragonal ferroelectric crystal. P
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1.2 Intrinsic v.s. extrinsic piezoelectric response

Intrinsic piezoelectric response refers to the piezoelectric deformation of the
lattice of a single-domain crystal, which can be characterized by tensors of piezoelectric
constants. In this case, the piezoelectric constants described in Eq. 1.3 may be called
“Intrinsic” piezoelectric constants, which describe piezoelectric effect as an
electrostriction biased by the polarization (linearized electrostriction) 6] The extrinsic
piezoelectric response, on the other hand, are from extrinsic sources of displacement
under the electric field, which can be movements of domain walls, phase boundaries, or

even defects like grain boundaries or dislocations.

Intrinsic piezoelectric response

-Orientation dependence v.s. engineered domain configuration

The expression for a piezoelectric strain of a ferroelectric crystal is presented by
Eq. (1.4) in pseudo cubic coordinates. Where d,;; are piezoelectric constants of a bulk
crystal, Ex are components of the applied electrical field E, Ex =Ely, and / are the

direction cosines (the summation is taken over repetitive suffixes).

82- =dibx=dghkE (1, ], k=1, 2, 3) (1.4)

The length change along a normal n is determined by a normal strain gg. nin; and

it can be characterized by a piezoelectric constant:

d, =d,lnn, Gjk=1,23) (1.5)

1

11



It is reduced to the longitudinal piezoelectric constant ds3(n)=d = d N of

a single crystal if the field is applied along the same normal » (Fig. 1.8).

The orientation dependence of intrinsic piezoelectric properties for PZT bulk
materials near the morphotropic phase boundary (MPB-PZT) was phenomenologically
calculated in [7], [8]. As shown in Fig. 1.7, it was found that for tetragonal PZT
materials, the effective piezoelectric constant ds; has the maximum value in the
spontaneous polarization direction [001]. However, for rhombohedral PZT materials, the
maximum values of d3; can be obtained in the direction 56.7° canted from the

polarization direction [111], which is very close to perovskite [001] directions.
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Fig. 1.7 Effective piezoelectric constants d33 of PZT with various compositions.
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Fig. 1.8 Orientation dependence of longitudinal piezoelectric constants for single crystals
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Method of domain engineering, which aims at enhancing the piezoelectric
properties of ferroelectric materials by applying the electric field in a non-polar direction
across the crystal, has been investigated intensively for the past decade. ”'*! The key
points of the engineering domain configurations are: 0]

(1) There are crystallographically equivalent domains with inclined polarization to
the applied electric field.
(2) Domain wall motion is inhibited, therefore the piezoelectric response is intrinsic.

The resulting ¢ -E curve is hysteresis-free.

(3) Enhanced d,; along field direction than along polar direction.
(4) The composition or temperature of the ferroelectric crystal is close to phase
transition.

S. Wada et al. "” investigated piezoelectric properties of barium titanate single
crystals at room temperature as a function of crystallographic orientation, and they found

that a (111) oriented tetragonal BaTiOs single crystal, which is in an engineered domain

configuration, had a higher longitudinal piezoelectric constant d5;(=203pm/V) than that
of a (001) oriented one (d;;=125pm/V) (Fig. 1.9 a). This has been explained by D.
Damjanovic et al. ['?" ¥ by the contribution to d,; from piezoelectric shear effect. Our
recent calculation on the orientation dependence of d,; for tetragonal BaTiO3 single

crystal showed good agreement with the aforementioned experiment results (Fig 1.9 b).
U4 This verifies that the piezoelectric response of a domain engineered tetragonal

ferroelectric crystals is “intrinsic”.
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Fig. 1.9 (a) [111] poled 4mm crystal BaTiO3 has measured d33 (at room temperature)
much larger than ds; of [001] poled crystal; 1 (b) Calculated orientation dependence of

d33 (at room temperature) for 4mm crystal BaTiOs.
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For relaxor based ferroelectrics on the rhombohedral side of their morphotropic
phase boundaries, such as xPb(Mg;3Nb;/3)O3-(1-x)PbTi03 (x<0.35), and xPb(Zn;;3Nby/3)
03-(1-x)PbTi0O3 (x<0.09), giant piezoelectric constants (>2500 pm/V) can be achieved by
poling the crystal in a pseudo-cubic (001) direction (Fig. 1.10).”! Recently, Cao et al.
studied both multi-domain (<001> oriented crystal) and single domain (<111> oriented
crystal) properties of 0.67Pb (Mg;,3Nb,/3)03-0.33PbTiO; single crystals.“s]'m] They
attributed the origin of the superior electromechanical properties in the (001) direction to
the large d;s of the single-domain properties, as they reproduced the large piezoelectric
constants in multi-domain (001) crystals from single domain properties in the rotated

(181, 1191 showed that the low

coordinated system (Fig 1.1 1.1 Further theoretical study
field piezoelectric constants for the engineered configuration are very close to those
obtained for the corresponding single domain state and the domain wall influence is not
significant. This result proves that the piezoelectric response of a domain engineered
rhombohedral ferroelectric crystal is “intrinsic”.

From the above two examples, it proves to be possible to estimate the effective
piezoelectric constants of a multi-domain single crystal with an arbitrary orientation by
knowing those calculated in a rotated coordinated system of a single crystal, providing

that the domains constitute an engineered domain configuration, i.e, all domains are

equivalent under the applied electric field.

17



no bias, after poling  under bias along <001>

Poling Direction<({1>
Step B

induced tetragonal phase

20 |

1.5

T
I__F-
4
e
2 | =
N =
o s

1.0—---
[#7/ |Step A in figure a
0o? / |

0 20 40 60 80 100 120 (b)
Electric Field (kV/cm)

Strain (%)

ep B T‘i fizure a

3 —_

Fig. 1. 10. Ultra-high piezoelectric behavior discovered in PZN-8%PT single crystal in a
engineered domain configuration: (a) Schematic diagram of domain configurations in
<001)> oriented rhombohedral crystals under bias (step A-piezoelectricity, step B-
induced phase transition). (b) Strain vs E-field behavior for <001> oriented PZN-8%PT

crystal. Maximum field is limited by voltage limit of the apparatus.
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33%PT single crystal with single domain. (b) Cross section plot of (a) in

[111]-[11-2]plane. Figures adapted from [17].
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Extrinsic piezoelectric response

180° ferroelectric domains

As a consequence of minimization of the depolarization energy 201 ferroelectric
180° domains are found in ferroelectric crystals with uncompensated surface charges or
in unpoled ferroelectric ceramics. On the other hand, elastic non-180° domains are
formed as a consequence of the release of energy of internal stresses.”*") For example, in
a tetragonal ferroelectric crystal like BaTiOs3, it has six domain variants when it

transforms from a high temperature cubic phase (Fig 1.12).

High temperature
Cubic phase tetragonal phase

5 A ()

«—

v

Fig 1.12 (a) Cubic to tetragonal phase transformation in BaTiOs crystal; (b) The

tetragonal ferroelectric phase has six different domains.
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In Fig. 1.13, it is illustrated how the surface displacement of an partially poled
ferroelectric crystal is affected by the change of fraction of 180° domains . It can be
seen that when there are equivalent fractions of the two sets of 180° domains (a=0.5),
which deform in opposite directions under an applied electric field, the apparent ds3 is
zero. When the volume fraction of 180° domains decrease by the movement of domain
walls (o goes to O or 1), the apparent ds3 will increase and approach the intrinsic dss
value. A detailed investigation on the effect of 180° degree domains on piezoelectric

properties of ferroelectric materials (both bulk crystal and film) will be found in [22].

180 degree twins
= IIIIII= A

]

Fig. 1.13: Effect of 180° degree domains on longitudinal ds3 piezoelectric response. o is

the fraction of domains with polarization aligned along the applied electric field (“+”
domain), 1-a is the fraction of domains with polarization aligned opposite to the applied
electric field (“-” domain). The level of the dashed line is the surface of the crystal when

there is no electric field applied.
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non-180° elastic domains

Although the switching of 180° domains will affect the apparent piezoelectric
constants, it will not substantially increase the piezoelectric strain since the lattice
parameters of opposite 180° domains are the same. On the other hand, for non-180°
elastic domains, switching between different domain variants will bring large extrinsic
piezoelectric strains as shown in Fig 1.14. In the case of a tetragonal ferroelectric crystal,
the extrinsic piezoelectric strain can be as high as the tetragonality if the 90° switching
between in-plane a-domains and out-of-plane ¢- domains takes place. This type of

extrinsic piezoelectric response dominates in soft-ferroelectrics like MPB-PZT ceramics.

90 degree twins

4 o
T intrinsic

R 7
T
> ‘6«626%»

S\ SN /S L . .
) o« g,//:\z) Extrinsic

| > 70%

I 1 ' I

Fig. 1.14: Effect of 90° degree domain wall movement on longitudinal piezoelectric

response. It can be seen that the extrinsic contribution dominates the total strain.
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Electric field induced phase transitions/polarization rotations

Field-induced phase transitions will significantly change the piezoelectric
properties of ferroelectric materials. One such example is illustrated in Fig 1.10. A
rhombohedral 3m ferroelectric crystal with its engineered domain configuration (poling
along pseudo-cubic <001>) will ultimately transform into a tetragonal 4mm symmetry
under an increasing electric field. The piezoelectric strain curve is then characterized by
three stages, the initial stage of engineered domain configuration under small electric
field, the transition stage, and the final stage of induced tetragonal single domain
configuration. While the first and third stage of the piezoelectric response are well
characterized by “intrinsic” piezoelectric constants, the transition stage is not.

M. Iwada and Y. Ishibashi’s work based on LGD type phenomenological theory
has shown the enhancement of d3; for engineered domain configurations in both
tetragonal and rhombohedral phases, as well as the critical electric fields at which the
engineered domains lose their stabilities and phase transitions take place./**"*4
However, in order to obtain analytical results, the LGD equation used had to be truncated
at 4™ order terms, which had undermined the applicability of these results.

Another important piece of research work in this theoretical framework was by
M. Budimir and D. Damjanovic et al.lt?! They studied the piezoelectric anisotropy—phase
transition relations in perovskite single crystals. It was shown that a presence of the
ferroelectric—ferroelectric phase transitions in BaTiO3 leads to enhanced effective ds3
along non-polar directions, while for PbTiO3; which does not exhibit ferroelectric—
ferroelectric phase transitions, effective ds3 has its maximum along the polar axis at all

temperatures. This work illustrated the correlation between a large effective ds; in a non-
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polar direction and a softened lattice in the shear direction. When the ferroelectric lattice
is in the vicinity of a phase transition which rotates the polar vector, the shear direction
corresponding to this rotation will become “soft”, which means a larger compliance for
easier shear deformation, no matter this deformation is caused by a temperature driven
process or a piezoelectric force. In this case, the shear piezoelectric coefficient will be
large enough to vary the orientation dependence of ds3 (BaTiOs3). On the other hand, if
the ferroelectric lattice is far from a phase transition, the shear directions are all “stiff”,
which means easy piezoelectric deformation is not possible and the shear piezoelectric
coefficients are low. For PbTiO3; material, it is far from its morphotropic phase boundary
and is a very stable tetragonal structure. Consequently, it has very low shear
piezoelectric coefficients and the longitudinal piezoelectric coefficients will dominate the
effective dss.

Recent study on lead zirconate titanate (Pb[Zr; 4 Ti,]Os3, abbreviated as PZT) bulk
materials with a composition near its morphotropic phase boundary (abbreviated as MPB,
x~0.5, which has a wide variety of applications, such as sensors, actuators and dielectrics,
due to its superior electromechanical properties) revealed the presence of a monoclinic
phase on the morphotropic phase boundary, which separates the tetragonal phase region
on Ti-rich compositions and the rhombohedral phase region on Zr-rich compositions
[25]. To account for the unusually high electromechanical constants associated with the
morphotropic phase boundary, it was proposed that the monoclinic phase has a
polarization vector aligned in a direction between those of the tetragonal phase (pseudo-
cubic [001] direction) and the rhombohedral phase (pseudo-cubic [111] direction), and

the polarization vector is apt to change its orientation under poling, which can lead to
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large piezoelectric responses. According to the general piezoelectric anisotropy—phase
transition relations demonstrated in Ref. [12], this special monoclinic phase capable of
rotating its polarization vector may be understood as an intermediate phase between
tetragonal and rhombohedral phases, which has a very soft shear modulus and
consequently, large shear piezoelectric coefficients.

Fu and R. Cohen et al. proposed a polarization rotation mechanism (26] by first
principle calculations to explain the ultrahigh electromechanical response discovered on
Pb(Zn,,3Nb,/3)O3-PbTiO3 (PZN-PT) single crystals[g]. In their calculations, a pevoskite
BaTiOs single crystal was used as the model system to illustrate the rotation of the
polarization vector under a canted poling field (Fig 1.15). The key points in this model
are:

(1) The ground state of the crystal is rhombohedral phase.

(2) Strain level is high in tetragonal phase;

®) Large elastic compliance (especially s44);

@ Large effective charges.
They suggested that it might be a general mechanism for other perovskite ferroelectrics to
have enhanced piezoelectric response by applying a electric field in a non-polar axis.

Fu’s theoretical work and the experiment work on MPB-PZT were supported by
the ab initio calculation on the poling paths in PbZr; Ti,O3 single crystals. 271
Evolutions of field-induced low energy phases in domain engineered MPB-PZT
ferroelectrics were revealed by L. Bellaiche et al. in Ref. [27], which cleared showed that

monoclinic phases act as an intermediate “poling state” between tetragonal and

rhombohedral phases. Further theoretical investigations were carried out by R. Cohen et
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al. on elastic properties of MPB-PZT materials.'”*" ®' It was found that the softness of
MPB-PZT single crystals with respect to polarization rotation (large shear compliances)
is directly responsible for its high electromechanical coupling.m] Similar conclusions

also made for relaxor ferroelectric materials near their MPBs.?®!
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pdf booarn]
A i/ /

ol
‘é/ (a)
zl Y
x Ground state:
- Rhombohedral

(b)

0.0 1 i 1 1
i} 5 10 15 20 25

Electric field (my A-1)

Fig. 1.15. First principle calculations for the longitudinal piezoelectric response of
BaTi0Os. (a) Possible poling paths indexed by letters for a BaTiOs3 single crystal in a
rhombohedral ground state, the electric field is applied along the pseudo-cubic [001]
direction {e} while the polarization is aligned along [111] {a}. (b) Piezoelectric

strain curve associated with the evolution of poling states with lowest energy.
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1.3 Bulk ferroelectrics v.s. thin film ferroelectric films

In bulk ferroelectrics (single crystal or ceramics), the “direct” and “converse”
piezoelectric effects have the same characteristic constants, which are equivalent
thermodynamic potential derivatives.””! It is convenient for people to characterize the
piezoelectric properties of ferroelectric materials based on one of the two effects and use
the obtained coefficients in applications based on the other effect.

Recently, there is an increasing number of research works on how to
integrate ferroelectric films into MEMS devices, taking advantage of their
excellent piezoelectric properties. BUB4 There are two major types of
piezoelectric-based MEMS devices, microsensors and microactuators.
Piezoelectric sensors usually utilize the direct piezoelectric effect of ferroelectric
films, namely, to detect an environmental stress or strain by monitoring the
piezoelectric charges (Fig 1.16 a). On the other hand, piezoelectric actuators
usually utilize the converse piezoelectric effect, namely, to produce strains or
stresses under an electric field (Fig 1.16 b, c). Although it is well known that the
“direct” and “converse” piezoelectric effects in ferroelectric films can have
different characteristic constants, *>*% there is no reported work on why and
how the piezoelectric properties of a film differ from those of a single crystal,
except for the partial case of a (001) oriented tetragonal film. %) The primary
goal of this section is to show how clamping of a substrate has broken the
equivalence between “direct” and “converse” piezoelectric constants in an

ferroelectric thin film.
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In various applications of ferroelectric-based transducers, as well as in
characterization of piezoelectric properties of ferroelectric films, either an electric
stimulus or a electric response is required. On the other hand, since the substrate
is usually a piezo-inactive insulator or semiconductor, the film has to be
sandwiched by top and bottom electrode layers in order to apply an electric field
to the film or have an electric charge output from the film. As compared with a
ferroelectric single crystal, which can be considered as a closed system both
mechanically and electrically, a ferroelectric film is an electrically closed but
mechanically open system to the substrate. This is the reason why the
characteristic constants of “direct” and “converse” piezoelectric properties are
different for a ferroelectric film.

To illustrate how the mechanical interaction between film and substrate has
changed the effective piezoelectric constants, we will start with a discussion on the
longitudinal piezoelectric constants. Consider a piezoelectric single crystal plate with a
normal n placed in an electric field Es, and at the same time subjected to a mechanical
stress 633 (“3” here is the normal direction of the plate n). Then there are a longitudinal
electric polarization p; and a strain €33 induced in the crystal. The change of free energy
due to small variations of electric field AE; and stress Acs3 can be written in a form of an

exact differential:

AF (crystal) =-p3AEs+€33A03 (1.6)

For a thermodynamically reversible process, we can write the Maxwell equation:
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%)E =(%)U =c§3. Where 4, is the effective longitudinal piezoelectric

Aoy AE
constant, which has a unit of pC/N in the “direct” effect (change in polarization p3 per
applied stress 633) and a unit of pm/V in the “converse” effect (change in film strain
&33 per applied electric field Ez). 4;, can be expressed by Eq. (1.7), 4 where dyj are
components of the piezoelectric tensor, which are defined in the Cartesian coordinates

of the crystal.m] n,,N; ,and n; are components of the normal vector n (the

summations are taken over repetitive suffixes in this article, if not otherwise noted).

dyy = dygmn.n; (1.7)

Consider a piezoelectric film with normal n under an electric field E; and at the
same time subjected to a mechanical stress 633. Due to the mechanical clamping from the
substrate, the in-plane elastic energy contributes to the total free energy, which can be

expressed by Eq. (1.8).
AF (fllm) =—p3AE3+833AG33+81 1AC11+€20AC+E12ACT2 (1 8)

Where o1, 612 and G5, are in-plane stresses due to clamping of substrate, €)1, €27, and €,
are the elastic strains, and hence €11AG|1+€2A00+€12A01, are the in-plane elastic energy.
All these quantities aforementioned after Eq. (1.8) are functions of applied stress o33 and

electric field E;. In this case, p3 and €33 are not partial derivatives of the free energy.

Therefore, the Maxwell equation (Ap3 ), = (%) _ af; valid for the case of a single
-~ = o~ %3

Ao, AE,

crystal plate does not hold true here, which explains why the effective “direct”
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iezoelectric constant d7;” = Ap, (subscript “f” denotes “film”) 1is different from
p 33 ( ) p

E
Ao, 7
the effective “converse” constant d;¢ = (A‘%3 . Here subscript “D” and “C” denote
A@ a2
“direct” and “converse” piezoelectric effects, respectively.
In some of the characterization methods for converse longitudinal piezoelectric

1431 the

constant, such as piezoelectric force microscopym] and single beam interferometer,
total longitudinal displacement of the film/substrate couple is measured for calculation of

the field induced strain. In these cases, a contribution from substrate deformation is

added to the apparent longitudinal piezoelectric constant of the film 2l§3c :(%) e

Here Ay, = Al

being the total surface

displacement and ¢ the film thickness. Taking the film/substrate couple as the objective
thermodynamic system, the change of free energy of this system due to piezoelectric
effect can be written in a form of an exact differential: AF =-p3AV3+hs3Acss, where AF is
the free energy per area for the film/substrate couple, ps is the induced longitudinal
polarization, Vs is the voltage drop across the film thickness t (AV3=Est), hss is the

displacement along the normal direction, and o33 is the stress applied along the normal of

the system. The Maxwell relation gives d{ D _ 3 )‘5 (N%) Ag33) df <
Ao,

It should be noted that the non-epitaxial ferroelectric films like polycrystalline
and textured films behave differently in piezoelectric properties. Factors other than

clamping of substrate, like grain size and distributions, degrees and orientations of
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texture, etc., will require additional concerns in quantifying the effective piezoelectric
coefficients. There have been long discussed in literature, and therefore are not
included in this dissertation. Instead, intrinsic and extrinsic piezoelectric effects in

epitaxial ferroelectric films are the main focus of this dissertation.

+++++++++

FilmT

Fig. 1.16 (a) Microsensor based on the direct piezoelectric effect of ferroelectric films.
(b) longitudinal, (c) shear microacuators based on the converse piezoelectric effect of
ferroelectric films. The blue arrows inside the films indicate the alignment of the polar

vectors in the film.
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1.4 Conclusion

The main points in this chapter are summarized here:

(1). Piezoelectricity originates from lack of centro-symmetry in a crystalline structure.
Ferroelectric materials is a sub-group of piezoelectric materials. It is characterized by a

switchable remnant polarization.

(2). Due to their large piezoelectric coefficients, many ferroelectric materials are being
used in piezoelectric transducer applications. The converse piezoelectric effects are
utilized in piezoelectric actuators, where a output mechanical strain can be produced and
controlled by an input electric field. On the other hand, a piezoelectric sensor will utilize
the direct piezoelectric effects to transform input mechanical stimulus to output electric

signals.

(2). Intrinsic piezoelectric response refers to the piezoelectric deformation of the lattice of
a single-domain crystal, which can be characterized by tensors of piezoelectric constants.
Intrinsic piezoelectric constants in ferroelectric materials describe piezoelectric effect as

an electrostriction biased by the polarization (linearized electrostriction) ..

(3). The extrinsic piezoelectric response, on the other hand, are from extrinsic sources of
displacement under the electric field. Processes involving changes in polarization or
dielectric constant (for example, movement of ferroelectric domain walls, poling of
ferroelectric ceramics, phase transition occurred in ferroelectrics which varies the

polarization, etc) will add “extrinsic” piezoelectric response to the “intrinsic” one.
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(4) The domain engineering method, which aims at enhancing piezoelectric response by
poling the ferroelectric material in a non-polar direction, will lead to two possible
consequences. One is that the domains are equivalent under the poling field and the
piezoelectric response is intrinsic, the enhanced piezoelectric responses can be evaluated
by calculating the effective piezoelectric constants of a single-domain single crystal -

d, =d,;l,nn; (BEq. 1.5), in the domain engineered orientation (pseudo cubic <001> for

kij
rhombohedral crystals and pseudo cubic <111> for tetragonal crystals). The other

possible consequence is a field-induced phase transition, which may lead to large

extrinsic piezoelectric responses.

(5) Another important source of extrinsic piezoelectric response comes from domain wall
movement. Both 180° domain wall and non-180° domain wall movements can affect the
piezoelectric properties. However, while 180° domain wall movement does not
substantially increase the piezoelectric strain, switching between non-180° domains will

bring large extrinsic piezoelectric strains.

(6). Due to clamping from the substrate, a ferroelectric film has different apparent

“direct” and “transverse” piezoelectric constants.
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CHAPTER 2, INTRINSIC PIEZOELECTRIC RESPONSE IN
THIN EPITAXIAL FERROELECTRIC FILMS

2.1 Converse piezoelectric properties for ferroelectric thin films

It is well known that the field-induced strain of piezoelectric films is strongly
modified by their elastic interaction with substrates. The relation between an intrinsic
converse piezoresponse of a single crystal or a free standing film and that of a film
clamped by a substrate is of a great interest for many applications of piezoelectric thin
films. However, this relation is obtained only for one partial case: a (001) oriented
tetragonal film clamped by a rigid or a thick substrate under electric field normal to the
film.*”! The goal of this section is to calculate the effective piezoelectric coefficients of a
substrate-constrained single domain film as a function of its crystallographic orientation
and a direction of applied electric field. This information will set up a framework of
reference for evaluating converse piezoelectric properties of clamped thin films growing
in arbitrary orientation and help to separate intrinsic properties from extrinsic effects!®”!
(domain wall motion, incomplete clamping, substrate bending, etc.). Knowledge of the
orientation dependence of piezoelectric coefficients of constrained films will allow one to
optimize their electromechanical performance. In the section, the general expressions for
characterization of the piezoelectric strain of a clamped film with an arbitrary orientation
is obtained, and, as typical examples, converse longitudinal piezoelectric coefficients of
films with tetragonal and rhombohedral crystallographic structure are calculated for three
orientations- (001), (011) and (111).

We start with an expression for a piezoelectric strain of a free standing film,

which is presented by Eq. (2.1) in pseudo cubic coordinates. Where d,; are piezoelectric
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coefficients of a bulk crystal, Ey are components of the applied electrical field E, Ex

=Ely, and [ are the direction cosines (the summation is taken over repetitive suffixes).

82- =dibx=dgilhkE (1, ), k=1, 2, 3) 2.1

The change of the thickness of a film with a normal n is determined by a normal

.0 : . . : .
strain ¢ nin; and it can be characterized by an effective piezoelectric coefficient:

dln = dki/, lk nn, @, j, k=1, 2, 3). It is reduced to the longitudinal piezoelectric coefficient

d =d oy of a single crystal or a free standing film if the field is normal to the

film.

If the film is clamped by a rigid substrate or if a substrate is much thicker than the
film, then the components of the strain in the film plane are equal to zero. The piezo-
electric strain is so-called an invariant plane strain: all planes parallel to film remain
undistorted and its displacement is proportional to the distance of the plane from the film-

substrate interface. The invariant plane strain is expressed by a dyadic tensor g, =Sn,

where s; is a characteristic vector. There is no displacement normal to the plane
containing the vectors s and n. Therefore the piezoelectric strain of a completely

clamped film is characterized by only two parameters: a normal piezoelectric coefficient

dlﬁ =sn/E and a tangential piezoelectric coefficient dlfr' =s7,/E, where 7 is a unit

vector along the projection of s on a film plane and can be determined by 7= nx (s xn)/|s|.
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To determine the effective piezoelectric coefficients ¢/ and 4/, it is necessary to

find the vector s. Taking into account that the stress in the film is 0,=C, (&, —g:l) and

there is no force normal to the (o;n;=0), it is possible to show that:

Si= Hik ntthaB dyaﬁ lyE (22)

where Ciqop is the tensor of elastic moduli of the film, IT, =(A, )", a Green tensor A =

nmCmikpnp.[46]'[48] Then d; and dlf; can be expressed as follows:

dlﬁ =11, Cuopd Jop My (2.32)

dzfr =11, Cxopd . pmal, (2.3b)

27

As two typical examples, we calculate the intrinsic longitudinal piezoelectric
coefficients for tetragonal and rhombohedral films in an usual set up with bottom and top

electrodes. In this case, the electrostatic field is directed along the film normal n. The

effective longitudinal piezoelectric coefficient can be written as: [41]

d33, f = dr{;z =11 ik Citap d yap THILiTly 2.4)

where Cyqp and d Jap ArC the tensor of elastic moduli and piezoelectric coefficients of the

film; IT,, =(A, )™, a Green tensor Aik = N Cnipltps )y and iy are the direction

cosines of the film normal n. The electric field E is applied along n.
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x3=[001]

Substrate

Figure 2. 1. A single domain tetragonal ferroelectric film with normal n under electric

field E (E//n). x), x», x3 are the crystalline coordinates. P is the polarization vector, P is

parallel to x3. The deformation is exaggerated here for illustration.

In a tetragonal phase with 4mm symmetry, P1=P,=0, P;=P#0. There are 7 non-

zero piezoelectric coefficients, out of which only 3 are independent. dsz;;=d3;=d3;, d333
1 )
=ds33, dapz=dorzo(=— d24)=d113=d131:5 d;s. The coordinates of the tetragonal phase are

pseudo-cubic coordinates. For a rhombohedral PZT phase, there are 11 non-zero
piezoelectric coefficients, out of which only 4 are independent due to the 3m symmetry:

1 1 1
diiz=dis =E dis, d112=d121=5 di6=-d22, d211=-d22, d222=d22, d223=d232=5 d24=5 dis,
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d311=dsp2=d3, d333=d33. It should be noted that, the above piezoelectric coefficients are

referred to a rhombohedral coordinate system, which is defined as follows:*

Pseudo-cubic axis [11_ 0]«<> rhombohedral axis x; [100]
Pseudo-cubic axis [11 2 ]¢> rhombohedral axis x, [010]

Pseudo-cubic axis [111] <> rhombohedral axis x; [001]

The tensors TT,, are shown in Table 2.1 and Table 2.2 for three typical

orientations (001), (011) and (111) in tetragonal and rhombohedral films, respectively .

The longitudinal piezo-electric coefficients d,{n and d = of afree standing film are

presented in Table 2.3 and Table 2.4 for comparison.
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Table 2.1 Calculated orientation prefactors I1, for (001), (011) and (111) oriented
single-domain tetragonal films. A=(C,+C,)(C,;+C,)-(C,+C,)*> =G +C,~CHC;+2C)*

(Cy+Cpy+Cp,, +2C, )= 2(Cs +C,)°]

Orientations n IT, =(A, )'lz(nmCmﬂq,np)'1

Gy 0 0
(001) 44

0 G 0

00 G
(14/2)(011) ACACY 0 0

X0 GHG) ~GHGY
0 -GrG) GGy

G+CutGe  (G3+C)’~

Go-G1—C,
G2 GrtGo ?q +qcl4) )
(UB)(111) | GHC" Gs+2Gy G
Gs+C)’ = (G +Cu+Cy)
3 Go-G1-C)
0| GG GXam

Cs+2C)  Gs+Cy’

(GGG (GGG (G +Cy+ G
GG GrtG)  ACriGe?
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Table 2.2. Calculated orientation prefactors I1, for epitaxial single-domain

rhombohedral films with pseudo cubic orientations of (001), (110) and (111).

A=(C, —22C, +2C, )(2C, +C,) —[NV2(Cpy + Cy) = C, 1P

Q= (2C,, +2~2C,, +C,)(Cy +2C ) —[2C,, +~2(Cpy +C )]

Orientations n (pseudo-cubic)

Hik =( Aik )_1=(nmcmikpnp)_1

(001) Ci 0 0
0 i 0
C44
0 0 L
C33
(12) (011) 3 0 o |
G+2/2G,+2C,,
0 3C,+2G) V2AC+G)-GJ]
A A
0 32C+G)-GJ 3G,~2/2G,+2C,]
L A A .
i \ 0 _
(1/\/3) (111) 2C66_2\/72G4+C44
0 3Ga+26) A2 HAGHCY)
Q Q
0 32G,+V2G,+C)] 32G,+C, +2V2G ]
Q Q
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Table 2.3. The longitudinal converse piezoelectric coefficients for different orientations

of constrained tetragonal films ¢4/ and free standing films d,, . d ; are the piezoelectric
coefficients of single crystals in pseudo cubic coordinates.
K=H(0“)+H(0“) 7w=H(011)+H(0“)
22 23 33 23
_H(lll) zn(lll) 111) H(lll) ary — -1 . )
W= 2+ I, + G 7 + 1T, =6Q (G5 -Gz +Cyy) (G -G, +Cy

O=T1!" + T8 +T1=3Q71(Cy ) + Cpp = 2C13 +2Cg6 — Cg)(Cpp — Cra + Cay)

Orientation n Bulk 4 Film 47/

nn

(001) dy; dy3 +2C3d;, / Cyg
1/32 (011) (dyy +dsy +dy5) [2N2) {(KCps + ACs3)dss + (i + DCoudys +[K(Cy, + Cpp) +2AC,1d5 )/ 242

1/\/3 (111) (dyz +2d4 +2d5) /(3\/5) {(‘{’CB+(1)C33)d33+(‘{’+2(D)C44d15+[‘{’(C“+C12)+2(1)C‘13]d31}/(3\6)
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Table 2.4. The converse longitudinal piezoelectric coefficients for different orientations

of constrained rhombohedral films (d n’; ) and bulk crystals (d,,). d i are the piezoelectric
coefficients of single-domain rhombohedral single crystals defined in rhombohedral

coordinates. (f 51 are the pseudo-tetragonal piezoelectric coefficients of a (001) oriented

multi-domain rhombohedral single crystal.!"” qi=~/2I1 (2301) — H;gm) )

=215 — 1, Ki=T15,” + /2115, k=TT + V2115

Orientation n Bulk d. Film d’

1
@ ﬁ{(\/icw(’h = Cy3q,)dy; + [*/i(cu +C,)

1
(001) 7[2(d15 +d,,) V3
33 ¢ —2C3q,1d5, +[2(C, - G, — */ECM)% +
B 2\/§d22 + d33) 4C\,q,1d,, + [(\/ECM +2C,)q, —2C,,q,1d,5}
m 2C ' m
(2) di + ngn
1
— {(N2C 3k, +2Cy3ky )y +[N2(C + C )k, +
142 (110) j/f[\/é(dw +d31) 3\@{( 1351 33k2)ds; +[N2(C + )k
33 4C13k2]d31 +[(C11 _C12_2\/§C14)k1 _2C14k2]d22
+ d22 + 2ﬁd33) +[(\/§C44 —C )k +Cyuk,1d, s}
2C
1/43 (111) d., d,, + C—Bagl

33
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2.2 Direct piezoelectric properties for ferroelectric thin films

The orientation dependence of the direct piezoelectric coefficients d;;_f ,d ﬁ’f

and eﬁ’f (“D” denotes “direct piezoelectric effect”, “f” denotes “film”) are generally

formulated in this chapter, which can help to predict and optimize the performance of
piezoelectric MEMS sensor devices based on ferroelectric thin films. Numerical results
are obtained and discussed for Pb(Zr,Ti; )O3 thin films grow on Si substrates with
various compositions and structures.

Recently, there is an increasing number of research works on ferroelectric films as
sensor components in micro-electric-mechanical system (MEMS), which aims at
realizing direct piezoelectric functions by capacitive sensing in a reduced length scale.
(321, 341 501 51 general configuration for a piezoelectrically driven MEMS sensor, a
ferroelectric thin film is grown on top of a thick substrate, a stress or a strain field from
the surrounding environment is applied to the substrate and sensed by the ferroelectric

film through “direct” piezoelectric effect (via the lateral constraint imposed by the

substrate). The primary goal of this section is to calculate the effective direct

piezoelectric coefficients ds, , , d;, ; and e ¢ of a substrate-constrained single domain

ferroelectric film as a function of its crystallographic structure and orientation. This
information will provide a framework of reference for evaluating direct piezoelectric
properties of clamped ferroelectric films.

The widely used piezoelectric coefficients characterizing piezoelectric sensing
processes are the longitudinal d3, , coefficient and the transverse dﬁ’f and eﬁ’f

coefficients. A piezoelectric sensor is said to be in a longitudinal sensing mode when a

43



longitudinal force is applied along the normal of the device and a charge is generated on
the surface of the ferroelectric film and then is collected and analyzed. On the other

hand, a transverse sensing mode is when in-plane stresses or strains are applied to the

device to induce the charge. For a (001) oriented tetragonal film, d, fo dﬁ’f and e3DL ¥

coefficients are expressed in Eq (2.5) 130137
A’ =0F 1oy =dy +2(s5 = s57)dy I(s5 +s57) (2.5.1)
d?fiD _ Q3 /(O_ &‘ub &‘ub) — 31(SE mb E S‘ub)/(s .f + S f) (2.5.2)
el =0 1 + ey =dy [(sh +557) (2.5.3)

Where Q3E is the piezoelectrically induced charge (“E” denotes ‘““at constant

electric field”), o, is the longitudinal stress from the surrounding environment applied

to the device, dj (1, j=1~3) are the piezoelectric coefficients of the ferroelectric single

crystal. o, o5 and &', 54" are the in-plane stresses and strains applied to the

substrate in transverse sensing processes. s.* (*

i sub” denotes “substrate”) and sl.f S @,
j=1~3) are the elastic compliances under constant electric field for substrate and film
material, respectively.

As can be seen from Eq. (2.5), the direct piezoelectric coefficients for a
ferroelectric film are functions not only of its own electromechanical properties, but

also of the substrate’s mechanical properties. el;” is always larger than the single

crystal piezoelectric coefficient e, while df;” and d/;” can be smaller or larger

than single crystal coefficients depending on the mechanical properties of the substrate
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with respect to the film material. However, to quantitatively evaluate the direct
piezoelectric effect, Eq. (2.5) is good only for [001] tetragonal or pseudo-tetragonal
epitaxial films. Therefore, in order to find optimal orientations and structures for
piezoelectric sensing performance, it is important to know how much the effective
direct piezoelectric coefficients will change as we vary the orientation and/or structure
of the film.

We start with a general expression for the in-plane stress components of an
epitaxial film with a normal n in the longitudinal sensing mode, where a longitudinal

stress o, 1s applied to the device (the subscript “N” denotes the longitudinal direction

n, it is NOT a suffix number throughout this article). The strain tensors induced due to

f —

Oyy ATE &, o

ow mn; and &, sm oy M1, (p, g, 1, j=1~3; the summations are

taken over repetitive suffixes if not otherwise noted), for the film and substrate,

. sub_ sub : : : .
respectively. s, =S,z a,,d,00,,4 5, 1s the effective elastic compliance tensor of the

sub

substrate defined in the Cartesian coordinates of the film and s,,, is the elastic
compliance tensor of the substrate defined in its own Cartesian coordinates (x,f”b , k=1-3),
is the direction cosines between x; and xfn“" d, m=1—3).[49]

Ay

The difference between the two strain tensors is the self strain 52 .= el —

:(SZ]]; qu) Oyy 1 1;. The in-plane stresses in the film are expressed in Eq. (2.6): 4011481

— E,f E, f * sub
O = lmpq (I’L) gpq (anpq lmaﬂna neC5$q ) (quij pt]lj) O-NN l’l I’l (26)

45



Where Gfm{ , () 1s the planar elastic modulus for a fully clamped film with a

normal n at constant electric field. G, (n)= CIZI{ q—C% A gs ngCi;; [BHBT ort

(Qf;£¢ C,fgﬁ, and C ga’p]; ) is the tensor of elastic moduli of the film at constant electric field,

I, =(Aﬁ5)71, a Green tensor Agy=n, C*/

n, B Therefore, the piezoelectric
v e 6

charge induced by the stress &, and o, are: Qr = d, Oy + d,y, 0,1, = Tyylday +

. E.f

E, f * sub s . . . . . . D
Ay, Gy () (8" = 5,05) mmn;]. The effective direct piezoelectric coefficient d

3. 18
shown in Eq. (2.7):
f.0 _ _ E.f *sub _ E.f N, (3) 0 (3)
di;” =0y /oy =d,y + 4, Gy W) (S ™ = S0 1
E, *, sub E, 3).(3),.(3
=[dyg; + d iy Gy (1) (ss” = 5,0 07 n? 2.7)

Where dyy=d;mn;n; is the intrinsic longitudinal piezoelectric coefficient for the

film. !

1)

The film’s in-plane axies are labeled as n' R n® and normal as n® (previous as n)

in the case of transverse piezoelectric effects (Fig. 2.2). Ina dJ;” sensing mode, a stress
field o, is applied to the substrate laterally (the prime in the superscript denotes that the

stress components are expressed in the coordinate system of the film where the subscript
U, V stand for direction of n'¥ and nV , U, V=1,2). In the crystalline coordinate system

defined by symmetry of the film structure, this stress field can be written as
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' .. 49 . % o = sub U) (V
0, =0Oyy nfwnﬁv) (i, j=1-3)."") The self strain ggq =5 g =" 0, 1 )nj- 'and the

ij pqij i Pqij
in-plane stresses in the film are shown in Eq. (2.8): 401148
i = = Ginipg 1), =iy = Gty Ts 1 CT) 5y O 1 (2.8)
x3=[001]
3 3,sub
an/m
x2=[010]
x1=[100] 2 2
n'?/m*%
—

Film

P//x 3

x50 =[001]
x 0 =[100]

sub __
Substrate X2 =010]

Figure 2.2. The epitaxial relation between a ferroelectric film and substrate with arbitrary
orientations. x; and x; ., are the Cartesian coordinates of the crystalline structures of the

film and substrate, respectively.
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Therefore, the longitudinal piezoelectric charge induced by ¢, is: Qi =d,, o, n'’

3 * sub ! "’ '
=d,, G, (n?)-s:7 o, nn"'n'” . Usually, the stress o, has two components o,

and o, , which are applied along n'” and n®, respectively. Then Q5 =-d,, G/ (i)

* sub

Pqij

@, M (2),(2)7,,(3)

s [0y, n"n" + o5, nPnP In . The effective direct piezoelectric coefficient d) ,

can be expressed as in Eq. (2.9):

f.D _ : N E, f )\ Fsub (1) (1) . 2).,(2)y,,3) ! .
ds, _QSE/(0-11+O-22)__dklmGlmpq (n )quij [y, N+ 0y, 1N, n (o, +0,,)

_ Ef ¢ @ysubp, D D, (2 (7,3 o
——dklmGlmIfq (n )sp;g. [ n” +m 7" n” 12 (01 =05,) 2.9)

On the other hand, in the case of a e{;” sensing mode, biaxial in-plane strains &,

and &,, are applied to the substrate and hence the substrate-constrained film. The total
film strain can be written as ¢,, =&, nj,l)nf;) +&, nf)nf) + &5 nf)nff) in the Cartesian
coordinates of the film (p, g=1-3), where &,is the normal strain due to Poison effect.

The in-plane stresses in the film induced by the applied strains are o, = G,/ (n”)*

E, 3 D_ad 2) (2 . . .
g, q:(;lmj: / ng, n;)n;) +&, n(p )n; '] (&55 does not contribute to in-plane stresses since
an;g (n™) nﬁf )nff ' =0). %) The induced longitu-dinal charge is Qi =d ,dmalmn(3) =

Ay, Gt (0 [0 + £,n 0P In, . The effective direct piezoelectric coefficient

e, s 1s expressed in Eq. (2.10):2

f.D_ _ E.f (..(3) 1. (1) 2)..(2)7,,(3)
€3 —QsE/ (& +&) _dkszzmpq no)lep,n, +en, n I (&, + &)
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E,f )\ [5,(D,,(D 2)..(2)1,,3)
=d, G @AY +nPn 1Y 12 (when &, =¢,,) (2.10)

Equations (2.7) (2.9) and (2.10) will allow one to compute the effective direct
piezoelectric coefficients for an arbitrary orientation of a film with a variable crystalline
structure, if the intrinsic piezoelectric coefficients of the film and the elastic moduli of the
film and substrate are known. It can be seen that Egs. (2.7) (2.9) and (2.10) will reduce
to Egs. (2.5), if we take n(l)=[100], n(2)=[010], n(3)=[001], and the crystalline structure of
the film is tetragonal.

In summary, the effective piezoelectric coefficients for epitaxial ferroelectric
films as components of piezoelectric MEMS sensors are generally formulated in this
article. It is demonstrated how the direct piezoelectric properties of a ferroelectric film
are affected by the film/ substrate interface stresses, which are induced by clamping of

substrate.

2.3 Summary of the intrinsic piezoelectric properties in ferroelectric thin films

In this section, the effective piezoelectric coefficients of an epitaxial ferroelectric
film are generally formulated by taking into account of clamping from a substrate. It is
illustrated how the equivalent converse and direct piezoelectric coefficients in a single
crystal differ from each other in an epitaxial film, which may serve as an example
showing how the film-substrate interactions have modified properties of functional thin
film materials.

Piezoelectric materials can be used as functional components in a wide variety
of applications, such as sensors, actuators, ultrasonic and solar systems. Piezoelectric

properties can be either characterized by “direct” piezoelectric effects, where electric
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responses (induced charge/voltage) are induced by mechanical stimulus (stress /strain
field), or “converse” piezoelectric effects, where mechanical response
(stresses/strains) are induced by electric stimulus (electric field). In single crystals,
these two kinds of effects have the same characteristic coefficients, which are
equivalent thermodynamic potential derivatives.”"! For example, the effective

longitudinal piezoelectric coefficient 4, , which has a unit of pC/N in the “direct”

3
effect (change in polarization ps per applied stress 633) and a unit of pm/V in the
“converse” effect (change in film strain €33 per applied electric field E3), can be

expressed by Eq. (2.11),*¥

where dy;; are components of the piezoelectric tensor,
which are defined in the Cartesian coordinates of the crystal.!*”! nl,n and nf)

are components of the normal vector n®.

g 33 0)
dy;=d, nn"n; (2.11)

However, for ferroelectric films, from the discussion presented in Section 1. 3 and
the results obtained in Sections 2.1 and 2.2, the “direct” and “converse” piezoelectric
coefficients are characteristically different from each other.

For a single domain (001) oriented tetragonal piezoelectric film, d3f3”D 1s larger

than dg’;’c . They can be characterized by the following formula:**/"!

diP =d, +2(s2 —sEDyed,, I(shT + 557 )= dfi +Adsy, (2.12.1)

Al =dy - 255 dy F (BT w557, Adyy = 255%0d, 1 (BT + 55T (2.12.2)
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Where d31, ds3 are the piezoelectric coefficients and s“‘b 5 4, j=1~3) are the

elastic compliances defined in a matrix notation.”") Subscript “sub” and “f” denote
substrate and film, respectively, while subscript “E” denotes “at constant electric field”.
Ad;; 1s the difference between the direct coefficient ds; f " and the converse coefficient

d{;€. The in-plane piezoelectric coefficients are found to be:"*

!¢ =0 (due to in-plane clamping)

dl? =AP, [(o,, +0,,)=dy (s + 55" (s +s57) (2.12.3)
P=AP, (g, +&y,)=dy I(s" +s57 (2.12.4)
el =0l 1E,=d, I(s; +s.")=el" (2.12.5)

In a general case, an epitaxial ferroelectric film with a normal n® bounded by a
thick substrate is shown in Fig. 2.2. It is assumed that the substrate is a piezoelectrically
inactive single crystal. The substrate is much thicker than the film and it has a fixed

bottom surface.”* The epitaxial relationship for the film/substrate couple are nY/m®

sub) (2) / /n(2 , sub) - (3, sub)

in plane and n“//n along the normal, where n and n*"” (i=1-3)
are unit vectors representing the three orthorhombic axes of the film/substrate couple, and

they are indexed in the Cartesian coordinates of the crystalline structure of the film (xy)

sub

and substrate (x ;" ), respectively.[49] Since a substrate usually has different electro-

mechanical properties from those of a film, stresses will arise on the film/substrate
interface when the couple undergoes a piezoelectric driven process. As illustrated in the
previous chapter, it is these in-plane stresses that will modify the piezoelectric properties
of a ferroelectric film and make them deviate from those of a single crystal.

The in-plane stresses will be concentrated on the film if it is grown on a thick
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substrate. It can be written as: ****!

O = -Gt (1) &), (2.13)

Where Gﬁ}; ” (n®) is the planar elastic modulus tensor at constant electric field of

a film with a normal n”, which is presented by Eq. (2.14). 52 , 18 the self-strain between

film and substrate which is induced by the applied mechanical or electrical stimulus.

Grry =Gl = Gty n T 1) nOC%/ (2.14)

G

mpe Clmaﬁ" and C i;; are the tensor of elastic moduli of the film (at constant

1 1 — 3 3)E, 3) [46-48
electric field), IT M(n@)): (Aﬂé(”(3))) ! a Green tensor Aﬁﬁ(”( = n( C ﬂ;} né ) [46-48]

The in-plane stresses will induce a longitudinal polarization Ap;,in a direct piezoelectric

mode or a longitudinal strain Ag33in a converse piezoelectric mode:

3, (3
Apy=d, O, nli ) or Asyy = SW{ O'I,qnl( )n( ) (2.15)

Where supq is the tensor of elastic compliance of the piezoelectric crystal.

2.3.1 Direct piezoelectric coefficients for a clamped ferroelectric film

As can be seen in Fig 2.3 (a), in a transverse piezoelectric mode, in-plane stresses
(01,05, ) OF strains (&,,&,,) are applied to a substrate. An in-plane stress field o/ will

arise in the film due to clamping from the substrate. A longitudinal polarization Ap, in

the form of Eq. (2.15) will be induced, and it can be characterized by a direct transverse
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piezoelectric coefficient d{;” = Ap; /(0 +0,) or e}’ =Ap, I(¢, +¢&,,). Fora

longitudinal piezoelectric mode (a’3f3’D ) as is shown in Fig 2.3 (b), a normal stress o5 is

applied to the film/ substrate couple, and in-plane stresses will arise in the film due to the
discontinuity of elastic properties across the film/substrate interface. A polarization
induced by these in-plane stresses in the form of Eq. (2.15) will add to the longitudinal

charge a’; 055 characterized by Eq. (2.11). The effect of in-plane stresses on the direct

piezoelectric responses and the resulting effective piezoelectric coefficients are tabulated

in Table 2.5 and Table 2.6, respectively.

2.3.2 Converse piezoelectric coefficients for a clamped ferroelectric film

On the other hand, for a film under an normal electric field E; (Fig. 2.4), there are

three converse piezoelectric effects-a transverse effect characterized by ef €=

(61]; + szz ) 123, a longitudinal effect characterized by dj;“ = €33 /Es, and a shear effect

characterized by d{:“ = &3, /E; (1 is the shear direction). It should be noted here that all

these strains calculated here are strains of the film.

The in-plane stresses are: o, -Gl ) &) =— Gl nNd,, (3)E3 Which is

Impq mpq

O.f_o. n(u) (V) G,

s (#Ndy, nn™ ;V)E3 when expressed in the orthorhombic

mpq P

coordinates of n'Y, n” and n¥. The effective converse piezoelectric coefficient ef can
be obtained by taking the average of the in-plane stresses 0'1f1 and O'Zfz over the applied

field E;
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=—[(f,+ )12V Ey =dyy,, 1) G, ("D +nP0P12 (2.16)

lmpq

The longitudinal and shear converse piezoelectric coefficients have been formulated in
Section 2.1. Here we can find another identical expression for d3f3’c by considering the
contribution to a longitudinal strain by the in-plane film stresses, which is characterized

by Eq. 2.15) as Ag,, =52/ o nn (3) . By doing this, we can find a general

iipg O pg'li
quantitative relationship between the single crystal piezoelectric coefficient d; (which
has equivalent values for direct and converse coefficients), the direct piezoelectric
coefficient d{;” and the converse piezoelectric coefficientdj;“, which is presented in

Eq. (2.17).
AP =dy + AP =ds+ AdSC +AdD T =df;C + Ad3y (2.17)

Where d33 =d kl]n,f)n@ n'¥ is the longitudinal piezoelectric coefficient for a single crystal

plate with normal n?, Ad{;”= —d, GE! (n®)n® (s=1

* sub 3)..(3)
Impgq )n

vai = Spai ) m; is the change of

* sub

paii 18 the

direct longitudinal piezoelectric coefficient due to substrate clamping, s
effective elastic compliance tensor of the substrate defined in the Cartesian coordinates of

the film, Ad3f3’ —d,, s qu Glmpq nnPnn (3) is the change of converse longitudinal
piezoelectric coefficient due to substrate clamping, Ady € =Adh- AdS
= dn Gt (1) 5,0 nn'Y is the characteristic of the difference between df;” and

Impg pqt]

dJ;¢ . The effect of in-plane stresses on the converse piezoelectric responses and the
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effective converse piezoelectric coefficients are tabulated in Table 2.5 and Table 2.6,

respectively.
From Table 2.6, it is not difficult to see that expressions for d3f3’D , d3f3’c

d{;”,ef;” and e, will reduce to Eq. (2.12), for the case of an epitaxial tetragonal film

grown on a (001) cubic substrate. This set of formula in Table 2.6 will allow one to
compute the effective piezoelectric coefficients for arbitrary crystalline structures and
orientations of a film and its supporting substrate, if the intrinsic piezoelectric
coefficients of the film and the elastic moduli of the film and substrate are known.

In summary, the effective piezoelectric coefficients for an epitaxial ferroelectric
film were generally formulated in this section. It was demonstrated how the piezoelectric
behavior of a ferroelectric film is affected by the film/substrate interface stresses, which
are induced by the clamping of substrate. Our result for the effective piezoelectric
coefficients of a clamped ferroelectric film will be equally applicable to piezoelectric

films which are not ferroelectrics.
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Fig. 2.3 Direct piezoelectric effect: (a) dsi/e3; mode- a longitudinal charge is produced

by applying in-plane stresses/strains to the substrate. (b) d3; mode- a longitudinal charge

is produced in the film by applying a stress normal to the film/substrate couple.
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Substrate

Fig. 2.4 Converse piezoelectric effect —A longitudinal strain and a shear strain are

produced by applying an electric field normal to the film'*; in-plane stresses are also

produced under the electric field as a result of substrate clamping. The deformation is

exaggerated here for illustration.
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Table 2.5. Effect of the film-substrate interface in-plane stresses on the piezoelectric behavior of a clamped ferroelectric film.

Piezoelectric Stimulus Response Self-strain £° between film piezoelectric response due to in-
Mode and substrate induced by the plane stresses — G(n®) * &°
applied stimulus
Longitudinal Longitudinal Ef 3N .0 3
& & Ap 3 :_dklmGlmpq (I’l ) ¢C"pq ny
ds3 stress o polarization | g% = (sE/ — ™50y yp® R &
. 3 po = oy = Sy ) 17157 O will add to intrinsic response
“Direct” effect Ap
3 FRNONOMCI
under constant T T T
o i In-plane stresses Longitudinal 0 * sub M. (1) E.f 1 (3\.0 (3
electric field Epg = =S it Loy 10 AP == 1y Gimry (7)€, 1
ds; o . O charge A
) 2) (2
11> 022 D3 + 6y 1 )ng_ il
In-plane strains Longitudinal L Wy ™ 4 2, E, 3Hy,.0 (3
- p g Epg = Enly Ny T ERN, T, Ap3=_dklmGlmp}; (n' ))gpqn,(()
11 € charge Ap,
| | | | 0 _ (3) — _ESRES (,,3N0 (3) (3)
Longitudinal Longitudinal gp = dpn Ey A&33 = =Sijpg Clinpg (1 )E1li ™11
“Converse” effect dss electric filed E . will add to intrinsic response
3 strain €33
(3),3),(3)
under constant dyng'nnE,
mechanical stress
| | - 0 _ (3) f— E.f(,3)N\.0 D (1)
. Longitudinal In-plane g =d,y,nE, of) = =Gt (n"D)epnn}
31
electric filed E; stresses alfl, ¥ Ef /(3.0 . (2).(2)
f
On
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Table 2.6. The effective piezoelectric coefficients for a clamped ferroelectric film with an orientation shown in Fig. 2.2, in

comparison with those of a single crystal plate with the same orientation.

Piezoelectric Fil
. ‘ ilm
coefficients Single crystal . _ _
Direct coefficients Converse coefficients
Longitudinal *_ 3),,3).,3) ,D # E, 3 E, * suby. (3).(3). (3 f.C_ g* E.f 3y E.f,3),.(3) (3)
8 dyz=dgn.n;n, df” = dsy = d, G (0N (s il = s, n d3;” =d33 - dignGlupg (W) Spgii 1571
s
d3; (measured by total surface
. _ f’D
displacement) =d;
- (3, MM .D E, 3\ Asubr. (1) (1 2) (2)7..(3 /¢ _
dyy = dygm, nn; i’ =d,, G,mp’; (n) s [nf )n;) +n )n; e 12 dyy =0
£ (3),,(2),(2)
d;, —dkijnk non; (when o, =0,) fc N N
s 6 T FD_ Ef (03B, D () (2) €31 =dyy Gl [, my "+, n 112
Transverse ey = _Zldycn ey =dy, G, (nn’n)n’ +n7n"1/2
1=
# 6 o (when &), = &)
€3 = Eldyciz
o (3),,(2).,(3) ,C _ (3) E.f (3),(3),. [14]
dyy=2dn'n;"n; df;¢ =TI, () thaﬂ d}/aﬂnt n, 7
*_ 3).,(1)_(3)
d35_2dkijnk n;n; N/A
Shear

o (3,1 (2)
dye=2d;n"'n;n;

i C;- are the effective elastic constants of the film. If C ;wg is the full tensor notation of C;.,

* (a)

it can be obtained by C,45 = C,,,1

ghuv'"g

n”nn” , where C,,, is the elastic tensor of the single crystal.*”! n® (k=1-3) are the orientation vectors of the film (Fig. 1)
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2.4 Theoretical prediction for various thin film material systems
Based on the available piezoelectric coefficients and mechanical properties for

bulk materials, the orientation dependences of the converse longitudinal piezoelectric

coefficient dy; , and piezoelectric force coefficient ef;” are calculated for ferroelectric

film materials like lead zirconate titanate solid solution system, barium titanate, and some

relaxor ferroelectrics. To compare the direct piezoelectric coefficients with converse
ones, direct piezoelectric coefficients d;;f and d 3[1 ¢ are also calculated for lead

zirconate titanate materials with silicon and strontium titanate substrates.

2.4.1 Lead Zirconate Titanate solid solution

Lead zirconate titanate (PbZr,Ti,;.xO3, abbreviated as PZT) bulk ceramics have a
wide range of applications in electromechanical systems due to their excellent
piezoelectric properties. Recently, there is an increasing number of research works on
PZT in thin film form due to the success of its epitaxial growth and its potential for
micro-electro-mechanical applications. By using different measurement techniques,

people obtained piezoelectric coefficients dy; , ranging from ~50pm/V (pC/N) to

~800pm/V (pC/N) for PZT films 8- 1451 B4 191 Degpite the substrate clamping effect,
which deteriorates the piezo-electric properties of the film, some of these reported values
were even larger than phenomenologically predicted bulk values.' Therefore, a clear
understanding of the intrinsic piezoelectric properties in a clamped PZT film will help us
to tell if a measured effective piezoelectric coefficient has extrinsic contributions, such as

[37].[43]

domain wall motion, incomplete clamping, substrate bending , Or even experiment

fraud.
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Based on the phenomenologically calculated piezoelectric coefficients and
available mechanical properties for bulk materials, the orientation dependences of the

converse longitudinal piezoelectric coefficient d; , and piezoelectric force coefficient

e3f 1’D are calculated for epitaxial Pb(ZryTi;.x)O3 films with different compositions. The
calculations indicate that both tetragonal and rhombohedral Pb(Zr,Ti; )O3 films have
their maximumd,; , and ef;? values along an axis close to the pseudo-cubic [001]

direction, which are similar to the orientation dependence results for Pb(Zr«Ti;.x)O3 bulk

materials. However, the calculated maximum intrinsic ds; 7 value (~330pm/V), which is

in a [001] oriented Pb(Zr 5,Tip43)O3 film (on the rhombohedral side of the morphotropic
phase boundary), is only about half of the result for bulk crystals (624pm/V); On the

/;”, which is also in a [001] oriented

other hand, the calculated maximum intrinsic e;

rhombohedral Pb(Zr( 5, Tig43)O3 film, is about twice as much as that for the
corresponding bulk material. This calculation showed that the substrate clamping plays
an important role on determining the piezoelectric properties of lead zirconate titanate
ferroelectric thin films.

In principle, we can calculate the longitudinal piezoelectric coefficients for
arbitrary orientations and here for three typical orientations (001), (011) and (111). The
expressions for I1, and dy; , of these three orientations are calculated and shown in
Table 2.1 through 2.4.

The elastic compliance data for PZT film near the PT composition (x=0, 0.2) were

taken from J. D. Freire et al. ®® For PZT films with compositions near the MPB (x~0.5),

the elastic compliance data were taken from T. Mitsui et al., °” since there is no single
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crystal data reported. The quantitative values of these three piezoelectric coefficients
were given by phenomenological calculations.”” For tetragonal PbZr,Ti; O3 films with

x=0 (PbTiO3, d3;=-23.1pm/V, d33=79.2pm/V, d;5=56.1pm/V) and x=0.48 (PZT 48/52,
d31=-135pm/V, d33=313pm/V, d;5=530pm/V), the orientation dependence of d; p are

presented in Fig. 2.5 and Fig 2.6, respectively.
The quantitative values of the piezoelectric coefficients were given by

phenomenological calculations in the pseudo-cubic coordinate system.m By the standard

[49]

transformation law for tensor quantities given by J. F. Nye, " the piezoelectric

coefficients defined in a rhombohedral coordinate system can be obtained for
rhombohedral PbZr,Ti; 4Oz material (x>0.52). For rhombohedral PbZr,Ti;_ O3 films
with x=0.52 (PZT 52/48, d3;=-62pm/V, d335=107pm/V, d;5=1244pm/V, dx=-273pm/V)

and x=0.6 (PZT60/40, d3;=-11.3pm/V, d33=70.8pm/V, d;5=359.9pm/V, d»n=-75.2pm/V),
the orientation dependence of ds; , are presented in Fig. 2.7 and Fig 2.8, respectively.

The calculation results showed that:

(1) Both tetragonal and rhombohedral Pb(Zr«Ti,.x)O3 films have similar orientation
dependence as those of their bulk materials."”! The maximum dy; ; 1s in a direction

close to pseudo cubic (001) in both tetragonal and rhombohedral structures.

(2) In films with a rhombohedral structure, ds; , values are much more reduced in
non-polar directions than in the polar direction [111], as compared with the bulk
properties. It is the opposite in tetragonal films where the d;; , value is much more

reduced in the polar direction [001] than in a non-polar direction;
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(3) The calculated maximum intrinsic d33’f (327.5pm/V) for Pb(Zr«T1,.x)O3 material,

which is for a [001] oriented Pb(Zrg 5, Tio.43)O3 film (on the rhombohedral side of the
morphotropic phase boundary), is only about half of the result for bulk crystals
(624pm/V). This calculation showed that the substrate clamping plays an important

role on determining the piezoelectric properties of ferroelectric thin films.

In addition, Fig. 2.9 (a) shows a’33’f for [001], [011] [111] oriented PZT films as

function of the composition and Fig 2.9 (b) compares ds; , for a [001] oriented epitaxial
film and that of a [001] poled polycrystalline film (calculated by using material constants

from T. Mitsui et al. 7 ). Itis seen that the order of magnitude for a’33’f 1s [001]>[011]
>[111] in PZT epitaxial films with compositions x<0.6, and an epitaxial film always has

larger intrinsic ds; , than that of a polycrystalline one at the same composition.
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Figure 2.6 (a) Orientation dependence of the intrinsic longitudinal converse
piezoelectric coefficient d3c3!f of Pb(Zrg 43 Tig 5,)O3 films; (b) The cross section curve

when the figure in (a) is cut by the (1 0 0) plane.
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film composition; (b) dfw for [001] oriented epitaxial and polycrystalline films as
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Calculations for transverse piezoelectric coefficients ef;” (=e{;“) based on the

results in Table 2.6 are performed for MPB-PZT thin films - x=0.50 for a tetragonal
structure and x=0.52 for a rhombohedral structure. The piezoelectric coefficients (in a
pseudo cubic coordinate system) for PZT bulk materials were calculated by using a
phenomenological method developed by Haun et al. 161" The elastic modulus of PZT

materials were taken from T. Mitsui et al.”".
The orientation dependence of e{;” with respect to the film normal n®® for a
tetragonal PZT 50/50 film is visualized in Fig 2.10 (a), where the distance between the

surface of the graph and the origin represents the magnitude of e3f I’D for that orientation.
Fig. 2.10 (b) shows the cross section curve of (100) plane for e3f 1’D and e, (for single

crystal) of PZT 50/50. It shows that both e;, and e{;” have their maximum values for a
film orientation n® =[001].

Similarly, the orientation dependence of ef;” in a rhombohedral PZT 52/48 film
is visualized in Fig. 2.11 (a), and Fig. 2.11 (b) shows the cross section curve of a pseudo-
cubic (1 -1 0) plane (thombohedral (010) plane) for e{;” and e;,. It shows that both e;,

and eJ;” has minima for the pseudo-cubic [111] orientation, which is the polarization

direction. The maximum value of ef;” (~30C/m®), as well as that of e;, , is in an

orientation n®® very close to [001] axis, which is 54.7° away from [1 1 1].

Fig. 2.12 shows the effective piezoelectric coefficient e 7 in [001], [111]
oriented epitaxial PZT films with respect to compositions (denoted as e3; ¢(o0;; and

€31, rri11)» tespectively). For both tetragonal and rhombohedral PZT films, e3; ¢(o0; 18
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larger than ey, »;,,;. However, the difference between ey ;o) and es; p51yy 18

remarkably large for rhombohedral PZT films and it increases as the composition
approaches the morphotropic phase boundary. On the rhombohedral side of the MPB

(x=0.52), €3, f1go1 has the maximum value of -30.2 C/m* while €31, 111y 18 only -5.7

C/m>. It should be noted that the highest e3;,r reported for PZT materials is around -26
C/m”in a (001) orientation®, which agrees well with our calculation.

As a comparison, ey, ,values for PZT polycrystalline films (e, , oty calculated

by using Eq. 2.10 with material constants taken from Ref. [57] and experiment measured

es,y for textured PZT films (ey; , ) B3 are also plotted in Fig. 2.12. On the
rhombohedral side of the MPB (x>0.52), ¢, , ol have the maximum value at x=0.52,

which is about -10C/m? and agrees well with the data reported in Ref. [34]. For the (001)

oriented films on the same side, it can be seen that e, ;(go> €3, (001) >e;, f poly
While for the (111) oriented films, itis e;, ;< e, , (111)< €317 poty This can be

understood if ey, , increases as the film orientation is canted away from the polar

direction [111] toward the [001] orientation, just like in the case of d; 1 Thus, even in

a fully poled poly-crystalline film, some PZT grains canted away from the poling

direction will enhance e, ,,. This may explain why e;, , for polycrystalline films are
larger than ey, ;,,;, Which is calculated by assuming that the [111] film has a single

domain structure.
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dy, ird 3[1 ¢ and eﬁf values are also numerically calculated for three typical

orientations (001), (101) and (111) in Fig. 2.13 as functions of composition x for Pb(Zry
Ti,4)O3 single domain ferroelectric thin films epitaxially grown on Si substrate.
Piezoelectric and elastic constants for Pb(Zr, T1;,.x)O3 materials necessary for calculations
are taken from Ref. [6] and [56]-[57], respectively. The elastic constants for single
crystal Si are taken from Ref. [59].

From Figures 2.13, it can be seen that Pb(Zry Ti; )O3 films have their maximum
direct piezoelectric coefficients in a pseudo cubic [0 O 1] orientation, regardless of the
film composition and structure. Optimum d;; fo dﬁ’f and efl!f values for Pb(Zr, Ti; 4)O3
films as MEMS sensor components maybe realized in a pseudo-cubic [001] orientation

on the rhombohedral side of the morphotropic boundary (x=0.52). The calculated d;;f

and eﬁ, ;are about ~450pC/N and -30 C/m?, respectively, for this (001) oriented MPB-

PZT film grown on a Si substrate, which agree well with the reported experiment data in
Ref [36] and Ref [58]. The results suggested that PZT epitaxial thin films used for
MEMS sensor applications should adopt the rhombohedral composition on the

morphotropic phase boundary with a pseudo-cubic [001] orientation.
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It is more convenient to look at the cross section curves for comparison of

substrate-clamping and orientation effects between d{;” and d{;¢. Fig2.14 shows the
cross section curves of d{;”and d{; as a function of the film orientation n®, in

comparison with that of the intrinsic piezoelectric coefficient d; given by Eq. (2.11). In

the calculation, Si and SrTiO3z (STO) were chosen as the substrates and their elastic
constants were also taken from Refs. [59] and [60], respectively. Both films have their

maximum longitudinal piezoelectric coefficients in a direction along or very close to the

pseudo cubic [0 O 1] direction. It can be seen that d3f3’D is always larger than d3f3’c.
Moreover, as the converse coefficient d3f3’c does not have substrate dependence, the

direct coefficient d3f3’D shows a larger value for a film on a relatively soft substrate (S1)

than the same film on a relatively rigid substrate (SrTiO3).

The results indicate that, PZT film based transducers can have enhanced
longitudinal and transverse piezoelectric responses by choosing a rhombohedral
composition near the morphotropic phase boundary, a pseudo-cubic [001] orientation,

and a soft substrate.
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Fig. 2.14 (a). The cross section curve (cut by the (100) plane) of the longitudinal
piezoelectric coefficients for a tetragonal Pb(Zry 5Tip5)O3 film as function of film
orientation. (b) The cross section curve (cut by the pseudo-cubic (1 -1 0) plane) of the
longitudinal piezoelectric coefficients for a rhombohedral Pb(Zr( s, Tip45)O3 film as

function of film orientation.
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In summary, both tetragonal and rhombohedral PZT epitaxial films have largest
piezoelectric coefficients along an axis close to the pseudo-cubic [001] direction, which
are similar to the orientation dependence results for PZT bulk materials.[”" 8! However,

the calculated maximum intrinsic ds;  (327.5pm/V) for PZT material, which is in a

[001] oriented Pb(Zry 5,Tip43)O3 epitaxial film on the rhombohedral side of the

morphotropic phase boundary, is only about half of the result for its bulk crystals (624
pm/V); while the maximum intrinsic e3f I’D (~30C/m2) is about twice as much as that for

the corresponding bulk material (~15C/m?). Our calculations showed quantitatively how
the clamping of a substrate can vary the intrinsic longitudinal converse piezoelectric

coefficients and gives numerical results for PZT films with various compositions.

2.4.2 Barium Titanate material

The orientation dependences of the converse longitudinal piezoelectric

coefficient d; , and the in-plane converse piezoelectric coefficient €31 ¢
(e)© =ef;” = ey, ,), are calculated for tetragonal barium titanate epitaxial films. The

calculations demonstrate that both e, » and d{;¢ have their maximum values along an

axis close to the (111) direction of the pseudo-cubic system, which are similar to the
orientation dependence results for a tetragonal BaTiOj3 single crystal. The calculated

piezoelectric coefficients for a (111) oriented BaTiOs epitaxial film (e;; , =-23C/m?,

d3f3’c =124pm/V) suggest that it is a good candidate material for lead-free MEMS

applications.
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Barium Titanate (BaTiO3) is one of the most intensively studied ferroelectric
materials. It has an ABOs; type perovskite cubic structure at high temperature, which is
paraelectric, and a ferroelectric tetragonal structure at room temperature. Recently, due
to the discovery of the large piezoelectric effect in relaxor-ferroelectric single crystals

1 [15H61] there has been a renewed interest on the

with non-polar orientations,
investigation of piezoelectric properties in classic ferroelectrics with simpler structures
such as BaTiO;. (0110l 1121 IB3LI62H g wWada et al. investigated piezoelectric properties
of barium titanate single crystals at room temperature as a function of crystallographic

[10]

orientation - ' , and they found that a (111) oriented tetragonal BaTiO3 single crystal had

a higher longitudinal piezoelectric coefficient d;;(=203pm/V) than that of a (001)
oriented one (d;;=125pm/V). This has been explained by D. Damjanovic et al. H2HI3) by
the contribution to d;; from piezoelectric shear effect.

In an effort to realize variable functions of BaTiO3 in integrated devices, there
have been several methods in growing epitaxial BaTiOs films with good qualities.!® "]
However, despite the fact that BaTiOsis a lead-free material with large bulk piezoelectric
coefficients, there have been very few experiment results on its piezoelectric properties in
thin film form. In this section we will calculate the intrinsic piezoelectric coefficients of
tetragonal BaTiO; epitaxial films as function of crystalline orientation and find the
optimal conditions for its piezoelectric performance.

On evaluating piezoelectric properties of ferroelectric films for applications in

MEMS transducers,”*”! the two most important coefficients are the longitudinal piezo-

electric coefficientds; ,, and the in-plane piezoelectric coefficientes; .. dJ;€ is the ratio

between a longitudinally generated mechanical strain £,,and a longitudinally applied
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electric field E,, while e, , is the ratio between an induced longitudinal polarization AP,
(electric charge density) and the sum of laterally applied mechanical strains g and ¢,,

(subscripts “1” and “2” indicate the in-plane axies while “3” the longitudinal axis).
Excellent piezoelectric transducers either can produce large electric charge signal at small

mechanical strains (large e, ) or large mechanical strains at a small electric field (large

d;©), therefore e3¢ and dJ;€ are essential quantities describing the performance of

ferroelectric-film based MEMS transducers. Due to the clamping from substrate, these
two piezoelectric coefficients for ferroelectric films can be very different from their
counterparts in bulk materials."**" 2!

The previous results on evaluation of these two piezoelectric coefficients in lead
zirconate titanate (abbreviated as PZT) films!** 2" have shown that a (001) oriented

film have larger piezoelectric coefficients than those of a (111) oriented film of the same

material in both tetragonal and rhombohedral ferroelectric phases; therefore, it is
interesting to see if the orientation dependences of e, , and d4;€ in BaTiO;s films can
match those of PZT films.

From Eq. 2.4 and 2.10, it is seen that d{;¢ and e3¢ are functions of elastic

moduli and piezoelectric moduli, as well as the crystallographic orientation of the

epitaxial film. In literature, there are a few sets of elastic moduli and piezoelectric

[72]-[74]

moduli data obtained by different research groups, which all give qualitatively

similar results when used to calculate ey, ,and dJ;€, as can be seen in Fig 2.15. Here we

(741

employ the electromechanical constants reported by Z. Li et al., '™ which is the most
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recent experiment data obtained on high-quality BaTiOs single crystals and gives about

average values in calculated piezoelectric coefficients among the three sets of data.

The orientation dependence of d{;in a single domain BaTiOj film is visualized
in Fig. 2.16 (a), where the distance between the surface of the graph and the origin
represents the magnitude of d3f3’c in that orientation. Fig. 2.16 (b) shows the orientation

dependence of e 7 in a similar manner as Fig 2.16 (a), while Fig. 2.17 (a) (b) shows the

cross sectional curve of a (100) plane for d3f3’c and ey, ., respectively. The orientation
dependence of single crystal d,; and e;, are also shown in Fig 2.17 (a) and (b) for
comparison with thin film data and evaluation of clamping effect. It can be seen that

d;¢ and ey, each has a similar orientation dependence as that of its bulk counterpart.

The calculated orientations for maximum d4;¢ and es ; are 50° and 48° away from the
polar direction [001] (denoted in Fig. 2.17 as 40° and 42° away from the [010] direction),

close to those calculated for bulk d;;(50°) and €3 (52°). However, the maximum

piezoelectric coefficients for d3f3’c and ey, , are 127.5 pm/V and -24.7 C/m?,

respectively, while those for d,; and e;, are —228 pm/V and -13.0C/m?, respectively. The
differences in piezoelectric coefficients demonstrate the influence of substrate clamping
on the piezoelectric properties of thin film barium titanate materials.

The piezoelectric anisotropy reflected on Fig. 2.16 and Fig. 2.17 may be used to
explain the large differences observed in piezoelectric properties of [001] and [111]

oriented BaTiO; films or bulk materials. It can be seen from Fig. 2.17 that all the

piezoelectric coefficients (ds5, e5,, di;¢ and ey, ) have their maximum in an orientation
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close to [111] (which is 54.7° away from the polar direction - [001]). For BaTiOj3 single
crystals, d;; along [111] direction is about twice large (224pm/V) as that along the polar
direction [001] (106pm/V), which agrees well with the experiment observations 0l (125
pm/V and 203pm/V for [001] and [111] oriented BaTiOs3 single crystals, respectively).
While for the in-plane piezoelectric coefficient, a (111) oriented BaTiO3 single crystal

has ae;, value (=-12.9 C/mz) about four times large as that of a (001) oriented crystal (-
3.82 C/m?). Moreover, the calculations on d3f3’c and e;, , showed similar anisotropies as

those of the single crystal. The calculated a’3f3’c and ey, , are 124 pm/V and -23C/m” for

a (111) oriented epitaxial BaTiO; film, while they are only 34.8 pm/V and -7.8 C/m” for a
(001) oriented film. From our calculations, it is suggested that a (111) oriented tetragonal
BaTiO; epitaxial film has superior piezoelectric properties, as compared with those of a

(001) oriented tetragonal BaTiO; epitaxial film. The calculated d3f3’c (124 pm/V) and

€31, (—23C/m2) for a (111) oriented epitaxial BaTiO; film are even comparable to those

[71]

for PZT films near the morphotropic phase boundary ', which makes it a good candidate

material for lead-free transducer applications.

In summary, two important parameters characterizing piezoelectric performance

of ferroelectric films, d;¢ and e, 1 » have been calculated for epitaxial tetragonal

BaTiO; films. It is found that although dj;¢ and e, are quantitatively different from

those of a single crystal due to clamping of substrate, they have qualitatively similar

orientation dependences as those of a single crystal. A (111) oriented epitaxial BaTiO3
film has a’3f3’c (124 pm/V) and e;; 7 (—23C/m2) much larger than those of a (001) oriented

film, and may serve as an alternative to PZT ferroelectric films in MEMS applications.
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Figure 2.15. (a) Calculated piezoelectric coefficients di; and (b) ey, , by using

different sets of electromechanical data.
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domain tetragonal BaTiO; films as function of crystalline orientation of the film normal.
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Figure 2.17 (a) Cross section curves of piezoelectric coefficients d{;< and (b) €3,y of

single domain tetragonal BaTiO; films when Fig. 2.17 (a), (b) are cut by the (1 0 0)

plane.
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2.4.3 Relaxor ferroelectric films

Recently, there have been intensive research works on relaxor-lead titanate
(abbreviated as PT) type ferroelectric single crystals, among which xPb(Mg;;3Nb,/3)O3-
(1-x)PbTiOj3 (abbreviated as PMN-PT) and xPb(Zn;,3Nb,/3)O3-(1-x)PbTiO; (abbreviated
as PZN-PT) are centers of attentions due to their unusually high piezoelectric coefficients
and electromechanical coupling factors. Like PZT solid solutions, these ferroelectric
systems have morphotropic phase boundaries (MPB) separating stable ferroelectric
phases of tetragonal and rhombohedral structures. They have superior piezoelectric
properties on compositions of the rhombohedral side of the MPB. Specifically, giant
piezoelectric coefficients (>2500 pm/V) have been achieved on (001) oriented
xPb(Mg;/3Nby3)O3-(1-x)PbTi03 (x<0.33) [11] and xPb(Zn;/3Nb2/3)O3-(1-x)PbTiO;3
(x<0.09) single crystals. (91 611

After the discoveries of these superior piezoelectric crystals, it is desirable to

integrate them into MEMS devices. For a better design and performance of MEMS
devices, the electrical and mechanical engineers need to have e;; , and d{;¢ values

instead of bulk properties of these materials and they seek answers from materials
engineers. The availability of complete sets of electromechanical constants for relaxor-

PT single crystals (151 H6L 61731771 hag made it possible a theoretical study of e, 7 and

dJ;€ on relaxor ferroelectric films.

There are two types of single crystal database in literature. One is for single-
domain single crystal, which may be used to predict the orientation dependence of
physical properties for bulk and film materials. ' " The other is for single crystals

with specific multi-domain configurations (or so called “Engineered domain structure”),
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which may only be used to predict the properties of bulk or film materials under the same
domain configurations. HSL 6L I31 7] The available single domain single crystal data for

rhombohedral 0.67Pb(Mg;/3Nb,/3)05-0.33PbTiO; ' and tetragonal 0.58Pb(Mg;,3Nbay3)
03-0.42PbTi0; "® are used here for a complete study of ey, and d{;€ as functions of

crystalline orientation. In addition, piezoelectric properties for multi-domain [001] films
of PMN-PT 131731 , PZN-PT (11 and BiScO3-PbTiO; 7] are also calculated for
comparison.

The orientation dependence of e, 7 in a single domain 0.67Pb(Mg;,3Nb;/3)O3-
0.33PbTiOs film is visualized in Fig. 2.18 (a), where the distance between the surface of
the graph and the origin represents the magnitude of ey, , in that orientation. Fig. 2.18
(b) shows the orientation dependence of d3f3’c in a similar manner as in Fig 2.18 (a),
while Fig.2.18 (c) and (d) shows the cross section curve of a pseudo-cubic (1 -1 0) plane
for e;, , and d{;¢, respectively. The orientation dependence of single crystal e;, and

d; are also plotted in Fig 2.18 (c) and (d) for comparison with the film data and

evaluation of the clamping effect. It can be seen that e;; , and d{;¢ each has similar

orientation dependence as the bulk coefficients. The calculated orientation for maximum

ey ¢ 18 in a direction 65° degree away from the polar direction [1 1 1] (155° away from
[1 1 -2], as denoted in Fig. 1 c), coinciding with the direction calculated for
maximum d3f3’c (Fig. 1 d) while in the bulk single crystal the orientation for maximum

piezoelectric coefficients are calculated to be 71° (161° away from [1 1 -2]) and 63° (153°

away from [1 1 -2]) for e;, and d,;, respectively. However, the maximum piezoelectric
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coefficients for ey, , and df;¢ are -332.4 C/m’ and 1690 pm/V, while those for bulk ey,
and d,; are -210C/m* and 2411 pm/V, respectively. These differences reflect the

important role clamping plays on the effective intrinsic piezoelectric coefficients of
relaxor ferroelectric films.

In addition, the piezoelectric anisotropy reflected on Fig 2.18 may be used to
explain the large differences observed between piezoelectric properties of [0 0 1] and [1 1
1] oriented relaxor ferroelectric films or bulk materials. W. Cao et al U7 has shown that a

[0 0 1] oriented 0.67PMN-0.33PT single crystal can have much higher d.; than that of a

[1 1 1] oriented 0.67PMN-0.33PT single crystal. They attributed this difference to the
large shear piezoelectric coefficient, which can contribute to longitudinal piezo-electric
response when the single crystal is rotated to a non-polar orientation. Here their

conclusion on single crystals is verified by our calculation and is further extended to

epitaxial films. It can be seen from Fig. 2.18 (d) that d3f3’c is ~1400pm/V along a [0 0 1]

direction (close to the direction of maximum a’3f3’c ), while d3f3’c is only ~70pm/V along
the polar direction [1 1 1]. Moreover, calculations on in-plane piezoelectric coefficients
ey and ey, , showed that they have a similar anisotropy as that of the longitudinal
piezoelectric coefficients. The calculated e, , is -269 C/m” for a [0 0 1] oriented single

domain film, while it is only -10.8 C/m* for a [l 1 1] oriented single domain film. From
our calculations, it is suggested that a [0 0 1] oriented 0.67Pb(Mg;,3Nb;/3)03-0.33PbTiO;
epitaxial film will have superior electromechanical properties, as compared with those of

a[l 1 1] oriented film.

Similarly, the orientation dependence of e, , and dJ;¢ for a 0.58Pb(Mg;/;3Nby3)
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03-0.42PbTi0O; epitaxial tetragonal film, are shown in Fig 2.19. As can be seen from Fig

2.19 (c) and (d), the orientations for maximum ey, , and d{;¢ coincide in the polar

direction [0 0 1], just as those for bulk e, and ds;. ey, and dj;< are -11.7C/m’ and
116pm/V for a [0 O 1] oriented film, while for a [1 1 1] oriented film they are -2.4 C/m?
and 51pm/V, respectively. Both e;; , and d1;¢ decrease monotonously with the angle of

the orientation away from the polar direction [0 O 1].
In Fig. 2.20, calculated 5, ,and ds; , values for some relaxor films are plotted as

function of Curie temperature by using available single crystal data./'">M!¢-PH77 1¢

shows that:
(1) For the same relaxor ferroelectric material, a (001) oriented film have

higher e;, rand d;; , values than those of a (111) oriented film.

(2) In general, a (001) oriented relaxor ferroelectric film has superior piezoelectric
properties ( ey, ;~-20C/m” and dy; ,>150pm/V).

(2) Single domain (001) oriented PMN-33%PT has much larger e;, , (—269C/m2)
and dy;  (1390pm/V) than those of a multi-domain film (e, 7 =-23C/m” and
dy; ,=261pm/V), probably because the inter-clamping of domain variants

reduces the contributions from shear piezoelectric effect in a multi-domain

film. "%

(4) BiScO;-PbTiO3; (BSO-PT) material has much higher Curie temperature (~400
°C) than those of PMN-PT and PZN-PT (<200°C). The piezoelectric

coefficients e;; , and d;; , of BSO-PT are comparable with those of PMN-
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PT and PZN-PT, which makes it a promising candidate for high-temperature
electromechanical applications.

In summary, two important parameters characterizing the piezoelectric
performance of ferroelectric films, e,  and d3f3’c , have been calculated for various

relaxor ferroelectric systems, taking into account the effect of substrate clamping. It is

found that as (001) oriented relaxor ferroelectric films generally have sound piezoelectric
properties (calculated e , ~ 20C/m* and dJ;¢>150pm/V), a (001) oriented single
domain rhombohedral film on the morphotropic phase boundary of PMN-PT system can
have very high piezoelectric coefficients (calculated ey, , =-269C/m” and d;¢=1390

pm/V), which suggests an optimal design for relaxor ferroelectric-based MEMS devices.
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Figure 2.18. (a) Calculated piezoelectric coefficients e;, , and (b) d; ,of a single

domain rhombohedral 0.67Pb(Mg;,3Nb;/3)03-0.33PbTiO;3 film as function of crystalline

orientation of the film normal. (c) Cross section curves of piezoelectric coefficients ey ;
and (d) dy; of a single domain rhombohedral 0.67Pb(Mg;,3Nb,/3)03-0.33PbTiO3 film

when Fig. 2.18 (a), (b) are cut by a pseudo-cubic (1 -1 0) plane.
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Figure 2.19. (a) Calculated piezoelectric coefficients es, , and (b) ds; ,of a single

domain tetragonal 0.58Pb(Mg;,3Nb,/3)03-0.42PbTiO; film as function of crystalline

orientation of the film normal. (¢) Cross section curves of piezoelectric coefficients e, ,
and (d) d;; f of a single domain tetragonal 0.58Pb(Mg;,3Nb,/3)03-0.42PbTiO; film when

Fig. 2.19 (a) (b) are cut by a pseudo-cubic (1 0 0) plane.
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Figure 2.20. (a) Calculated piezoelectric coefficients e;, , and (b) dy; , of various

relaxor ferroelectric films.
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2.5 Experiment measurement on longitudinal piezoelectric coefficient ds3 s
2.5.1 Piezoelectric force microscopy

Piezoelectric force microscopy is a voltage-modulated scanning probe microscopy
technique.m]'[gm In this technique, a conductive tip is biased by an ac field in contact

mode,[go]

and the tip field can be written as:
E/ip=E4-+Esin(ot) (2.18)

When o is the voltage modulation frequency, which is much smaller than the cantilever

resonance frequency. The tip deflection & as a function of applied bias can be written

as: (791

0=Ap+A sin(ot+@;)+Assin(2mt+@;) (2.19)
Where A is static response, and Aj, A, @1, ¢, are amplitudes and phase shifts of first
and second harmonic responses. Magnitudes of A,, Aj, and A, are relatively small and
only the latter two components along with corresponding phase shifts can be determined
by lock-in technique.® Separation of the first and second harmonic response will allow
quantification of the electromechanical properties of the materials being tested.

If the longitudinal tip deflection signal is recorded and separated, the first
harmonic signal will be the longitudinal piezoelectric response. A; , the amplitude of
first harmonic response, is in proportion with longitudinal piezoelectric constant ds3 at
small ac field, and can be used to measure ds3 indirectly. For example, for a fully poled
tetragonal ferroelectric plate with polarization aligned along the longitudinal direction
“3”, the longitudinal piezoelectric displacement can be written as:

3(E)=e(E)h=Qu1[P(E)*-Po’]*h= Quih[P(E)*-Py’= Qi 1h[(Po+xE)*-Py’]

=2Q;,PoxEh+ Q;:h(xE) (2.20)
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Where Q) is the effective eletrostrictive coefficient, P(E) and P are the polarization at
field E and in the remnant state. h is the thickness of the plate and ¥ is the dielectric
constant. Substitute E with E;;, in Eq. (2.18) and keep only items which depend on

frequency o (therefore can be detected by the lock-in technique), then we have:
O (0)=2QuPoyx E,. sin((ot)+% Q lxz Eazc cos(2mt) 2.21)

Compare Eqs (2.19) and (2.21), it is found that A1=2Q,,Poy E,.=d33E,. (Eq. 1.3). It

should be noted that this technique for measuring ds; is good only at small ac electric
field when piezoelectric response is strictly a “linearized electrostriction”. L6]

Fig. 2.21 (a) schematically shows the set-up of piezoelectric force microscopy.
The output of the circuit can be either a topography (contact mode imaging by Z (height)-
feedback of the piezo scanner!* [80]), a ds3-DC bias loop, or a piezoelectric force
microscopy image (local measurement of ds3).

As shown in Fig. 2.21 (b), the d33-DC bias loop was made by detecting the DC-
biased piezoelectric response of a ferroelectric thin film capacitor under an alternating ac
field.®- 831 A X-cut quartz (d;;=2.3pm/V) coated with top and bottom Au electrodes
was used to calibrate the out-of-plane tip displacement at a given AC amplitude and
therefore the ds; of a ferroelectric film. In this setup, a ferroelectric film (in this figure,
“PZT”) is sandwiched between a uniform layer of bottom electrode and top electrode
pads. A direct current (dc) field is applied to the top electrode through the AFM tip to
write the domain state while the applied ac signal is used to read the piezoelectric

response of the domain state by the lock-in technique.® A hysteresis loop is traced out

by plotting the calibrated ds3 coefficients as a function of the dc field.
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Fig. 2.21 (a) Schematics of the set-up of piezoelectric force microscopy (PFM); Figure

adapted from Ref. [80]. (b) Measurement of ds3 amplitude under a uniform tip field by

covering the film with Pt top electrode pads. (c) local piezoelectric response

measurement (imaging).
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Fig. 2.21 (c) shows the piezoelectric imaging technique. In this technique, an ac-
biased AFM probe is scanning on the surface of a “naked” ferroelectric film, the
amplitude and phase information of local piezoelectric responses are recorded during the
scan to simultaneously form contours of domain patterns. The amplitude of piezoelectric
response is recorded by a position-sensitive detector (PSD)," % which is shown in Fig.
2.22. The PSD is a four-quadrant (A, B, C, D) laser photo detector. The difference in
laser throughput intensity between the two upper detectors (A+B) and the two lower
detectors (C+D) is in proportion with the vertical displacement of the tip (therefore the
longitudinal piezoelectric response of the film since the tip is in contact with film), while
the difference in laser throughput intensity between the two left-side detectors (B+D)
and the two right-side detectors (A+C) is in proportion with the lateral displacement of
the tip (therefore the shear piezoelectric response of the film).

At the same the amplitude information is detected, the phase information is also
detected and separated by the lock-in amplifier (Fig 2.23 a). When the polarization
vector inside a ferroelectric domain is aligned along the electric field direction, the phase
angle between the piezoelectric response and the ac field is zero, and this domain is said
to be “in phase” with the ac signal applied to the tip. On the other hand, if the
polarization vector inside a ferroelectric domain is aligned against the electric field
direction, the phase angle between the piezoelectric response and the ac field is 180°, and
this domain is said to be “out-of-phase” with the ac signal. There is a strong contrast
between neighboring 180° domains as shown in Fig 2.23 (b) and (c).

In a 90° domain with polarization vector aligned in-plane (usually called “a”

domain), the longitudinal piezoelectric response is zero while its shear piezoelectric
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response reaches a maximum (Fig. 2.23 b and ¢). On the other hand, for a 90° domain
with polarization vector aligned out-of-plane (usually called “c” domain), the amplitude
of longitudinal piezoelectric response is maximum while its shear piezoelectric response

is zero (Fig. 2.23 b and c).

h t
F 1 F
Az(t) ~ ! d, E(zt)dz  Af= B ! d..E . (t)dt

In-plane

Out-of-plane

Out of plane si‘éTﬁl = (A+B) - (C+D)
In plane signal = (B+D) - (A+C)

Fig. 2.22. Recording the amplitude of a piezoelectric response by a position-sensitive

detector (PSD).
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Fig. 2.23. (a) Detection of 180° domains by finding the phase angle between the longitu-
dinal piezoelectric response and the tip ac signal. (b) Out-of-plane; (c) in-plane PFM
image of a 400nm PZT(20/80)/LSCO/STO ferroelectric film showing both 180° (by

writing) and 90° domain (grown in-situ) patterns. Figure adapted from [80].
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2.5.2 Lead zirconate titanate thin films

Longitudinal piezoelectric constant d3c3y ; were measured experimentally for

ferroelectric Pb(Zrp,Tips)O3 thin films, which were prepared by liquid delivery
metalorganic chemical vapor deposition (MOCVD) on SrTiO; substrate (a layer of
SrRuO; bottom electrode was pre-deposited on SrTiOs by pulsed laser deposition). The
details of MOCVD and pulsed laser deposition processes are described in Ref [84] and
[85], respectively. The composition of the ferroelectric film is chosen to obtain best
matching of lattice parameters of Pb [Zry Ti(1-x)]JO3 and SrRuO3/SrTiO3 heterostructures.
In our experiments, 0.3 mol/L Pb(thd), in THF, 0.3 mol/L Ti(OiPr),(thd), in THF and 0.3
mol/L. Zr(dmhd), in THF (all from Mitsubishi Materials Corporation) were used as
precursors. Pt was deposited as the top electrode on 32 pum diameter circular pads
patterned by standard lithography processes.

Film thickness was 130 nm for all films. X-ray results showed very good cube on
cube epitaxy (Fig. 2.24). All films demonstrated small FWHM widths (Table 2.7), which
indicates good crystalline quality. There was no evidence of multi-domain structures for

all films, as verified by piezoresponse microscopy on image mode."*® Quantitative

ds; ; (d})-E loops (Fig. 2.25) were obtained by recording the feedback Z output when

applying a DC sweep bias. %3 For each film, ten capacitors were tested and results
averaged. Special precautions (fixing exterior surface of substrates and using full
coverage of substrates by the films) were undertaken to minimize effects of substrate

deformation on measuring d’. The remnant d’ values (d; at zero field) are listed in

Table 2.7 and compared with the theoretical calculations. Piezoelectric and elastic
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constants necessary for calculations are taken from Refs [6] and [56], respectively. It is

seen that the theoretical calculations agree well with experiment results.

Table 2.7. Experiment results for Pb(Zry,Tipg)Os films. d nfn values are the equilibrium

ones at zero electric field. Film thickness is kept at 130 nm for all films.

Orientation (001) (011) (111)
Bulk d_(pm/v) 87.2 41.7 28.6
Theory d’ (pm/v) 78 37 27

Experiment 4/ (pm/v) 677 354 2543

FWHM for X-ray 0.26° 0.50° 0.71°

peaks (in parenthesis) (002) (011) (111)
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Figure 2.25 Effective longitudinal piezoelectric constants as function of DC Bias for (001),

(011) and (111) oriented Pb(Zry,Tigg)O3 films.
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2.5.2 Lead Magnesium Niobate —lead titanate ferroelectric films

Method of domain engineering, which aims at enhancing the piezoelectric
properties of ferroelectric materials by applying the electric field in a non-polar direction
across the crystal, has been investigated intensively for the past decade.®™"? For relaxor
based ferroelectrics on the rhombohedral side of their morphotropic phase boundaries,
such as xPb(Mg;,3Nb,3)O3-(1-x)PbTi03 (x<0.35), and xPb(Zn;/3Nby/3)O3-(1-x)PbTiO;
(x<0.09), giant piezoelectric constants (>2500 pm/V) can be achieved by poling the

crystal in a pseudo-cubic (001) direction.””’

Recently, Cao et al. studied both multi-
domain (001 oriented crystal) and single domain (111 oriented crystal) properties of
0.67Pb (Mg;3Nb,/3)05-0.33PbTiO; single crystals.'>" "1 They attributed the origin of
the superior electromechanical properties in the (001) direction to the large d;s of the
single-domain properties, as they reproduced the large piezoelectric constants in multi-

domain (001) crystals from single domain properties in the rotated coordinated system.'”!

Further theoretical study''®- "/

showed that the low field piezoelectric constants for the
engineered configuration are very close to those obtained for the corresponding single
domain state and the domain wall influence is not significant. Therefore, it is possible to
estimate the piezoelectric constants of a multi-domain single crystal with an arbitrary
orientation by knowing those calculated in a rotated coordinated system.

Our recent theoretical work*"! on lead zirconate titanate thin films (PbZr,T1; 403,
x=0.2) completed the orientation dependence of the intrinsic converse piezoelectric
constants in epitaxial single domain tetragonal films, which was initially proposed in Ref.

[36] for a partial case of a (001) oriented tetragonal film. Here we calculate the

orientation dependence of the intrinsic converse longitudinal piezoelectric constant for a
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rhombohedral film, and apply the theoretical results to 0.67Pb (Mg;,3Nby/3)Os-

0.33PbTi0O;5 relaxor ferroelectric films.
The tensor I1 s for epitaxial rhombohedral films of (001), (O11) and (111)

orientations are shown in Table 2.2. Expressions for the intrinsic converse longitudinal

piezoelectric constants d’ (dy; ;) of these three orientations are list in Table 2.4, in

comparison with those for d of single crystals. It should be noted here that for (001)

orientation, a calculated value of d nfn for a multi-domain film (which has a macroscopic

symmetry of pseudo-tetragonal 4mm 151y is also listed for comparison. Since all the
necessary single crystal properties were given in Ref. [15] and [16] (note that the dj; in

Ref. [16] should take a negative sign by using the current coordinate system), we

calculated d ’i as a function of orientation and the results are visualized in Fig.2. 18 (b)

(d). It can be seen that in both film and single crystal case, the [001] pseudo cubic
direction (the dash-dot line with an arrow in the figure) is close to the direction of
maximum longitudinal converse piezoelectric constants, which accounts for the large
piezoelectric response in a [001] oriented single crystal or film.

The converse longitudinal piezoelectric constants were measured experimentally
for epitaxial 0.67Pb(Mg;,3Nb,/3)03-0.33PbTiO; films, which were prepared by an on-axis
radio-frequency magnetron sputtering technique on SrTiOs substrates with 3 different
pseudo cubic orientations, namely, (001), (110) and (111). Prior to the film deposition,
200nm thick epitaxial STRuO3 bottom electrodes were deposited on the substrate. The
details of the sputtering can be found in Ref [87]. The cube on cube epitaxy and good

crystallinity of the films are confirmed by the X-ray results (0-26 scan and ¢-scan results
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in Fig 2.26, FWHM results in Table 2.8, all results were obtained by using a Siemens D
5000 four-circle diffractometer). For the purpose of electric and piezoelectric
measurements, Pt was deposited as the top electrode on 54 pm diameter circular pads
patterned by standard lithography processes.

Film thickness was 3.3 um for all films.*" ! Quantitative d/ -E loops (Fig.

[82], [83]

2.27) were obtained by piezoelectric force microscopy in a commercial Dimension

3000™ AFM (Veeco Metrology). For each film, ten capacitors were tested and results

averaged. Test capacitors were pre-poled in order to obtain [n of stabilized domain

structures. Special precautions (fixing exterior surface of substrates and using full

coverage of substrates by the films) were undertaken to minimize effects of substrate

deformation on measuring d ’f; 1431 The remnant d fn values (d ’f; at zero field) are listed

in Table 2.8 and compared with the theoretical calculations.

It is seen that the piezoelectric constants of (110) and (111) oriented films agreed
fairly well with our calculations based on single-domain bulk properties. However, while
the large piezoelectric constants in multi-domain (001) crystals can be reproduced from
the single domain piezoelectric properties in a rotated coordinated system, it is not the
case in a clamped film- the intrinsic converse longitudinal piezoelectric constant of the
(001) oriented film agreed well with that calculated for a clamped multi-domain film,
which was several times less than that calculated for a clamped single-domain film. This
can be explained as follows: In an engineered multi-domain single crystal or free film,
since the deformation is free of bound, shear piezoelectric deformation of each individual
domain variant can equally contribute to the longitudinal piezoelectric strain. Therefore a

multi-domain single crystal or free film deforms like a “single-domain” crystal. ['"- 118!
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However, when the film is constrained by a thick substrate, the shear deformations of
neighboring individual domain variants are interlocked due to the clamping of the

substrate. For (1 1 1) oriented film, it has only one domain variant after poling, therefore
its d fn should be close to that of a single-domain film. For a (001) oriented film, it has
four equivalent <1 1 1> domains after poling ([1 1 1], [-1 1 1], [1 -1 1] and [-1 -1 1]),
therefore its small d fn values as compared with that of a single domain film may be
explained by the interlocking of shear piezoelectric deformations among domain variants.
For the (110) orientation, its ¢ nfn value (152pm/V) for a single domain film is much
smaller than its bulk value (937 pm/V), which indicates a much reduced contribution to
longitudinal piezoelectric response from the film’s shear piezoelectric deformation. In
addition, a poled (110) oriented film only has two domain variants ([1 1 1] and [1 1 -1]),
therefore the interlocking of shear deformation may be much less effective in the poled

(110) film, as compared with that of a (001) film.

In summary, the general expression for the intrinsic converse longitudinal
piezoelectric constant ( nfn) of a substrate-clamped single-domain rhombohedral film is
obtained as function of the film orientation. The d ’f; for epitaxial 0.67Pb(Mg;/,3Nby3)O3-

0.33PbTiOs films of three different crystallographic orientations, (001), (110), and (111),

are calculated and compared with measured results using piezoelectric force microscopy.

It is shown that the orientation for maximum ¢ ’i is close to the pseudo cubic [001]

direction. The measured d [n for a 0.67Pb(Mg;,3Nb,/3)03-0.33PbTiO; film of this

orientation is about 250pm/V, which makes it a promising candidate for MEMS devices.
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It should be notified that, as the (111) and (110) oriented films showed d ’; values

close to calculated results for single domain films, the (001) oriented film showed a much
lower value than that of a single domain film. This discrepancy may be understood on
the basis of an interlocking mechanism of shear deformations among different domain

variants.

Table 2.8. Experiment results for 0.67Pb(Mg;,3Nby3) 03-0.33PbTiOs films. d ;; values

are the equilibrium ones at zero electric field. Film thickness is kept at 3.3 um for all

films.

Orientation n (001) (110) (111)
Bulk 4 (pm/v) 2309 937 190
Theory ¢/ (pm/v) 1395/261° 152 70
Experiment 4/ (pm/v) 25147 130+10 737

FWHM for X-ray 0.28° 0.4° 0.3°

peaks (in parenthesis) (002) 011) (111)

" Calculation based on the piezoelectric and mechanical properties of a multi-domain

(001) oriented rhombohedral single crystal.®
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Figure 2.26. X-ray spectrum and ¢-scans for (001) (top), (110) (middle) and (111)

(bottom) oriented 067Pb(Mg1/3Nb2/3)03—033PbT103 films.
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Figure 2.27. Measured effective longitudinal piezoelectric constants as function of DC

Bias for (001), (110) and (111) oriented 0.67Pb(Mg;,3Nb,/3)03-0.33PbTiO; films.
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2.6 Conclusion
The following points summarize this chapter:
(1) The converse piezoelectric property of a ferroelectric film is characterized by a
field induced invariant-plane strain. There are longitudinal and shear
piezoelectric strain components, which are characterized by two effective

piezoelectric coefficients:

d! =TI, Cuopd 5 ninily (2.3)

d’ =11, Cuopd  zmzl, (2.3b)

27

Equations (2.3a) and (2.3b) allow one to compute the effective piezoelectric
coefficients for arbitrary orientations of a film and the electric field, if the intrinsic
piezoelectric coefficient and the elastic moduli are known. For tetragonal and

rhombohedral epitaxial films with electric field applied along the normal, exact
solutions of the longitudinal piezoelectric coefficients d’ (d S =d By =

H ik Ckw_ﬁ d

yap Ty ) are provided and compared with experiment measured

results by piezoelectric force microscopy.

(2) The direct piezoelectric coefficients are different from their corresponding
converse ones, not only on that it has a non-zero ds;; component, but the apparent
ds33 value are quantitatively different from the converse ds; coefficient. It is
shown that these two ds3 coefficients are equivalent only when the film/substrate
couple is studied as a whole, instead of measuring the film’s physical quantities

alone.
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(3) The effective piezoelectric properties, which are characterized by direct and

converse effective piezoelectric coefficients - d;”, di”,el;”, d;° (measured by

. . —f.C . . .
film strain), d§3 (measured by total strain), e3f l,c and d{:¢ are studied in a general

theoretical framework by studying the film-substrate in-plane stresses induced by
piezoelectric stimuli (mechanical or electrical). The modification on piezoelectric

responses of a ferroelectric film by in-plane stresses are a longitudinal polarization
Ap, 1n a direct piezoelectric mode and a longitudinal strain Ag33 in a converse

piezoelectric mode:

— (3) _ JEf (3)..3)
Apy=d, o, n>~ orAey=s.7 0,n7n; (2.15)
It is shown that effective piezoelectric coefficients can be obtained by taking into

account of the above additional terms in the apparent piezoelectric responses.

(3) For a single domain ferroelectric film, the clamping from a rigid substrate will

make the converse longitudinal piezoelectric coefficient ;¢ different from the

direct coefficient d;”. df;“ is also reduced by clamping as compared with the bulk

value. Experiment measurements of d33 ¢ by piezoelectric force microscopy (PFM)
on tetragonal lead titanate zirconate (Pb(ZrsT1;4)O3 with x=0.2) and rhombohedral
lead magnesium niobate-lead titanate (xPb(Mg;;3Nby/3)O3-(1-x)PbTi0O3 with x=0.67)
epitaxial ferroelectric films with various crystalline orientations have shown good
agreement with theoretical prediction on the reduction of ds3 s by the substrate-
clamping effect. While it is shown that a pseudo cubic (001) orientation in Pb(Zr,T1;.

x)O3 (from x=0 to x=0.6) and xPb(Mg;3Nby3) O3-(1-x)PbTi03 (x=0.58 and 0.67)
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epitaxial single domain films will have the maximum ds3 coefficient, itisa (111)
oriented epitaxial film that have the maximum ds;; in BaTiO;3 system. It should be
noted that all piezoelectric coefficients calculated and compared in this dissertation

refer to those at room temperature.

(5) On the other hand, the transverse piezoelectric coefficients (e3; ) will be
enhanced in thin films as compared with those in bulk materials, which is good for an
ferroelectric film to be used in transverse piezoelectric applications. es;r has a similar
orientation dependence to that of d33 ¢, 1.e., a (001) pseudo-cubic orientation for
maximum €31 in Pb(ZrT1;.4)O3 (from x=0 to x=0.6) and xPb(Mg;,3Nby/3) O3-(1-
x)PbTi103 (x=0.58 and 0.67) epitaxial single domain films, while a (111) oriented

epitaxial film will have the maximum e3;in BaTiO3 system.

(6) Piezoelectric force microscopy can be used to characterize piezoelectric
responses of ferroelectric films. In the quantitative ds;3 measurement, the effective
longitudinal piezoelectric coefficient of a ferroelectric film can be indirectly
measured by calibrating the raw signal of the piezoelectric response with a X-cut
— [801,[82], [83] .
quartz plate (d;;=2.3pm/V). On the other hand, the contours of domain
patterns on the surface can be detected by imaging the local piezoelectric response

with both amplitude and phase information, with the aid of a lock-in amplifier.[86]
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CHAPTER 3, EXTRINSIC PIEZOELECTRIC RESPONSE IN
THIN EPITAXIAL FERROELECTRIC FILMS

3.1 Orientation dependence of 90° domain pattern

In tetragonal ferroelectric films, 90° domains form as elastic domains to release
the internal growth stresses. For (001) oriented film, the neighboring elastic domains
have polar vectors aligned out-of-plane and in plane, alternatively, which is usually called
a “c/a/c/a” 90° domain pattern. Under an applied electric field, the extrinsic contribution
to ds3 from the 90° domain wall movement can be comparable to or even larger than the
intrinsic ds3, as has been calculated by Yu and Roytburd et al.®?Y' N. Pertsev et al. also
calculated the extrinsic piezoelectric response from domain wall motion for a tetragonal
ferroelectric thin film with a dense ¢/a domain structure.”"! In apparent piezoelectric
coefficient di3 for a (001) oriented tetragonal lead titanate thin film, their calculation
showed an increase of ~70pm/V, which is about the same as the intrinsic d33. It can be
expected that, as the composition of the tetragonal PbZr; «TiO3 film approaches the
morphotropic phase boundary (x~0.5), the extrinsic contribution to ds3 from the 90°
domain wall movement will be enhanced, as both the intrinsic piezoelectric properties
and the softness of the material with respect to the change of polar state peak at the MPB.

Furthermore, there is an orientation dependence of the 90° domain patterns. For a
(001) oriented tetragonal film, a 3-domain pattern will form due to the symmetrical
biaxial in-plane stress (Fig 3.1 a, b).”” The two sets of a domains are orthogonal and
therefore are pinned by each other. They are not as easy to move under the electric field
as a ¢/a 2-domain pattern which has been theoretically modeled aforementioned. For a

(111) oriented tetragonal film, all three variants of the tetragonal phase are equivalent
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under an applied electric film along the film normal (“Engineered Domain
Configuration”), therefore there will be no extrinsic contribution from domain wall
movement toward the longitudinal piezoelectric response. For a (101) oriented tetragonal
film, the in-plane stress is close to a uniaxial one due to the anisotropy in misfit strains
(Section 3.2), a dominant ¢/a 2-domain pattern (may still contain the third domain
variants in minor fractions) with canted and in-plane polar vectors alternatively aligned in
neighboring domains is expected (Fig 3.1 ¢, d). As the film composition approaches the

[27],[29]

MPB, the softness of the PZT material in shear directions also eases the 90° domain

movement in a non-polar (101) orientation in addition to the domain pattern. Unlike the

[91], which is in a

c/a two-domain pattern calculated by Perterv et al. in a (001) orientation
stressed state, the two-domain pattern in (101) is a fully relaxed structure. Therefore it is

possible that the (101) orientation can have a larger extrinsic contribution to ds3 from its

90° domain wall movement than the (001) orientation for MPB-PZT films.
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Fig. 3. 1 (a) topography, (b) out-of -plane piezoelectric force microscopy (PFM) for
illustration of the domain structure of a tetragonal (001) film: (PZT 20/80, 5 um x 5 pm,
the bright matrix areas are ¢ domains while the orthogonal gray strips are a domains
which have zero longitudinal piezoelectric response); (c) topography, (d) in-plane PFM
for illustration of the domain structure of a tetragonal (101) film (PZT 52/48, 10 pm x 10
pm, the areas with grey contrast are ¢ domains which have small piezoelectric shear
deformation; while the strips with white and dark contrasts are a domains which have
large shear piezoelectric deformation. The opposite contrasts in @ domains indicate the

opposite signs of the in-plane polarizations).
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3.2 Anisotropic misfit in a (011) oriented epitaxial film

For a tetragonal phase with self strain ¢, =(ar- a.)/a., e3=(cr-a.)/ a. (ar and crt

are the lattice constants of tetragonal ¢ and a axis, respectively, and a. is the lattice

constant of the cubic phase, therefore £, <0 and £,>0,), &£,=0Q,,P and

£3=0, P’ = —k0,P> 19 k=-0Q,/0, =2.1~2.

For a (101) plane, the self strain for @ and ¢ domains are:

g 000 -10 0
=0 &g 0[==0,P|0 x O
00 ¢ 0 0 -1
4+ 0 ~6=4)| —l+x l+x
~ 2 2 0 -—
2 2
&=l 0 § 0 =—g,P’| 0 -1 0
{58 , &+ e, 1t
) 2 2 2

For a c¢/a/c/a two domain structure with o being the a domain fraction, the average self-

strain is:
ERlss 1 ]
- f@ 0 g@ e 0 N
s@=ag+(l-a)e.=| 0 gl@ 0 |=—QF 0 (+0e-1 0
g@ 0 g@ %" -& 0 Kz_l(l—oa—a

For the equilibrium a domain fraction ~(1+K)'1,[92]

it can be seen that ¢, () =0 and it is

uniaxial strain in the (101) film growth plane. In reality, the a domain fractions in a

tetragonal film is directly related with the ratio of effective misfit strain (5;u ) and its

tetragonality (&, ) by o,=- 8;4 /& P21 If we consider that the film is fully relaxed (for
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thick films) on the substrate in its cubic paraelectric phase, then 5;4 ~ ¢, , the compressive
tetragonal strain, and ¢, ~¢,+¢, with ¢_being the elongational tetragonal strain. An
estimation for the a domain fraction in thick tetragonal films can be made by substituting

€,=Qn2 R2 and &,=Qq Pf , which results oca~(1+1<)'1, where k=-Q11/Q1> is characteristic

of the anisotropy in electrostrictive effects. This gives a,~30% for PZT 50/50 films in a

fully relaxed state. For PZT films epitaxial grown on STO substrate, 5;4 is smaller than

[92]

g, due to the compressive state in the film from thermal mismatch, therefore o,~30%

is the upper bound for the a domain fraction. In our experiment, o,~20%is estimated
from X-ray rocking curve and PFM results (Fig 3.4) for the films in remnant state, which

is also supported by the remnant polarization measurement results."®

3.3 Experiment discovery of highly mobile 90° domain walls and ultra high extrinsic

piezoelectric responses due to 90° domain wall movement

BACKGROUND
Lead Zirconate Titanate solid ceramics (PbZr; (\Ti4O3) with compositions close to
the morphotropic boundary are used in sensors, actuators, etc., because of their high
piezoelectric coefficients. Due to the substrate clamping effect, the extrinsic
contributions to the piezo-response are reduced and the effective piezoelectric
coefficients of PbZr;Tix O3 films are degraded relative to bulk materials (typically on
the order of 100 pm/V). We recently discovered reversible strain as high as 0.35%

(longitudinal) in the (101) oriented epitaxial PbZr 5,Ti 4303 films under applied ac
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electric fields of <30kV/cm, resulting in the effective piezoelectric coefficients on the
order of 1000 pm/V. Transmission electron microscopy, X-ray diffraction analysis, and
atomic force microscopy revealed that the (101) film features a self-assembled
polydomain structure, consisting of two domain sets of a tetragonal phase.
Thermodynamic analysis suggests the high strain level in this film may be understood on
the basis of a field-induced 90° domain wall movement, which is greatly enhanced due to
the special domain pattern and softness of the film material.

PbZr, «TixO3 (abbreviated as PZT) solid solution system is of many practical
applications, among which piezoelectric transducers (sensors, actuators) are major
application fields especially for PZT materials with compositions near its morphotropic
phase boundary (abbreviated as MPB-PZT, x~0.5). One of the important piezoelectric
constants is the converse longitudinal piezoelectric coefficient, namely, ds3, which is a
measure of how much normal strain the piezoelectric material can achieve per unit of
applied electric field and hence a measure of the performance of piezoelectric actuators.
MPB-PZT bulk ceramic materials show large ds; coefficients (~300-800pm/V), which
has long been known to have a dominant extrinsic contribution from 90° domain
movement.”*"® However, for ferroelectric films which are widely used in integrated
systems such as micron-electrical-mechanical-systems (MEMS), it was found that
clamping of substrate greatly reduces the ds; coefficient. *°- ! Particularly, it was
reported that the extrinsic contributions by 90° domain wall movement to the
piezoelectric response are strongly suppressed in most films under a micron in
thickness.””®®! There are many reports on the ds; coefficient of ferroelectric films by

different measurement techniques and most of them showed similar results on the order
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of 100 pm/V for films less than a micron in thickness. 1381 BIHI03T However, most of
these measurements were carried out under relatively small signal excitation of the film
with applied electric field along the polar axis, or in films with polycrystalline quality.
Therefore, it is interesting to ask whether or not larger piezoelectric responses can be
generated for epitaxial films of different orientations under excitation field of variable

strengths.

EXPERIMENT RESULTS

In this study, epitaxial PbZr; \TixO3 films were grown on SrTiO; substrates with 2
different crystallographic orientations, (100) and (101), using an on-axis radio-frequency
magnetron sputtering technique. The nominal Zr/Ti ratio of the sputtering target was
52/48. Prior to the PZT film deposition, 200nm thick epitaxial STRuO; bottom electrodes
were deposited on the substrate by a 90° off-axis sputtering technique.”®*! During the
PZT film deposition, the substrate temperature was maintained at 600°C with an oxygen
pressure of 400 mTorr, followed by cooling under an oxygen pressure of 300 Torr. The
thicknesses of the PZT films were about 700~1000 nm. The composition of the PZT
films is the same as the target as confirmed by the Energy Dispersion Spectroscopy. For
the purpose of electric and piezoelectric measurements, Pt electrodes were fabricated via
UV lithography and pulsed laser deposition. X-ray diffraction analysis showed good
epitaxy and tetragonally distorted structures for both (001) and (101) films. As an
example, Fig 3.2 shows the different scans used to verify the crystalline structure of the
(101) film, the splitting in the {002} peak in Fig 3.2 (b) and the non-splitting (222) peak
in Fig 3.2 (¢) support a tetragonal symmetry against a rhombohedral one. The a domain

fractions for both (001) and (101) films are estimated to be ~20% from x-ray rocking
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curves (not shown here).

Cross-section and plain view transmission electron microscopy (TEM) were
performed for the (101) films. In Fig 3.3 (a) (b), it clearly showed that two sets of strip-
like parallel domains were formed in this film with a <111> type domain boundary trace
lying on the (101) growth plane. The TEM results were interpreted in Fig. 3.3 (c). A
tetragonal polydomain structure with alternating ¢ and a domains has a {101} domain
boundary. This domain boundary will have a <111> trace when the film is grown on a
(101) crystalline plane. Imaging-mode piezoresponse microscopy 8 was performed for
the (101) film. A dominant 2-domain pattern with two sets of plane parallel large
domains was discovered in this film from the topography and in-plane piezoelectric
images as shown in Fig. 3.1 (c¢) (d). It was also illustrated that the angle between the
traces of the a domains is ~ 68°, which is in a good agreement with the angle between
two <111> traces (~70°). This observation supported the X-ray and TEM analysis
results. Furthermore, in Fig 3.4 (a)-(c), it is illustrated that these a-domains are easy to
move under a local writing field provided by the PFM tip, which was not discovered for
(001) oriented films with symmetrical 3-domain architectures. Therefore, it is
interesting to know how the domain wall movement will contribute to a global measured

strain under an uniform field applied through a top electrode pad.
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Fig. 3. 2 (a)-(c) X-ray result for (101) PZT 52/48 film showing a tetragonal distorted
structure.
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Fig. 3.3 (a) Cross-sectional TEM image (twin traces are // <111>); (b) Plain-view TEM

image (dark-field image near <110> zone axis.; the twin traces are // <111>) for

(101) oriented PZT 52/48 film. (¢) Schematics of 90° domain pattern in a (101) film.
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Fig. 3.4 Piezoelectric Force Microscopy (PFM) results of (101) PZT 52/48 film
(6umx6um), Top: topography, center: out-of —plane PFM, bottom: in-plane PFM: (a)
Original.
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(b)

Fig. 3.4 Piezoelectric Force Microscopy (PFM) results of (101) PZT 52/48 film
(6umx6um), Top: topography, center: out-of —plane PFM, bottom: in-plane PFM: (b)

After writing =10V in a 3umx3um area.
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i

Fig. 3.4 Piezoelectric Force Microscopy (PFM) results of (101) PZT 52/48 film
(bumx6um), Top: topography, center: out-of —plane PFM, bottom: in-plane PFM: (c)

Poling back using +10V in the same 3umx3um area.
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The piezoelectric measurements were made by piezoelectric response
microscopy[41]’ (86 [106] During the strain measurements, the ac signal gradually
increased from zero to its maximum amplitude and then went back to zero. The strains
were recorded at each step. The maximum ac amplitude used for each film was limited
to less than half of its coercive field in order to minimize the possible contribution to
piezoelectric response from 180° domain movement.!"” For each film, ten continuous
capacitors were measured and for each capacitor, the strain measurements were repeated
for 5 times. In Fig 3.5 (a), it is shown that (001) film has linear piezoresponse to electric
field and has no hysteresis. The maximum strains for (001) film is ~0.04% at 30kV/cm,
resulting in an effective ds3 of 120pm/V. For the (101) films, as the field increased from
zero to less than Skv/cm, the piezoresponse is close to be a liner one with effective ds;3
~110pm/V; however, as the field is further increased, the (101) films showed a strong
non-liner piezoelectric response. At 30kV/cm, about 0.35% strain were obtained for the
(101) films, which resulted in an effective ds;3~ 1200pm/V. As the field went back to
zero, the measured strains were in a different trace, resulting in a small hysteresis.

Fig. 3.5 (b) shows the polarization hysteresis measurement results using a
ferroelectric tester (RT66A, Radiant Tech.) in the virtual ground mode. It shows that the
remnant polarizations for these two films are in the order of (101) < (001), as what can be
expected for a tetragonal structure. The remnant polarizations (P;) for the (001) and
(101) films are 0.4 C/cm? and 0.30 C/em?, respectively (leakage current densities for
these films are less than 0.05 A/m? for the maximum field applied).

In order to understand the origin of the extrinsic contributions to the piezoelectric

strains, sub-coercive polarization measurements were carefully performed and Py, values
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were recorded as a function of applied field (Fig. 3.5 (c)). The frequency of the pulse
signal and the maximum field amplitude for the polarization measurements were kept the
same as those for the strain measurements. It shows that there is a small hysteresis in the
Pmax-E curve of the (101) film and the change of polarization is about 0.04C/m? at the
field of 30kV/cm, while the P,,.«-E curves for the (001) film is linear and the maximum
polarization change is only 0.015 C/m” at the same field. This is consistent with the
strain-field cycling data. Although it is clear that an unipolar polarization hysteresis
should be related with a change in polar state of the material, the change in polarization
here was far too small to be characteristic of a change of the entire film from tetragonal to
orthorhombic symmetry.m] Therefore, the small hysteresis is very likely to be related

with 90° domain movement.
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piezoelectric strain curves
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Fig. 3.5 (a) Longitudinal strain measurements under AC field; (b) Polarization hysteresis;

(c) Subcoercive polarization measurements for (001) and (101) oriented PZT 52/48 films.
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3.3 Theoretical analysis, and the importance of elasticity

Recent first principle calculations 2711281 104 have shown that PZT is soft with
respect to shear in both tetragonal and rhombohedral structures near the MPB, therefore
the large piezoelectric properties in bulk ceramics may be interpreted as from the shear

(1081 or extrinsic

contributions, which can be either intrinsic shear piezoelectric response
contribution from phase transition or domain wall movement due to shear deformation.
(2711281 I our recent works, the orientation dependence of intrinsic d33 of single domain
ferroelectric thin films were calculated for PbZr; (TiO3 (PZT) solid solution systems by
taking into account of intrinsic shear contribution in a non-polar orientation Ll
However, it was found that a pseudo cubic (001) orientated film has the largest intrinsic
d33 for both tetragonal and rhombohedral compositions, similar to the results calculated
for bulk materials.””"® The maximum intrinsic d33 calculated near the morphotropic
phase boundary (MPB) are still on the order of 100 pm/V."""! The calculated intrinsic da;
for PZT 50/50 tetragonal films are 120pm/V for 101 orientation and 167pm/V for 001
orientation.

If the fractions of ¢ domains in both films are 80%, then the contribution from ¢
domain’s piezoresponse to dsz are 96pm/V and 132 pm/V for (101) and (001) films,
respectively. The remnant polarizations (measured normal charge density) are 0.4 C/m’
and 0.28C/m’ P:=0.5 C/m? is taken from Ref. [6]) since a-domains are aligned in-plane.
By comparing these calculation results with experiment data, it is found that there are
negligible contributions from 90° domain wall movement to the ds; and polarization of

the (001) film, or the 90° domains can be treated as “immobile” in the (001) films

throughout the strength spectrum of the ac excitation field. On the other hand, although
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the small signal ds3 (E<5kV/cm) and remnant polarization of the (101) film agreed fairly
well with theoretical values by considering the 90° domains walls as “immobile” under
small excitation signal, the large non-linear longitudinal piezoresponse under larger
excitation field can not be explained without considering contribution from 90° domain
wall movement, which is the extrinsic shear contribution in this case.

Based on all these experiment results, our proposed mechanism for the large
piezoelectric response of the (101) film is as follows. The 90° domains in (001) oriented
film has low mobility, which can be seen clearly from the piezoelectric strain and
polarization results. While for the (101) film, the 90° domains are highly mobile due to
the 2-D domain pattern. Under the ac exciting field £E, there will be shrink and
expansion of a domain walls in the film (Fig 3.6), which will lead to large extrinsic
contribution to the piezoelectric response. In this case, the mobility of 90° domain walls
is higher than that of the 180° domain walls. To prove that this model is consistent with
experiment results, a thermodynamic analysis is performed as follows.

Consider a fully relaxed film, the transformation from a domain to ¢ domain will

0 0 O
resultin a self strain e=¢,- &, =|0 —¢ 0], where e=¢,-¢,=(x +1)Q,P’=3.6%
0 0 ¢

(Appendix A, Ref. [6]). The change of total free energy associated with a reversible

domain wall movement characterized by a shift of Aa fraction of a-domains under

applied electric field E is written in Eq (3.1). £(Aa) =Aa ¢ is the self strain change of the

A
A

film. G(n,E) s the planar elastic modulus tensor at constant electric field of the (101)

polydomain film, which is a function of film orientation, film elastic modulus, as well as
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the field strength E due to the highly non-linear electromechanical behavior of MPB-PZT

A A A A A A
A A A A A A

materials. G(n,E)= C(E)-C(E)n[nC(E)n]"'nC(E), C(E) is the tensor of elastic

[46]-[48] n

moduli of the polydomain film. = %(101) here and AP is the difference in net

polarization between neighboring 90° domains given by AP= P,cos45°.

N

Fiotal (AO!) =Felastic (AO!) +Felectric (Aa):%f:(Aa)G(n,E)g(Aa)— AP(Aa)E

A

_8o) ;CA}(n,E)(;— AP(Aa)E (3.1)

Minimization of Eq. (3.1) with respect to electric field E results in the equilibrium
Aa at a given field E, and subsequently the equilibrium change in normal polarization

APy and normal strain Ageg:

A

Aoeq(E)= P.cos(45°)E/[e G(n,E) ¢] 3.2.1)
AP¢y(E)= P;cos45°Aateq(E) (3.2.2)
Aeeq(E)= € c0s45°A0eq(E) (3.2.3)

Due to lack of elastic modulus data for a polydomain film, Egs. (3.2) can not be
accurately solved. However, the experimentally measured AP.q and Ag.q can be
compared to see if consistent results are obtained. It is found that these two quantities
have a good fitting throughout the applied field. For example, at E=30kV/cm,
APeq:O.O4C/rn2, A0leq(E=30kV) =AP./ (P,cos45°) =0.113=11.3%. While at the same
field, Ageq=0.35%-96*10"7¥30%10°~0.32%, Acteq (E=30kV)= =Agey/(ec0s45%)=

0.32%/(3.6%*cos45%)=12.7%.
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On the other hand, we can estimate the lower bound of the extrinsic piezoelectric

A
A

strain by taking G(n,E) as that in the c-domain film near zero electric field. That this

estimation is the lower bound are because:
(1) c-domain has its hard axis (010) being clamped on the film plane (101), while
the same axis in a-domain is the soft axis (001). Therefore, it can be expected that pure

c-domain film is harder than the mixture on the (101) film plane, which means that the

A
A A

dominator in Eq. (3.2.1) £ G(n,E) ¢ is overestimated. By Eq. (3.2.1)-(3.2.3), it can be

seen that the extrinsic piezostrain Ae.q(E) is underestimated in this case.

(2) It is well known that MPB-PZT materials have highly non-linear
electromechanical behavior. Specifically, they become extremely soft with respect to a
shear deformation. In this case, the transformation from a-domain to c-domain is a shear

process along the {101} plane. Once this process is trigged, it can effectively soften the

A
A A A

lattice of PZT materials (reducing the elastic energy o« ¢ G(n, E) € as the energy barrier) as

the field is further increased, which in return facilitates the a-c transformation by 90°
domain wall movement.

By taking the elastic compliance data for tetragonal PZT 52/48 from Ref. [57] and

A

follow the calculation of G (n) for a tetragonal film from Ref. [44], it is obtained that

A A
A A A A

£G(n,E)e=74&" Gpa, and the small signal Adeq(E)= P.cos(45°)E /[¢ G(n,E) £]=(3.6*
IO'Z*E) %, where E is in the unit of kV/cm. The effective small signal ds3 it can produce

can be obtained by Ageq(E)/E= € cos45°Acteq(E)/E=3.6%%*c0s(45°)*3.6* 102%=9.2%10°
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cm/kV=92pm/V. This value plus the intrinsic ds3 from c-domain’s piezoresponse
(96pm/V) account for the ~200pm/V measured ds; in the field range of SkV/cm~10kV
/cm. However, it is an order of magnitude smaller than the measured large signal
effective ds3 (E>10kV/cm), which characterizes a large non-linear extrinsic piezoelectric
response. This may be explained by the field induced softening of the MPB-PZT lattice.

The large extrinsic d33 (~1000pm/V) can also be reproduced by replacing the
relatively small elastic compliance s;; and s, in Ref. [57] with the large compliance data

of poled soft PZT materials!'*™1!%!. The effect of poling on the softening of the elastic

modulus provides another piece of evidence for the observed large ds3 on the poled films.

n=(101) -
o
4 .
E e
m N
........'........!..............‘.."...........'............. m N
0 » N D Q . [
n K - N N K K o - n
u » L D o N N L] = u
v ry ry J K [
o \ . v N . =
K4
Q o v R .
g o s . Q U
\ » N 2 L) LN

Substrate

Fig. 3.6 Schematics of a field-induced 90° domain movement in the (101) PZT 52/48
film.
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3.4 Conclusion

In a summary, we report for the first time the discovery of effective piezoelectric
coefficients on the order of 1000pm/V under high ac driving field for continuous
ferroelectric films. The material we used was PZT 52/48 epitaxially grown on
SRO/(101) STO substrate. Longitudinal strains of ~0.35% were achieved when the film
was excited with an ac electric field of V,,~60kV/cm. The high piezoelectric response
can be excited repeatedly and are accessible in a frequency range from 100Hz to at
least100k (the up limit of our lock-in amplifiers). This makes our film a promising
candidate for next generation MEMS devices.

A model of field-induced 90° domain wall movement is proposed to explain the
experiment observations. The main statement of this model is that a 2-domain c¢/a
structure on the (101) oriented tetragonal film can be much more mobile than the 3-
domain c/a structure in the (001) oriented film, especially when the film material is
endowed extraordinary softness by the composition (MPB) and the (101) non-polar
orientation. It should be noted that the formation of the 2-domain c¢/a structure is a
natural consequence of the asymmetric misfit of a (101) crystalline plane in a tetragonal
phase during its growth from a cubic structure. This result suggests an optimized design
of ferroelectric thin film heterostructures for better electro-mechanical performance. It
should also be viable to other ferroic (ferroelectric, ferromagnetic and ferroelastic)
materials, whose domain structures (and hence properties) can be engineered by changing
the epitaxial relations with a substrate, and as such our work should impact a broad range

of materials research.
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CONCLUSIONS AND FUTURE WORK

This work is the first study on the general orientation dependence of the

piezoelectric properties of epitaxial ferroelectric thin films, which includes both

theoretical and experiment work on intrinsic and extrinsic piezoelectric properties of

epitaxial ferroelectric films.

ey

2)

For a single domain epitaxial ferroelectric film, it is shown that elastic
clamping from a substrate has broken the equivalence between

“direct” and “converse” intrinsic piezoelectric coefficients.

On evaluating piezoelectric properties of ferroelectric films for

[35]

applications in MEMS transducers, the two most important

coefficients are the longitudinal piezoelectric coefficient ds; , and the
transverse piezoelectric coefficientey; ,. dssy is the ratio between a
longitudinally generated mechanical strain g,;and a longitudinally
applied electric field E,, while e, ; is the ratio between an induced
longitudinal polarization AP, (electric charge density) and the sum of
laterally applied mechanical strains ¢  and g,, (subscripts “1” and

“2” indicate the in-plane axies while “3” the longitudinal axis).
Excellent piezoelectric transducers either can produce large electric

charge signal at small mechanical strains (large e3 ) or large

mechanical strains at a small electric field (large ds3), therefore €31,
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(3)

and dss3y are essential quantities describing the performance of
ferroelectric-film based MEMS transducers. Due to the clamping
from substrate, these two piezoelectric coefficients for ferroelectric
films can be very different from their counterparts in bulk

materials./ ! 5%

For a single domain ferroelectric film, the clamping from a rigid

substrate will make the converse longitudinal piezoelectric coefficient
dJ;¢ different from the direct coefficient df;”. df;“ is also reduced

by clamping as compared with the bulk value.  Experiment
measurements of d33y by piezoelectric force microscopy (PFM) on
tetragonal lead titanate zirconate (Pb(ZrsTi;x)O; with x=0.2) and
rhombohedral lead magnesium niobate-lead titanate
(xPb(Mg1/3Nby3)03-(1-x)PbTiOs with x=0.67) epitaxial ferroelectric
films with various crystalline orientations have shown good agreement
with theoretical prediction on the reduction of dss3 by the substrate-
clamping effect. While it is shown that a pseudo cubic (001)
orientation in Pb(Zr«Ti; )O3 (from x=0 to x=0.6) and xPb(Mg;,3Nb,3)
03-(1-x)PbTiO3 (x=0.58 and 0.67) epitaxial single domain films will
have the maximum ds3 coefficient, it is a (111) oriented epitaxial film

that have the maximum ds3; in BaTiOj; system.
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(6)

On the other hand, the transverse piezoelectric coefficients (e3; ) will
be enhanced in thin films as compared with those in bulk materials,
which is good for an ferroelectric film to be used in transverse
piezoelectric applications. ez has a similar orientation dependence to
that of ds3, 1.e., a (001) pseudo-cubic orientation for maximum e3; s
in Pb(ZrTi; )O3 (from x=0 to x=0.6) and xPb(Mg;;3Nby3) O3-(1-
x)PbTi103 (x=0.58 and 0.67) epitaxial single domain films, while a
(111) oriented epitaxial film will have the maximum e3; s in BaTiO;

system.

A complete theoretical analysis of piezoelectric responses in a single
domain ferroelectric film, which are characterized by effective
longitudinal, transverse and shear piezoelectric coefficients, 1is

presented as a summary of this theoretical work.

On the part of extrinsic piezoelectric properties, movement of elastic
domains has long been known to have a large contribution to apparent
piezoelectric coefficients in ferroelectric bulk materials. It has also
long believed that elastic domains in thin films are immobile due to
the substrate clamping and inter-domain pinning. Our work on the
piezoelectric properties of epitaxial thick lead titanate zirconate
(Pb(ZrsTi; x)O3 with x=0.52) films with tetragonal distorted structures

has shown that (011) oriented epitaxial films had much enhanced
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(7

piezoelectric responses as compared with those of (001) and (111)
oriented films. Detailed structure analysis showed that instead of an
interconnected 3-domain (3-D) architecture that is usually found in a
(001) oriented thick film, the (011) films consisted of a dominant 2-
domain (2-D) architecture, by which the pinning between neighboring
domain walls is much reduced and domains walls become mobile.
This study demonstrate the possibility of achieving high extrinsic
piezoelectric responses by optimizing the epitaxial relationship
between the film and substrate with respect to the domain mobility,
and should also be instructive to the design of ferromagnetic and
ferroelastic thin film devices used for transducer applications. Future
work is being carrying out on tetragonal lead zirconate titanate

(Pb(ZrsTi; x)O3 with x=0.2) epitaxial films with different orientations.

Another important source of extrinsic piezoelectric response is from
phase boundary movement and it will be the focus of future study.
The coexistence of tetragonal and rhombohedral phases as elastic
domains is being studied for lead zirconate titanate ferroelectric films
near its morphotropic phase boundary. The volume fraction of the
phases and different twin components will be obtained as functions of
misfit strain and film orientation. It will be illustrated that, instead of
the explanation by an “ultra flexible” monoclinic phase which can

easily change its polarization direction under poling field and produce
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large piezoelectric response, the superior electromechanical properties
of MPB-PZT films may be understood on the basis of a field-induced
evolution of this tetragonal-rhombohedral heterophase polydomain

structure.
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