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ABSTRACT

An understanding of microstructure evolution in ceramic materials, including
single crystal development and abnormal / enhanced grain growth should enable more
controlled final ceramic element structures. In this study, two different approaches were
used to control single crystal development in a patterned array. These two methods are:
1) patterned solid state growth in BaTiO; ceramics, and 2) metal — mediated single
crystal growth in BaTiOs.

With the patterned solid state growth technique, optical photolithography was
used to pattern dopants as well as [001] and [110] BaTiOs single crystal template arrays
with a 1000 um line pattern array with 1000 um spacings. These patterns were
subsequently used to control the matrix grain growth evolution and single crystal
development in BaTiOs. It was shown that the growth kinetics can be controlled by a
small initial grain size, atmosphere conditions, and the introduction of a dopant at
selective areas / interfaces. By using a PO, of 1x10™ atm during high temperature heat
treatment, the matrix coarsening has been limited (to roughly 2 times the initial grain
size), while retaining single crystal boundary motion up to 0.5 mm during growth for
dwell times up to 9 h at 1300°C. The longitudinal and lateral growth rates were
optimized at 10 — 15 um/h at 1300°C in a PO, of 1x107 atm for single crystal growth
with limited matrix coarsening. Using these conditions, a patterned microstructure in
BaTiO; was obtained.

With the metal — mediated single crystal growth technique, a novel approach for
fabricating 2-2 single crystal / polymer composites with a kerf < 5 microns was
demonstrated. Surface templated grain growth was used to propagate a single crystal
interface into a polycrystalline BaTiOs or Ba(Zr 0sTig.95)O3 matrix with lamellar nickel
layers. The grain growth evolution and texture development were studied using both
[001] and [110] BaTiO; single crystals templates. By using a PO, of 1x10™"" atm during
high temperature heat treatment, matrix coarsening was limited while enabling single

crystal boundary motion up to 0.35 mm during growth between 1250°C and 1300°C with



v
growth rates ~ 3-4 um/h for both single crystal orientations. By removing the inner
electrodes, 2-2 single crystal (or ceramic) composites were prepared. The piezoelectric
and dielectric properties of the composites of the two compositions were measured. The
ds3 and dj; of the composites were similar to the polycrystalline ceramic of the same

composition.
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Chapter 1

Introduction

1.1 Statement of the Problem

In many cases, domain engineered ferroelectric single crystals show higher
piezoelectric properties relative to polycrystalline ceramics of similar compositions. This
was demonstrated experimentally by Park and Shrout for (1-x) Pb(Mg;,3Nby/3)O3-
xPbTiO3 (PMN-PT) and Pb(Zn,/3Nb,/3)O3-PbTiO3 (PZN-PT) single crystals as shown in
Figure 1-1."

Given the interest in reduction of lead in commercial products, these ideas have
also been pursued in lead-free ferroelectrics such as BaTiO;. For example, Rehrig et al.
showed an increase in the piezoelectric coefficient (ds3) of single crystal
Ba(Zr.05sTi9.95)O3 to 340-355 pC/N ,2 and Ceracomp has produced Ba(Zr 05T19.95)O3 with
a ds3 of 1150 pC/N 2 Park et al. produced orthorhombic BaTiO; single crystals with a ds;
of ~500 pC/N 4 For other materials, the ds;; of KNbO; improves to 240 pm/V5 , and for
PZN-PT with a ds3 of 2500 pC/N.°
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Figure 1-1: Strain vs. electric field behavior for <001> oriented rhombohedral single

crystals of PZN-PT and PMN-PT and for various ceramics.

Critical to these efforts is a source of high quality single crystals or textured
ceramics. Currently, top-seeded solution growth (TSSG) from a non-stoichiometric melt
is used to produce BaTiOj; single crystals. This process was originally adapted from the
Czochralski method by Linz et al. and can produce higher quality single crystals with less
impurities and reduced stresses within the grown crystal.” The melt is typically Ti-rich to
avoid the formation of the hexagonal crystal structure in BaTiO; (above 1440°C in
stoichiometric BaTiOs). Crystals are grown at a rate of 0.5 to 1 mm/h; boules of up to a

: 7-9
few centimeters have been produced.



There are some limitations to producing TSSG BaTiOs single crystals. Even
though the impurity level in TSSG BaTiO; is lower compared to either Czochralski or
any of the flux growth methods, rhodium and iridium contaminants are found in the
growth crystals’ which gives the grown crystal a yellow tint. Also, extensive care is
required to prevent cracking when the grown crystal is cooled through the Curie
temperature.

While TSSG BaTiOj single crystals are also limited by production cost, textured
ceramics of comparable properties and lower cost can be produced by the templated grain
growth (TGG) process. In principle, poled textured ceramics have the same macroscopic
symmetry as poled single crystals. Textured BaTiO; ceramics produced by a TGG
method show improved piezoelectric responses relative to polycrystalline ceramics.'®"?
Wada et al. produced [110] oriented BaTiO3; ceramics by TGG using [110] BaTiOj; plate-
like templates.12 The authors showed a peak in the d33 and -ds; of 788 pC/N and 93
pC/N, respectively, for 85% textured ceramics as measured by XRD.'

There are several parameters that are used to characterize the textured ceramics
produced by TGG. The main parameters are the orientation of the growth single crystals
in the textured ceramic and the texture distribution. The March-Dollase equation,
(Equation 1.1) is used to model the effect of both of the orientation and the texture

distribution function (ODF) in a textured ceramic."

-3
F(f,r0)= f(r200529+5inr2 9} : (- f) 11
where @1is the angle between the texture (orientation) axis and the scattering vector, 7 is
the orientation parameter, and f'is the volume fraction of oriented material. The
orientation parameter is used to characterize the width of the orientation distribution and
is normalized to the single crystal. In the normalization process, » = 1 for a random
polycrystalline ceramic and » = 0 for a perfectly textured sample."> The lowest
orientation parameter for a textured ceramic produced by TGG approach was observed in

the tape cast St s3Bag47Nb2Og system (Figure 1-2) where the orientation distribution was



given as » = 0.2."* In the quest to prepare single-crystal-like ceramics, improved

orientation is clearly needed.

Figure 1-2: SEM image of a Sry s3Bag 47Nb,O microstructure fabricated by TGG.

The literature has reported that the volume fraction of oriented material in
textured ceramics can approach 80 — 90% texture. The perovskite systems in which >
90% texture has been achieved include PMN- 67PT,15 Nao,sBio,sTiog-BaTi03,16 and
BaTiOs.'"> Achieving 100% texture in TGG fabricated polycrystalline ceramics has been
hindered by the misalignment of the initial templates and boundary impingement during
subsequent growth on larger unconverted matrix grains.

Park and Shrout demonstrated the effects of changing the orientation in single
crystal PZN- 45PT. With a 20° misalignment from the [001] direction, the strain vs. field
properties were reduced by half (Figure 1-3).! Extrapolating this result to textured
ceramics, it is clear that the overall piezoelectric response will be reduced by
misalignment of the template grains. Thus, to avoid these problems, it is proposed to
develop a process in which total control of the template location and orientation is
achieved. Furthermore, by controlling the template distribution it is proposed that in a

patterned array 100% texture, and improved piezoelectric response can be achieved.
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Figure 1-3: Schematic diagram (a) for sample preparation for investigating optimum
crystallographic orientation and (b) strain vs. E-field behavior for PZN- 45PT crystals oriented
along [001] + a, where « is the degree of deviation from [001] toward [111]."

1.2 Scientific Goals and Overview

The goal of this research program is three fold; 1) to develop a general
methodology that would yield an oriented polycrystalline ceramic with unprecedented
spatial and alignment control and 2) to apply the methodology to the design and
fabrication of single crystal / epoxy composites of 2-2 connectivity and 3) correlate the
piezoelectric properties of BaTiO; to the microstructure of the 2-2 composite. By
designing and controlling the template / patterned features (size, shape, etc.) and
placement, the amount of single crystal growth can be controlled. Thus, final
microstructures with a varying amount of single crystal elements with high aspect ratios

can be achieved. The objectives of the project are the following:
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e To understand the factors involved in controlling local enhanced grain growth
/ single crystal growth while limiting matrix grain growth.

e To determine how to mediate the growth of single crystal elements by solid
state conversion with metal interlayers in a 2-2 BaTiO; ceramic / nickel
composite.

e To correlate piezoelectric properties with the scale of single crystal / epoxy

composites produced by the metal — mediated TGG crystal growth process.

1.3 Organization of the Thesis

Chapter 2 introduces the crystal structure, processing and properties of BaTiO;
and presents an overview of the available fabrication techniques for achieving textured
ceramics and single crystals. Also, potential patterning approaches for the deposition of
templates for texture development are briefly described. Chapter 3 presents efforts to
achieve localized microstructural control by selective doping of BaTiO; by TiO, and
Si0; in various atmosphere conditions. In Chapter 4, a process for controlling [001] and
[110] solid state conversion of BaTiOs using patterned BaTiOs single crystals is outlined.
Results on sustained texture development as a function of surface chemistry, crystal
orientation and atmosphere are given with respect to the growth conditions obtained in
Chapter 3. In Chapter 5, a metal — mediated growth process is outlined for fabricating 2-
2 single crystal / epoxy composites with narrow inter-element spacings. The chapter
starts with the background and fabrication of piezoelectric composites and concludes
with the dielectric and piezoelectric properties of the composite structures as a function
of composition and crystal orientation. Chapter 6 summarizes the thesis and proposes

additional future work.
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Chapter 2

Literature Review

Barium Titanate (BaTiO3) was chosen as a model material since it is one of the
most investigated ferroelectric materials, because of its history as the first oxide
ferroelectric, simple crystallographic structure, and its extensive use in the electronics
and optics industries. Microstructural control and fabrication of fine grained BaTiO; has
been investigated and employed in the multilayer ceramic capacitor industry. Textured
ceramics and single crystals have been shown to increase the piezoelectric responses in
BaTiOs, improving its prospects as a potential lead-free piezoelectric.

This chapter reviews the crystal structure of BaTiOs; and the impact of the
equilibrium phases on the dielectric properties. Following this, a review is given of
BaTiO; processing, including fabrication of textured ceramics and single crystals, and
microstructure evolution. Finally, a review on piezoelectric composites and potential

approaches for patterning template particles for solid state crystal growth is given.

2.1 Background on BaTiO3

2.1.1 Crystal Structure

Barium titanate has a perovskite-type structure. The prototype perovskite phase
has barium atoms sitting at the unit cell corners, oxygen atoms at the face centers, and the
titanium ion in the center of the unit cell. Figure 2-1 shows a unit cell of BaTiO; in the
cubic phase.' It can be seen that the point group is m3m. Thus, above the Curie
temperature (~130°C depending on doping) the structure is a non-polar, paraelectric

phase.’
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Figure 2-1: Schematic representation of the cubic BaTiO; perovskite unit cell.

Below the Curie temperature, the unit cell undergoes a change to a tetragonal
structure (4mm point group) where one axis elongates (becomes the c-axis) while the
other two directions contract. This is caused by the relative displacements of the cations
(Ba®" and Ti*") with respect to the anions (0%) along the [001] directions as is shown in

Figure 2-2.
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Figure 2-2: Schematic of a) a tetragonal BaTiO; unit cell and b) projection of the structure in
the a-c plane, showing the relative displacements of the Ti*" and O ions.
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With further cooling, BaTiO; undergoes additional phase transitions to lower
symmetry. Around 5°C, BaTiO; becomes orthorhombic (point group mm?2) and a
spontaneous polarization develops along the [101] directions (12 possible polar
directions) with respect to the original cubic structure. Below -90°C, BaTiOs is
rhombohedral (point group 3m) and the spontaneous polarization is along the cubic [111]
directions (8 possible polar directions). Figure 2-3 shows a schematic of the phase

transitions and unit cell parameters.’
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Figure 2-3: Schematic of the phase transitions and unit cell dimensions in BaTiOs as a
function of temperature.’
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In this study, both Ti-rich BaTiO; (Ba/Ti = 0.996) and Ba(Zr( ¢sTi995)O3 were

used. Figure 2-4 shows how the Curie temperature and other phase transition
temperatures are influenced by the addition of different ions.” Zr is sometimes referred to
as a “pincher ion” in BaTiOj3, since all three phase transition temperatures tend to
converge. Thus, for Ba(Zr 0sTig95)O3, the Curie temperature drops to 100°C, while the
orthorhombic to tetragonal phase transition has shifted above room temperature. Zr was
added to BaTiOs to increase the piezoelectric response by domain engineering

Ba(Zr.0sTi9.95)O3, as discussed in the next section.

Temperature, "G

Figure 2-4: Transition temperature trends as a function of dopant in BaTiO;.”
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2.1.2 Dielectric and Piezoelectric Properties

The electrical response of a material at the molecular and microscopic levels to an
applied electric field constitutes a material’s dielectric properties. The dielectric
properties that are of common interest include the polarization and the dielectric
permittivity and loss. These two property sets are a function of temperature and
frequency in ferroelectric materials.

In general there are several different mechanisms that contribute to a material’s
polarization. These include electronic polarizability, ionic polarizability, dipolar
reorientation, space charge polarizability, and in ferroelectric materials, domain wall
movement.” The total polarization is the sum of these individual mechanisms. The
frequency dependence of the relative permittivity due to these different polarization

mechanisms is shown in Figure 2-5°

Space
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Figure 2-5: Schematic of the frequency dependence of the relative permittivity due to the
different polarization mechanisms.
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The polarization (P) can be related to the relative permittivity through the electric

field by Equation 2.1:>

P= (5 —l)goE 2.1

r

where E is the electric field, ¢, is the permittivity of free space (8.85 x 10" F/m), and g,

is the relative permittivity. The dominant polarization mechanism in BaTiOj is from
dipolar reorientation. The dipoles arise from the displacement of the center Ti*" ion from
the center of the unit cell to produce a spontaneous polarization. The formation of the

spontaneous polarization is discussed in more detail in Section 2.1.2.1.

2.1.2.1 Polarization

As BaTiOs is cooled through its Curie point, a spontaneous polarization is
developed. Figure 2-6 shows the spontaneous polarization as a function of temperature
for tetragonal BaTiOs.* The value for the spontaneous polarization at room temperature
is around 27 pC/cm?. It is clear from Figure 2-6 that the cubic to tetragonal transition is a

first order phase transition.*



SPONTANEOUS POLARIZATION, & IC/m%)

£.30

0.25

.20

o
w

=
o

Q.05

15

40 &0 BO ({a%s] 120 by
TEMPERATURE (*C)

Figure 2-6: Spontaneous polarization as a function of temperature for tetragonal BaTiOs. *

Upon cooling from the cubic phase, the spontaneous polarization can arise in

multiple equivalent directions (any one of the 6 [001] directions). It is therefore possible

to re-orient the spontaneous polarization with the application of an external electric field.

If a strong alternating electric field is applied to the BaTiOs ceramic, a ferroelectric

hysteresis loop is observed (Figure 2-7).° The ferroelectric hysteresis loop results from

the movement of the ferroelectric domain walls within each grain. When an electric field

is applied, the domains that are aligned with the applied electric field have a lower

energy; thus the domain walls move to reduce the energy of the misaligned domains. The
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energy associated with the movement of the domain walls is generally smaller than that
required for nucleation of new domains and the rotation of the misaligned domains.”

The ferroelectric domains are formed from cooling BaTiOs from the cubic phase
to the tetragonal and lower symmetry crystal structures. Upon cooling, most grains in the
BaTiO; ceramic will divide into a number of domains, each having a spontaneous
polarization along one of the possible [001] directions in the tetragonal crystal structure.
When this occurs, there are two types of domain configurations possible. The first
domain configuration consists of 90° domain walls, which are related by the rotation
around the normal to the {101} planes (this is the plane that is common between the
two).’ The second domain configuration includes 180° domain walls. This domain
configuration is rotated around the normal of the {100} plane. The different domain
configurations are formed as a result of the reduction of stresses, uncompensated surface
charges, grain boundary structure, and physical imperfections in the material.’

It is also possible to apply a large, uni-directional electric field when cooling
through the Curie Point to effectively pole the ceramic. This causes the dipoles in the
sample to align as well as possible with the applied electric field, given the constraints
that the polarization will not remain rotated off its preferred direction at zero field, and
that local elastic and electric fields influence the domain state. When the external electric
field is removed, there remains a remanent polarization in the BaTiO3 ceramic. Once the
electric field is removed, there is some relaxation; however, most domains remain

aligned. Thus there is a remanent polarization with no applied field after poling.
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P, = Remanent Polarization
P, = Saturation Polarization

E. = Coercive Field

Figure 2-7: Schematic of a BaTiOs ferroelectric hysteresis loop on a polarization (P) vs.
electric field (E) graph.’

2.1.2.2 Dielectric Permittivity

BaTiO; has a high dielectric permittivity that is strongly dependent on
temperature, composition and crystalline perfection. Figure 2-8 shows examples of the
variation in the dielectric permittivity as a function of temperature for both pure BaTiOs
and Ba(Zry 0sTig.95)O;3 single crystals.g’ ? The BaTiOs; graph is based on
phenomenological calculations for single crystal BaTiOs; as a result, it does not include
domain wall contributions to the properties.® It is clear that the dielectric permittivity is
anisotropic below the Curie temperature and shows peaks at the phase transitions.

A general relationship between the polarizability of a material and the dielectric

permittivity was derived by Lyddane, Sachs, and Teller (LST). This generalized approach
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takes into account electronic and ionic polarizability as well as dipolar formation and re-
orientation as a function of frequency. The derivation also assumes both transverse and
longitudinal charge displacement, and thus can be applied to any material system and
polar crystal structure.

The LST equation for the dielectric permittivity of materials is given in Equation

2.2,' where ¢ is the dielectric permittivity of the material, &, 1s the permittivity of free
space, w,and o, are the transverse and longitudinal polar vibrations of charge

displacement within a material from all frequencies. Since this equation is not dependent

on the type of material (or crystal structure) it can be applied to ferroelectric materials.
2
e/ W
Ao = /a)tz 2.2
Baker showed that the LST equation can be derived using a classical oscillator

dispersion mode (from ionic polarizability), Debye dispersion modes (from dipolar

orientation polarizability) and a combination of both.'" The characteristic frequencies of
a given material can then be related to the ratio of % , thus the definition of LST is
generalized to include all the dispersions in the dielectric response.

For Ba(Zry 05Ti0.95)O3 only the c-axis dielectric response of the single crystal was

reported by Rehrig.” With the addition of zirconium, the phase transitions are shifted.
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2.1.2.3 Piezoelectricity

The piezoelectric effect in a material is a phenomenon that relates mechanical
strain to electric energy. This phenomenon was first discovered in 1880 by Jacques and
Pierre Curie. The Curie brothers observed that certain materials, such as quartz and
Rochelle salt when subjected to a mechanical strain will become electrically polarized.
Later in the following year, the Curie brothers also proved that the opposite effect was
true, that on applying an external electric field the materials will deform.> The direct and
converse piezoelectric phenomena are shown in Figure 2-9; the equations describing the

direct and converse piezoelectric response are given in Equation 2.3.%

1

Figure 2-9: Schematic showing the a) direct and b) converse piezoelectric response. V =
voltage, P = polarization direction, and L = length of the ceramic. The blue arrows denote an
applied stress.

IL L+dL ]‘ p __‘__ v

2.3

where D is the dielectric displacement, X is the stress, x is the strain, £ is the electric
field, and d is the piezoelectric coefficient.

The piezoelectric coefficient is anisotropic and dependent on the direction the
electric field is applied and the resulting strain is measured. For a poled random ceramic,

the point group becomes com, and due to symmetry constraints the piezoelectric
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coefficients in matrix notation can be reduced to the following: ds3, d3; (equal to d3;), and
d;s (equal to d,4). The matrix notation is a convenient method of representing higher rank
tensors (>3), by reducing the number of suffixes to represent tensor properties. For
example, with the piezoelectric constant, there are 27 different tensor values, however in
matrix form it is reduced to 18."

Du et al." investigated the anisotropy of the piezoelectric properties in [001]
poled single crystal BaTiO;. The authors calculated the d;; and coupling coefficient (kss3)
for a [001] single crystal at angles from 0° — 60° away from the poled axis. The maxima
in the ds; and ki3 were calculated to be 47° and 52° away from the [001] direction,
respectively. This was confirmed by the experimental results of the cut crystal, where the
ds3 was measured to be 250 pC/N and the k33 was 0.33.1°

Additional work was completed by Wada et al.,'* where the authors took

advantage of the piezoelectric anisotropy, via domain engineering.'* "°

There are specific
angles away from the poled direction for the tetragonal and orthorhombic crystal
structures in BaTiOj; that provide optimized response. The crystal orientations needed for
the tetragonal and orthorhombic phases are [111] and [001], respectively, and are
schematically shown in Figure 2-10. Domain engineered ferroelectric crystals enhance
the piezoelectric performance by the following three features: 1) hysteresis-free strain vs.
field behavior due to the inhibition of the domain wall motion since the polarization
directions of a poled crystal are all in energy equivalent states, 2) high piezoelectric

constants along the non-polar direction due to tilting of the polar vectors with an applied

electric field, and 3) potential change in the macroscopic symmetry in the crystals."
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[111] E-field

Figure 2-10: Schematic of the engineered domain states for a) tetragonal BaTiO;'” and b)
orthorhombic BaTiO:s.

Due to the availability of BaTiOj; single crystals, the [110] and [001] directions
will be used in this study. Thus, to test the effects of domain engineering on the
enhancement of the piezoelectric constants, Ba(Zr 5Ti9.95)O3, an orthorhombic crystal

structure at room temperature, will be used in combination with undoped BaTiOs.

2.1.3 Stoichiometry and Phase Equilibrium

Figure 2-11 shows the BaO-TiO, phase diagram on the Ti-rich side.'® It can be
seen that there is a eutectic at 1332°C associated with the reaction of cubic BaTiO; and
BagTi;7040. At 1350°C, above the eutectic temperature, cubic BaTiOs is in equilibrium

with a liquid. Thus, any addition of TiO, to BaTiO3 will segregate into the liquid at this
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temperature. Upon cooling, BagTi;7040 forms.'® In contrast, at 1300°C, below
theeutectic temperature, there is no liquid phase. In this case, if Ti is present in sufficient

quantities, BagTi;7049 can be present based on the phase diagram.
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Figure 2-11: Ti-rich, BaO-TiO, phase equilibrium diagram.

The solubility limits of BaO and TiO, were studied in detail by Lee et al. for
samples that were annealed for up to 50 h to achieve equilibrium."” Figure 2-12 shows
the updated BaO — TiO, phase diagram under ambient air conditions. It was determined
that a wide solubility limit exists on the Ti-rich side of the phase diagram, centered
around the 1320°C eutectic temperature, due to the higher defect formation energy for Ti
vacancies compared to Ba vacancies.'” With increasing TiO, concentrations, both the

BagTi;7049 and BaTi,Os phases were identified by x-ray diffraction.
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Figure 2-12: BaO — TiO, phase diagram under ambient air conditions. The dotted lines are
extrapolated. BT S.S. = BaTiO; solid solution, Hex. = Hexagonal, Cub. = Cubic."”

The phase diagram for the BaO — Ti0; — T1,03 ternary system under low PO,
conditions of 1x10™"° atm and 1x10"* atm was investigated by Lee et al. Figure 2-13."
Samples were prepared with different Ba/Ti ratios by heating between 1200°C and
1350°C under various reducing conditions and slowly cooling to room temperature.

XRD was used to quantify the phases present.
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Figure 2-13: Ternary phase diagram of the BaO-TiO,-Ti,O; system under heavy reducing
conditions (PO, <1x10"* atm) for temperatures above 1300°C.

The Ba,TiO4 phase is formed with Ti*" ions and is monoclinic under heavy
reducing conditions (PO, <1x10™'* atm). Filimonov et al. found the phase to be stable
under reducing conditions and at high temperatures (above 1350°C), without the presence
of any Ti’" ions or oxygen vacancies.'®

The Ba,TicO,3 phase is monoclinic and contains both Ti** and Ti*'; however
Filimonov et al. showed no ordering between the two different titanium ions. The
authors also showed that this phase can occur in heavily reducing conditions for
temperatures above 1375°C after slow cooling to room temperature.'® The hollandite
phase can be either tetragonal or monoclinic depending on the barium and oxygen
stoichiometry. This phase also consists of a combination of Ti*" and Ti’", with no long-
range ordering present in the phases at room temperature. The hollandite phase can

accommodate oxygen vacancies, and is shown to be present at room temperature with
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BaTiOs.; when sintering in heavily reducing conditions at temperatures above 1380°C
with Ti-excess samples.'®

Lee and Randall also showed the presence of Ba,;TigO;3 as well as BasTi;,027
when sintering in reducing conditions for titanium rich compositions. The phases are
formed due to the reduction of Ti*" to Ti*". The Ba,Tis0,3 phase is shown to be stable at
aPO, < 1x10°'® atm and the BayTi;20,7 phase is stable at a PO, > 1x10°'® atm at 1200°C.
Increasing the sintering temperature to 1350°C, both phases are stable at a PO, = 1x10™"
atm."” To avoid the formation of some of these phases, all sintering experiments in this
thesis will be done on Ti-rich BaTiO; in a PO; higher than 1x10™* atm. Thus, the
formation of Ba,TiO4, BaTi,0s, Ba;Tic0,3, and the hexagonal form of BaTiO; should be
suppressed.

For the above reasons, it is important to control the amount of excess TiO, used in
sintering BaTiOs. At the eutectic temperature, about 1 mol% TiO, can be incorporated
into solid solution, however, on cooling, a second phase could be produced. This could
have important implications for the resulting electromechanical properties as well as the
success of TGG. Also, to avoid the formation and potential stabilization of the hexagonal
crystal structure in BaTiOs3, all sintering in this thesis was performed in an oxygen

atmosphere above PO; of 1x10* atm.

2.2 Synthesis

2.2.1 Single Crystals

It was shown in Chapter 1 that in many cases, single crystals of ferroelectric
materials have improved properties relative to polycrystalline samples of the same
composition. For BaTiOs, there are several methods of producing single crystals. High
temperature synthesis routes including flux growth and floating-zone methods utilize off-
stoichiometric melts. BaTiOs single crystals cannot be grown from a stoichiometric melt

because the hexagonal to cubic phase transition around 1440°C (Figure 2-11) results in
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cracking of the crystals when cooled.'® Thus off-stoichiometric methods are used, so that
solution growth can be accomplished below the hexagonal to cubic transition temperature
(1440°C).

Remeika was the first to grow BaTiOs single crystals by the flux growth
method.?® This method is based on the eutectic reaction in the BaTiO; — KF system.
Remeika combined powders of BaTiO3, KF and a small amount of Fe,;O3, heated the
mixture to 1200°C and then cooled to 900°C. The remaining flux material was removed
and the BaTiO; crystals were then cooled to room temperature.”” Remeika BaTiO; single
crystals are typically crystal plates of a triangular shape, with a thickness ranging from a
few tenths of a millimeter to a few millimeters. The hypotenuse of the triangular plates
are parallel to the pseudocubic [110] and the sides parallel to the [100] directions. When
the crystallization occurs at 1000°C or above, {111} twin planes form.! These twin
planes are typically from a single hexagonal stacking fault. However, when the
temperature for crystallization occurs below 1000°C, no stacking faults (twins) are
present. The twins form from the reduction of the stress / energy of the system when the
sample begins to crystallize at too high a temperature.'

Brown and Todt used the floating zone method to produce single crystals of
BaTiOs containing 1.5% SrTiO5.2! This mixture of BaTiO; and SrTiO; forms the cubic
phase directly, avoiding the hexagonal phase. This eliminates the occurrence of cracking
from the hexagonal to cubic phase change in pure BaTiOs3. Using this approach the
authors fabricated BaTiOjs single crystal boules 2.5 cm in length and 0.32 cm in diameter.

The top-seeded solution growth (TSSG) method is also used to produce BaTiO;
single crystals from a non-stoichiometric melt. This process was originally adapted from
the Czochralski method by Linz et al. and yields higher quality single crystals with less
impurities and reduced stresses within the grown crystal.”> The melt is typically Ti-rich
to avoid the formation of the hexagonal crystal structure in BaTiO; (above 1440°C in
stoichiometric BaTiOs). Crystals are grown at a rate of 0.5 to 1 mm/h; boules of up to a
few centimeters have been produced. However, rhodium and iridium contaminants are

present in the grown crystal.”
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Another technique that is used to produce BaTiOs single crystals relies on
exploiting abnormal grain growth in the BaTiOs — SiO; or BaTiO3-TiO; system. Yoo et
al. used 1 mol% Si0; as a liquid phase former on the surface of a BaTiO;3 ceramic to
initiate exaggerated grain growth to produce large BaTiOs single crystals.” They heated
the compact at 1370°C for up to 80 h to fabricate a 1.5 cm sized BaTiOs single crystal.
Saldana et al. produced single crystals by the addition of SiO, on the surfaces of green
BaTiO; compacts.”* The samples were sintered at 1260°C for up to 20 h to produce
BaTiO; single crystals up to 5 mm on a side. Complete sample dimensions were not
given. Both Yoo et al. and Schneider et al. observed trapped porosity and {111} twins in
the grown single crystals.

Lee et al. proposed a two step sintering and annealing process to produce large
BaTiOj; single crystals from a Ti-rich matrix by secondary abnormal grain growth
(SAGG).25 Initial BaTiO; compacts were sintered in air to 1365°C, where a few
abnormal grains were produced in the sintered ceramic. The second annealing step
consisted of heating the sample to 1355°C for up to 100 h to promote the growth of the
abnormal grains without nucleating any additional abnormal grains from the matrix. The
BaTiO; single crystals reached 2 cm, but contained {111} double twins in the center of
the crystal.

Another technique for producing BaTiOj single crystals is Templated Grain
Growth. In this method, a single crystal “template” is placed in contact with a sintered
polycrystalline BaTiO3 matrix and then heated to migrate the single crystal boundary into
the matrix. Yamamoto and Sakuma bonded a BaTiOj; single crystal to a Ti-rich
polycrystalline matrix at 1200°C for 2 h with 1.5 MPa.*® The assembly was then heated
to 1300°C for 30 h and a 3 x 3 x 0.5 mm BaTiOj; single crystal was produced. The
authors annealed below the eutectic temperature to avoid any abnormal grain growth
from the matrix; however after 30 h the matrix grains were ~ 100 um. The large matrix
grain size, the lower temperature, and the inclusion of about 2% porosity hindered the
single crystal boundary growth. In spite of this, a rate of 50 pm/h was measured.

Rehrig et al. produced millimeter sized single crystals of BaTiOs*” and

Ba(Zro,05Ti0,95)039 from a Ti-rich matrix using either BaTiO3 or SrTiO; single crystal
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templates. The samples were heated to 1350°C for up to 10 h and the growth rates for
[111],[001], and [110] single crystals into a BaTiO3 matrix were 590 — 790 pum/h, 180 —
350 um/h, and 42 — 59 um/h, respectively. Rehrig et al. also reported that the [111] and
[001] crystal boundary became faceted and the growth rates were reduced to ~ 30 um/h
when the facet formed (Figure 2-14).>” The grown single crystals were stoichiometric but
contained a large amount of trapped porosity. The piezoelectric constant (ds3) at room
temperature and 1kHz, and the remanant polarization of the grown crystals were 140
pC/N and 12 pC/cm? for the BaTiO; crystal and 330 pC/N and 13 pC/cm” for the
Ba(Zr.05sTi9.95)O3 re:spectively.28
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Figure 2-14: a) Schematic and b) optical image showing the faceted planes of the grown single
crystal in polycrystalline BaTiO; from a [001] BaTiOs single crystal.”’

Bar =1 mm

Unlike most single crystals prepared by flux growth, TSSG produced samples that
do not necessarily have twin planes but include impurities in the final crystal. Using a
doped BaTiO; or exploiting exaggerated grain growth can achieve single crystal samples
with large dimensions, but the control over the final orientation is dependent on the
starting grain's orientation. TGG approaches for fabricating BaTiOs single crystals are
cost effective, and final control over the orientation of growth is possible. However one

of the major drawbacks is the trapped porosity from the conversion of the matrix grains.
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In this thesis, TGG will be employed for controlling oriented growth in BaTiOs, and the

issues with this process will be considered.

2.2.2 Textured Ceramics

One of the methods for producing textured ceramics is Templated Grain Growth
(TGG). TGG takes advantage of the preferred growth of large, oriented particles in a
dense polycrystalline matrix. Initially, a few volume percent of “seed” templates are
randomly dispersed in a matrix of relatively finer equiaxed particles. Alignment of the
templates is typically done using shear forces during tape casting. After the cast tapes are
densified, grain growth conversion from the seeded templates occurs with subsequent
heating. A schematic of the alignment of templates by tape casting and the texture

development during the heat treatment is shown in Figure 2-15.%

Green Forming and Template Alignment

Tapecast Direction
—

Shear Force Matrix Template Particles

Matrix Grains

Increasing Heat Treatment

Figure 2-15: Schematic of the alignment of templates by tape casting and the texture
development during the heat treatment.
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There are a few criteria that are important in choosing a suitable template particle
for TGG. The templates must possess a similar crystal structure to that of the matrix
material and have minimal lattice mismatch between the templates and the single crystal
phase being converted at the bonding and nucleation temperatures to satisfy conditions
for epitaxy. The templates must have a high aspect ratio in order to be aligned during the
tape casting process. Also, the templates must be thermodynamically stable at the
nucleation temperature to prevent dissolution of the templates before TGG can occur.”’
The criteria are also similar for the top seeded TGG process outlined above.

One of the earlier works in texturing BaTiO3; was completed by Ohara et al.,
where c-axis oriented BaTiO; fibers were used.*® Only BaTiO; needle-like fibers were
used when fabricating the compacts, and after sintering the density reached only 70%
theoretical density. However, the texture fraction was roughly 27% and the measured ds3
was 270 pC/N, an increase of 1.7 times the polycrystalline value (155 pC/N). The
piezoelectric measurement was performed on a poled BaTiO; compact and measured by
applying a load with fixed weight and recording the amplified charge generated on the
surfaces of the poled specimen. The piezoelectric measurement, is however, suspect due
to the extremely low density of the final compact, since it has been shown that the
piezoelectric response is lowered with trapped porosity in the sample.'

Kimura et al. used BagTi;704¢ templates to induce <111> texture in BaTiO;. !

The authors fabricated the BaTiO; compacts by tape casting with either 0.5 pm or 0.1 um
equiaxed grains. The samples were fired in air at 1300°C for up to 20 h; texture
developed in the 0.1 um samples but not in the 0.5 um powder size samples. The final
textured microstructure had a texture fraction of 79% (measured by XRD Lotgering
factor). Kimura et al. indicated that a smaller starting equiaxed grain size and a density
of >90% is required for texture development. Rehrig et al. produced millimeter sized
single crystals of BaTiO3; and Ba(Zrg ¢sTi0.95)O3 by TGG using a ceramic with a starting
grain size of 2 um.”**

Wada et al. produced [110] oriented BaTiO3 ceramics by TGG using [110]
BaTiO;s plate-like templates and measured the piezoelectric properties.”> The samples

ranged from 0 — 100% template loading with starting BaTiO3; powders ranging from 100
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nm to 500 nm in size. With increasing template loading, the percent texture increased to
98% (by XRD analysis) but the density dropped to 90% of theoretical density (with only
templates). When using either the 300 nm or the 100 nm BaTiOs powder, the percent
texture decreased to 80%, but the density of the ceramics reached 98.6% of theoretical
density. However, with a combination of both grain sizes (300 nm and 100 nm) the
density stayed at ~96% theoretical density and was independent on template loading.

The authors showed a peak in the d33 and -d3; of 788 pC/N and 93 pC/N respectively for
the 85% textured ceramics. Below and above this value the piezoelectric constants
decreased; the authors did not give a reason for the peak at 85% texture.

Sato and Kimura produced textured [111] BaTiO; ceramics from [111] BaTiO3
templates made by a molten salt synthesis from Ba6Ti17040.3 3 Ceramic tapes were cast
with 20 — 40 wt% template loading with equiaxed BaTiO; powder. After sintering to
1300°C for 50 h and then 1400°C for 2 h, a final microstructure with 66% texture and
96% theoretical density was fabricated for the 20 wt% template loading. With higher
template loadings, the degree of texture dropped to 32% and the density to <90% of
theoretical density. This trend was caused by the higher amount of templates impeding
the full evolution of texture in the sintered ceramics. No dielectric or piezoelectric
properties were measured.

A related process is reactive templated grain growth. The main difference is that
rather than using BaTiO; powder, a mixture of BaCO3; powder and templates is tape cast.
Sugawara et al. used BagTi;7049 as templates. These were reacted with BaCO; powder to
form [111] oriented BaTiOs.>* A 1:11 molar ratio of templates to barium carbonate was
used and the compacts were sintered at temperatures from 1250°C — 1400°C. The percent
texture, measured by XRD, ranged from 27% to 80% with increasing temperature.
However, the highest density achieved was only 81% theoretical density for the 80%
textured sample. The dielectric and piezoelectric properties were not measured due to the
low sample density.

Sato et al. used a similar approach in which [001] TiO; needle templates were
tape cast in a BaCOj3; powder matrix.”> The compacts were calcined at 800 — 1200°C for

5 h then sintered at 1350°C for up to 10 h in air to form [110] oriented BaTiO;. The final
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microstructure consisted of 50 pm grains with 73% texture, calculated by XRD pole
figures, and was 93% of theoretical density. No dielectric or piezoelectric properties
were measured.

So, for fabricating textured or single crystal samples by the TGG method, there
are several factors to consider. First a relatively high starting density is needed for the
TGG of the matrix material. Generally speaking, the density should be above 90%
theoretical density; however, any remaining porosity within the matrix is typically
retained in the final converted single crystal. Thus care must be taken to reduce the
amount of remaining porosity within the final single crystal.

For textured BaTiO3; samples with high final density and a high texture fraction,
the piezoelectric responses are improved over randomly oriented ceramics. However, the
reported degrees of texture ranged from 30 - 90%. Also, in processing the textured
ceramics, it is important to include some equiaxed grains with the template particles to
increase the final overall density of the compacts. Typically 20 - 40% solids loading for
templates are used. The main drawbacks, as mentioned in Chapter 1 are incomplete

texture development and/or low final densities.

2.3 Microstructure Evolution

2.3.1 Sintering / Normal Grain Growth

Depending on the stoichiometry (Ba/Ti ratio), temperature, and atmosphere
conditions, barium titanate can densify and sinter via either solid state sintering or liquid
phase sintering. These two processes have different densification mechanisms, each
having its own positive and negative attributes. These will be described with reference to
a slightly titania rich barium titanate sample.

Below the 1332°C eutectic temperature, the material sinters by solid state
diffusional processes. A typical microstructure of barium titanate sintered by solid state

(Figure 2-16)°° shows trapped porosity. Trapped pores are impossible to remove without
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resorting to extensive grain growth for long times at high temperatures. This is one of the
drawbacks of sintering barium titanate by solid state sintering. Abnormal grain growth is

also seen when sintering BaTiOs below the eutectic temperature.*

Figure 2-16: Micrograph of solid state sintered BaTiO; in air at 1300°C.*®

When the sintering temperature is increased above the eutectic temperature, a
liquid phase forms and changes the dominant mechanism for densification of barium
titanate. The relative amount and the effect of the liquid phase on the sintering process
are governed by the solubility limits of BaTiOs. The solubility of the Ti ions and the
amount of liquid formed is governed by either how much excess TiO, was added to the
original barium titanate powder, or the starting stoichiometry.”” It has been determined
that a minimum range of 0.1 — 0.4 mol% TiO, is sufficient to homogeneously wet the
barium titanate powder along the grain boundaries (this corresponds to roughly 6 — 13
vol% liquid).*® During the intermediate sintering stage, the dominant densification
mechanism is the dissolution — precipitation reaction of the barium titanate powders; the

driving force for this process is a function of the solubility of the material. Liquid phase
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sintering is much faster compared to solid state sintering because the diffusion
coefficients are on the order of 10 — 10 cm?/s at ~ 1200°C compared to 10 — 107"
cm?/s, repectively.’

When fired in air, the amount of grain growth is usually much greater for liquid
phase sintering than solid state sintering. Also, depending on the atmosphere and
composition, abnormal or exaggerated grain growth occurs more readily in liquid phase
sintered systems. A typical microstructure of a liquid phase sintered sample is shown in

Figure 2-17.%*

Figure 2-17: Micrograph of BaTiOs sintered via liquid phase sintering. The area marked M is
the matrix grains (~1pm), and the area marked A are the abnormal grains.™®

2.3.2 Exaggerated Grain Growth by Doping

Dawson et al. investigated the effect of BaTiO; stoichiometry on microstructure
evolution in hydrothermally derived powders.*® Both Ti-rich (Ba/Ti = 0.99) and Ba-rich
(Ba/Ti= 1.03) powders were investigated. To adjust the stoichiometry, either barium
hydroxide was added or barium was leached from the surface of the powders in HNOs.

The resulting microstructures showed exaggerated grain growth in both Ba-rich and Ti-
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rich samples. The exaggerated grain growth was attributed to either the Ti-rich
amorphous layer on the surface of the leached powders, or the Ti-rich core of the barium
excess powder. When sintering above 1332°C, the formation of exaggerated grain
growth regions was caused by the Ti-rich liquid phase present (Figure 2-11). For Ba/Ti =
1.0, no liquid phase was formed during sintering and so exaggerated grain growth was
absent.”

Rios et al.*® studied the effect of Ti0; on BaTiO3; microstructure. They added 0.1
— 0.4 mol% excess TiO; and sintered at temperatures ranging from 1310 — 1350°C (below
and above the eutectic temperature). The final microstructures showed the presence of
exaggerated grain growth at each sintering condition, with final grain sizes of 100 um in
a matrix of 1 um grains. They showed that with increasing temperature or increasing
TiO; concentration, the amount of exaggerated grains present increased. Kang et al.
further studied the exaggerated grains formed below and above the eutectic
temperature.*”*' For samples sintered in air below the eutectic temperature, the
exaggerated grains were faceted and contained {111} twin lamellae, while the matrix
grains did not coarsen. For sintering temperatures above 1332°C, exaggerated grain
growth was present without the {111} twin lamellac. They also showed that as the grain
boundaries of the exaggerated grains changed from faceted to a rough (rounded)
structure, the additional growth of the exaggerated grains was retarded while the matrix
grains coarsened during additional heat treatments.

Matsuo and Sasaki showed the presence of exaggerated grain growth in BaTiO3
with the presence of 0.0167 mol % of Al,O3, 0.0375 mol % of Si0,, and 0.0125 mol % of
TiO,.** They reported that the eutectic temperature was lowered to 1240°C. The
presence of the exaggerated grain growth was caused by the formation of the liquid phase
during sintering. Kumar et al. observed that adding Bi,O3 to BaTiOs reduces the
sintering temperature to 800°C to form pellets with 90% theoretical density and a fine
grained (~ 0.2 um) microstructure.”” With increasing temperature, exaggerated grain

growth was evident from liquid phase sintering.
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2.3.3 Atmosphere Control

Additional microstructural control can be achieved by adjusting the oxygen partial
pressure during sintering. Jung et al. studied the effect of excess Ti in BaTiO3; compacts
that were sintered in H, and in air.** The 0.4 mol% TiO, doped BaTiOs compacts were
sintered in H, for times ranging from 30 min to 10 h, and then heated to 1250°C or
1350°C in air for times up to 100 h. Samples sintered in H; for 30 min showed abnormal
grain growth when heated in air to either 1250°C or 1350°C. The 1250°C samples
showed exaggerated grains with {111} twins, while the 1350°C samples showed
exaggerated grains without any {111} twins. This observation was associated with the
change from solid state sintering to liquid phase sintering. However, the samples that
were sintered in H, for 10 h showed no exaggerated grains when sintered at 1250°C or
1350°C for times up to 100 h. This indicated that abnormal grain growth can be
suppressed even for prolonged sintering times in a reducing environment.

S.-J. Kang et al.* observed several microstructural regions in 0.1 mol% TiO,
doped BaTiO; through PO, ranges of 0.2 atm to 4x10™'® atm when sintering below
1332°C. AtPO,=0.2 atm, {111} twin lamellae were present in the exaggerated grains.
As PO, decreased below 1x10™"" atm, the formation of the {111} twins was inhibited but
exaggerated grain growth still occurred. From PO, = 1x10"" atm to 1x10™" atm, grain
growth and exaggerated grain growth was stagnant, while below 1x107'® atm exaggerated
grain growth appeared but without {111} twins. The grain growth regions were
attributed to the change in the driving force for grain growth caused by the change from a
faceted to a rough grain boundary, shown in Figure 2-18* (rough) and Figure 2-19*
(faceted).
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Figure 2-18: TEM images of a) low magnification image and b) high resolution image of grain
boundaries in 0.4 mol% BaTiOs; sintered at 1300°C for 8 h in H, after 1250°C for 30 min in
H,.%
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Figure 2-19: TEM images of a) low magnification image and b) high resolution image of grain
boundaries in 0.4 mol% BaTiOs sintered at 1300°C for 8 h in air after 1250°C for 30 min in
H,.*
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Polotai et al. utilized a sintering approach combining rapid-rate sintering, rate-
controlled sintering, and two-step sintering under a controlled atmosphere to produce
dense nanocrystalline BaTiOs compacts.”” With increasing PO, during sintering, the
average grain size increased from 150 nm to 300 nm, while the relative density of the
samples decreased. There was an inflection point in the theoretical density vs.
atmosphere graph at a PO, of 1x10™" atm, where the density was the highest with modest
grain growth occurring. The relative density peaked at a heating rate 1000°C/h, while the
average grain size continued to drop with increasing heating rate. For final stage
sintering, the driving forces for grain boundary controlled densification and grain
boundary controlled grain growth were exploited. Full density was achieved by dropping
the sintering temperature to 1100°C and holding for up to 7 h after the BaTiO3; compacts
reached 94% of theoretical density.

2.3.4 Grain Growth Inhibition

Another technique to control the final grain size, other than changing the sintering
profile and atmosphere, is by doping. Rahaman and Manalert studied the grain growth
behavior of BaTiOs with Nb**, La®", and Co®" dopants.* For the case of 0.5 at% Co®"
dopant, the primary mechanism of grain growth inhibition in BaTiO; is caused by the
segregation of the doping ion to the grain boundaries. Increasing the concentration of
Co”" reduces the grain boundary mobility up to 50 times compared to undoped BaTiOs.
This reduction is caused by the solute drag effect.*” Chiang and Takagi’® also showed the
segregation of acceptor dopants to grain boundaries in BaTiO; and SrTiO; and related the
reduction in grain boundary mobility to the solute drag effect. Rahaman and Manalert
showed that there was an increase in the concentration of titanium vacancies in BaTiO3
with 0.3 — 0.5 at% Nb”* doping. The titanium vacancies segregate to the grain
boundaries, thus reducing the boundary mobility.**

Brzozowski and Castro studied the effects of 0.15 at% Nb’* doping in BaTiO; by
electron paramagnetic resonance (EPR).”! With incomplete Nb>" incorporation into the

BaTiO; lattice (small concentrations of Nb’") enhanced grain growth was observed. The
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grain growth enhancement was attributed to the electronic compensation from the
incorporation of Nb>" jons. With increasing Nb>" concentration, grain growth was
inhibited. EPR results on these samples indicated that an increase in titanium vacancies
resulted in the decreased grain boundary mobility, similar to what Rahaman and Manalert
proposed.

Chan et al. doped BaTiO; with Nb>" concentrations ranging from 0.25 — 6
mol%.>* The authors showed that grain growth was inhibited in high Nb>" concentration
samples. They also reported that grain growth was inhibited when the major defect
compensation mechanism changed from electrons to titanium vacancies. They observed
that the best dopants to limit grain growth in BaTiO3 needed to be of a different valency
than the host material, and that ionically compensated defects were the ideal grain growth
inhibitors.

Grain growth inhibition is most commonly used in the multilayer ceramic
capacitor industry (MLCC). For the MLCC applications, the resulting capacitors must
possess a temperature stable, large dielectric response. Undoped BaTiOs, as shown in
Figure 2-8, does not fit this criterion. There are two main factors that are used to promote
a flat temperature response in the dielectric permittivity: 1) small grain sizes, and 2)
chemical inhomogeneity. So, BaTiOj is typically doped with a combination of materials,
such as iron, silica, magnesium, yttrium, holmium, dysprosium, etc. The exact
compositions are company specific and are proprietary. The general result is typically a
small grain size with a core-shell structure. The inside “core” is pure ferroelectric

BaTiOs, while the “shell” is a heavily doped paraelectric BaTiO; phase.

2.4 Patterning Techniques

There are several different techniques that can be employed to produce a pattern
on the surface of a ceramic for use in controlling the spatial placement of templates. Yin
et al. demonstrated a method of selectively depositing colloids on the surface of a
sintered ceramic.> By a combination of optical lithography and dry etching the surface,

the ceramic was patterned. Then by capillary action, monodisperse spherical colloids
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were deposited into the etched area. Figure 2-20 shows some of the various designs
developed. This process produces a high degree of uniformity and control over the
location of the colloids deposited on the surface with few defects (missing colloids).
However, the main issue is that this method has only been successfully applied to
spherical particles and not plate-like or needle-like particles.

As stated in Chapter 1, the careful control of the templates is required to optimize
texture, as well as to maintain the exact spacing and location of each template site to
produce high aspect ratio textured grains. Typically, the templates used are plate-like in
nature, and due to the anisotropy associated with the elongated platelets, controlled

deposition by this method is difficult.

— 2um

Figure 2-20: SEM images of colloidal alignment with different geometries produced by Yin et
al. The arrows indicate missing particles.”
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The deposition of a liquid or polymeric solution onto the surface of a substrate by
Inkjet Printing (IJP) has also been used to deposit patterned liquids or suspensions on
ceramic surfaces. Figure 2-21 shows a few methods of inkjet printing where a small
amount of liquid can be deposited on the surface. This process has a high degree of
spatial control, but the smallest achievable written size using current technology ranges
from 20 — 50um.>* The droplet resolution is limited by the in-flight direction of droplets
(the nozzle does not touch the surface for patterning) and by the wetting behavior with
respect to the substrate.

Although this process is ideal for depositing liquids or dopants on the surface,
using the ink-jet process with solid plate-like templates, and controlling the orientation of

a single plate-like template at each location, seems to be difficult.

A B
—
_'_ Beam ?'— Mozzle
: 'i: —Ink
Deposit, - '_ﬁ-,." - _P_Flﬁ? ursors \
ML -\s.L,'..-, T
Substrate Substrate
C

Probe Tip

Figure 2-21: Schematics of different writing schemes, A) Precursor solution are decomposed
near the focal point of a beam to deposit material on the surface. B) Ink Jet Printing, where
liquids are ejected from a nozzle and deposited on the surface of the substrate. C) Direct
writing of particles or a liquid onto a substrate. D) Fluorescence microscopy of an array of
hybridized DNA sequences produced by dip-pen nanolithography.**
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Soft lithography has been shown to have better resolution control (nanometer
scale resolution) and higher control over the template designs than the methods described
above. Figure 2-22 shows a typical pattern produced by the soft lithography technique
using a poly(dimethyl siloxane) (PDMS) mold to deposit liquid precursors of polymeric
and ceramic materials.>* The process involves creating a master mold (negative of the
required PDMS stamp) by optical lithography with the use of non-reactive photoresists
(such as the SUS8 series produced by MicroChem, Newton, MA). Once the master mold
is completed, PDMS is coated over the master mold and cured at room temperature,
under vacuum to prevent any air entrapment for 24 h. The PDMS is then carefully
removed and used for depositing the polymeric or ceramic materials. This is done by
spin-coating the solution on the PDMS stamp, and with pressure “stamping” the substrate
and transferring the spin-coated solution.

This process can produce various patterns with ranges of complexity, as indicated
in Figure 2-22, with feature sizes ranging from 300 nm to several millimeters. With
repeated stamping, heights can be achieved up to 1 um.”* Nagata et al. fabricated BaTiOs
thin film capacitors by microcontact printing with a PDMS stamp. This method
successfully produced capacitors with a dielectric layer of 0.2 um, with a relative
permittivity >800.”> The major drawbacks to microcontact printing via PDMS molds are:
a) finding materials to deposit that are compatible with the PDMS stamp, and b)
maintaining image retention on the substrate after the mold has been removed, and c)
producing samples with a height above 1 pm.>* This process is ideal for depositing
precursor solutions in a patterned array, but would be difficult to deposit a single

template for textured growth.
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Figure 2-22: SEM images of different patterns produced by soft-lithography.*

Optical lithography uses photosensitive polymeric materials (resins) deposited on
a substrate. The resins are spin coated on the surface of the substrate and the thicknesses
range from 0.5 um (AZ 1800 series resist by Rohm & Haas Electronic Materials) to 50
um (SU-8 series resists by MicroChem).”* When exposed to UV light through a
patterned chrome mask, the relative solubility of the resist in a developer can be changed,
enabling transfer of that pattern into the resist. This can subsequently be transferred to
the substrate by etching processes.>® Optical lithography has a resolution limit near 0.6
microns, and has excellent pattern retention.®

1.°7 utilized a combination of photolithography and dry etching to

Jiang, et a
produce pillared single crystal Pb(Mg;/3Nb/3)O3-PbTiO3 (PMN-PT). The process

involved transferring the pattern through a chrome mask onto the PMN-PT surface that
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has the resist spun on it. A nickel mask was electrodeposited on the surface of the
polished PMN-PT single crystal in the pattern of the required size and distribution of the
ceramic pillars (transferred from the chrome mask). A nickel hard mask was required to
withstand the dry etching process, since the photoresist is removed during the etching
process.”* Using reactive ion etching on the exposed single crystal areas produced a
pillar height of 60 um. The spacing at the top of the pillars was roughly 2 microns, and
the final single crystal pillar geometry had a 4:1 aspect ratio.”” This method can produce
high aspect ratio templates, with good lateral resolution. Thus optical lithography with
reactive ion etching has been chosen as the primary method of producing the templates

from the initial [001] and [110] BaTiOj single crystals.
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Chapter 3

Enhanced BaTiO3 Grain Growth by Surface Doping

3.1 Introduction

Control over microstructure evolution in BaTiOj; is important, since the
piezoelectric and dielectric properties of BaTiO; are strongly dependent on
microstructural characteristics. The grain size and morphology, amount of porosity, and
the orientation and distribution of aligned grains in the microstructure all affect the
properties of BaTiO3.'

Arlt et al. studied the effect of grain size on the dielectric constant in BaTiO;
ceramics for samples with grain sizes ranging from 0.3 um — 100 um. They showed that
decreasing the grain size to 1 um resulted in an increase in the room temperature
dielectric constant to 5000 from values of 1500 — 2000 for coarse-grained BaTiOs. The
increase in the dielectric constant was attributed to a decrease in the width of the 90°
domains resulting from higher internal stresses in the grains.’

Frey and Payne studied the changes in dielectric constant and phase transitions in
fine grained BaTiOs. They reported that at a grain size of ~ 0.4 um the macro-symmetry
becomes a mixture of orthorhombic, rhombohedral, and cubic.* The local symmetry was
still be non-centrosymmetric below this grain size. They determined that there was no
loss of ferroelectricity in fine-grained BaTiOj for grain sizes above 40 nm.’

Demartin and Damjanovic studied the effect of dynamic and static pressure on the
piezoelectric coefficient in both coarse and fine-grained BaTiOs. The longitudinal
piezoelectric coefficient, dy (relative to the initial value), was higher for coarse-grained
samples compared to fine-grained materials (110 pC/N vs. 50 pC/N, respectively). The
reduction in piezoelectric response with pressure was attributed to a) greater restriction of
domain wall movement and b) the presence of internal stresses in the fine-grained

samples.”
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The orientation and distribution of textured grains within the microstructure can
lead to improvements in the piezoelectric response compared to randomly oriented
ceramics. Wada et al. prepared [110] textured BaTiO; samples by tape casting a mixture
of nano-sized BaTiO3; powder with [110] BaTiOs plate-like templates. The relative
densities of the samples were 96%, with texture fractions ranging from 0 — 98%, as
measured by the XRD Lotgering method. They reported that d;; remained constant at -
50 pC/N for all texture levels, but the ds; reached a value of 788 pC/N at 85% texture (4
times the random ceramic Value).7 It is not at all clear why the ratio of d33/d3; should
change in this way, as no similar anisotropy is developed in other textured ceramics or,
indeed, in single crystals with engineered domain structures.

Du et al. determined the effect of crystal orientation on the piezoelectric
properties of BaTiOj single crystals.® They poled tetragonal BaTiO; single crystals along
the [001] direction, then cut the crystal at various angles in reference to the poled
direction. The measured dss, ki3, €33, and s33 constants as a function of crystal orientation
along the angles: 0°, 45°, 50°, and 60° are summarized in Table 3-1. They showed that
there is a peak in the responses at 50° from the [001] poled direction, which corresponds
approximately to the [111] pseudocubic direction.

Damjanovic et al. also calculated the orientation dependence of the longitudinal

%10 The authors indicated that an

and transverse piezoelectric properties of BaTiOs.
increase in the piezoelectric constants can develop at an angle to the spontaneous
polarization direction, when there is an near-by phase transition that leads to a large
transvers dielectric constant. For the tetragonal phase, the maximum dj3 occurred 51.6°
away from the polar axis.” This is in good agreement with Du et al.’s experimental
work.® Damjanovic et al. calculated the maximum piezoelectric coefficients in the other
BaTiOs crystal symmetries and determined a peak in the ds; at 53° and 60.3° for the

orthorhombic and the rhombohedral symmetries, respectively.” These values are in good

agreement with the engineered domain states described by Wada et al.”
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Table 3-1: Constants ds3, ka3, €33, and ss3 in different BaTiO; single crystal cut directions.®

Constants 0° 45° 50° 60°

dz3 (pC/N) 24.69 8572 129.44 95.4
k33 0.2 0.264 0.33 0.246
€33 103 1795 2873 2263

s33 (x10°/ GPa)  17.56  6.63 5.94 7.47

Thus, it is clear from the literature that controlled orientation is very useful in
optimizing the piezoelectric response of perovskite ferroelectrics such as BaTiOs. As
described in Chapter 1, new methods of preparing ceramics and single crystals with
improved orientations are needed. Thus, the objective of this chapter is to understand the
kinetics of localized grain growth for use in subsequent templated grain growth studies.
From the work outlined in Section 2.2.2, additives such as TiO, and SiO; can be used to
form a liquid phase and cause enhanced grain growth in BaTiOs. In this study, both TiO;
and SiO, surface doping where studied as a means to initiate the grain growth
enhancement. Photolithographic processes were used to control the location of the doped
region. Use of a patterned dopant enables fundamental studies on the effect of dopant
diffusion on the vertical and lateral growth of BaTiOs. Also, to gain an understanding of
the matrix evolution in the patterned microstructure, the kinetics of the grain growth was
studied as a function of the TiO, or SiO; concentration, temperature and atmospheric

conditions.

3.2 Experimental Procedure

Polycrystalline BaTiO; samples were prepared by a non-aqueous tape casting
approach. BaTiO; powder (MBT-02 from Sakai Chemical Industry, (Sakai, Osaka,
Japan) with a Ba/Ti = 0.996, 200 nm particle size) was ball milled for 24 h with 3.5 wt%
menhaden fish oil in ethanol and xylenes (50/50 wt. ratio). 1.3 wt% each of polyalkylene
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glycol (Tape Casting Warehouse (Yardley, PA), Molecular Weight (MW) = 2,000) and
butyl benzyl phthalate (S-160, Tape Casting Warehouse, MW = 312), and 2.8 wt%
poly(vinyl) butyral (B98, Tape Casting Warehouse, MW = 40,000-70,000) were added to
the mixture and it was ball milled for an additional 24 h. The slurry was de-aired under
vacuum for 15 min and cast with 200 um blade height (100 um dried tape thickness) and
cut into 30 mm x 30 mm sections. The 30 mm x 30 mm sections were then stacked to a
green thickness of 1.25 mm and isostatically laminated (Pacific Trinetics Corporation,
PTC IL-4004-D, Carlsbad, CA) at 75°C at 20 MPa for 1 h.

The organics were removed by heating the sample at 650°C for 2 h in air. The
samples were then isostatically pressed at 200 MPa and sintered at 1300°C for 1.25 h
with a PO, of 1x10™" atm using a combination of 120 sccm wet N», 368 sccm dry N and
12 sccm H; gases. The wet N, gas was bubbled through deionized water to achieve the
required oxygen level. The densities of the sintered samples were measured by
Archimedes method and the average grain size was measured by the linear intercept
method."!

The surfaces of the BaTiOs sintered samples were polished with progressively
finer grit sizes with a final polish with 0.25 pm diamond suspension ((Glycol based,
Allied High Tech Products, Inc., Rancho Dominguez, California) with Green Lube
(Allied High Tech Products, Inc.) as a lubricating medium on a MetPrep 4 series manual
polisher (Allied High Tech Products, Inc.)).

To surface pattern the sintered samples with TiO,, they were spin coated
(PWM32, Headway Research, Garland, TX) with a 0.25 M TiO, sol-gel layer. The
solution was prepared by mixing titanium (IV) isopropoxide (Sigma Aldrich, St. Louis,
MO) with 2-methoxyethanol (2-MOE) (Sigma Aldrich) under vacuum at room
temperature for 2 h. Two ml acetyl acetone (Sigma Aldrich) was added to 2.8 g titanium
(IV) isopropoxide for stabilization. The TiO; sol was spin coated at 4000 rpm for 30 s to
produce a 25 nm thick layer on the polished polycrystalline BaTiO;3 surface. Additional
layers were added to achieve thicknesses ranging from 50 nm to 150 nm. The samples

were heated to 150°C for 120 s, then 350°C for 360 s on a hot plate to pyrolyze the film.
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The sol-gel layer was patterned by photolithography using a mask consisting of
1000 pum lines with a pitch of 1000 pum to produce the TiO, dopant pattern shown in
Figure 3-1. A photoresist (AZ-1827, Rohm & Haas Electronic Materials, LLC,
Philadelphia, Pa) was spin coated onto the densified BaTiOs at 4000 rpm for 40 s. The
sample was then soft baked at 100°C for 30 s on a hotplate. The sample was then
exposed by UV light (Karl Suss MA6 Contact Aligner, Karl Suss America, Inc.,
Waterbury Center, VT) for 6 s, and developed (MF-CD-26, Rohm & Haas Electronic
Materials, LLC) for 40 s and washed with deionized water. Afterwards, the sample was
hard baked at 100°C for 120 s, and a 6:1 buffered oxide etch (10% HF, Transene
Company, Inc., Rowley, MA) was used for 30 s — 120 s to remove the exposed TiO,. A
visual stop process was used to determine when the TiO, etching process was completed.
During the etching the TiO, would change colors due to optical interference effects.
When the color became a dark blue (the color of the polished BaTiO; surface) the sample
was then removed from the HF solution and cleaned with deionized water. The sample
was then dried with N, and the remaining photoresist was then washed off using acetone.
Profilometry (Tencor P10, KLA Tencor, Milpitas, California) was conducted across the
BaTiO; / TiO, boundary and the average etch depth of the BaTiO; ceramic was 100 nm.

Figure 3-1: Optical Image of the 1000 um TiO, line pattern (light region) on a polished
polycrystalline BaTiO; sample (dark region).

Si0; patterned BaTiO3; samples were prepared by mixing tetraecthoxysilane (Alfa
Aesar, Ward Hill, MA) in 2-MOE to a 0.25M concentration. The deposition and
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patterning of SiO, was accomplished by the same procedures described for the TiO,
solution.

The patterned samples were heated between 1250°C and 1400°C in air and 1x107
atm PO,, and were characterized by optical (BX60M, Olympus America Inc., Center
Valley, PA with AxioCam by Carl Zeiss Inc., Thornwood, NY) and scanning electron
microscopy (S-3500N and S-3000H, Hitachi Ltd., Tokyo, Japan).

For electron backscattered diffraction analysis (EBSD, Hitachi S3500N with
TSL/EDAX OIM, Mahwah, NJ) the samples were polished with progressively finer grit
sizes with final polishes with 0.05 pm diamond then alumina suspensions. The sample
was mounted on a 20° conductive sample holder with carbon tape. The sample was then

oriented at 70° to the detector and the orientation analysis was conducted.

3.3 Results and Discussion

3.3.1 BaTiO3; Matrix Fabrication

Initial work was undertaken to track the evolution of the BaTiO3 matrix grain
size. This was done since the thermodynamic driving force for the growth of the large
grains is inversely proportional to the average matrix grain size. Thus, in order to
maximize the growth of particular grains at the sample surface, it is important to produce
a dense polycrystalline matrix with the smallest grain size possible.

Initial sintering of BaTiO3 ceramics was conducted either in an air or a in a
reducing atmosphere at a PO,~10""" atm. It has been shown that by sintering at low PO,
(1x10"" to 1x10™"7 atm), grain boundary motion is retarded and exaggerated grain growth
is avoided.””™ Samples were heated to 1300°C at 5°C/min with a dwell time of 1.5 h and

cooled at the same rate.
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Figure 3-2: Average grain size as a function of relative density for air sintering (solid line) and
reducing sintering at PO, 1x10™"" atm of BaTiO; ceramics (dotted line).

The solid line in Figure 3-2 shows the typical behavior of Ti-rich BaTiOj sintered
15,16

in air, >~ while the dashed line indicates the samples fired in the reducing environment.
As the density approaches 100%, the grain size dramatically increases for the samples
fired in air and large exaggerated grains (~100 um) are observed. The air-fired samples
have too large a grain size in the matrix for any subsequent surface patterning runs
because the thermodynamic driving force for patterned growth was reduced too much. In
contrast, a dense (>99% theoretical density) compact with an average grain size of 3 um
(Figure 3-3) was obtained with the reducing sintering atmosphere (red line in Figure 3-2).
Ceramics fired under these conditions were used for subsequent studies on localized grain

growth induced by patterned surface modification.
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Figure 3-3: SEM image showing a polished and thermally etched (1200°C, 10 min, in air)
surface of the BaTiO3 sample fired in PO, = 1x10™"" atm at 1300°C for 1.25 h.

3.3.1 Grain Growth in TiO, and SiO, Surface Patterned BaTiO;

Figure 3-4 shows the extent of grain growth when a 300 nm thick layer of either
Ti0; or SiO, was spin coated over the entire surface of the BaTiOs; compact. The
samples were then fired for 10 min in air at 1300°C. Both samples showed a significant
amount of enhanced grain growth from the surface (i.e. the diffusion affected zone). The
boundary between the diffusion affected zone and the unaffected matrix grains was ~360
pm and over 1000 pm (measured from the BaTiOs surface) for the TiO, and SiO,
dopants, respectively (Figure 3-4). The grain size of TiO; doped BaTiO; was 100 — 150
um in the diffusion affected zone, while the grains of the SiO, doped BaTiOj3 in the
diffusion affected zone were as large as 300 um. The matrix grain size far from the
surface was ~25 pm for both conditions. In both cases, diffusion affected zone was
several grains thick. From previous reports,” the greater extent of exaggerated grain
growth achieved using the SiO, dopant can be attributed to the formation a liquid phase.
The XRD pattern in Figure 3-5 revealed the presence of a Ba,TiSi,Og second phase in the

Si0, doped BaTiO; samples. However, no second phases were detected in the TiO,
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doped BaTiOs. The presence of a second phase is known to inhibit single crystal
conversion.'® Thus, TiO, doping of BaTiOs was selected for further study.

Figure 3-4: SEM micrographs showing the diffusion affected zone was observed using 300 nm
of a) TiO, and b) SiO; fired in air at 1300°C for 10 min.
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Figure 3-5: XRD analysis of the surface of the 300 nm SiO, doped BaTiO; sample fired in air
at 1300°C for 10 min. (JCPDS Card #’s 00-005-0626 for BaTiO; and 00-022-0513 for

Ba2TiSi208).
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BaTiOs; samples were prepared with 50 nm, 100 nm, and 150 nm thick TiO, film
coatings which were patterned into a 1000 um line array with 1000 um spacing between
each line. The patterned samples were fired in air from 1250 — 1350°C for 0.5 h to 2 h.
There was no grain growth enhancement in samples fired below 1300°C. Likewise, no
grain growth enhancement was evident in samples doped with 50 nm and 100 nm TiO,
that were fired at 1300°C. The absence of enhanced grain growth below 1300°C is
attributed to too low a firing temperature for liquid phase formation. The microstructure
(Figure 3-6) of the 150 nm TiO; layer when fired to 1300°C for 1 h shows enhanced
growth on the order of 100’s of microns for each condition. This indicates that there is a

critical TiO, amount required to induce enhanced grain growth on the surface of BaTiO:s.

----- o Subrace Y 7GRN S
S0 e e - Diffusion affected zone

'y

Figure 3-6: An optical image of the enhanced growth region (light gray) in contrast to the
remaining matrix grains (dark gray) for a 150 nm TiO, doped BaTiO; sample fired in air at
1300°C for 1 h.
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Figure 3-7 shows the vertical and lateral growth distances plotted as a function of
heat treatment time for the 150 nm TiO, doped BaTiOj; sample at 1300°C. With
increasing time, the vertical growth distance increases linearly and approaches 300 um
after 2 h in air. The lateral growth distance approaches 200 um after 2 h in air. The
difference in growth results in an elongated grain shape (Figure 3-6). Also shown in

Figure 3-7 is the matrix coarsening as a function of time for these samples.
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Figure 3-7: Vertical and lateral growth distances as a function of time at 1300°C in air for 150
nm TiO, doped BaTiO; sample from 0.5 to 2 h.
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Figure 3-8 shows the kinetics of the matrix coarsening as a function of time

plotted according the general grain growth law:'®

G"-G," =kt 3.1

where G is the grain size at time t, G, is the original matrix grain size, k is a material
constant (derived from the slope of the lines), and n is the grain growth exponent. In this
case, G>>G, therefore the equation can be reduced to: G" =kt. A plot of log G vs. log t
(Figure 3-8) yields a slope, 1/n = 0.535; therefore n ~ 2. For typical ceramic systems the
value of n ranges from 2 — 4. An n value of 2 corresponds to the matrix coarsening in a

pure system (no second phases) under solid state sintering conditions.'®
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Figure 3-8: Grain growth kinetics of matrix coarsening in BaTiO; plotting log G vs. log t to
determine the value of n.

It is interesting to note that there were no {111} twin lamella observed within the
large grains (Figure 3-6). This is contrary to the observation of Jung et al. for
exaggerated grains in BaTiO; samples fired below the eutectic temperature.'” Instead,
the data collected here are more similar to that reported by Dillon et al. for the coarsening
behavior of doped alumina. In that work, localized grain growth was found in Al,O3

samples fired under solid state sintering conditions. They attributed this effect to the
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diffusion of the dopants along the grain boundaries and the formation of a second phase
that caused an enhanced boundary mobility.”** A comparable phenomenon apparently
occurs in BaTiO; with localized TiO, doping. The diffusion along the grain boundaries
and the coarsening of the matrix grains apparently reduces the dominance of grains with
[111] twins in the microstructure.

The microstructure of a BaTiO; sample with a 150 nm thick TiO, surface layer
that was fired in air at 1350°C for 30 min is shown in Figure 3-9. The diffusion affected
zone for the 150 nm, 1350°C sample increased compared to samples with 150 nm TiO,
fired at 1300°C. It was found that the large grains increased in size from 170 um at
1300°C to 280 pum at 1350°C. The amount and size of the abnormal grains is consistent
with observations by Rios et al.,'® who studied the effect of excess TiO, on exaggerated

grain growth in BaTiO;.

Figure 3-9: Optical image of 150 nm TiO, surface doped BaTiO; fired in air to 1350°C for 0.5
h.
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To control matrix coarsening and the extent of enhanced grain growth, the
experiment was repeated in a lower oxygen atmosphere, since Polatai et al.'* showed that
firing BaTiO; in a reducing environment limits grain growth. Thus greater control of
surface enhanced grain growth could be possible by avoiding matrix coarsening.

BaTiO; samples prepared with 50 nm, 100 nm, and 150 nm thick TiO, layers
were fired between 1250°C and 1300°C in a PO, of 1x10”° atm. Similar to the air-fired
samples, no enhanced grain growth occurred in the 1250°C samples. However, there
were some differences in the 1300°C samples fired at the lower oxygen partial pressure.
Figure 3-10 shows representative SEM micrographs of the samples with 50 nm, 100 nm,
and 150 nm TiO, layers fired to 1300°C for 0.5 h. The 50 nm and 100 nm samples
showed diffusion affected zones indicative of accelerated coarsening. The diffusion
affected zone is less than 40 um, this indicates that less than 100 nm TiO, does have an
effect on grain growth, even though no diffusion affected zone was observed for the

samples fired in air for the same amount of TiO,.
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Figure 3-10: SEM micrographs of the samples with a) 50 nm, b) 100 nm, and c¢) 150 nm thick
TiO, layers fired to 1300°C for 0.5 h in a PO, of 1x107 atm.

When comparing the ceramics with a 150 nm thick TiO, layer fired in the
reducing environment (Figure 3-10c) and air (Figure 3-6), the microstructure shows about
the same diffusion affected zone. The 150 nm TiO, doped BaTiOs samples fired in both
atmospheres produced large elongated grains (~100’s of microns) with about the same
layer thicknesses of enhanced grain growth for short firing times, as shown in Figure 3-
11. The onset of the larger grains corresponds well with the samples fired in air, where
the onset of the grain enhancement began above a TiO, thickness of 100 nm. The
diffusion affected zone is comparable to the samples fired in air. Figure 3-11 shows the
vertical grain growth enhancement distance as a function of time for the samples fired in
air and in the reduced oxygen atmosphere. As the concentration of TiO, increased, the
size of the enhanced grains increased as did the thickness of the diffusion affected zone.

This corresponds well with previous reports on TiO, doping of BaTiOs by Rios et al.'®
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The remaining matrix grains did not significantly coarsen even after to 2 h at 1300°C in
PO, of 1x107” atm. This may be explained by the reduction of grain boundary mobility in
the lower oxygen content.”” The 50 nm and 100 nm TiO; layers samples fired in a PO, of
1x10” atm showed no significant lateral growth (on the order of 5 um after 2 h at
1300°C) and illustrated in Figure 3-12; however for the 150 nm thick TiO; layer, the
amount of lateral growth was the same as the air fired samples. The anisotropy in the
diffusion affected zone between the <100 nm TiO, samples and the 150 nm TiO, samples
heated in 1x107 atm PO, could be caused by the change in grain boundary diffusion.
When the concentration of TiO; is above 100 nm, the results in Figure 3-10 indicate an
increase in grain boundary diffusion resulting in exaggerated grain growth (the large
anisotropic grains in Figure 3-10c). Below this concentration isotropic matrix coarsening
occurs, resulting in a smaller diffusion affected zone.

For all the conditions when a diffusion affected zone was observed, there are
several layers of grains that have coarsened due to the TiO, doping (i.e. the large grain
size layers are not a single grain in thickness). This indicates that the TiO, diffuses along
the grain boundaries several layers deep into the BaTiOs as the grains are coarsening.

The final boundary between the enhanced grains and the remaining matrix grains can

then be related to the diffusion depth of the TiO..
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Figure 3-11: Growth of diffusion affected zone as a function of time for the samples fired in
air at 1300°C and PO, of 1x107 atm (red.).

Figure 3-12: SEM micrograph of the sample with 100 nm thick TiO, layer fired to 1300°C for
2 hin a PO, of 1x10 atm.
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A 150 nm thick patterned TiO, layer on a BaTiO; was fabricated and fired at
1350°C for 0.5 h. The cross section by optical microscopy is shown in Figure 3-13. Each
patterned area shows several elongated grains across the enhanced region (as was
previously seen from Figure 3-9). The rectangular boxes on the top of the image (surface

of the sample) show the original location of the TiO, dopant.

Figure 3-13: Cross section of a 150 nm TiO, surface patterned BaTiOs fired at 1350°C for 0.5
hin PO, of 1x107 atm. The black bars on the top indicate the position of the original TiO,
patterns.

To test whether the large grains show preferred orientation for the growth
direction, the diffusion affected zone was characterized by electron backscatter
diffraction (EBSD). Figure 3-14 shows the EBSD pattern and the corresponding section
of the BaTiO3 sample. The EBSD pattern shows that the grains are randomly oriented

and that there is no preferred orientation for the large grains at the surface.
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Figure 3-14: EBSD image of 150 nm TiO, surface patterned BaTiO; fired at 1350°C for 1 h in
air showing the orientation of the diffusion affected zone.
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3.4 Conclusions

Conditions for producing localized enhanced grain growth were determined for
TiO,-doped BaTiOs;. The magnitude of the diffusion affected zone was directly related to
the amount of the TiO, deposited on the surface of the dense BaTiO3, and the growth
atmosphere. For TiO, concentrations below 100 nm there was no noticable diffusion
affected zone when fired in air at 1300°C. However, for the same concentrations of TiO»
(below 100 nm) the thickness of the diffusion affected zone was ranged from 20 — 50 um
for samples fired in a PO, of 1x10™" atm. For samples fired in both air and in the PO, of
1x10° atm, with TiO, concentrations above 150 nm the thickness of the diffusion
affected zone reached ~100°s um. For all TiO, concentrations, when the samples were
fired to 1350°C, the diffusion affected zone was indistinquishable from the rest of the
matrix, due to a high average matrix grain size. The coarsening of the matrix away from
the diffusion affected zone was reduced for all samples fired in a PO, of 1x10”° atm. The
patterned diffusion affected zone grain structure did not result in a preferred orientation

of the large surface — nucleated BaTiO; grains.
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Chapter 4

Patterned Solid State Growth of BaTiOj3 Crystals

4.1 Introduction

As reviewed in Chapter 3, textured BaTiOs ceramics have improved piezoelectric
properties of BaTiO; ceramics. Both the work of Wada et al.' in producing textured
BaTiOs, and the previous studies aimed at producing BaTiO; single crystals,” utilized a
liquid phase to facilitate grain growth. It was shown in Chapter 3 that enhanced growth
of BaTiO3 can be accomplished locally by surface doping with TiO,, without influencing
the remaining matrix. This enables the TiO, doped BaTiO; to coarsen locally by
diffusion of the TiO, along the grain boundaries while the matrix coarsens by solid state
sintering during heat treatments. However, the surface doping process described in
Chapter 3 does not enable control over the orientation of the growing grains.

This chapter reviews studies to tailor orientation development from the surface in
BaTiO; by the control over the shape, distribution and orientation of the templates. The
orientation was accomplished by using BaTiOj single crystals as templates. Optical
photolithography was employed to pattern the BaTiOs crystals which were then bonded
to a dense BaTiOs ceramic to control the orientation and distribution of grains in BaTiOs.
The kinetics of single crystal growth in both the vertical and lateral directions from the
patterned crystal into the ceramic was measured. This information provides an

understanding of the range of microstructures that can be produced using this approach.
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4.2 Experimental Procedure

4.2.1 Patterned Single Crystal Template Fabrication

Matrices for patterned growth are the same as those described in Chapter 3. For
template formation, BaTiOj single crystal (Deltronics Co., Dover, NJ, or Dr. Haosu Luo,
Shanghai Institute of Ceramics, Shanghai, China) were cut and polished along the [100]
or [110] directions. The polishing procedure was identical to that used for the matrix
samples. The polished single crystals were measured by back reflection Laue (Multiwire
Laboratories, Ltd., Ithaca, NY) to confirm that the correct orientation was achieved. This
provided orientation within +2 degrees.

The polished BaTiOj crystal substrate was cleaned in acetone and a 25 nm thick
amorphous TiO; sol-gel layer was applied by spincoating. The 0.25 M TiO, solution was
prepared by mixing titanium (IV) isopropoxide with 2-methoxyethanol (2-MOE) under
argon at room temperature for 2 h. Two ml acetylacetone was added to 2.8 g titanium
(IV) isopropoxide for stabilization. The TiO, solution was spin coated at 4000 rpm for
30 s to produce a 25 nm thick layer on the polished single crystal BaTiOs surface. This
was the smallest thickness able to be produced with the 0.25 M solution for crystal
growth experiments.

The removal of the solvents in the TiO; sol-gel layer was accomplished by
heating the BaTiOs single crystals in air (Thermolyne 47900, Barnstead Thermolyne,
Dubuque, IA). To avoid cracking the single crystals, the samples were heated at 2°C/min
to 100°C, 0.1°C/min to 140°C, 5°C/min to 350°C and cooled in the reverse order.

The TiO; coated single crystal substrates were then sputter coated with a 100 nm
nickel seed layer (Kurt Lesker CMS-18, Clairton, PA) using the conditions listed in
Table 4-1. A photoresist (AZ-1827) was spin coated on the nickel seed layer at 4000 rpm
for 40 s to produce a photoresist layer 3 microns thick. The sample was soft-baked at
100°C for 1 min on a hotplate, then exposed to UV light for 6 s (Karl Suss MA6 Contact
Aligner). The photoresist was developed (MF-CD-26) to produce the 1000 um line
pattern (similar to Figure 3-1) for 40 s, and then hard-baked at 100°C for 2 min.



73

Table 4-1: Conditions for nickel sputter deposition.

Ni 1000 A gun 1 (or 2)
Temperature 25°C
Dwell to Reach Temperature 600 s
Forward Power 199 W
Reflected Power 6w
DC Bias 249V
Pressure S mTorr
Atmosphere Ar
Target to Substrate Distance 20 cm
Deposition Time 1060 s

Nickel was then electroplated onto the exposed nickel seed layer by suspending
the BaTiOj single crystal, housed in a copper home-made basket, into the nickel salt
solution. An AC power source (Agilent HP 8662 signal generator, Santa Clara, CA) was
attached and set to a current of 0.2 milliamps for the first 5 minutes. The initial low
current for the first 5 minutes was to promote adhesion of the deposited nickel to the
nickel seed layer. The current was increased to 0.5 milliamps for 25 — 30 min. The
electroplated sample was washed with deionized water and removed from the copper
housing. This produced a total nickel thickness of 3 pum.

After nickel electroplating, the photoresist was removed with acetone and the
sample was etched via inductively coupled plasma — reactive ion etching (ICP-RIE,
Applied Materials DPS, Santa Clara, CA). The BaTiOs single crystal was bonded to an
8” silicon carrier wafer with silver conductive paint (Electron Microscopy Sciences,
Hatfield, PA) for loading and etching in the ICP-RIE using the conditions listed in
Table 4-2. Etching for 8 h produced a 1 um template relief. The etch rates for the
BaTiOs were 0.125 um/h and the nickel mask was 0.3 um/h. This resulted in ~ 0.5 um of
remaining nickel on the surface of the BaTiOs after the 8 h of ICP-RIE etching. After
etching, the silver paste was dissolved using acetone and the etched BaTiOs single crystal
was removed from the silicon wafer. The remaining nickel was removed with a

combination of HNOj3 (70%, J.T. Baker, Phillipsburg, NJ) and HCI1 (38%, J.T. Baker) in a



3:1 ratio, then diluted with deionized water in the ratio of 10:1 for a total of 10 s. The

removal of the nickel by the acids did not etch or leach the patterned BaTiOs single

crystal.

Table 4-2: ICP-RIE conditions for producing single crystal templates.

Figure 4-1 shows a schematic of the overall procedure for processing the single

crystal templates. Figure 4-2 shows the top surface of an etched single crystal template

Parameter Conditions
Temperature 25°C

ICP Power 800 W

Bias (RF Power) 50 W
Gases Cl, at 20 sccm
Pressure 10 mTorr
Wafer cooling (He) 6 Torr

Etching time 8h

with a pattern consisting of 1000 um lines separated by 1000 pm.
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Figure 4-1: Schematic of the template fabrication process.
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Figure 4-2: Optical image of the etched single crystal showing a line pattern.

4.2.2 Bonding and Growth of BaTiO3; Template Crystals

The patterned BaTiOs single crystal was bonded to the polycrystalline BaTiOs
matrix of 2 um grain size between 1250°C — 1350°C for 2 h in air and in a controlled
atmosphere ranging from a PO, of 1x10™ atm to 1x10™"® atm. In order to maintain
contact between the single crystal and matrix during bonding, a 40 gram mass was placed
on top of the single crystal. The setup, including the placement of the single crystal,

polycrystalline matrix, the platinum foils and weight is shown in Figure 4-3.
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Figure 4-3: Schematic of the setup for bonding the BaTiO; polycrystalline matrix to the
patterned single crystal.

The platinum foils were used to prevent the BaTiO3 samples from adhering to the
alumina substrates and alumina weight. For this set up, the BaTiO; ceramic was roughly
10 mm x 10 mm x 2 mm. For each bonding run, the etched BaTiO; single crystals were
placed on top of the polycrystalline ceramic. The etched single crystal dimensions were
roughly 9 mm x 3 mm with a thickness of 2 — 3 mm. Based on the length and the pattern
dimensions (Figure 4-2), there were approximately 4 line patterns per etched single
crystal sample.

Single crystal growth was conducted between 1250°C — 1300°C for dwell times
up to 10 h in PO, ranging from 1x10” atm — 1x10™'® atm. The patterned samples were
characterized by optical microscopy (BX60M, Olympus with AxioCam by Carl Zeiss),
scanning electron microscopy (S-3500N and S-3000H, Hitachi), and electron
backscattered diffraction (EBSD).
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4.3 Results and Discussion

Initial experiments to determine the optimal conditions for bonding a single
crystal BaTiOs (with either [100] or [110] orientation) to the polycrystalline matrix were
examined. The bonding attempts were conducted with a polished BaTiOjs single crystal
and a polycrystalline BaTiO; ceramic at 1350°C for 2 h in air. Attempts were made to
induce crystal growth with and without a 25 nm TiO, interface layer. This was done to
determine what effect the matrix coarsening from the TiO, additions has on the growth
rate of single crystal conversion.

Figure 4-4 shows examples of bonding a [100] BaTiO; single crystal to the matrix
material (a) with and (b) without a 25 nm thick TiO, layer. The samples were heated to
1350°C in air and show more area bonded and converted for the case with a TiO,
interface layer after a 2 h dwell. In both images, the regions where bonding and
conversion of the matrix material was achieved are circled. The more successful bonding
and growth run was with the TiO; addition, indicating that the interfacial layer between
the two materials aids in maintaining contact at the interface and promotes a more
intimate contact for bonding and single crystal growth to occur. It should be noted that in
previous work by Rehrig et al.,* bonding and growth of the single crystal was
accomplished without an interfacial layer and with no applied load. The difference
between this study and Rehrig et al.’s is the Ba/Ti ratio of the BaTiO; matrix. Rehrig et
al. used a Ba/Ti ratio of 0.95, which would be expected to produce a significant amount
of liquid phase above the eutectic temperature. In this work, the Ba:Ti ratio in the
BaTiO; matrix is 0.996. Elimination of the excess Ti throughout the matrix helps to keep
the liquid phase localized, and so improves the control of the process (though at the
expense of single crystal growth rate). The addition of a TiO, interface layer is used to

compensate for the lower Ti content in the matrix.
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Figure 4-4: SEM images of a BaTiOs; single crystal bonded in air at 1350°C for 2 h (a)
without and (b) with a TiO; interface layer. The dotted line indicates the initial interface
between the single crystal and ceramic.

Growth in air (Figure 4-4) at 1350°C yielded significant matrix coarsening, with
an average grain size approaching 50 — 100 um. This significantly reduced the driving
force for crystal conversion and limited the single crystal growth to only 200 um in
depth.

To minimize matrix coarsening during sintering, additional bonding and growth
experiments were conducted as a function of atmosphere. Figure 4-5 shows the vertical
growth rate for the single crystal conversion in BaTiOs as a function of PO, using a [001]
BaTiOs crystal. All samples were heated at 1300°C for 2 h at each PO, level. The
general trend shows that with decreasing oxygen partial pressure in the ambient, the
crystal conversion rate decreases non-linearly from a PO, of 0.2 atm to 1x10™'? atm. This
can be attributed to the decrease in the diffusion of titanium due to a reduction in
oxidation state from Ti*" (<10™'? cm?/s) to Ti’" (~107"® cm?/s)® at 1200°C. Also, below a
PO, of 1x10™" atm there is no detectable single crystal growth after the 2 h dwell. This
partial pressure of oxygen (i.e. PO, of 1x10"* atm) corresponds well with Kang et al.,
where no abnormal growth occurs in a Ti-rich matrix below 1x10™"* atm. For all growth
runs of 2 h at PO, below 1x107 atm, there was no detectable change in the grain size of

the BaTiO; ceramic.
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Figure 4-5: Crystal boundary velocity as a function of atmosphere for [001] BaTiOs single
crystal conversion at 1300°C for 2 h dwell at each PO, level.

From the results shown in Figure 4-5, a PO, of 1x107 atm was chosen for crystal
conversion times longer than 2 h since this oxygen partial pressure gave the highest
crystal conversion rate without significant matrix coarsening. Growth runs with longer
dwell times are needed to determine how the matrix coarsens for prolonged heating runs,
and how single crystal conversion is affected. Figure 4-6 shows a dark field optical
image of a [100] BaTiOs single crystal bonded to the polycrystalline matrix (with a 25
nm TiO; interfacial layer), with the inset image being an SEM image of the matrix
material. The sample was heated at 1300°C in a PO, of 1x107 atm for 9 h. The
conversion of the single crystal is clearly shown and has reached 600 um, with complete
bonding across the entire BaTiOj; single crystal / ceramic interface. The SEM inset

image shows the matrix material after the 9 h dwell is ~ 7 um in size.



80

5

Grown Crystal

Figure 4-6: Optical image of the crystal grown from a [100] BaTiOs single crystal fired at
1300°C for 9 h in PO, of 1x10” atm, with an inset SEM image of the matrix material.

It is interesting to note that the matrix material has an average grain size of 7 um
after 9 h at 1300°C, which is significantly smaller than the ~100 wm grain size of samples
heated in air after 2 h. The starting matrix material had a 2 — 3 um average grain size
(Figure 3-3). The fact that the single crystal boundary reached up to 600 pum indicates
that the diffusion affected zone shown in Figure 3-10a,b from the TiO, deposited on the
polycrystalline BaTiOs surface does not hinder the single crystal boundary growth. From
Figure 3-10a,b using the depth of the diffusion affected zone with 50 nm and 100 nm
TiO, the rate of the depth of the diffusion affected zone can be approximated as 40 um/h
and 80 um/h, respectively. Since only 25 nm was used to bond the single crystal to the
BaTiOs ceramic, then the rate of the diffusion affected zone’s depth can be extrapolated
to ~20 um/h. After 9 h the diffusion affected zone would only reach ~180 um. Thus, the

conversion of the BaTiO3; matrix to the single crystal orientation occurred before any
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coarsening of the matrix from the TiO; took place since the converted matrix reached a

distance greater than what the diffusion affected zone would indicate.

4.3.1 Patterned Single Crystal Growth

Crystal growth was measured on patterned single crystal templates using [100]
and [110] BaTiO; single crystals with the same line pattern shown in Figure 3-1. This
pattern was chosen to study the vertical and lateral growth rates for each template
orientation in order to understand the kinetics involved with oriented crystal growth.
Crystal and ceramic were bonded at 1300°C in PO, of 1x107 atm for 0.5 h. Subsequent
growth runs were conducted at 1300°C in a PO, of 1x10°° atm at various dwell times to
measure the vertical and lateral growth rates, and observe the single crystal morphology.
The combination of optical images in Figure 4-7 shows a patterned [110] single crystal
bonded to the matrix material with the other images showing the amount of growth
before and after an additional 3 h crystal growth run.

After the initial bonding run was accomplished, the single crystal / polycrystalline
sample was cut lengthwise in half down the center of the etched single crystal. This
corresponded to roughly 1.5 mm from the edge of the etched and bonded single crystal.
This cross section surface was polished (in the same manner as outlined earlier) and
thermally etched at 1200°C for 10 min to determine the initial growth achieved off of the
templates from the bonding run. The grown distance became the starting point for all
subsequent growth rate measurements. Also, by starting the analysis near the center of
the etched and bonded single crystal, the subsequent vertical and lateral growth rates
measured would not be influenced by already faceted boundaries of the converted crystal.
After each single crystal growth run, the new converted crystal growth distance was
measured by optical microscopy and SEM. This was accomplished since the boundary
between the starting point, and the subsequent growth runs were observable optically due
to differences in the surface roughness. The starting point (the initial grown crystal from

bonding) would be smooth after the thermal etch process, while the subsequent grown
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crystal would retain the thermally etched surface roughness from the individual grains

prior to being converted.

1000 pm

Single Crystal
(before growth)

Growth (1300 °C
3 hr, 1x10”° atm)

MatriX 500 pm

Figure 4-7: Optical images showing the patterned [110] BaTiO; crystal before and after a 3 h
growth run at 1300°C in a PO, of 1x107 atm.

From the before and after images in Figure 4-7, it is clear that nucleation from the
template was not homogeneous. This can be seen from the uneven growth front on the
image just after the bonding run was completed. The inhomogeneous nucleation could
have an effect on the final distribution of the oriented grown crystal in the matrix. The
shape of the oriented growth from the templates would be different. For example, the
grown converted crystal pattern will not consist of the “line” pattern (or any other
potential patterned crystal shape). This will produce a pattern with only a portion of the
templated sites oriented, with remaining matrix grains in areas where the templates did
not initiate nucleation of the converted crystal. Work should be conducted in the future
to achieve a more laterally homogenous nucleation.

From Figure 4-7, the vertical and lateral growth rates were measured from cut and

polished cross sections after dwell times ranging from 0.5 h to 4 h at 1300°C in a PO, of
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1x107 atm. Figure 4-8 shows the distance of the crystal conversion as a function of time
at 1300°C in a PO, of 1x10” atm. The vertical growth rates were on the order of 10 — 15
pm/h and independent of the crystal orientation. The lateral growth rates, however, were
dependent on the orientation of the single crystal (10 — 15 pm/hr for [100] and 5 — 10
pm/h for [110]). The reported growth rates are significantly slower than reported in
literature. For example, Rehrig et al. showed that the initial growth rate of [100] single
crystal was 590 — 790 um/h, and after the equilibrium morphology is achieved it dropped
to 30 pm/h.* The major differences are that the 10 — 15 pm/h growth rates are observed
for solid state sintering. Previous single crystal growth has been achieved in the presence
of a liquid phase above 1332°C.>**'° The diffusion rates for sintering in a liquid phase
(i.e. 10™ — 10" cm?/s) are significantly faster compared to solid state growth (i.e. 10° —
10™'% cm*/s) at 1200°C. In addition, the single crystal growth was not completed in air, as
previous authors have done, but in a reducing atmosphere. The increase in Ti>*
concentration has been shown to reduce the grain boundary diffusion, thus slowing the
single crystal conversion. Choi et al. showed that the excess Ti-excess doping would
move with the single crystal boundary during liquid phase single crystal growth. The
authors indicate that the growth kinetics of the single crystal would be affected by the
presence of the excess Ti.'" Thus, in the solid state single crystal growth the single
crystal boundary kinetics could be slowed due to the excess amount of Ti** concentration

centered around the growth boundary from the 25 nm TiO, layer.
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Figure 4-8: Distance of the crystal conversion as a function of time for the lateral and vertical
directions with [001] and [110] single crystal templates at 1300°C in a PO, of 1x10~ atm.

Continued growth runs were conducted at 1300°C in a PO, of 1x10~ atm for 25 h,
until the single crystal boundary equilibrium shape was obtained (Figure 4-9). This
sample was cut, polished, and thermally etched at 1200°C for 10 min in PO, of 1x107
atm to show the converted crystal boundary (triangular shape growth). An additional 2 h
dwell at 1300°C in a PO, of 1x10” atm was conducted to measure the change in
boundary growth rate of the faceted planes. Figure 4-11 shows the dark field optical
image of the same sample after the 2 h growth run. The brighter region along the faceted
planes is the additional single crystal growth which occurred at an average rate of 10
um/h. Unfortunately, the sample cracked near the single crystal / grown crystal boundary
during cooling. This was most likely caused by the stress induced with the phase change

at the Curie temperature. The observed needle-like structures (Figure 4-10) in the
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BaTiOs single crystals are believed to be rutile crystallites from the excess TiO,. The
dark areas in Figure 4-10 are due to charging. The dark spot in the polycrystalline matrix

is a defect from when the polycrystalline matrix was fabricated.

~ Grown ‘Cf‘ys_fal

Figure 4-9: Optical image of the equilibrium morphology of the grown crystal from a [100]
BaTiO; single crystal grown at 1300°C, PO, of 1x10” atm for 25 h.

Figure 4-10: SEM image of the needle-like structures in the single crystal from the growth at
1300°C, PO, of 1x10” atm for 25 h run outlined in Figure 4-9.
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Figure 4-11: Optical image of the growth from the equilibrium morphology of the grown
crystal from a [100] BaTiO; single crystal grown at 1300°C, PO, of 1x107 atm for an additional
2 h.

The growth rate of the single crystal boundary is the same (10 — 15 pum/h) after
the equilibrium morphology has been achieved when grown at 1300°C and a PO, of
1x10° atm. This is in contrast to what has been previously observed by Rehrig et al.,
where the growth rate decreased substantially to 30 um/h after the equilibrium
morphology of the grown crystal is achieved.

Electron backscattered diffraction (EBSD) was conducted on the patterned single
crystal growth sample from Figure 4-7 after an additional 25 h growth run at 1300°C in a
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PO, of 1x10” atm. The image shown in Figure 4-12 indicates that the grown crystal
boundary in the matrix is the same orientation as that of the single crystal template. The
multi-coloration (indicative of matrix grains) in the bottom left of the EBSD image shows
the random distribution of the matrix grains. The multiple colors shown in both the
original single crystal and the grown crystal are due to a combination of 1) an artifact due
to surface roughness of the polished sample and 2) the indexing of [110] or [101]
domains from referencing to a tetragonal unit cell. It was found that the software
analysis, when matching diffraction patterns, determined an incorrect orientation at the
higher surface roughness locations based on SEM images (Figure 4-13). There are no

matrix grains located in the grown single crystal.

Matrix

IPE [001]

Figure 4-12: EBSD image showing the orientation of the grown crystal relative to the [100]
template single crystal when heated to 1300°C for 25 h in PO, of 1x10” atm.
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Figure 4-13: SEM image showing the surface roughness of the grown crystal when heated
t01300°C for 25 h in PO, of 1x10” atm.

4.4 Conclusions

A processing technique has been developed to control the spacing, and orientation
for oriented crystal growth in BaTiOj; by solid state conversion. A patterned single
crystal with a 1000 pm line pattern array with a template relief of 1 um was used to
template crystal growth. Although the 1 um template relief was successful, a deeper
relief of at least 5 um would be ideal. This would prevent any unwanted bonding and
growth off of the etched single crystal into the polycrystalline matrix.

Orientation control was obtained with [100] and [110] BaTiO; single crystals.

Conditions for bonding the single crystal templates to the matrix and optimal single
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crystal growth with minimal matrix coarsening were determined to be at 1300°C in a PO,
of 1x10 atmospheres. Various degrees of textured growth were developed and the
grown crystal boundary velocity was measured. The grown crystal boundary growth
rates were determined to be 10 — 15 um/h for the vertical growth rates for both [100] and
[110] orientations, while the lateral growth rates were 10 — 15 um/h and 5 — 10 pm/h for
[100] and [110] orientations respectively. There were no detectable changes in the
growth rates after the equilibrium morphology of the single crystal growth was achieved.
Orientation control of the enhanced growth regions was confirmed with EBSD.

There are a few drawbacks to this technique for inducing orientation grain growth
control into a polycrystalline matrix. The first issue, indicated from Figure 4-7, is
inhomogeneous nucleation at the template surface. This non-uniformity of texture
development can alter the final distribution of oriented grains when the templates are
removed. Also, the maximum ratio of vertical to lateral growth rates was 2:1 using the
approach and conditions studied here. Thus, it would not be possible to produce high
aspect ratio single crystal grains. Furthermore, this process can be scaled down to
smaller template sizes; however, there is a lower limit on template sizes. Since this
process is driven inversely by the starting matrix grain size, template sizes of a few
microns would not be successful. In order to attempt this process using micron to sub-
micron template sizes, a different approach for fabricating the starting matrix material is

needed.
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Chapter 5

Fabrication of a 2-2 Ultrasound Transducer Array by Metal — Mediated Single
Crystal Growth in BaTiO3;

5.1 Background

There are numerous applications for ceramic composites where precise control of
the dimensions and spacings of elements is required. Among these are piezoelectric
transducer arrays, ' thermoelectric module devices,** and photonic bandgap crystals’.

High frequency ultrasound transducer arrays of high aspect ratios are of interest in
medical applications for high resolution imaging. The resolution of transducer arrays
depends on the element thickness and the kerf (spacing) between the elements. It is
difficult to fabricate transducer arrays for frequencies > 30MHz,’ since dicing ceramics
or crystals with diamond saws typically produce kerfs in excess of 30 um (too large to
enable spacing of the elements at half the acoustic wavelength). Spacing the
piezoelectric elements at half of the acoustic wavelength is needed to avoid reduction in
image quality from grating lobes and maintaining the largest beam steering possible. The
grating lobes are related to the wavelength and pitch of the composite by the following
equation:’

sin ¢ =sin 6 + A/p (1)
where ¢ is the angle of the grating lobe, 0 is the angle of the main beam, A is the
wavelength, and p is the pitch (the center to center distance between the adjacent
elements). The pitch is equal to the sum of the width of the ceramic element and the kerf.
Thus with increasing frequency (lower A) the kerf must be reduced in order to avoid
degrading the image quality.” For a transducer array that operates at 50 MHz, acoustic
beam steering and focusing requires ceramic elements less than 10 um wide, 30 um high,
and with a kerf below 5 pm.® The kerf is then back-filled with a polymer to make 2-2 or

1-3 composites. With this set of requirements for the ceramic / polymer composites,
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available processing techniques for fabricating transducers are evaluated and the current
limitations discussed. A review of methods of composite fabrication is given elsewhere.’

Ultrasonic transducers have been fabricated by several methods: a) dice-and-fill
techniques in which bulk ceramics or single crystals are cut into individual elements,
backfilled with a polymer, then lapped and thinned to the desired thickness, b)
approaches in which lithographic patterning is combined with dry etching of bulk
ceramics or single crystals to produce the required ceramic size and kerf and ¢) methods
employing a fugitive or passive phase to prepare 2-2 composite structures by laminating
in alternating layers.

Cannata et al.'® fabricated a 64 element 2-2 composite transducer array by the
dice-and-fill process. For this method, a polycrystalline PZT ceramic was mechanically
cut into the 64 elements with a pitch of 25 um. The sample was backfilled with an epoxy
containing 17 vol% alumina particles. The composite was then lapped to a final
thickness of 50 um. In the center section of the sample, the final kerf was 14 um. The
average center frequency of the fabricated transducer was 34 MHz. Michau et al."!
fabricated a 128 element array 1-3 composite transducer by the dice-and-fill process with
a center frequency of 27.3 MHz. After dicing, backfilling with epoxy, and lapping, the
final thickness of the transducer was 47 um with a pitch of 100 um and a kerf width of 12
pm.

It can be seen from both the Cannata et al. and Michau et al. reports that
fabrication of a kerf less than 5 um by the conventional process of dice-and-fill is
extremely difficult. The major limitations of current dice-and-fill technology are the final
composite pitch and kerf, thus limiting the maximum frequency of the final transducers
(Equation 1).

Lukacs et al." produced a linear 64 element transducer array from a Pb(Zr,Ti)O;
(PZT) bar by laser machining. The 64 element array consisted of a 74 um pitch with a
kerf of 8 um. Each of the elements had a matching layer and was attached to an
aluminum backing layer. The average center frequency of the fabricated transducer was
28.1 MHz. As shown by the authors, the kerf is significantly lower than can be achieved

using a diamond saw for the dice-and-fill technique. However, additional complications
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arise from the need to machine at a lower power to avoid degradation of the ceramic, thus
increasing the machining time.®

Similar to the dice-and-fill technique is the Interdigital phase bonding (IPhB)
method. Yin et al.® used this method to fabricate a 20 — 40 MHz transducer that has a
smaller pitch and kerf than can be obtained via a standard dice-and-fill process. The
IPhB method involves taking two individually diced ceramic sheets and interweaving the
ceramic “teeth”. While holding them in place, the voids are backfilled with epoxy. The
top and bottom sections of the ceramic plates are lapped away, exposing a 2-2 composite
structure where the pitch is on the order of the saw blade thickness. Alternately, if only
one side of the ceramic plates is lapped away, the IPhB process can be repeated to
produce a fine 2-2 composite structure. The final dimensions of the transducer consisted
of 19 um wide ceramic layers, a 24 um pitch, and a kerf of 4 um. Initial reports of this
technique showed that there were difficulties in correctly maintaining the alignment and
spacing of each of the piezoelectric elements.

Jiang, et al."” utilized a combination of photolithography and dry etching to
produce 1-3 composites with single crystal Pb(Mg;/3Nb,/3)O3-PbTiO3 (PMN-PT). The
process involved using a nickel mask electrodeposited on the surface of the polished
PMN-PT single crystal in the pattern of the required size and distribution of the ceramic
pillars. Reactive ion etching the exposed single crystal produced a pillar height of 60 pm.
This was then backfilled with epoxy. The final 1-3 transducer design consisted of pillars
with a high aspect ratio (height to width of four). The top portion of the 1-3 composite
consisted of a 2 um kerf, but the bottom portion of the composite had gaps of 5.2 um,
given the sidewall angle of 87°. Although this is better than the <80° sidewall angles that

have been previously reported,”’ 15

the tapering of the sidewall becomes a problem for
higher aspect ratio transducers for higher frequency composites.'” As shown by Equation
1, with a reduction in wavelength, the pitch of the elements must decrease to avoid
grating lobes. If the thickness of the sample is reduced (to increase frequency) the
ceramic elements must be reduced in size and have a higher aspect ratio to maintain the

half the acoustic wavelength rule to avoid the grating lobes’ influence.’
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Another processing technique to produce 2-2 composite transducers involves
laminating the piezoelectric ceramic with passive or filler layers to form a 2-2

161985, 1985 W as first to describe the lamination

connectivity structure. The patent by Zola
of discrete piezoceramic plates and a passive material to form 2-2 composite structures.
Stevenson et al.'” produced a 2-2 transducer composite via a similar approach using tape
cast PZT ceramics and heat-laminated thermoplastic films. Ritter et al.'® fabricated a 30
MHz 2-2 composite transducer by lapping polycrystalline PZT ceramics to 28 um and
then bonding the ceramic layers with an epoxy loaded with 5.5 um polystyrene spheres.
The overall structure was then lapped to 150 um. The final 48 element array consisted of
a pitch of 33 um, a final kerf of 5 um and an average center frequency of 30.6 MHz.

Hackenberger et al.'” constructed a 2-2 composite transducer using a fugitive
carbon phase to produce the final passive layer thickness. Green PZT ceramic powder
was dispersed in a polymer matrix and tape cast to a thickness ranging from 25 — 50 um.
These layers were then stacked with alternating layers of carbon. The compact was then
heated to remove the organics and the carbon layer. When the carbon layer was
removed, the kerf space was defined. Hackenberger et al. produced two different 2-2
composite structures, one with a 38 pm ceramic thickness and a 7 um kerf and a second
with a 22 um ceramic thickness and a 4.5 pm kerf. The 38 pum ceramic element
transducer produced an average center frequency of 21 MHz.

Button et al. constructed piezoelectric transducers, both ceramic and composite
structured, by viscous polymer processing.”’ The fabrication process entailed creating a
ceramic paste with high molecular weight binders for increased strength during green
state handling. Thin PZT ceramic disks of 50 — 100 um thickness with a diameter around
5 mm have been produced with a center frequency around 50 MHz. 1-3 piezoelectric /
polymer composites have been fabricated with PZT and lithium niobate with element
diameters around 100 um. The thicknesses were 100 um and 77 pum, respectively, which
produced a center frequency around 20 MHz and 50 MHz, respectively.

A summary of the current processing techniques and the resolution limits is given
in Table 5-1. Most of the processing techniques to produce small ceramic layers and a

low kerf, such as tape casting are limited to producing polycrystalline ceramic layers,
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rather than single crystal transducers. The dice-and-fill and reactive ion etching
techniques have been applied to bulk single crystals to form the transducers but the
smaller scale of kerf is limited. As stated earlier, the transducers produced by mechanical
dicing are limited as a result of the inability to produce a kerf less than 12 um. The
uniformity of etching during the patterning and ion etching process is limited as a result

of the inability to produce a constant kerf from the top to the bottom of the ceramic

pillars.

Table 5-1: Processing techniques and current resolution limits for composite transducers.
Method [ref] Pitch (um) | Ceramic Width (um) | Kerf width (um)
IPhB° 25 15 4
Tape Lamination'® 33 28 5
Laser Cutting”' 33 25 8
VPP” 120 100 20
Dice and Fill" 25 11 14

5.2 Introduction

From Chapter 4, the conditions for single crystal growth in a patterned array with
limited matrix coarsening were developed. By firing at 1300°C in 1x10~ atm PO,, the
crystal boundary was shown to produce a 2:1 height to width aspect ratio crystal in the
BaTiO; matrix. Extensive lateral growth resulted in crystal merging during long growth
runs thus losing control over the crystal pattern. To limit lateral growth and produce
single crystal structures with a higher aspect ratio, a new approach has been developed to
mediate lateral single crystal growth in the matrix.

Below, a novel processing method is reported to produce 2-2 single crystal (or
polycrystalline ceramic) / polymer composite for transducer applications. The process
involves using metal layers to mediate single crystal growth into a 2-2 composite with a

designed crystallographic orientation. The metal layers are then removed (for example,
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using an acid etch) and the final 2-2 composite structure has single crystal (or
polycrystalline ceramic) layer widths ranging from 3 pm to 70 um. After backfilling

with epoxy, a kerf ranging from 1.5 um to 5 um was produced.

5.3 Experimental Procedure

5.3.1 Matrix Fabrication

Ba(Zr5Ti.05)O3 powders were prepared by ball milling a mixture of 93.2 wt%
BaTiOs, 2.6 wt% ZrO, (Sigma Aldrich), and 4.2 wt% BaCO; (Sigma Aldrich) in ethanol
for 24 h. The powder was dried overnight in a glass dish and calcined in a platinum
crucible at 1100°C for 4 h in air with heating and cooling rates of 5°C/min. The calcined

powder was ground and sieved through a 90 pum mesh and phase purity was checked by

XRD (Figure 5-1).
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Figure 5-1: XRD scan of the Ba(Zr s Ti95)O; powder calcined at 1100°C for 4 h in air.
Indexed using an orthorhombic cell. (JCPDS Card # 00-056-1034).
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For the ceramic layers in the 2-2 composites, polycrystalline BaTiOs or
Ba(Zr5Ti9.95)O3 samples were prepared by the non-aqueous tape casting approach
described in Chapter 3.

The screen printing process for making the metal layers is the same as that used
commercially for fabricating BaTiO3 based multilayer ceramic capacitors (MLCC) and is
illustrated in Figure 5-2. The cut green tapes were screen printed (MSP645, Affiliated
Manufacturers Inc., North Branch, NJ) with a nickel based ink (Keck Smart Materials
Integration Lab., Penn State University) to produce 2 mm x 4 mm rectangles on each
green tape layer (the black rectangles in Figure 5-2). The ink consisted of nickel powder
of 0.3 um diameter with ethyl cellulose in a terpineol solution. The nickel ink was screen
printed and dried for 3 min at 65°C. The dried thickness of the nickel ink was 7 um. The
screen printed tapes were then stacked and isostatically laminated at 75°C for 1 h with 20

MPa. The compact was then diced to separate the 25 individual pattern stacks.
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Figure 5-2: Schematic of the screen printing and composite fabrication process.
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The organic removal and sintering were completed in a controlled atmosphere
furnace to avoid the oxidation of the nickel. The organics were removed by heating the
sample at 650°C for 70 h in a PO, of 1x10™"” atm. The samples were then isostatically
pressed at 200 MPa and sintered at 1300°C for 1.25 h with a PO, of 1x10™" atm using a
combination of 100 sccm wet N,, 387 sccm dry N, and 12 sccm H,. The wet N, was

bubbled through deionized water to achieve the required oxygen level.

5.3.2 Single Crystal / Polymer Composite Fabrication

The BaTiOs single crystals used for bonding were cut along either the <001> or
the <110> orientations. The surfaces were polished with progressively finer grit sizes to
a final 0.25 um diamond suspension. A 0.25M TiO; sol gel layer was spin coated on the
surface of the BaTiOs single crystals at 4000 rpm for 30 s. This layer was then heated in
a furnace to 350°C to remove the solvents and obtain a 25 nm thick amorphous TiO,
layer.

After sintering, the multilayer was polished until the nickel inner layers were
exposed on three sides of the composite, followed by polishing with a 0.25 pm diamond
suspension. The BaTiOs — Ni 2-2 composite was bonded to the BaTiO; single crystal by
contacting the polished surface of the BaTiO; single crystal and loading with 50 g to
maintain contact. This ensemble was then placed in the furnace and heated to 1250°C at
a PO, of 1x10™"" atm for times up to 70 h to induce single crystal conversion through the
BaTiOs layers (shown schematically in Figure 5-3).

In addition to the above samples, commercially available MLCCs (Kemet,
Greenville, SC) were used. The nickel inner layers were exposed on one side
(perpendicular to the metal layers) of the MLCCs by grinding and polishing with a
diamond grit size of 0.25 um. The MLCCs were then bonded to the BaTiOs single
crystals using the same method outlined above. The ensemble was heated for times up to

40 h.
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Figure 5-3: Schematic of single crystal conversion into BaTiO; / nickel 2-2 composite.

The ceramic / epoxy composites were fabricated by etching away the nickel metal
layer in a 10:1 diluted HNOj; solution. HNO;3 was chosen based on the results of Kim et
al.,22 who studied the dissolution of nickel from MLCC BaTiOs capacitors as a function
of different acid solutions, temperature, concentration, and nickel layer thickness. They
showed the highest Ni etch rates for HNO5 at 90°C with constant agitation. The
activation energy of the nickel leaching was determined to be 37.6 kJ/mol and the main
rate-determining factor was the nickel layer thickness and the path depth of the nickel
through the BaTiOs layers. However, no analysis was done on the etching effects on
BaTiO;.”

The etching process was modified by first polishing the samples to expose the
metal on 3 of the 4 sides for adequate exposure and removal of the nickel. The samples
were then placed in the nitric acid solution and constantly agitated for 5 minutes, and then
cleaned using deionized water. This process was repeated for up to 4 h depending on the
total width of the ceramic / nickel composites. Leaving the composites to etch longer
than the 5 minute intervals would cause excessive etching of the BaTiO; layers, as shown
in Figure 5-4a. Figure 5-4b is an optical cross section of a backfilled ceramic / epoxy

composite sample after etching for 4 h without the intermittent deionized water washing
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procedure. The surface pitting is due to polishing, and not from the etching procedure.
As the local concentration of nickel in the HNOj3 solution (between the BaTiO; layers)
increased, the nickel etching rate would decrease. In response, longer exposures to the
etching solution were required to enable complete Ni removal. By periodically
interrupting the etching to completely rinse the parts, the nickel etch rate could be
increased by avoiding locally high Ni concentrations in the solution. As a result, the
intermittent washing step significantly limited the etching of the BaTiOs (since shorter
total acid exposure times were enabled), and the nickel was completely removed in

between the BaTiO; layers.

Figure 5-4:  Optical micrographs of the cross section of the etched and backfilled ceramic /
epoxy composites etched using HNOj; for a) a continuous 4 h etch and b) removal and washing
after 5 minute etch intervals.

Another issue associated with the etching of the nickel is the barium leaching
from the surface of the BaTiO3; compacts. Anderson et al. showed that there is significant
barium leaching from the surface of BaTiOs in water, particularly at low pH.* Thus, it is
likely that the BaTiO; surface chemistry is significantly altered by the repeated etching
process. The surface Ba/Ti ratio will be different, and point defects, such as barium and
the compensating oxygen vacancies could be present. Erhart and Karsten modeled the
electrical conductivity of BaTiO; as a function of defect concentration. They showed that
with an increase in both barium and oxygen vacancies, the electrical conductivity
increases.”* During the HNOj acid etching procedure, any additional point defects

induced at the interface could produce conduction pathways through the final ceramic /
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epoxy composites, thus affecting the ability to pole the sample, and hence the final
dielectric and piezoelectric properties.

Polotai et al. also showed that when co-firing BaTiO3 with nickel in heavily
reducing atmospheres, an inter-metallic alloy is formed. This phase develops when the
the barium in BaTiOj; is reduced to metallic Ba, and thus forms an intermediate
(Ba,Ti,Ni) metal alloy.”> Again, this could lead to a change in the BaTiOs surface
chemistry. It is recommended that in future work, an alternative Ni removal scheme

should be developed to minimize these problems.

5.3.3 Dielectric and Piezoelectric Property Measurements

The samples’ top and bottom surfaces were polished using progressively finer grit
sizes with a final polish with 0.25 pm diamond suspension. 100 nm of gold was
sputtered (Bal-Tec SCD 050 Sputter Coater) for 90 s onto the polished surfaces. The
edges were ground with 1800 grit SiC paper to prevent any shorting between the top and
bottom electrodes (Figure 5-5).

Ceramic—b»

—Epoxy

Figure 5-5: Schematic showing the ceramic and epoxy layers of the composite with respect to
the gold electrodes (colored black).

A multifrequency meter (HP 4284A LCR meter) was used in conjunction with a

computer controlled temperature chamber (Model MK 9023, Delta Design Inc., Poway,
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CA) to measure the relative permittivity and loss from 100 Hz to 1 MHz from 25°C to
140°C.

The samples were poled at 75°C at 2.5 times the coercive field for 20 min and
field cooled to room temperature. The high field measurements (1 — 50 kV/cm) on the
samples include the polarization vs. field, unipolar strain vs. electric field, and bipolar
strain vs. electric field. These were obtained using a computer controlled modified
Sawyer — Tower system and a linear variable displacement transducer (LVDT) sensor
driven by a lock in amplifier (Model SR830, Stanford Research Systems, Sunnyvale,
CA). The voltage was supplied by a Trek 609C-6 high voltage DC amplifier. The
polarization hysteresis and bipolar strain measurements were conducted on un-poled
samples. The value of the ds; coefficients were estimated from the slope of the unipolar
strain vs. electric field curves. The ds; and electromechanical coupling were measured by

using the IEEE resonance technique (ANSI/IEEE Std. 176-1978).

5.4 Results and Discussion

The final microstructure of the BaTiOs/nickel starting matrix material is shown in
Figure 5-6. The dielectric layers consist of an average grain size of 3 um for both the
BaTiOs and Ba(Zry 95 Ti0.95)O3 composites with 98% and 96% theoretical density,
respectively. The ceramic layers are roughly 70 pum thick with the nickel on average 4
pum thick. The screen printed nickel layers are continuous and consist of a single grain

across the entire thickness.
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Figure 5-6: SEM image showing the nickel layer (middle) separating the polycrystalline
BaTiO; ceramic layers fired to 1300°C in a 1x10™" atm PO, for 1.25 h.

Initially, polycrystalline/polymer transducer composites were fabricated from
both commercially available MLCCs (Kemet series A capacitor) and the previously
described tape-casting/electroding route described above to test the validity of the etching
and backfilling process. The commercial MLCC used in this study is shown in Figure 5-
7. Figure 5-7a illustrates the polished and etched composite with the nickel layers
present and Figure 5-7b shows the backfilled transducer composite after the nickel was
removed by HNOjs etching. The final transducer composite consists of an average
ceramic thickness of 4 um and an average kerf of 1.5 pm. Thus, the process of
fabricating polycrystalline/polymer transducers by this method can be achieved on a finer
scale than is possible using available commercial processes used to make composite
piezoelectric transducers (Table 5-1). The technological approach is also economically

scalable to production quantities.



104

Figure 5-7: SEM images showing a) polished and etched composite with the nickel layers and
b) a composite sample after removing the nickel layers and backfilling with epoxy.

Figure 5-8 shows the vertical growth distance from a bonded [001] BaTiO; single
crystal as a function of PO, levels for both Ba(Zr( ¢sTi095)O3 and the BaTiO3 samples
(from Figure 4-5) fired to 1300°C for a 2 h dwell. When the samples are fired in air, the
BaTiO; growth rate was ~100 um/h, while the Ba(Zr 9sTi.95)O3 single crystal growth
rate was slower at ~70 um/h. The growth rate is faster than what has been previously
reported,26 where an average growth rate of 28 um/h was achieved after a 30 h dwell at
1350°C. The main reason for the difference in growth rate could be the large amount of
porosity in the ceramic in Rehrig’s work. In Figure 5-8, it is seen that at lower oxygen
levels the growth rates for both materials are similar; the growth rate drops to zero for
PO, below 1x10"* atm. The drop in growth is probably related to the observation by
Kang et al.”’ that there is no abnormal grain growth below this PO, level. In this work, a
PO, of 1x10™"" atm was chosen for subsequent growth studies in order to prevent the

oxidation of the nickel inner layers while enabling finite growth rates.
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Figure 5-8: Graph of grain boundary velocity using a [001] BaTiOj; single crystal as a function
of atmosphere for BaTiO; and Ba(Zr, ¢5Tig.95)O; samples fired at 1300°C for 2 h.

Commercial MLCC’s were first used to test the idea of mediating lateral growth
during solid state crystal conversion. Figure 5-9 shows the extent of growth of a <001>
single crystal boundary in a commercial MLCC (Kemet series M capacitor). The sample
was heated to 1300°C in PO, of 1x10™'" atm for up to 40 h. The maximum single crystal
growth was 30 um (Figure 5-10). This limit was due to a combination of the coarsening
of the remaining matrix grains (~20 um) and the grain growth - inhibiting dopants used in
the commercial MLCC. However, this sample illustrates that the single crystal boundary
can be regulated by the nickel layers, and thus discrete single crystal elements could be

fabricated. It also demonstrates the very fine kerfs that can be achieved.
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Figure 5-9: Optical image of the growth of a [001] single crystal boundary through the
commercial MLCC at 1300°C in PO, of 1x10™'" atm for 40 h. The dotted line indicates the
original boundary between the single crystal and the capacitor.
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Figure 5-10: SEM image of the grown crystal with the lateral growth mediated by the nickel
layers in the MLCC at 1300°C in PO, of 1x107" atm for 40 h. The dotted line indicates the
original boundary between the single crystal and the MLCC.

To obtain greater single crystal boundary growth distances, BaTiO; / nickel
composites were fabricated without any grain growth - inhibiting dopants. Figure 5-11
shows an optical image of a [001] BaTiOs single crystal bonded to the 2-2 composite and
grown at 1300°C in PO, of 1x10™"" atm for 80 h. The grown crystal is ~ 400 um high and
roughly 1 mm deep (i.e. into the plane of the picture). As shown in Figure 5-11, the
nickel layers are still present but have not limited the lateral growth of the converted
single crystal layers, thus the equilibrium single crystal boundary appears not to be

regulated by the nickel layers.
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Figure 5-11: Optical image of a [001] BaTiO; single crystal bonded to the 2-2 composite
matrix at 1300°C in PO, of 1x10™"" atm for up to 80 h.

Figure 5-12a shows an optical micrograph of the polished BaTiO3; sample after 70
h dwell at 1300°C in 1x10"" atm PO,. The nickel layers show a large amount of
discontinuity, which is the primary reason the equilibrium single crystal morphology was
not limited within the nickel layers since the continuity of the nickel layers is important
to mediating the lateral single crystal growth. The metal continuity was previously
studied for BaTiO; / nickel multilayers and is in good agreement with the results for
heating at high temperatures for a prolonged time.”> The continuity of the nickel layer
was studied as a function of temperature and time. It was learned that the nickel becomes
discontinuous between 60 and 70 h at 1300°C (Figure 5-12a), while the nickel remained
continuous at 1250°C and 1200°C more than 100 h (Figure 5-12b); all runs were
completed in a PO, of 1x10™"" atm. However, no bonding and thus single crystal growth
was achieved for samples heated at 1200°C in a PO, of 1x10"" atm. Thus, for subsequent
single crystal growth studies, 1250°C was chosen to ensure bonding and continuity of the
nickel mediating layers. The single crystal growth rates were then re-measured for the
1250°C and 1x10™"" atm PO, for each crystal orientation and are given in Table 5-2. The

growth rate at 13000C is given in parentheses as a reference.
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BaTiO3 1250°C

AR T

Figure 5-12: a) Optical micrograph of a BaTiO; sample fired at 1300°C for 70 hina 1x10™"
atm PO, showing the nickel discontinuity along the metal layer, and b) Optical micrograph of a
BaTiO; sample heated at 1250°C for 100 h in a 1x10™"" atm PO, showing nickel continuity.
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Table 5-2: Single crystal growth rates at 1250°C and 1300°C (in parenthesis) at a PO, of
1x10™"" atm for BaTiO; and Ba(Zr¢5sTig95)O3 samples bonded to [001] and [110] BaTiOs
single crystals.

Material [001] (um/h) | [110] (um/h)
BaTiOs 3.5 (4.5) 3(5)
Ba(Zr0.05Ti0.95)03 4 (5) 3.5 (45)

Figure 5-13 shows a BaTiOs composite sample bonded to a [001] BaTiOs single
crystal fired at 1250°C for 30 hin a 1x10"'" atm PO,. The circled region in the image
shows the single crystal growth into the 2-2 composite. The equilibrium morphology of
the pyramidal shape has been achieved, and has been limited by the nickel layers.

Figure 5-14 shows the same sample held for an additional 15 h at 1250°C ina 1x10™"" atm
PO,. With the additional growth, the single crystal morphology is the same, and the
growth rate was calculated to be between 3 — 4 pum/h. There is no change in the single
crystal boundary growth rate after the equilibrium morphology has been achieved even
when the grown crystal is limited by the nickel layers. The constant growth rate is
similar to observations reported in the previous chapter for the patterned single crystals

(Figure 4-10).
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Figure 5-13: A BaTiO; composite sample bonded to a [001] BaTiOs single crystal fired at
1250°C for 30 hin a 1x10™"" atm PO,.

BaTiOs; Matrix Grown Crystal

Nickel

Figure 5-14: A BaTiO; composite sample bonded to a [001] BaTiOj; single crystal fired at
1250°C for a total of 45 hin a 1x10™"" atm PO.
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Figure 5-15 shows an optical micrograph of a Ba(Zrg ¢sTi995)O3 / nickel
composite that has been heated to 1250°C for 100 h in a PO, of 1x10™"" atm. The single
crystal has grown ~ 350 um from a [001] BaTiOs single crystal. This corresponds to a
8:1 height to width ratio, which is significantly improved over the patterned solid state
crystal growth outlined in Chapter 4. Figure 5-16 shows the final single crystal / epoxy

composite after backfilling the same sample shown in Figure 5-15.

Remaining matrix

Figure 5-15: An optical micrograph of a Ba(Zrg ¢sTig9s)Os / nickel composite that has been
heated to 1250°C for 100 h in a PO, of 1x10™"" atm.
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Figure 5-16: An optical micrograph of a Ba(Zry ¢5Tig9s)Os / epoxy composite, with an inset
SEM image showing the single crystal / epoxy boundary.

The ceramic / epoxy composites were fabricated by etching away the nickel layer
by a 10:1 diluted HNOj; solution. HNO3; was chosen based on the results of Kim et al.
who studied the leaching rate of nickel in MLCC BaTiOs capacitors as a function of
different acid solutions on the leaching temperature, concentration, nickel layer thickness,
etc. They showed that the highest etch rates for HNOj; at 90°C with constant agitation.
The activation energy of the nickel leaching was determined to be 37.6 kJ/mol and the
main rate determining factor was the nickel layer thickness and the path depth of the
nickel through the BaTiO; layers.22

The etching process was modified by first polishing the samples to expose the
nickel on 3 of the 4 sides for adequate exposure and removal of the nickel. The samples
were then placed in the nitric acid solution and were constantly agitated (by mixing) for 5
minutes, then removed and cleaned using deionized water. This process was then
repeated for up to 4 h depending on the total width of the ceramic / nickel composites.

Leaving the composites to etch longer than the 5 minute interval would cause excessive
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etching of the BaTiO; layers, as shown in Figure 5-17a. Figure 5-17b is an optical cross
section of a backfilled ceramic / epoxy composite sample after etching for 4 h without the
intermittent deionized washing procedure. There is significant etching of the BaTiO;
layers as indicated by the arrows and is a result of the nickel not being successfully
removed between the BaTiOs layers. The intermittent washing step significantly limited

the etching of the BaTiO;.

Figure 5-17: Optical micrographs of the cross section of the etched and backfilled ceramic /
epoxy composites etched using HNO; for a) a continuous 4 h etch and b) removal and washing
after 5 minute etch intervals.

Another issue associated with the etching of the nickel is the barium leaching
from the surface of the BaTiO; compacts. Anderson et al. showed that there is significant
barium leaching from the surface of BaTiO3; when placed in acid solutions.”> Even with
the intermittent washing steps, the interface chemistry of BaTiOs could still be
significantly altered after the repeated etching process. The surface the Ba/Ti ratio will
be different, as well as point defects, such as barium and the compensating oxygen
vacancies could be present. Erhart and Karsten modeled the electrical conductivity of
BaTiOs as a function of defect concentration. They showed that with an increase in both
barium and oxygen vacancies the electrical conductivity increases.”* During the HNO;
acid etching procedure, any additional point defects induced at the interface could
produce conduction pathways through the final ceramic / epoxy composites, thus

affecting the final dielectric and piezoelectric properties.
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Polotai et al. also showed that when co-firing BaTiO3; with nickel in heavy
reducing atmospheres, an inter-metallic alloy is formed. This phase consists of reducing
the barium in BaTiO; to metallic Ba, and thus forming an intermediate (Ba,T1,Ni) metal
alloy.” This alloy could potentially be less reactive in HNO3, and is not fully removed
during the etching process. This could also cause an effect on the final properties of the

ceramic / epoxy composite.

5.4.1 Dielectric and Piezoelectric Results

The dielectric permittivity and loss were measured from 100 Hz to 100 kHz from
25°C to 140°C for both BaTiO3 and Ba(Zr,¢sTio95)O3 ceramic and polycrystalline / epoxy
composite samples. The Curie temperatures were ~128°C and ~114°C for the BaTiOs
and Ba(Zr 05 T10.95)O3 ceramic and epoxy composites, respectively. Jaffe et al.?® showed
a shift of ~ 20°C for the 5 mol% zirconia doped BaTiOs, which is close to the observed
shift (~15°C). The slight difference could be caused by an inhomogeneous distribution of
the zirconia in the final polycrystalline sample. Figures 5-18 and 5-19 show the dielectric
permittivity and loss as a function of temperature for the BaTiO; ceramic and epoxy

composite, and for the Ba(Zr 5Ti9.95)O3 ceramic and epoxy composite, respectively.
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Figure 5-18: Dielectric permittivity and loss tangents as a function of temperature for BaTiO;
ceramic and epoxy composites from 100 Hz to 100 kHz.
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It was found that the BaTiO3 ceramic and BaTiOj; / epoxy composite samples
show the same general trend, only the magnitude of the dielectric permittivity changed.
There is a sharp peak at the Curie temperature where the relative permittivity increases to
4,900 and 2,600, respectively. The loss values for the BaTiO; and Ba(Zr ¢5Ti.95)O3
ceramic and epoxy composites were all under 5% at room temperature for 1 kHz. Above
the Curie temperature, the dielectric loss decreased as domain walls are eliminated.” >

The Ba(Zr,05T19.95)O3 ceramic and Ba(Zr.0sT19.95)O3 / epoxy composites show a
diffuse peak at the transition temperature, along with more dielectric dispersion, which
could be caused by inhomogeneous distribution of the zirconia in the calcined powder.
The dielectric peak permittivity decreases from 6,800 for the Ba(Zr 95 Tig95)O3 ceramic to
4,400 for the Ba(Zr.05Ti9.95)O3 / epoxy composite. The loss for the sample set is roughly
4-6 % except for the 100 Hz data. The values for the 100 Hz rose due to conduction at
low frequencies. Table 5-3 lists the dielectric permittivity and loss at 25°C and at the T,
at 1 kHz. It is notable that the low frequency loss of the composites is somewhat higher
than that of the ceramic at elevated temperatures. This would be consistent with the
either incomplete reoxidation of the composite samples or with the development of local

nonstoichiometric regions associated with leaching during the etching step.

Table 5-3: Dielectric permittivity and loss at 1 kHz for BaTiOs and Ba(Zry ¢5Tig95)O; ceramic
and epoxy composites.

25°C Perm. 25°C Loss T.Perm. T, Loss

BaTiO; Ceramic 3,100 0.05 4,900 0.03
BaTiO; Composite 1,900 0.028 2,600 0.02
Ba(Zr0,05Ti0,95)O3 Ceramic 3,200 0.045 6,800 0.045
Ba(Zr.05sTip.95)O3 Composite 2,800 0.05 4,400 0.023

The parallel mixing rule was employed to estimate the change in dielectric
permittivity that would be expected as a function of the amount of epoxy in the 2-2
polycrystalline ceramic / epoxy composites. The dielectric permittivity of the Epotek
epoxy is ~ 4. Using the room temperature and Curie temperature dielectric permittivity
values for the polycrystalline ceramic in Table 5-3, the composite dielectric permittivity

was calculated using Equation 5-1.%°
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where ¢ * is the dielectric permittivity of the composite, V is the volume fraction of the
ceramic or epoxy, and ¢ is the dielectric permittivity of the ceramic or epoxy. The
calculated and measured dielectric permittivity for the BaTiO3 and the Ba(Zrg 95 Ti9.95)O3 /
epoxy composites at room temperature and at the Curie temperature are listed in Table 5-
4. There is only 8 vol% epoxy in the composite structures, which would agree well with
an ~8% drop in the dielectric permittivity. The measured values are well below the
calculated dielectric permittivity of the composites. There are several possibilities for the
significant drop in effective permittivity; 1) excess amount of epoxy in the composites, in
particular if any appears between the ceramic layers and the electrodes, which would
introduce a series component for the low permittivity phase, 2) the electrodes were not
perpendicular to the 2-2 composite layers, which would also lead to the parallel mixing
rule being an inadequate description, 3) changes in the surface chemistry during etching
of the nickel as previously described, or 4) the presence of local electric fields leading to

a finite clamping of the dielectric response.

Table 5-4: Calculated and measured dielectric permittivity at room temperature and at the
Curie temperature at 1 kHz for BaTiO; and Ba(Zr0sTio95)O3 epoxy composites.

25°C Calculated 25°C Measured T, Calculated T, Measured

BaTiO; Composite 2,852 1,900 4,508 2,600
Ba(ZrO,OSTi0A95)03 COI’npOSlte 2,944 2,800 6,256 4,400

The polarization vs. electric field hysteresis loop was measured at 10 Hz on a
BaTiO; ceramic sample to determine the coercive field (E.) for poling. Figure 5-20
shows the hysteresis of the BaTiO; ceramic. The measured E, was ~ 3 kV/cm, which
correlates well with previous studies.”® The data shows a small contribution from loss,
since the polarization vs. field does not come to a point at high fields but remains
rounded. This could well be due to the influence of the incomplete reoxidation of the
ceramic, so that there is a residual concentration of oxygen vacancies (with the associated

trapped electrons). These oxygen vacancies would be introduced during the low pO;
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sintering. In future work, it is recommended that the reoxidation conditions for these
ceramics be optimized. As is typical for BaTiOs ceramics, the remanent polarization is

considerably smaller than the maximum polarization.”'
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Figure 5-20: Polarization vs. electric field for a BaTiO; ceramic measured at 10 Hz.

Measurements were made of the bipolar and unipolar strain vs. field for the
sample and electrode geometry in Figure 5-21. The electric field for poling was applied
along the 3-axis, and the strain response was measured along the same axis (d33

measurements).

Figure 5-21: Schematic showing the configurations of the composite geometry used for the ds;

strain vs. field and the d;; resonance measurements. The black regions represent the electrode
area.
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Figures 5-22 and 5-23 show the bipolar and unipolar strain vs. electric field
behavior of the BaTiO; ceramic and BaTiOs / epoxy composite samples at 1 Hz,
respectively. The ceramic sample showed a maximum strain of ~ 0.12 % at a field of 23
kV/ecm. The BaTiOs / epoxy sample showed a strain of ~0.10 % at the same field
strength. The ds; was estimated from the slope of the <10 kV/cm region of the unipolar
strain vs. field measurement on decreasing field (Figure 5-23). The d3; of the BaTiO3
ceramic and BaTiOs / epoxy composite were 70 pC/N and 65 pC/N, respectively.
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Figure 5-22: Bipolar strain vs. electric field for a BaTiO; ceramic and composite samples
measured at 1 Hz.
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Figure 5-23: Unipolar strain vs. electric field for a BaTiO; ceramic and composite samples
measured at 1 Hz.

Figures 5-24 and 5-25 show the bipolar and unipolar strain vs. electric field
behavior of the Ba(Zr ¢sTi0.95)O3 ceramic and Ba(Zrg ¢sTig.95)O3 / epoxy composite
samples at 1 Hz, respectively. The ceramic sample showed a maximum strain of ~0.11 %
at a field of 20 kV/cm. The Ba(Zr(5Ti9.95)O3 / epoxy sample showed a strain of ~0.08 %
at 15 kV/em. The dj3 was estimated by the same method described above and the d3; of
the Ba(Zr.0sTig.95)O3 ceramic and Ba(Zrg ¢sTi9.95)O3 / epoxy composite were 68 pC/N and
61 pC/N, respectively.

Rehrig et al. measured the ds3 coefficient of BaTiOs and Ba(Zry 0sTig95)O3 TGG
single crystals and reported values near 140 pC/N and 350 pC/N, respectively.”® The
samples were measured along the pseudocubic [001] direction from the high field (>20
kV/cm) unipolar strain vs. field measurements. The BaTiO; ds3 of 140 pC/N is in good
agreement with Jaffe et al.® In this study, both the polycrystalline ceramic and ceramic /
epoxy composites showed a lower ds; (roughly half the value). It is believed that one
reason for the smaller piezoelectric constants in this work is grain size. Demartin and

Damjanovic illustrated the effect of the grain size on piezoelectric coefficients of
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polycrystalline BaTiOs3 ceramics. For coarse grained samples (~26 um) the ds;3 was 120
pC/N.** Their fine grained BaTiO; samples (~0.6 um) showed a ds3 of 60 pC/N.*> The
fine grained sample is in agreement with the results reported here, since the average grain
size of the ceramics and ceramic / epoxy composites were ~ 3 um. Thus it is possible
that the ds; values should range between the 60 pC/N and the 120 pC/N reported by
Demartin and Damjanovic.*®> These results are very encouraging, as they suggest that it is
possible to make composite samples using tape cast piezoelectrics cofired with
metallization without significantly degrading the piezoelectric response during
subsequent processing. The results might be expected to be even better with a Pb-based

piezoelectric, since they tend to be less susceptible to leaching than BaTiOs.
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Figure 5-24: Bipolar strain vs. electric field for a Ba(Zry ¢sTig9s)O3 ceramic and composite
samples measured at 1 Hz.
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Figure 5-25: Unipolar strain vs. electric field for a Ba(Zrg0sTip5)O3 ceramic and composite
samples measured at 1 Hz.

The transverse electromechanical coupling coefficients for the BaTiO3 and
Ba(Zr5Ti9.95)O3 ceramic and epoxy composites are listed in Table 5-5. The sample and
electrode geometry is shown schematically in Figure 5-21. The poling field was applied
along the 3-axis. The field for the resonance measurement was applied along the same
axis, and the length extension resonance mode was measured. This was confirmed
through the frequency constant of BaTiOs (roughly 2200 Hz.m)> and the measured
sample dimensions. Also, the resonance measurement was conducted on samples
immediately after poling, without any aging and without a DC bias. After aging for 24 h,
no resonance was observed for the electromechanical coupling measurements, suggesting
considerable local internal fields in the ceramic that lead to depoling. The dj; values
obtained here are roughly half the value of the ds3 values reported above. In general, the
ds; coefficients of the epoxy composites were comparable to the ceramics of the same
composition, taking into account the error associated with the measurement. The
clamped dielectric constant was estimated from the capacitance measured at 5 MHz and

at room temperature for each sample.
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It should be noted that the ds; value measured here corresponds to the direction
where the piezoelectric phase is continuous (since the length, rather than the width
extensional mode was employed). Of the two transverse directions (parallel and
perpendicular to the layers of the 2 -2 composite, this direction should provide the larger
piezoelectric response. The d3; values are in good agreement with the ds; of -34.5 pC/N

reported by Jaffe et al.*® on BaTiOj; single crystals.

Table 5-5: Transverse electromechanical coefficients of BaTiO; and Ba(Zr 5Tig.95)O3 ceramic
and composite samples.

Property BT Ceramic BZT Ceramic BT Epoxy Composite BZT Epoxy Composite
ks 0.12+0.02  0.16+0.02 0.11+0.02 0.11+0.02

s (102 mYN) 1634022 10.5+0.2 11.8+0.2 74+0.2

sf (102 mYN)  16.7+02 10.8+0.2 121402 7.6+0.2

d3; (pC/N) 38 +2 36+2 36 +2 3542

The ds; and dj; equations derived for the parallel model are given in Equation 5-2

and 5-3 below, where V' is the volume fraction, d,; * and d,, * are the calculated

. . . . . . 30
composite piezoelectric coefficients, and s is the compliance.

(V Ceramic d 3C;eramic s f}p(vfy + V Epoxy d 3b;p0xy s 3C;eramic )

d33 "= Ce 1 Epoxy E| C i 5-2
eramic poxy eramic
V Sy +V S 3
d31 * _ V Ceramic dﬁeramic + V Epoxy d3E]poxy 5_3

The epoxy has a d33 and ds; of zero, and an s33 of ~ 150 pm2/N . Using
compliance values of 15 pmz/N 28 and 20 pmz/N 26 for the BaTiO; and Ba(Zr.05Ti9.95)03,
respectively, the change in dj3 and d3; of the composite can be approximated. Table 5-6
shows the calculated ds3 and ds; coefficients compared to the measured coefficients for
the two ceramic / epoxy composites. The ds; values are slightly higher for the calculated

results, but this is probably a consequence approximating the s33 coefficient from single
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crystal data. The d3; measured values are in good agreement within the amount of error

associated with the calculations.

Table 5-6: Measured and calculated ds; and dj; coefficients assuming the parallel model for the
BaTiO; and Ba(Zrg5Ti95)O3 / epoxy composites.

dss Measured  ds; Calculated  ds; Measured — ds; Calculated

(PC/N) (PCIN) (pC/N) (PCIN)
BaTiO; 65 12 68 +2 -36 12 -3542
Ba(ZrO,OSTi0A95)03 61 iZ 66 j2 -35 i2 -33 i2

Cao et al. showed that due to the periodic array of the 2-2 ceramic / epoxy
configuration, the ds; coefficient should decrease with increasing volume fraction of
epoxy.** The calculated change in the ds; based on Cao et al.’s work, for an 8 vol%
epoxy composite would be roughly 5%. This would correspond to ~ 2 — 3 pC/N change
in the epoxy composite samples produced in this study. Therefore, the ceramic / epoxy
composites fabricated in this study was within the range the parallel model predicted for
the ds3 values.**

Comparing the results from the piezoelectric coefficient measurements to the
dielectric data, a few of the potential problems originally proposed for the loss in
dielectric constant can be eliminated. Since the d33 values of the composite are similar to
the polycrystalline ceramics, the proposed excess epoxy near the electrodes is not likely
to be the main cause in the dielectric permittivity drop, as this should have decreased the
piezoelectric response. Thus, it would seem that a more significant cause for the
dielectric permittivity change is surface damage of the piezoelectric phase from the
etching procedure. Also defect dipoles present in the composite samples could cause the
internal fields formed to lower the dielectric permittivity response compared to the
polycrystalline ceramic samples.

Properties of the single crystal / epoxy composites could not be measured due to
the high loss. This could be from insufficient re-oxidization of the leached composite or
the removal of the nickel layers prior to backfilling with the epoxy. It would be

important in the future to re-measure the dielectric and piezoelectric properties on
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samples which were optimally re-oxidized. This might allow property degradation from
oxygen vacancy content from property degradation due to surface defects associated with

the composite fabrication process to be unambiguously separated.

5.5 Conclusions

A new process has been developed to mediate lateral single crystal growth with
nickel layers. The growth rates for single crystal conversion were 3 — 4 um/h and were
similar for both BaTiO; and Ba(Zr ¢sT1i9.95)O3 using [001] and [110] single crystals at
1250°C in 1x10™"" atm PO,. Single crystal growth of ~ 350 pum has been achieved, and
single crystal elements with an 8:1 height to width were fabricated.

The metal — mediated single crystal growth technique was employed to produce
2-2 single crystal (or polycrystalline ceramic)/polymer composites. Using tape casting
combined with screen printed metal layers, 2-2 composites were formed with ceramic
thicknesses in the range of 4 — 70 um and metal layer thickness ranging from 1.5 — 5 pum.
With improved processing, it is anticipated that both the dielectric and electrode
thicknesses could be decreased below 1 um. Single crystal/metal composites were
fabricated by single crystal conversion of the ceramic layers using BaTiO; single crystal
templates. By selectively removing the metal layers by acid etching and backfilling with
epoxy, the final ceramic/polymer composites can be made with a range of pitches, single
crystal (or ceramic) layers, and kerfs.

The fine scale ceramic / epoxy composites show promise for piezoelectric
transducers fabricated by the metal — mediated ceramic approach. The dj3 values of the
BaTiOs / epoxy and Ba(Zr ¢sTi0.95)O3 / epoxy composites were similar to the
polycrystalline ceramics of the same composition, as predicted by current models. The
ds3 values reached a maximum of 70 pC/N and 68 pC/N for the BaTiO; / epoxy and

Ba(Zr05Ti995)O3 / epoxy composites, respectively.
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Chapter 6

Summary and Future Work

6.1 Summary

The overall goal of this study was to develop a process that would enable control
over the location and orientation of single crystals growtn into a polycrystalline matrix.
The objectives to achieve that goal were three fold: 1) to understand the factors involved
in controlling local enhanced grain growth and single crystal growth in dense BaTiO3
while limiting matrix grain growth, 2) to determine how to mediate the growth of single
crystal elements during solid state conversion with metal interlayers in a 2-2 BaTiOs
ceramic / nickel composite, and 3) to correlate the piezoelectric properties with the scale
of 2-2 single crystal / epoxy composites produced by the metal mediated single crystal
growth process.

A process was developed for enhanced grain growth on a local scale. The process
involved the deposition of a dopant on the surface of a dense polycrystalline matrix in a
patterned array. This was accomplished by spin coating TiO; on the surface of a
polycrystalline BaTiO3 matrix and using both optical photolithography and wet eching to
define the spacial location of the deposited TiO,. To control the local grain growth
enhancement, adjustments in the Ba/Ti ratio from the excess doped TiO, was utilized to
increase the average grain size under the deposited TiO, pattern. Combining the Ba/Ti
ratio adjustments and modifying the PO, atmosphere, grain growth enhancement on a
local scale while limiting matrix grain growth was achieved. The grain growth
enhancement region was named the diffusion affected zone, because it was the region
where exaggerated grain growth was induced by Ti4+ diffusion from the surface doping.

The specific conditions for enhancing grain growth at the surface of BaTiO3 while
limiting the matrix coarsening were determined. The depth of the diffusion affected zone

was directly related to the amount of surface doped TiO, and the growth atmosphere.
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The optimal conditions for the growth from the TiO, surface doped BaTiOs were heating
at 1300°C in a PO, of 1x10 atm with TiO, coating thicknesses below 100 nm. For
samples fired in air, matrix coarsening occurred away from the diffusion affected zone.
The average matrix grain size increased to 20 — 30 um after 2 h. In contrast, matrix
coarsening could be limited by heating at lower oxygen partial pressures. For example,
the matrix grain size was maintained around 3-4 um for samples heated at 1300°C in a
PO, of 1x107° atm for 2 h. For TiO, thicknesses above 100 nm, the depth of the diffusion
affected zone increased from ~ 40 um (100 nm TiO,) to ~ 250 um (150 nm TiOy) after 2
h at 1300°C in a PO, of 1x107° atm. The change in the diffusion affected zone thickness
for the 100 nm and 150 nm TiO, samples is presumably due to a change in the grain
boundary diffusion rate. For the samples with 150 nm TiO,, the concentration caused
exaggerated grain growth to occur thus increasing the diffusion affected zone compared
to the <100 nm TiO, samples.

The patterned TiO, surface doped layer, described by the above process, was used
to determine the amount of lateral and vertical growth from the doped surface. For
samples fired in air, the growth distances were roughly the same for the lateral and
vertical directions. Somewhat more pronounced anisotropy in the growth rates was
achieved when samples were heat-treated in a reducing atmosphere. For example, for
samples heat-treated at 1300°C in a PO, of 1x107 atm, there was only a few microns (~5
um) of lateral growth for <100 nm TiO; layers. The vertical distance reached up to 40
um after 2 h for a 100 nm TiO; layer. For the 150 nm TiO, layer, the vertical and lateral
growth distances of the diffusion affected zone were the same as the air fired samples.
This difference can be attributed to the increase in concentration of TiO; to cause
exaggerated grain growth to occur for TiO; levels above 150 nm. The patterned diffusion
affected zone grain structure did not result in a preferred orientation of the large surface —
nucleated BaTiO; grains.

To control the orientation of the grains in the diffusion affected zone, a new
process needed to be developed. This process involved the control of the location and
orientation for BaTiOj; crystal growth in by solid state conversion. The new process

involves the same conditions outlined earlier for grain growth enhancement by TiO;
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surface doping, but with a few additions. A method of producing a patterned array of
oriented BaTiOj; crystal templates was developed by using optical photolithography and
dry etching techniques (ICP-RIE). Combining the modifications from Ba/Ti ratio
adjustments (by TiO, doping) and PO, atmosphere control with the patterned single
crystal templates, solid state single crystal growth of oriented grains while limiting matrix
grain growth was achieved.

In this study, a patterned single crystal with a 1000 um line pattern array with a
template relief of 1 pm was used to template crystal growth by solid state conversion.
Orientation control was achieved with patterned [100] and [110] BaTiOj; single crystals.
The growth rates characteristic of propagation of the single crystal boundary into the
matrix were 10 — 15 pum/h for the vertical growth rates for both [100] and [110]
orientations, while the lateral growth rates were 10 — 15 um/h and 5 — 10 um/h for [100]
and [110] orientations, respectively at 1300°C in 1x10™ atm PO,. The slow growth rates
were attributed to the partial reduction of Ti*" to Ti**, combined with sintering below the
liquid-phase sintering temperature of 1332°C. There were no detectable changes in the
growth rates after the equilibrium morphology of the single crystal growth was achieved.
Orientation control by the patterned single crystal in the enhanced growth regions was
confirmed with EBSD. Although this study focused on using a line pattern for oriented
grain growth, it can be envisioned that a variety of template shapes and spatial
distributions can be used to provide an array of oriented grains in a polycrystalline
matrix.

A new process was developed to produce high aspect ratio, oriented grains in a
polycrystalline matrix. Oriented grains of only 2:1 height to width aspect ratio was
possible with the patterned single crystal technique for fabricating oriented grains in
BaTiO;. Thus, a new method for mediating lateral solid state crystal growth is needed to
obtain higher aspect ratio grains. To mediate the solid state crystal growth, the
polycrystalline matrix was modified by the addition of metal layers in an array. Using
alternating stacked tape cast BaTiOj; and screen printed nickel layers, a 2-2 composite
structure was fabricated. Nickel was chosen to mediate the lateral growth during single

crystal conversion because it can be co-fired at a sufficiently low temperature to obtain
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dense nickel layers with fine-grained BaTiOs. With this technique high aspect ratio
oriented grains of 8:1 height to width aspect ratio were achieved with [001] and [110]
BaTiO; single crystals. The high aspect ratio, patterned array structure can be utilized in
several applications, but the focus of this research was on 2-2 ultrasonic transducers.

To mediate single crystal growth in BaTiO3; with Ni required new conditions for
crystal growth. The PO, was changed to 1x10™'" atm to avoid the oxidation of nickel,
however the other process conditions determined from the patterned single crystal were
unchanged. Thus, an approach was developed for fabricating 2-2 single crystal / polymer
composites by the metal —mediated single crystal growth technique. The process was
adapted to produce 2-2 BaTiO; and Ba(Zr ¢sTi.95)O3 ceramic / nickel composites. The
2-2 composites were formed with ceramic thicknesses in the range of 4 — 70 um and the
metal layer thickness ranged from 1.5 — 5 um. Single crystal / nickel composites were
fabricated by single crystal conversion of the ceramic layers using [001] and [110]
BaTiO; single crystals.

The optimal conditions for single crystal growth using BaTiOs3 and nickel were
observed at 1300°C and a PO, of 1x10™"" atm occurred. For oxygen partial pressures
below 1x10™" atm, no single crystal growth was measured. The growth rates for the
single crystal conversion were measured as 3 — 3.5 um/h and 3.5 — 4 um/h for BaTiO;
and Ba(Zr,0sTig.95)O3, respectively at a PO, of 1x107"" atm. There was no significant
difference in the growth rates between the [001] and [110] single crystals templates.
Single crystal growth distances up to ~350 um were achieved after 100 h at 1250°C in a
PO, of 1x10™"" atm. 2-2 single crystal / epoxy composites were fabricated by selectively
leaching the nickel layers with dilute HNO3 and backfilling with epoxy.

Preliminary measurements on the single crystal / epoxy composites showed a high
degree of conductivity and were unsuitable for further dielectric and piezoelectric
measurements. The high conductivity could be from insufficiently re-oxidization of the
BaTi0; single crystal or from incomplete removal of the nickel in the 2-2 composite
structure. Fine scale polycrystalline ceramic / epoxy composites which were fabricated
by the metal — mediated ceramic patterning approach show promise for piezoelectric

transducers. The ds; values of the BaTiO; / epoxy and Ba(Zr05T1.95)O3 / epoxy
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composites were similar to the polycrystalline ceramics of the same composition. The ds3
reached a maximum of 55 pC/N and 42 pC/N for the BaTiOs / epoxy and
Ba(Zry.05Ti995)O3 / epoxy composites, respectively. The dj; coefficient was reduced by

half in the composite samples compared to the ceramic counterparts.

6.2 Future Work

This thesis outlines the basis for understanding how oriented grain growth in a
patterned array in a polycrystalline matrix can be achieved; however, there are several
aspects that can be investigated further. The topics include, specific to this study, 1) the
diffusion and incorporation of TiO; in the BaTiO3; matrix, 2) fabrication of 2-2 single
crystal / epoxy composites for piezoelectric measurements, and in general 3) varying the
size, shape, and distribution of templates, and 4) applying the metal — mediated crystal
growth method to other piezoelectric systems.

One of the areas that should be investigated further is determining where the TiO,
dopant is located as a function of heat treatments in the surface doping and the single
crystal conversion experiments. It is important to know where and how the TiO; is
incorporated in the matrix to understand how the coarsening of the matrix occurs, since
the heating temperatures are below the liquid formation temperature. This is especially
important since there was significant diffusion anisotropy as a function of TiO, thickness
for samples heated in low PO; levels. Determining the diffusion profile of the TiO,
under different heat treatment atmospheres would enable a more accurate model on how
the TiO, would affect the single crystal boundary mobility. The data can then be
compared to models of diffusion from a finite line source. Also analysis of the diffusion
— affected zone’s grain boundary structure is needed to determine if the TiO, additions
stay at the grain boundaries, or if a second phase is formed. With the small amount of
TiO; added (25 nm layer) the detection of the slight change over the Ti concentration in
the ceramic BaTiOs is very difficult and needs to be measured by a technique that is

sensitive to slight variations in chemistry. Transmission electron microscopy, electron
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energy loss spectroscopy, and electron probe microscopy should help in determining if a
second phase is present and how the TiO, is incorporated into the matrix.

There are a few issues that need further attention for fabricating single crystal /
epoxy composites of suitable quality for piezoelectric measurements. The main issue is
the successful bonding, nucleation, and growth of the single crystal orientation along all
of the ceramic elements in the composite structure. There have been several attempts
where only a fraction of the ceramic elements have been successfully converted to the
single crystal orientation, however any unconverted ceramic layers would be problematic
in the end piezoelectric response. Thus further evaluation of the preparation and bonding
technique for the composite crystal growth is needed to avoid this issue. Further study on
the reason behind the high conductivity of the single crystal / epoxy composites is needed
to improve the piezoelectric response of the grown crystals. The high conductivity issues
could be from the incomplete re-oxidation or removal of the nickel layers during the
ceramic / epoxy composite fabrication.

It would also be interesting to ascertain the effects of template shape, orientation,
and grown crystal impingement on each other. The first set of experiments would be to
change the shape and spacing of the templates. By altering the features of the templates,
to squares, circles, triangles, etc. the formation of the equilibrium configuration of the
oriented grains can be measured as a function of heat treatment. Also, growth rates from
the different shaped templates can be measured and correlated to the final grown crystal
shape and size. For example, varying the template spacing from 50 — 500 microns and
the heating times from 0 — 10 h would enable crystal impingement studies.

Figure 5-5 shows potential template designs for examining the importance of
grown crystals impinging on each other. The arrowed directions indicate the direction of
the crystal growth front. Crystal growth could be monitored as a function of crystal
orientation, angle, and template spacing. Of particular interest is whether or not the
growth rates change as two perfectly oriented grains coalesce. Once this is understood,
the study could be extended to examine impingement of crystals of different orientations.
This could be accomplished using patterned bi-crystals in combination with the same

pattern structures shown in Figure 5-5. This will provide an understanding how the
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misalignment of the oriented grains, as a function of angle and orientation have on the

final microstructure and piezoelectric properties.

Figure 6-1: Schematic of different template shapes and sizes (colored areas) for single crystal
growth impingement experiments. The arrows show the direction of grown crystal directions
with the dotted lines projecting the single crystal growth front.

Metal — mediated single crystal growth promises to be a powerful means to
regulate solid state conversion on a fine scale leading to composite structures with unique
connectivities and compositions. In this study only BaTiO3 and Ni were used, and the
atmosphere required to prevent the oxidation of nickel significantly reduced the single
crystal boundary growth rate. To improve the rate, and the aspect ratio of the single
crystal elements grown, a more oxidation resistant metal should be investigated, such as
Pt, Ag/Pd, and Cu. In addition, this process can be generalized to be used with other
piezoelectric ceramics, such as PMN-28PT and PZT, which have a higher piezoelectric
response than BaTiOs. Co-firing of PZT with base metal electrodes has been
demonstrated for multilayer actuators.! Also, the metal — mediated crystal growth
technique can be applied to other ceramic / metal connectivities, such as a 1-3 composite

transducers.
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