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Abstract

Lead zirconate titanate (PbZr,Tii«Os3, PZT) thin films are used in piezoelectric
microelectromechanical systems (PiezoMEMS) such as sensors, actuators, and energy harvesting
devices. The performance of PZT films depends on the piezoelectric response and the structural
integrity of the piezoelectric film. Typically, films are driven to higher fields, stresses, and strain
levels compared to bulk devices. The relationship between these large input signals, particularly
high stresses, and the performance of these films needs to be quantified. This thesis investigates
the influences of various stresses on the properties of PZT films and determines their mechanical
limits.

With small changes in the stress state (~200 MPa), the piezoelectric, dielectric, and
ferroelectric properties of PZT films may be tuned. The dielectric and piezoelectric properties of
0.6 um thick {001} sol-gel Pbo.9900.01(Zr0.52T10.48)0.98Nb0.02O3 (PZT) films on Si substrates and thin
Ni foils were measured as a function of applied strain and total stress. These films are under
different residual stresses arising from thermal expansion mismatch between the film and the
substrate. With no additional applied stress, the remanent polarization, P- was approximately 21 +
0.2 nC/cm? and 39.5 + 2.3 uC/cm? for PZT films on Si and Ni, respectively. The higher P, on Ni
originates from more “c” domains (out-of-plane polarization) due to the compressive stresses. The
link between stress and domain orientation was further explored by applying uniaxial strains. PZT
film on 50 pm Ni foil had uniaxial strains of -0.2% to 0.5% applied, while films on Si were only
exposed to strains between -0.06 and 0.06%, because of substrate failure. When PZT films on Ni
foil were under a 0.5% tensile strain, their P, decreased by 7-10% and their relative permittivity
increased by ~20% relative to zero applied strain. This trend reversed upon compressive strain. In

addition, the piezoelectric coefficient, e3;; was -9.0 = 0.45 uC/cm? and -7.1 £ 0.35 pC/cm? on Ni
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and Si, respectively, and increased in magnitude with applied uniaxial compressive strain. These

changes suggest some ferroelastic reorientation.

The extent of property changes with stress was also shown to differ for the films on Si and
Ni. To explore the relationship between the tunability of properties with residual stress, the PZT
films on Ni and Si were electrically characterized from 15 K up to room temperature. At room
temperature, the dielectric irreversible Rayleigh parameter, o4y, was 15.5 = 0.1 and 28.4 + 1.6
cm/kV for PZT on Si and Ni, respectively. The higher a,., suggests more irreversible domain wall
motion at room temperature, and may be explained by the lower stiffness on the Ni foil reducing
the degree of clamping of these films. Below 200 K, a4y for the PZT/Si sample exceeds that of the
PZT/Ni sample. This is believed to arise from differences in the energy landscape of pinning
centers for domain wall motion and was supported by Preisach analysis and the third harmonic

phase angle results.

The second portion of this thesis focuses on understanding the mechanical limits of PZT
thin films. Piezoelectric thin films are vulnerable to fracture, which results in degradation of the
structural integrity and device performance. This work explores the fracture process in
PiezoMEMS, which is a combination of a crack initiation event in the thin piezoelectric film
followed by crack propagation through the subsequent layers. Biaxial bending tests, using the Ball-
on-three-Balls (B3B) technique, were performed on stacks containing Pb(Zro.52Ti0.48)O3 (PZT) thin
films on thick (~500 um) Si wafers.

First, a series of PZT films of varying thicknesses (i.e. 0.7 um, 1.3 pm, or 1.8 um) was
tested using the B3B method to determine the relationship between crack initiation stress and film
thickness. Crack initiation stress increased when the film thickness decreased. PZT films that were

0.7 um thick required ~590 MPa to initiate a crack, where 1.8 pm thick films required only 490
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MPa to crack. This trend was modeled using a finite fracture mechanics model that necessitates a
coupled stress-energy criterion for crack initiation in brittle ceramics. In this model, it was shown
that for PZT in this film thickness regime (0.1 to a few microns), the crack initiation stress

depended on the thickness.

At higher loads, the entire stack would fail. First, a fracture would initiate in the PZT film,
enter the LaNiOs layer, and arrest in the compressive SiO> layer. With higher loads, the crack
could then propagate through the SiO; and Si layer, failing the entire stack. Weibull analysis shows
a significant effect of the thin film thickness on the stack’s strength. The characteristic strength
and Weibull modulus were g0 ~ 1110 MPa and m ~ 28 for the stacks with the 0.7 um thin PZT
film stack, oo ~ 1060 MPa and m ~ 26 for the 1.3 um film stack, a0 ~ 880 MPa and m ~ 10 for the
1.8 um film stack. This trend in crack propagation was rationalized using linear elastic fracture
mechanics indicating the importance of the PZT layers thickness on the initial crack length and

the stack’s strength.

Since films are typically under electromechanical loading conditions, electromechanical
failure was also explored by investigating the relationship between the direction of applied stress
and failure pattern. Cracks consistently propagated perpendicular to the maximum tensile stress
direction and connected thermal breakdown events, suggesting correlations between electrical and
mechanical failure. Additionally, the influence of electric history on the crack initiation stress was
also determined using the B3B method. Electrical fields are important for enhancing the properties
of piezoelectric thin film, but in this thesis, have been shown to decrease the mechanical load the
films can withstand. For 1.6 pm thick PZT films, the crack initiation stress was reduced by ~15%
when it was poled or under a DC bias compared to a virgin film. This may be due to a reduction

in domain wall motion when poled, or development of local strain from some ferroelastic domain



reorientation with an applied field.

Overall, residual stress in PZT thin films was shown to influence the properties; at lower
applied stress level these properties can be tuned. At higher stresses (around 500 MPa), cracks
initiate in the PZT films and the thickness and the electrical history of the PZT layer affects the
crack initiation stress. At stress levels greater than 800 MPa, failure was observed in the multilayer
stack, as the crack that initiated in the PZT layer would then propagate through the underlying
layers. These trends observed in this thesis will allow for further commercialization and improved
performance of thin films. Additionally, the methods, models, and calculations used in this study

can be expanded to other piezoelectric thin films, brittle ceramic coatings, and multilayers stacks.
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Chapter 1. Motivation and Thesis Organization

This chapter outlines the motivation for the work described in this thesis and the contents of the
following chapters. Section 1.1 gives a brief overview of various applications of thin film
ferroelectrics. Section 1.2 defines various metrics used to assess the performance of several thin

film devices. Section 1.3 gives a short overview of the work done in the following chapters.

1.1 Ferroelectric Thin Film Applications

Ferroelectric thin films are utilized in various devices, including piezoelectric
microelectromechanical systems, also called piezoMEMS (sensors, actuators, and energy
harvesting devices [1,2]), infrared imagers [3,4], thermal energy harvesters [4—7], heat detectors
[8—12], and memory devices [13]. These devices contain multilayer stacks composed of active
ferroelectric thin film layers and their electrodes, with additional layers for adhesion and support.
Commercially, the demand for sensors, self-powered and miniaturized devices has increased due,
in part, to the Internet of Things (IoT). Therefore, the development of thin film ferroelectrics,

pyroelectrics, and piezoelectrics devices is of increasing interest.

Materials with high pyroelectric and piezoelectric coefficients, such as lead zirconate
titanate with a morphotropic phase boundary composition of Pb(Zro 52T10.48)O3 (PZT) [1,2,14], are
typically used in high sensitivity sensors and large displacement actuators. Due to the demand for
higher outputs, many of these devices optimize the thickness of the piezoelectric film and drive
the film in rather harsh conditions. For example, energy harvesters require flexible stacks to reach
higher strains and achieve greater power densities [15—17]. As a result, the film can be under
tremendous strain. Changing the substrate and residual stress in the film can tune the film’s domain

structure and thus its piezoelectric response [15,18-20], improving device performance. Initial



studies have suggested these stresses may also alter the breakdown strength [21]. Due to the
differences in microstructure and loading conditions, the fundamental relationship between

stresses in the film and its performance must be determined.

1.2 Factors that Influence Performance

The performance of piezoMEMS depends both on the piezoelectric or pyroelectric
properties of the film and the structural limits of the device. For example, in energy harvesters,
the power output (Equation 1-1) [22] depends on the figure of merit (FoM) of the film (Equation

1-2), as well as the strain (x) the piezoelectric layer can withstand [16,22].

i
Bms = %(Lf) (At)xiz (1-1)

€0€33
where P, 1s the root mean square of power,  is the frequency, &, is the permittivity of free space,

and ¢, is the relative permittivity of the piezoelectric film. 4 and ¢ are the area and thickness of the

piezoelectric film, respectively.

eZ
FoM = Zl'f (1-2)

r

Other piezoMEMS and pyroelectric devices have different FoMs. Equation 1-3 and Equation 1-
4 shows the FoM for voltage-based and charge-based sensors, respectively [23-25] and Equation

1-5 shows that of actuators [25,26].

FoM =g = = (1-3)
FoM = e3; ¢ (1-4)
FoM = e, ¢ (1-5)



As shown by Equations 1-1 through 1-5, each application has different requirements. This
thesis aims to understand the influences of stress on the performance of lead zirconate titanate thin
films, so that the performance of such films can be enhanced. The relationship between the total

stress in the film and its observed properties and structural limits are investigated.

1.3 Dissertation Overview

The following chapters of this thesis probe the relationship between stresses in PZT films and
the functional properties. Chapter 2 outlines the background and previous work that has been
done in the field of piezoelectrics and ferroelectrics. Additionally, Chapter 2 introduces the lead
zirconate titanate (PZT) system, with an emphasis on similarities and differences of PZT films
versus bulk ceramics. Chapter 3 discusses the effects of total stress in PZT films on the dielectric
and piezoelectric properties. These results show how stresses can tune film properties and the
importance of residual stresses on domain structure. This is further explored in Chapter 4, where
the differences in the domain structure of films with different residual stresses were investigated
from 10 K to room temperature. These results suggest differences in the energy barrier landscape

of pinning sites as a function of the residual stresses in the films.

Chapter 5 explores the mechanical limits of PZT thin films as a function of thickness and
suggests the failure strains of films are greater than that of bulk counterparts. The experimental
results were compared with a finite fracture mechanics model. Chapter 6 examines changes in the
crack initiation when films are loaded both electrically and mechanically. The electrical history is
shown to affect both the properties and the stress the film can withstand. This was attributed to the
domain structure changes with field. The results establish the limits for electromechanical failure

on PZT thin films, which is critical to exploitation of these films in piezoMEMS. These



relationships are summarized in Chapter 7. Chapter 7 also outlines future directions for the

studies that are presented in this thesis.



Chapter 2. Introduction and Background

This chapter overviews the literature that laid the foundation for the work done in this thesis.
Section 2.1 discusses the properties of piezoelectricity and electrostriction, Section 2.2 defines
pyroelectricity, Section 2.3 introduces ferroelectricity. Section 2.4 discusses the nonlinear nature
of ferroelectrics and defines intrinsic and extrinsic contributions to their properties. Section 2.4.1
and Section 2.4.2 go through the electrical techniques of Rayleigh and Preisach analysis,
respectively, to quantify the nonlinear behaviors of ferroelectrics. Section 2.5 discusses lead

zirconate titanate, the material of interest of this thesis.

2.1 Piezoelectricity

Piezoelectrics are materials that exhibit a coupling between electrical and mechanical
energy. For example, when a stress (o) is applied to a piezoelectric material, a dielectric
displacement (D) will develop; this is given by Equation 2-1, where dijjk is the piezoelectric charge

coefficient [8,27].
Di=djixoijk (2-1)
This relationship is known as the direct piezoelectric effect. Additionally, if an electric field (£) is

applied, the piezoelectric material’s shape will change, creating a strain (x); this is known as the

converse effect as defined by Equation 2-2.
xi=dkijEx (2-2)

The direct effect is typically used in sensors and energy harvesters, while the converse effect is

used in actuators.



There are a number of piezoelectric coefficients that have been defined to relate either
stress or strain to polarization or field [8,28]. The piezoelectric coefficient e is used through this

thesis and is defined by Equation 2-3.

Direct effect: Di=eikixi Converse effect: ij=-exijEx (2-3)

The piezoelectric coefficients g and /4 are defined in Equation 2-4 and Equation 2-5, respectively.

The coefficients reported depend on the application and measurement methods used [28] .

Direct effect: E; = —g;j, 0jx Converse effect: x;; = gy;; Dy (2-4)

Direct effect: E; = —h;jxjk Converse effect gj, = —h;j D; (2-5)

Piezoelectricity is the linear response between changes in polarization and the mechanical
stress in the material. Thus, a material needs to be non-centrosymmetric to exhibit this third rank
tensor. Of the 32 crystallographic point groups, 21 groups are non-centrosymmetric [27,29,30].
However, the point group 432, while not centrosymmetric, has other symmetry elements that
prevent piezoelectricity [27,29,30]. As a result, only 20 of the point groups have this property.
While piezoelectricity is a third rank tensor, it is often reported using matrix notation. In this thesis,

e311 1s reported using matrix notation as esi.

Because thin films are clamped to their substrates, it is not possible to measure the true e3;
(e.g. while the in-plane strains are known, the out-of-plane strain is not known during
measurement. Instead, the out-of-plane stress is known (and is typically zero). As a result, an
effective piezoelectric coefficient es;r which accounts for the mixed boundary conditions 1is

defined by Equation 2-6 [24,31].

-01
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Piezoelectricity can be used in many applications including timing standards, inkjet printers,
ignitors, and in piezoelectric microelectromechanical systems (piezoMEMS) such as sensors,
actuators, piezoelectric micromachined ultrasonic transducers (pMUT), and energy harvesters

[1,32].

2.2 Pyroelectricity
A subset of the piezoelectric point groups exhibits pyroelectricity. Pyroelectric materials
have a spontaneous polarization; the magnitude and/or the direction of the polarization is a

function of temperature, as defined by Equation 2-7 [8].

= (2 )

Of the 20 crystallographic point groups, only 10 exhibit a unique polar axis; these are referred to
as the polar point groups. Pyroelectric thin films are used in a variety of applications including

infrared imagers [3,4], thermal energy harvesters [4—7], and heat detectors [8—12].

2.3 Ferroelectricity

In certain pyroelectrics, the spontaneous polarization can be switched to other polarization
directions (defined by their crystal structure), under an applied electric field; this subclass of
pyroelectrics is known as ferroelectric materials. Some features of the crystal that favor the
observation of ferroelectricity include: d° ions (like Ti*"), atoms with lone electron pairs (like
Pb*"), and displacements relative to a prototype phase that are small enough to allow for
reorientation but large enough to exceed the amplitude of thermal vibrations in the system [29].
Not all pyroelectrics are ferroelectric; sometimes an extremely large electric field would be
required to reorient the spontaneous polarization and this may be much greater than the electrical

breakdown strength of the material.



In many ways, ferroelectrics are the electrical analog to ferromagnets. At high
temperatures, most ferroelectrics undergo a phase transformation to a paraelectric phase [27]. As
a result, the system transitions from a polar ferroelectric to a non-polar paraelectric phase. The
transition temperature is known as the Curie temperature (7¢), analogous to ferromagnets. Above
this transition, the dielectric constant (&) follows Curie-Weiss behavior, described in Equation 2-

8, where 6 is the Curie-Weiss temperature [27].

& =& +— (2-8)
If the ferroelectric transition is second order, then 8 is T.. However, for a first order transition, 6

is lower than 7¢[27].

When a ferroelectric is cooled below 7¢, the spontaneous polarization increases and
ferroelastic strain increases. Due to the multiple possible orientations for the spontaneous
polarization and the drive to lower both the strain and depolarization energy, ferroelectrics form
regions with different spontaneous polarization directions [8]. Each region that has the same
spontaneous polarization direction (or at least nearly so) is defined as a domain. The allowed
polarization direction of the domains in the system depends on the crystal structure and the

symmetry lost on cooling through T-.

Domain walls separate domains and are described by the angle between the polar axis
between the two domains in the system. The various domain walls are typically broken up into
two categories, 180° domain walls and non-180° domain walls. 180° domain walls are only
ferroelectrically active; an electric field must be applied for the domain wall to move. However,
non-180° domain walls are both ferroelectrically and ferroelastically active, and therefore can
move due to either an applied electric field or a mechanical force. This results in a change in

polarization and strain in the material. As a result of the various polarization orientations of each
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of the domains, most ferroelectrics will have no net remanent polarization upon cooling [8,27].
However, when an electric field is applied, domains can be reoriented to align in the direction of
the field and give rise to their signature polarization electric field (P-E) hysteresis loop. This is

shown in Figure 2-1.

T
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Figure 2-1 Polarization-Electric field (P-E) hysteresis loop from a lead zirconate titanate sample. The remanent
polarizations (+P, and -P,) are defined as the net polarization remaining in the sample when field is removed, and the
coercive fields (+£., and -E,) are the fields required to return the polarization to zero. (a)-(¢) show schematics of the
domain structure at various points on the hysteresis loop. The domain structures shown are for an appropriately aligned
single crystal.

As described above, a cooled sample under no applied field has a random domain structure
and no net polarization, as shown in Figure 2-1a. With the application of a small electric field, a

linear increase of the polarization (P) occurs, as described by Equation 2-9.

P=¢o(&r-1)E (2-9)



As the field is increased, the linear relationship does not hold. At intermediate fields, domain walls
move, leading to an increase in the permittivity. At even higher fields, in the limit of an
appropriately oriented single crystal, domains with a polarization direction parallel to the applied
field nucleate and grow, increasing the nonlinearity significantly [14]. Ideally, the resultant
ferroelectric will contain one domain aligned with the electric field direction, as depicted
schematically in Figure 2-1b. With the removal of the field, the ferroelectric should retain its
polarization. However, local strains and electrical fields cause some back switching and reduce the
polarization [14]. Therefore, the remaining polarization at zero field is known as the remanent
polarization (Pr). As a negative electric field is applied, there will be some nucleation of new
domains with the reverse polarization direction or one most nearly aligned with the electric field
direction, as shown by Figure 2-1c. At a certain field level, the net polarization will reach zero as
domains in the opposite direction begin to nucleate and grow. This x-intercept of the hysteresis
loops is known as the coercive field (E¢). As the reverse field’s magnitude increases, the domains
nucleate and grow until the domain state saturates, as shown by Figure 2-1d. Again, the removal

and reversal of the field will change the domain structure, as shown in Figure 2-1e.

For each ferroelectric, the hysteresis loop will show a characteristic P, and E.. The loop
shape will depend on frequency [33]. Therefore, loops should only be compared at the same
maximum field and frequency. Hard ferroelectrics have a larger E. than soft ferroelectrics. The
shape of the loop should be well saturated. An unsaturated loop could be caused by a leaky loop
or a minor loop where a higher field is required to reach full saturation [34]. Differences in the
magnitude of +E. and -E. as well as in +P, and -P, can be used to characterize imprint in the
ferroelectric, likely due to a favored polarization direction. This is usually caused by dopants and

the defect chemistry in the sample [35]. Overall, the shape of the hysteresis loop and the values of
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P, and E. are one characteristic of the quality of the ferroelectric sample. They also determine the

sample’s piezoelectric and pyroelectric responses, which are proportional to P;.

2.4  Nonlinearity

As the hysteretic response of ferroelectric materials shows, there is an electric field
amplitude dependence of the polarization response. This is also seen in the piezoelectric and
dielectric response. Equation 2-9 is only valid at low fields for ferroelectrics, since € depends on

the driving fields. Equation 2-10 shows the higher order terms [36].

P=P + a,E + a,E* + a3E3 + a,E* + - (2-10)

This nonlinearity is extremely important as it can increase the material’s response. To
understand these nonlinear behaviors, it is essential to distinguish between various contributions
to the dielectric and piezoelectric properties. In ferroelectric ceramics, both intrinsic and extrinsic
contributions are responsible for the primary dielectric, pyroelectric, and piezoelectric material
responses. Intrinsic contributions arise from the changes in the unit cell and the average response
of a single domain. Extrinsic contributions are due to motion of boundaries in the materials, which

includes domain wall motion and phase boundaries.

Thus, the nonlinearity can be explained by extrinsic contributions such as domain wall
motion. Domain wall motion depends on any local electric or elastic fields in the material. For
example, various defect dipoles can pin domain wall motion by creating local electric fields.
Additionally, local strains may act to pin the motion of non-180° domain walls. Certain defects
require higher energies for domain wall motion than others, creating a distribution of barrier
heights for domain wall motion. This is shown in Figure 2-2a. When the energy supplied by an
applied electric field is small with respect to the energy barrier, the domain wall may only displace

slightly within the potential well and will return to its original position with the removal of the
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field. This is referred to as reversible domain wall motion. An example of this is shown in Figure
2-2b. When the applied field allows a domain wall to overcome the barrier height, the domain wall
can move to another well, resulting in hysteresis and non-linear behavior; this is known as

irreversible domain wall motion (Figure 2-2c¢).

Figure 2-2. Energy landscape for pinning centers vs. position of domain wall. (a) shows an example of reversible
domain wall motion where the domain wall is fully pinned to one potential well, and (b) shows irreversible domain
wall motion where the domain wall can overcome the barrier height and move. Pinning sites are denoted by X.

2.4.1 Rayleigh Law

Domain wall motion can be understood in terms of the pinning and unpinning of these

walls from their original position, depending on the potential energy landscape, as schematically
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shown in Figure 2-2a. This has been described for both ferromagnets and ferroelectrics. For
ferromagnets, the linear dependence of the permeability on the magnetic field was first observed
by Lord Rayleigh [37] and further described by Neel [38,39], defining the Rayleigh Law. This law
states that for an intermediate field regime there is a linear change in the permeability as a function
of field amplitude, which is due to the motion of magnetic domain walls through a potential energy
landscape with a Gaussian distribution of restoring forces [40—42].

While the Rayleigh law was originally applied to magnetic permeability in ferromagnets,
it also holds true for the piezoelectric and dielectric response of many ferroelectrics [40—42]. The
Rayleigh regime is typically observed for AC electric fields with amplitudes up to roughly half of
E.. The Rayleigh law (Equation 2-11 and Equation 2-12) shows the linear relationship between
sub-switching ac fields and the measured property [40—42]. The Rayleigh parameters &ini: and dinic
describe the sum of the intrinsic and reversible domain wall motion contributions to the ¢, and d,
respectively. arqy describes irreversible domain wall motion contribution to the properties [40,42].
This reversible domain wall motion is favored for domain walls in deep local minima in the
potential distribution (as shown by the green arrows in Figure 2-2), and irreversible motion occurs
when the interface moves from one potential energy well to another (as shown by the brown arrow
in Figure 2-2).

& = Einit T ArayEac (2-11)

d= dip + a,RayEac (2-12)

Various values for the Rayleigh coefficients have been reported in the literature for the
same material systems [15,40,42—44]. It has been shown that the values will depend on defect
concentrations [35,45], clamping state [43,46—48], substrate choice [44], sample thickness

[15,49,50], grain size [42,51], stresses [47,52], and composition [51].
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2.4.2 Preisach Analysis

Rayleigh behavior is only valid for a random Gaussian distribution of potential energy
barriers for domain wall motion, and for sub switching fields. In fact, the Rayleigh law is not valid
for all ferroelectrics, including some samples of BaTiO3 [53] and is not always valid even at all
sub-coercive fields [54]. For a more general approach, Preisach analysis and first order reversal
curves (FORC) can be used to understand the hysteresis behavior over larger field ranges, without
requiring assumptions on the potential energy landscape [55-58]. The Preisach distribution can
give valuable insight to the local coercive fields which may depend on the pinning of domains

through imprinting [35,45] and the variation in stresses [47,52] and clamping [47,48] of the films.

Figure 2-3. A schematic representation of the Preisach distribution on an o vs f3 plot (otherwise known as the Preisach
plane). At four points on the plot the hysteron’s P-E loops are represented schematically. The color bar (far left)
represents the intensity at each (o, ) point, where the red circles is the highest intensity and blue is the lowest in this
schematic example.

Preisach modeling can be used to describe switching in a ferroelectric [55-58] for an
arbitrary electrical excitation. Instead of describing nucleation and growth, this model assumes
that the ferroelectric response of a material consists of a series of rectangular hysteresis loops

defined as hysterons which are distinguished by their upwards switching field (), and downward
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switching field (f5) [56]. It is assumed that there are only upward and downward switching states,
and o >f. Figure 2-3 shows a schematic of a Preisach distribution and the various hysterons based
on their location on the a-f3 plot. When o=f (such as (a) and (d) in Figure 2-3), the hysteron is

reversible and when a#f (such as (b) and (¢) in Figure 2-3), the hysteron is irreversible.

The distribution of these hysterons gives rise to the polarization of the ferroelectric, as

described by Equation 2-13 [56].

P=q(a>Blla,p) Pir(a,f)dadf+k(o) Pra(a)ldo. (2-13)

Pir and Prey are the irreversible and reversible Preisach distributions and indicate the range of fields
required for upward and downward switching in the ferroelectric. First order reversal curves
(FORC) loops may be used to determine the Preisach distribution, as shown in Figure 2-4. When
the applied field is increased up to a given field value, all of the hysterons that have an a value less
than or equal to that field will contribute to the polarization. This is shown by the green square in
Figure 2-4b. When the field is removed, certain hysterons will switch to the opposite polarization
once the field is reduced to their f§ value, as shown in the purple square ( Figure 2-4¢). As the field
is increased again, as shown by the blue square ( Figure 2-4d), some hysterons will switch back.
There is some path dependence and memory in the polarization behavior of some of the hysterons;
these hysterons did not switch back when their /3 field was not reached on the field down section.
As higher fields were reached, this observed memory was lost when all the hysteron aligned in the

same direction, as shown by the orange square ( Figure 2-4e).
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Figure 2-4. FORC reversal curves (a) showing the various minor P-E loops of a PZT film. (b-¢) shows the Preisach
hysteron distribution for PZT at a given field based on the field applied to the sample. The light and darks shades of
the hysteron distribution represent upward and downward polzarization directions for the hysteron, respectively. The

legend of circle colors from blue up to red represent increasing number of hysterons with the various values of o and
B.
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2.5 Pb(Zr, Ti)O;s Systems

Many useful ferroelectric materials have a distorted perovskite structure. The prototype
perovskite structure is a cubic ABXj; structure with point group m3m. Figure 2-5a shows the cubic
perovskite structure, where the corners have the larger A site cation, the center of the faces have
the anion (typically O), and at the center of the cell is the B site, which is usually a smaller cation.
Below the T, this perovskite structure can be distorted in one of many polar phases, including a
tetragonal (point group 4mm) and rhombohedral (point group 3m) phases. For the tetragonal phase
the unit cell is distorted by elongation in one of the six <100> directions where the B moves
towards one of the oxygens. In the rhombohedral phase, the B ion moves along the body diagonals

towards three of the oxygens.

These ferroelectric phases are derivative structures of the paraelectric m3m phase. The
number of polarization directions come from the number of lost equivalent points from the
stereographic projection. For example, the cubic m3m phase has 48 equivalent points, and the
tetragonal 4mm phase (Figure 2-5b) has 8 equivalent points, which is 1/6™ the number of
equivalent points resulting in 6 polar directions. There are 6 polar directions along <001>
directions. From these polarization directions, the angle between two adjacent domains in a
tetragonal perovskite phase would be 180° and 90°. Thus, the boundary between these walls are
referred to as 180° domain walls or 90° domain walls, respectively. The rhombohedral 3m phase
(Figure 2-5¢) has 1/8™ the equivalent points of m3m and has 8 directions along <111>, which

gives rise to possible 180°, 109° or 71° domain walls.
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Figure 2-5. Crystal structure schematics of the cubic perovskites phase (a) Where the A site atoms site on the corners
(in this case dark bue atom), the B site sites in the center of the unit cell (light blue) and the X site on the center of the
faces (red). (b) shows the derivative ferroelectric tetragonal phase where the B ion moves towards one of the X site
atoms, elongating the cell in this polar direction. (¢) shows the rhombohedral phase derivative where the center Ti
atom moves along the body diagonal towards three of the X atoms.

There are several well-known perovskites-based ferroelectrics, including BaTiOs,
Pb(Zr,T1)O3, BiFeOs, and (K,Na)NbOs3 [33]. Pb(Zr,T1)Os3 is used in many commercial applications
because of its high piezoelectric coefficients that are retained over a broad temperature range
[1,2,14,59]. The phase diagram of Pb(Zr, Ti)O3 is shown in Figure 2-6. The end member PbZrO3
is an orthorhombic antiferroelectric. The other end member, PbTiO3, is a tetragonal ferroelectric.

The PZT phase diagram is characterized by a morphotropic phase boundary between a ferroelectric

18



tetragonal phase and a ferroelectric rhombohedral phase. The rhombohedral phase is broken into
a high temperature rhombohedral phase with untilted oxygen octahedra (R3m) and a low
temperature phase that has tilted oxygen octahedra (R3c). At higher temperatures, the system is in

the paraelectric phase cubic phase, and 7. depends on the composition.

Figure 2-6. Phase diagram of PbZrOs;-PbTiO;. C denotes the paraelectric cubic phase, O denotes Orthorhombic, R
denotes rhombohedral, T denote tetragonal, M denotes monoclinic, and MPB is for the morphotropic phase boundary.
Figure is adopted from: [33,60-62]

The morphotropic phase boundary (MPB) composition of PZT is used in a variety of
applications because of its high piezoelectric response. At the MPB there are a total of 14 possible

polarization directions due to the rhombohedral (8 along the pseudo cubic <111>) and tetragonal
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(6 along the pseudo cubic <001>) polar directions. There may be additional polarization directions
with the reported presence of a monoclinic phase at this composition as well [61-63]. It has been
reported that the MPB composition allows for easier poling, and that furthermore the
polarizabilities peak at this composition [33,64]. Because of its wide commercial interest, the

MPB composition is investigated in this study.

While the phase diagram shows the importance of the composition on the PZT system,
there are additional factors that can enhance the observed properties of PZT. The grain size and
domain size can be optimized for larger responses [65], as was shown in BaTiOsz [66].
Additionally, various dopants can alter the defect chemistry. Some donor defects such as Nb°* and
Ta>" on the B site can create Vpy,’’ [33]. These dopants act to improve domain wall motion and

create a softer ferroelectric. In contrast, acceptor dopants such as Mg?* and Fe*" on the B site will
create V,  and may create a harder ferroelectric as a result [33]. In this work, the composition and

dopant used is Pbo.99(Zro.52T10.48)0.98Nb0.0203.

2.5.1 PZT thin films

In this work, PZT films are used; these films are different from their bulk counterparts in a
number of ways [67]. First, PZT films are grown on substrates, which causes them to be under
significant amounts of residual stress [18,67—69] and are also clamped to the substrate. Clamping
limits the domain wall motion [43], in response to an external force. As a result, the measured
properties are typically suppressed when compared to bulk ceramics or released films [70-72].
Consequently, they are harder to pole. Additionally, PZT films typically have finer grain sizes and
domain sizes, which can reduce the dielectric constant, and polarization and increase the coercive
field [65,71]. Finer grains can have reduction in both extrinsic and intrinsic contributions to the

properties [65]. Additionally, scaling affects as a function of film’s thickness have been reported
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for the dielectric, piezoelectric and ferroelectric properties of PZT thin films[71]. All of these
structural differences have been shown to contribute to suppression of properties for films [71].
To overcome some of the reduced properties, films are typically oriented through epitaxial growth
or the use of a seed layer in the substrate stack. In this thesis, the influence of residual and applied
stresses on the observed mechanical and electrical properties of PZT thin films is of particular

interest.
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Chapter 3. Effect of Stresses on the Dielectric and Piezoelectric Properties of
Pb(Zr.52Tio.48)O3 Thin Films

Portions of this chapter have been reproduced from: K. Coleman, J. Walker, T. Beechem, and S.
Trolier-McKinstry, “Effect of stresses on the dielectric and piezoelectric properties of
Pb(Zros2Tio.ss)Os thin films,” J. Appl. Phys. 126 (2019) 034101. DOI:10.1063/1.5095765.

This chapter discusses the influences of stresses on the dielectric and piezoelectric properties of
PZT thin films. The total stresses in the film include residual, applied, and electrically induced
stresses. To understand the influence of residual stresses, the permittivity and P-E loops of PZT
films on Si and Ni foil were measured with varying uniaxial applied stresses. In addition, the
piezoelectric and dielectric properties were also measured as a function of applied uniaxial strain.
PZT on Ni foil was bent around a mandrel of a known radius to apply uniaxial strains. Compressive
strains of up to -0.3% and tensile strains up to 0.47% were applied. Beyond -0.3% compressive
strain, delamination was observed, and above 0.5% tensile strain, cracking was observed. PZT on
Si was strained from 0.06% compressive strain to 0.06% tensile strain using the beam bending
method, since the Si substrate is brittle. The changes in properties as a function of the total stress
suggest differences in intrinsic and extrinsic contributions between the films on Ni and Si
substrates including differences in domain structure, local stresses, and mechanical limits, which

will be explored in later chapters.

3.1 Introduction

The stress state can influence both the dielectric and piezoelectric response of ferroelectric
films [19,73,74]. Residual stresses influence the domain structure; in clamped films the remanent
and saturation polarizations depend strongly on the residual stresses as a consequence of
limitations on ferroelastic domain switching [15,18,19,68,73—77]. It is notable that applied

stresses can also strongly affect the dielectric and piezoelectric properties of piezoelectric ceramics
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[31,59,72,78-80]. For both hard and soft PZT ceramics, applied stresses either parallel or
perpendicular to the polarization direction dramatically change the dielectric constants due to
ferroelastic domain reorientation [81-85]. Brown showed that PZT ceramics under an uniaxial
pressure of 250-300 MPa can have up to 50% reduction in the dielectric constants [81,82].
However, these stress-induced changes tend to be smaller in magnitude for thin films than bulk
ceramics exposed to the same applied stress levels [31,59,72,78,79,85,86]. This was shown in
studies by Shepard et al, where PZT films on Si have a 3-5% change in dielectric constant with

similar applied stresses [85,86].

There have been many studies on the effect of either residual stress [15,18,75,77], or
applied stresses [31,72,87] on PZT films. However, the role of a combination of residual and
applied stresses on dielectric and piezoelectric properties has not been reported over wide stress
ranges. Therefore, this study aims to quantify the effects of the total stress state on the

piezoelectric, ferroelectric, and dielectric response of PZT thin films over wide stress ranges.

3.1.1 Types of Stresses

Thin films experience stresses from various sources including residual stress (o) associated
with the processing, applied stress induced by bending (¢,), and electrically induced stress (o.) due
to piezoelectric or electrostrictive responses. The total stress (o7,/) experienced by the films is the

summation of these (Equation 3-1).
OTot = Or + O¢ + 0, (3-1)

3.1.1.1 Residual Stress
In this section, the residual stress (o;) is distinguished from the stress from thermal
expansion coefficient mismatch (o7) and the calculated residual stress from Stoney’s equation (o).

o, in the film depends on several factors including the thickness and thermal expansion coefficients
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(acre) of various layers in the multilayer stack as well as the growth method. Coherent epitaxial
films will experience stress due to the lattice strain; this contribution to the total stress is lost when
the film nucleates enough dislocations to relax the epitaxial stress. In addition, if a film is grown
through most physical vapor deposition (PVD) processes, such as pulsed laser deposition (PLD)
and sputtering, there will be additional bombardment stresses [88—90]. For oriented thick films
grown through chemical solution deposition (CSD), bombardment and epitaxial stresses are not

present.

In CSD of PZT films = 100 nm thick, the residual stress is due primarily to the thermal
expansion coefficient mismatch between the film and the substrate [18,67,68,75,91,92]. The
thermal expansion coefficient mismatch stress g; of the film and the substrate [18,68,75] is

described in Equation 3-2.

T
_ fT;naX(aCTE,f_ acrE,s)dT

Oy = - -
C D)

(3-2)

where v is the Poisson’s ratio of the film (f) or substrate (s), Y is the Young’s modulus (90 GPa
for {001} PZT) [93], Tmaxis the crystallization temperature, and 7, is the operating temperature.
While o, is the predominant cause for stress in CSD films, below the Curie temperature (7.) the
nucleation of ferroelectric domains with specific orientations reduces the stress arising from the
acre mismatch [18], and o, will then overestimate the residual stress. Additionally, in CSD, the
removal of solvents and densification during pyrolysis strongly influences the residual porosity.
This porosity may reduce the film’s elastic moduli, thereby modifying the residual stress [78,94].

The CSD film’s residual stress is then a function of the domain structure and porosity.

If the substrate is rigid and the film’s thickness is significantly smaller than the substrate
[95], Equation 3-2 can be simplified to the form shown in Equation 3-3.
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Yr T
ve-1 fTomax(aCTE,film - aCTE,substrate)dT (3'3)

O =

The film’s global residual stress can be estimated by measuring the wafer curvature method
for rigid substrates. Stoney’s equation for a <001> Si wafer [67,69,96-98] is given in Equation

3-4[96,99].

hZ
et(sT+STHR

Of (3-4)

where oy is the film stress, t; is the film thickness, / is the substrate thickness, St + S55 are
components of the elastic compliance tensor of the Si, and R is the radius of curvature [96].
Stoney’s equation assumes biaxial stress conditions, a uniform stress distribution, and that the film
thickness is a few orders of magnitude thinner than the substrate [96]. As a result, Stoney’s formula
is not valid for PZT on many metallic foils owing to the foil’s lack of rigidity and its thickness.
Moreover, o; does not consider alleviation of stress either from the domain structure or curvature
of the film/substrate system. Thus, the average o, should be treated as an estimate of the o,. In this
work, a polycrystalline average for the acre was used to approximate the residual stress, and the

values for o; were compared to o, for PZT on Si.

3.1.1.2 Applied Stress

During application, films may experience additional uniaxial or biaxial mechanical stresses
due to mechanical or electrical loads; these in turn may induce ferroelastic domain switching in
PZT films [72,87]. In applications such as many kinetic energy harvesters, uniaxial stresses are
applied along the length of the cantilever [16,17]; in some transducers, biaxial stresses are applied
to diaphragms.

The electrically-induced stresses (o, ), governed by the effective transverse piezoelectric

coefficient (e3;) and the applied electric field (£) [31], are shown in Equation 3-5.
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O = —e31 7 E (3-5)
It is important to note that e3; s will itself be a function of both the electric field and the stress state
of the film [44,100]. Thus, Equation 3-5 is not expected to be truly linear. An additional

electrostrictive (M) component cannot always be neglected, such that the expanded form would be

[8]:

0, = —es1s E + > McE? (3-6)
where c is the material’s stiffness. When fields are low, (below 80 kV/cm) the bulk electrostrictive
term [101] will be on the order of 0.1 to 5 MPa, where 5 MPa is about an order of magnitude less
than the piezoelectric response. Thus, in this thesis for the small fields applied, this second term is

ignored.

In this study, uniaxial strains were applied by the radius of curvature (ROC) method in
which a film is wrapped around a mandrel to induce a predetermined applied strain (¢ = §/R),
based on the distance of the film to the neutral axis (§) (see Figure 3-1a). Using this method on
flexible Ni foil samples allowed for a large strain range (0.5% to -0.32%) beyond which failure of
the PZT/Ni stack would occur. In addition to the ROC method, uniaxial strains were also applied
by bending a cantilever beam; this was used for lower magnitudes of strains for films grown on
brittle substrates such as Si (see Figure 3-1b). To biaxially load samples, the ball on three ball

(B3B) method was used (see Section 5.2.2).
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Figure 3-1. Method for applying uniaxial strains on PZT films. The radius of curvature method (a) was used for higher
strains and more flexible substrates, and the beam bending method (b) was used for lower strains for the Si case.

3.1.2 Overview

{001} oriented PZT (Pbo.9900.01(Z10.52T10.48)0.98Nb0.0203) films on Ni and Si substrates
were fabricated through CSD to investigate the influence of substrates with different thermal and
mechanical properties on the properties of PZT films. Electrical characterization methods were
used to explore changes in the properties and domain structure as a function of o7 The & and
piezoelectric coefficient, (e3;y) were measured as a function of the total stress to understand the
relationship between stress, domain state, and stress limits in piezoelectric thin films

[18,31,59,64,102].

3.2 Experimental Procedure

3.2.1 PZT Chemical Solution Deposition

PZT films were grown by chemical solution deposition (CSD) on either 50 pm thick Ni
foil or 500 um thick Si <001> wafers. Ni foil of 99.98% purity was used from Sigma Aldrich [15].
The Ni foils were first polished using Al>O; powders from 5 um down to 30 nm particle size [15].
Then the NiO was removed by annealing in a reducing environment ( P,, ~107"7 atm) at 900°C for
1 hour. Following this, a 30 nm HfO» buffer layer was deposited by Atomic Layer Deposition

(ALD) to reduce nickel oxidation during subsequent processing steps [15,103].
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To achieve the desired {001} orientation, a LaNiO3 (LNO) bottom electrode was deposited
by CSD using an acetic acid-based solution on both the prepared Ni foil substrates and Si wafers
with a I um thermal oxide (NOVA Electronic materials). To make 120 mL of 0.2 M LNO solution,
10.397 g of lanthanum nitrate hexahydrate and 5.973 g of nickel acetate trihydrate were added to
90 mL of acetic acid and refluxed at 80°C for an hour. Then, 23 mL of acetic acid was added and
refluxed for an additional 3 hrs. The solution was cooled to room temperature and 6 mL of
deionized (DI) water was added and stirred for 30 minutes. The solution was bottled and allowed
to chelate overnight prior to use [15,104]. Then the LNO solution was spun at 3000 RPM,
pyrolyzed sequentially at 150°C and 370°C for 2 minutes each, and crystallized at 700°C for one
minute in a rapid thermal annealing furnace. This process was repeated five times to achieve a

bottom electrode of 130 nm thickness.

PZT with 2% Nb was deposited on the bottom electrode using CSD with a 0.4 Molar 2-
methoxyethanol based solution with 10% Pb excess [105]. To make 60 mL of this solution, 9.923
g of lead acetate trihydrate was added to 60 mL of 2-methoxyethanol (2MOE) and refluxed at
120°C for a minimum of 30 minutes under Ar flow. This solution was then distilled at 120°C to
remove bound water. At the same time in a glove box, the zirconium, titanium, niobium precursors
were prepared. 5.72 g of zirconium (IV) propoxide, 0.153 g of niobium (V) ethoxide, and 3.31 g
of titanium (IV) isopropoxide were added to 30 mL of 2MOE and refluxed for a half hour. Once
the Pb precursor was distilled and the Ti/Zr/Nb solution was well mixed, the two solutions were
combined with an additional 90 mL of 2MOE and refluxed for a minimum of two hours at 120°C
under Ar gas. Then the solution was distilled to 46.5 mL at 120°C to remove any remaining water.

The solution was cooled to room temperature and 13.5 mL of acetylacetone was added as a
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stabilizer. The solution was refluxed for a minimum of 20 minutes, bottled, and left in a dry box

for 12 hours to chelate prior to use.

From this solution, films were spun at 1500 RPM, pyrolyzed at 225°C and 400°C for two
minutes each, and then crystallized at 700°C for one minute in a Pb-rich rapid thermal annealing
furnace. This process was repeated seven times to achieve a thickness of ~0.6 um; additional
details on the deposition are provided elsewhere [15]. A PbO capping layer was added after the
7% layer to remove the pyrochlore secondary phase on the surface of the film, which formed due
to Pb volatilization during crystallization [105]. For films grown to larger thicknesses,
approximately every 5" - 7" layer, a PbO layer was utilized due to the continued volatization of
Pb during each crystallization step. When the PbO was added depended on the Pb furnace
condition and the presence of pyrochlore. To assess when the PbO layer was needed, the film
surface was checked intermittently using a field emission scanning electron microscope (FeSEM)
(see Figure 3-2); pyrochlore was manifested as very fine grained material, with higher
concentrations at the perovskite grain boundaries. If pyrochlore coated too much of the film
surface, newly deposited solution could not nucleate from the pre-existing perovskite grains, and
crystallographic orientation was progressively degraded. The PbO solution (0.08 M from lead
acetate trihydrate dissolved and distilled into 2MOE in a similar manner as the PZT solution) was
spun at 3000 RPM, pyrolyzed at 110°C for one minute, 225°C for two minutes, 410°C for two

minutes, and then crystalized at 700°C for one minute with a ramp rate of ~10°/s.
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Figure 3-2. Various microstructures that may form depending on the lead environment of the Pb furnace and PbO
added to the film. (a) lead deficient film with a fine-grained surface pyrochlore phase which nucleated at the grain
boundaries of PZT. This film requires a PbO layer. (b) pure PZT phase, after deposition of a PbO capping layer (c)
PZT phase with a Pb-rich secondary phase on top that can be removed in acetic acid.

3.2.2 Film Structural Characterization

The orientation and phase purity of the films were characterized by a combination of X-Ray
Diffraction (XRD) using a PANalytical Empyrean diffractometer with a Cu K, X-Ray source and
by Leo 1530 FeSEM. For XRD, first the peaks of the underlying layers were identified, as shown
in Figure 3-3. These peaks were visible due to strong orientation, the existence of low intensity
wavelengths including Cu K Beta, and so-called ghost peaks. Some peaks from nickel oxidation
and from the HfO; buffer layer were also detected. For XRD, the following powder diffraction
files (pdf) were used: Si (00-027-1402) [106], LaNiOs; (LNO) (00-033-0710) [107], Ni (00-004-
0850) [108], NiO (00-004-0835) [109], HfO; (00-053-0550)[110], PZT (52/48) (00-033-0784)
[111]. The numbers in parentheses correspond to the pdf file for each of the given material from

the ICDD inorganics database.
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Figure 3-3. XRD patterns of the substrate and subsequent layers prior to the addition of the PZT layer. Peaks for the
Si and LNO for the Si substrate (a) and peaks for the Ni, HfO, buffer and LNO for the flexible Ni substrate (b) are
labeled.

For the FeSEM, low voltages and currents were used (3.0-5.0 kV and 100 pA) since PZT
is a good insulator. For these fine grain microstructures, short working distances (2.4-3.5 mm) are
recommended. From these images, lateral grain sizes were determined using the average intercept
method with a minimum of six lines in varying directions. Unless otherwise noted, all PZT films

have a preferred {100} orientation.

3.2.3 Film Flectrical Characterization

To electrically characterize these films, DC magnetron sputtered Pt top electrodes were
patterned by photolithography in diameters of 1 mm, 0.6 mm, and 0.4 mm. First, LOR 5A was
spun at 4000 RPM for 45 s and then baked at 180-190°C for two minutes. Then, SPR 3012 was
spun on at 4000 RPM for 45 s and baked at 95°C for two minutes. The photoresist was then
exposed (6.0 MJ for 7 s) and then developed in CD-26 for 70 s. The quality and sizes of the features
were checked with the optical microscope. A descum plasma etch was performed using O2 and He
gas in the M4L oxygen plasma chamber with 200 W power for two minutes prior to sputtering. Pt

was sputtered using the Kurt Lesker CMS-18 sputter tool with a power of 200 W. The Pt was
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deposited for 417 s to achieve a thickness of 100 nm. For lift off, the sample was submerged in
acetone for a minimum of 30 minutes. This allowed the photoresist to dissolve and the Pt to lift
off the surface. Wafers were not scrubbed to prevent damage to the features. Samples were then
rinsed with DI water. To remove any remaining photoresist, samples were submerged in CD-26

and then rinsed in DI water.

The samples were then cut into cantilever beams with an aspect ratio of 1:4 or into a desired
shape. Access to the bottom electrode was made through either a wet etch or mechanical scratch.
The wet etch was performed after first painting most of the film with an 1813 photoresist protective
layer, and then baking at 120°C until hardened (typically 5 minutes). Then a drop of BOE (10:1
DI water to Hydrofluoric acid concentration) was placed on the exposed region, followed by a
drop of HCI. These steps were repeated until the bottom Pt electrode was reached. The scratch
method is performed by abrading through the PZT with a razor blade to expose the bottom
electrode and then adding silver paste to the scratched region. The silver paste was dried at room
temperature for a minimum of two hours, until the paint dried. The scratch method was the

preferred method as HCI and HF can easily etch the lanthanum nickelate bottom electrode and Ni.

The ¢ and the polarization-electric field (P-E) hysteresis loops were measured using a
Hewlett Packard 4284A precision LCR meter and a Radiant Multiferroic tester, respectively,
where the applied electric field was out-of-plane, perpendicular to the in-plane applied and residual
stresses. The P-E loops were measured using a single triangular wave form with no pre-pulse and

a frequency of 100 Hz.
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3.2.4 Methods for Applying Uniaxial Strains

Two different methods were used to apply uniaxial stresses for the two different substrates
due to their different mechanical properties and strain limitations. For the samples on Ni, the radius
of curvature (ROC) method was used, where the foil was bent around a mandrel of a known radius
and the distance of the film to the neutral axis was calculated to determine the applied strain and
stress (Figure 3-4 and Figure 3-1). The calculated applied strain was experimentally confirmed
through strain gauges within 0.02% strain. To apply a compressive stress, the Ni foil was curved
around the inner radius of a hollow mandrel with the PZT film facing inward, and for tensile stress
the Ni foil was curved around the outer radius with the PZT film facing outward. Compressive
strains of up to -0.3% were applied, as were tensile strains up to 0.47%. Above -0.3% compressive
strain, delamination between layers was observed and above 0.5% tensile strain, cracking was
observed in the PZT. For the samples on Si substrates, stress was applied by a beam bending
method (Figure 3-1) where a fixed - free beam of the sample had an applied force at the end of
the cantilever. Since the Si substrate is brittle, the range used in this study was from 0.06%
compressive strain to 0.06% tensile strain. This strain range is roughly an order of magnitude

smaller compared with films on Ni foils.

Figure 3-4 Photo taken of the Ni foil sample being wrapped around a mandrel with a radius of 4.8 mm.
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3.2.5 Piezoelectric Coefficient (e3;,) Measurement

The effective transverse piezoelectric coefficient (e3;s) was measured by poling individual
electrodes on the film at 250 kV/cm, 150°C for 15 minutes and waiting a minimum of 12 hours to
allow the domain state to stabilize. The e3;; was measured by clamping the film at one end and
actuating it with a sinusoidal strain at the opposite end, using a piezoelectric actuator stack [102].
For the e3;y measurement, the static and dynamic strain were measured using an Omega strain
gauge (KFH-1.5-120-D16-11L1M2S) with a gauge factor of 1.95 £+ 1.5%. This was adhered to the
surface of the cantilever using Loctite® superglue near the electrodes being tested. The strain and
charge signal from the electrodes were measured during dynamic actuation of the cantilever using
a quarter Wheatstone bridge and a lock-in amplifier. Tungsten probes were used to contact the top
and bottom electrodes and the charge signal was amplified using a charge to voltage amplifier of
100 pA to 1 mV and detected using a second lock-in amplifier. Both charge and strain signals were
referenced against the sinusoidal wave signal driving the piezoelectric stack actuator, in order to
determine the phase angle of each signal.

To measure the e3;r as a function of stress, the samples were strained using the beam
bending method. The stack actuator was raised and lowered using a micrometer to change the static
strain applied to the cantilevers via bending. Raising the height of the actuator puts the PZT film
into more compression. Samples were flipped upside down to put the film in tension when raising
the actuator. On flexible Ni foils, part of the Ni foil cantilever was sandwiched between two rigid
glass slides. This cantilever hinge design effectively concentrates the sinusoidal bending strain
induced by the piezoelectric actuator on the tested electrodes on the PZT/Ni foil device, as shown

in Figure 3-5.
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Figure 3-5. Schematic set up for measuring e3;r on Ni foil; the glass slides are adhered to the cantilever to allow the
sinusoidal strain to reach the measured area.

3.3 Results

The XRD pattern and FeSEM images for the PZT films on Si (Figure 3-6a, c, e) and Ni
foils (Figure 3-6 b, d, f) are shown in Figure 3-6. The grains were columnar and the average
lateral grain size for these films was 81 + 13 and 65 + 4 nm for the sample on Si and Ni foil,

respectively.
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Figure 3-6 XRD patterns for 0.6 um thick PZT films on Si (a) and Ni (b), and top surface FeSEM images of the grain
structures on Si (c¢) and Ni (d), and FeSEM cross section for the 500 um thick Si wafer (e) and 50 um thick Ni foil (f).
The Lotgering factors were 98% for the sample on the Ni foil and 92% for the sample on Si.

The PZT residual stress was estimated from o; calculated using Equations 3-2 & 3-3. The
thermal expansion coefficients of Si and Ni have been reported as 2.3-4.5 x 10%/K [112], and 13.3-
17.1 x 10°%/K [113] (in the temperature range from 25-700°C), respectively. For PZT, the thermal
expansion coefficient is dependent on temperature and ranges from 8 x 10°%/K down to 0 /K in the
paraelectric phase, and between 0 and 2 x 10°%/K in the ferroelectric phase, with a discontinuity at
T. [18,114]. The T. for these PZT samples was 336 + 8°C for samples on Si and 325 + 6°C for

samples on Ni, as shown in Error! Reference source not found..
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Figure 3-7. The relative permittivity vs temperature measured at various frequencies (from 200 Hz up to 140 kHz)
for PZT on Ni (a) and PZT on Si (b). The temperature when the derivative equals zero was assigned to be T, for the
two films. T, for PZT on Ni and Si were around 320°C for both films.

Using Equation 3-2, the PZT films on Ni foil were under a compressive stress of
approximately 530 + 30 MPa, and PZT films on Si were under a tensile stress of approximately
130 + 30 MPa. Equation 3-3 overestimates the compressive o; of the PZT on Ni since it does not
consider bowing of the substrate or the resulting domain structure. However, for PZT on Si, the
tensile o, is in agreement with oy, which was confirmed through wafer curvature measurements
(150 + 40 MPa). Moreover, the calculated values are consistent with what has been reported in the
literature [18,19,67,69,86]. Since or and o, do not consider the formation of domains, which will

alleviate stress, they will somewhat overestimate the magnitude of o

Recognizing the difference in the residual stress, Figure 3-8 compares the P-E loops of
PZT on Ni and Si at 100 Hz. At the same electrical field of 900 kV/cm, P, was 21 = 0.2 pC/cm?
on Si and 39.5 + 2.3 pC/cm? on Ni. This difference is consistent with prior reports for films under

tensile stress having more in-plane polarization and lower remanent polarizations [15,18]. It is
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notable that the PZT film on Si could be driven to a higher electric field (1400 kV/cm) for which
the P, improved to 26.0 + 0.2 uC/cm?. This increase was not observed for the Ni foil samples. At
lower electrical fields (400 kV/cm) the P, drops to 13.2 = 0.12 uC/cm? and 32 + 1.6 uC/cm? for
PZT films on Si and Ni, respectively. At a driving signal of Vae= 30 mV and 1 kHz, the & was
1040 £ 20 and 600 + 80 for the virgin films on Si and Ni foil, respectively with loss tangents of
less than 5.0% for all of the films. These differences in ¢, suggests differences in the percentage of
in-plane polarization, where the PZT on Si would have more in-plane polarization, and a higher

Er.

Figure 3-8. P-E hysteresis loops for PZT on Ni (red), and PZT on Si (green). The P, for films on Si was 21 + 0.2
uC/em?, while films on Ni had P, of 39.5 + 2.3 nC/cm?. This was due to the compressive thermal expansion stresses for
PZT films on Ni, causing a larger percentage of “c” (out-of-plane) domain orientation [18].

Figure 3-9 shows the changes in the P-E loop and P, for PZT films on Si and Ni foils at
different applied strain levels. The P-E loops of films on both Si (Figure 3-9 Ia) and Ni foils

(Figure 3-9 IlIa) experienced a clockwise rotation under tension and a counterclockwise rotation
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under compression, as has been reported previously [86]. For the films on Si, the P, varied from
11.7 £0.16 pC/cm?® at 0.06% strain to 14.1 + 0.14 pC/cm? at -0.06% strain at 400 kV/cm. For the
films on Ni foils, P, varied from 33 + 1 pC/cm? at -0.2% strain to 27.1 £ 0.7 pC/cm? at 0.4% strain.
Upon removing the applied strains from each sample, the P, partially recovered to the initial value
at zero applied strain. These same samples were cycled through the entire strain range again; little
hysteresis of the P, was observed between the first and second strain cycles for films on Si (Figure
3-9 Ib). The hysteresis was more pronounced for PZT films on Ni substrates. However, it was still
<6% and a trend as a function of cycles was not distinguishable (Figure 3-9 IIb). The normalized
polarization changed approximately linearly as a function of applied strain for both films on Si
(Figure 3-9 Ic) and Ni foils (Figure 3-9 Ilc). At 0.04% compressive strain the P, increased by
roughly 5% for the PZT on Si, while on Ni a large compressive strain of 0.2% was required for
this magnitude of a change. This difference in the strain required for a 5% change in the P, may

be due to differences in the domain structure and residual stress.
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Figure 3-9 Polarization hysteresis loops for PZT films on Si (Panel Ia) and Ni (Panel IIa). Changes in P, as a function
of applied compressive and tensile strain on Si (Panel Ib) and Ni (Panel IIb) as well as the linear trend of the normalized
change in P, [e.g. P«(strain)/P, (zero strain)] as a function of both applied compressive and tensile strain on Si (Panel
Ic) and Ni (Panel IIc). The strain range for samples on Ni was -0.2% strain to 0.4% strain; for Si it was from -0.06%
to 0.06%. The purple dotted lines (Panel Ic & Panel Ilc) indicate the smaller strain range over which films on Si were
tested. Negative strains represent in-plane compressive strains, and positive represent in-plane tensile strain.
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To investigate how the applied strain alone influenced the domain state, dielectric Rayleigh
measurements were made at 1 kHz as a function of applied strain (Figure 3-10). The PZT on Ni
samples were strained from -0.2% to 0.5% strain, and at 1 kHz and 0 V DC bias, the AC field was
increased up to 20 kV/cm, which is less than half the coercive field. For all AC fields, the &,
increased under applied tensile strain and decreased under compressive applied strain. At an AC
driving field of 5 kV/cm (30 mV), the &, for a PZT film on Ni was 620 + 40 at 0.5% applied tensile
strain and 460 + 50 at 0.2% compressive strain (Figure 3-10b). The permittivity was normalized
to the value at zero applied strain and increased approximately linearly with the applied strain
(Figure 3-10b). The slope of the normalized ¢, change was opposite that of P,. These changes are
consistent with changes in the domain state under high stress levels. That is, a higher “c” domain
population induced under compression should decrease the ¢ value, while a higher “a” domain

population in films under tensile stress is expected to increase the ¢, [64,115].

The permittivity in the Rayleigh regime was fitted (with an R? of greater than 0.999) for
all strains tested and is denoted by the dashed lines in Figure 3-10a. &, is determined from the
zero-field intercept, and arqay from the slope of the line. Both €ini and aray increase with the applied
tensile stress. The increase in &,y may be due to an increase in reversible domain wall
contributions, a change in the intrinsic response (i.e. the percentage of “a” increases with tension),
or the combination of the two. Comparable trends in the ¢, as a function of applied strain were
observed for films on Si, however, the small strain range meant that the changes in permittivity
were not as pronounced. Clearer changes in properties with strain were seen for PZT on Si in
higher field measurements (i.e. P-E loops). This is consistent with previous studies of changes in

permittivity for PZT on Si substrates [86].
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Figure 3-10 Permittivity as a function of strain and AC field for the PZT on Ni foil (a) and the normalized permittivity
as function of strain at 5 kV/em AC field (b). Both &, and ogre, increased as a function of tensile strain. These
measurements were at 0 V DC bias.

The linear increase in the low field permittivity (Figure 3-10) and linear decrease in the P
(Figure 3-9) as a function of applied tensile strain suggest that tensile strain induces more in-plane
domains, which have high permittivity and lower P.. Thus, the mechanical state likely causes
changes in the domain population of the PZT films. These effects of applied strain are also seen
on the effective transverse piezoelectric coefficient (e3;). A lower P, indicates that fewer domains
are aligned parallel to the electric field direction after the field has been removed; the remanent
piezoelectric response scales with P,. Measurements at zero applied strain yielded an e3;of —9.7
+ 0.45 C/m? for films on Ni foil and —7 + 0.35 C/m? for the films on Si. The difference in these
values at zero applied strain is related to the different residual stress states and domain populations
of the films. Figure 3-11 shows the changes of e3; s normalized to the zero applied strain value, as
a function of applied compressive strain for films on Si. As the compressive stress increased, the

magnitude of e;;sincreased. The magnitude of this increase depends on whether the film was only
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poled before or again after the applied static loading to the new strain level, allowing for alignment

of more “c” domains.

Figure 3-11 (a) Normalized e3;ras a function of applied strain for PZT on Si. The magnitude of the ez, increases
linearly under compression. (b) Normalized e3;with various applied DC biases as a function of compressive strain.
m indicates the slope of the linear fit of the normalized e3, ras a function of strain (%); the stain dependence was larger
when samples were repolled while under strain.

3.4 Discussion

The difference in the P, and permittivity between the two sets of samples corresponds with
the residual thermal stresses in the films [15,18,91]. While the PZT composition is close to the
morphotropic phase boundary and likely consists of both tetragonal and rhombohedral phases,
only the tetragonal domain configurations are considered here, due to the larger difference in P,
and permittivity between in-plane and out-of-plane domains. Samples on Ni foil were found to
have a larger volume fraction of domains with out-of-plane polarization, referred to as the
tetragonal “c” domains, which have a lower permittivity and a higher P, than in-plane domains or

“a” domains. As aresult, PZT films on Ni foil have a lower permittivity and higher P,. The samples
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on Si tend to have a lower P, and higher permittivity because the tensile stress results in a smaller

volume fraction of “c” domains [15,18,91,116].

As seen in Figure 3-9 and Figure 3-10, an increase in the applied compressive stress also
increases the P, and decreases the permittivity, while applied tensile stress decreases the P, and
increases the permittivity. These changes suggest the possibility of ferroelastic domain
reorientation, as shown in the schematic in Figure 3-12. Ideally, the majority of the non-180°
domain walls could move and all domains could undergo ferroelastic switching as suggested by
row 2 of Figure 3-12. However, the permittivity and P, on the Ni foil under the highest applied
tension did not overlap any of the values of films on Si. This suggests that many of these domains
cannot reorient. It is possible that the local strains induced from one domain switching may prevent
others from switching, as shown by row 3 of Figure 3-12 [72]. Thus, the reorientation of domains
induced by applied tensile stresses at room temperature is insufficient for the films on Ni foils to
reach a similar domain state as the samples on Si before mechanical failure ensues. Also, the
approximately linear change of both electrical properties as a function of applied strain on Ni foils
indicates that domain reorientation as a function of applied strain may be approximately constant
over the strain ranges tested. The linear trend may indicate a wide distribution in the energy
potential required for ferroelastic switching. This has been indicated by previous studies [72], but

is shown here to persist over much wider strain ranges and a larger total stress magnitude.
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Figure 3-12. Schematic of the domain state for the films on Si substrates (a) and Ni foil (b, ¢). Also shown is how an
applied compressive stress could affect the domain state on Si (a) and Ni (c), as well as how tensile stress might change
the domain state for the samples on Ni (b) [72]. Red arrows facing in (— <) represent compression. Blue arrows
facing outwards ( ) represent tension. Black triangles (7 7) in between domains represent local stresses induced
from non-180° domain switching.

In addition, the magnitude of the piezoelectric coefficient increased linearly with applied
compressive stress. This also suggests some ferroelastic reorientation of domains [73]. However,
the reorientation of ferroelastic domains by stress allows for two ferroelastically equivalent (180°)
polarization direction possibilities. That is, when “a” domains switch to “c” domains under
compression, it is likely that some of these domains will have antiparallel polarization directions
(up and down), and thus their charge contributions with cancel out. Therefore, the net piezoelectric
response may not be significantly enhanced. However, a DC electric field would help align the
majority of these reoriented “c” domains with the field direction, causing them to contribute to the

net piezoelectric response and thus produce a significant increase in the piezoelectric coefficient.

The linear trends in the permittivity, remanent polarization and piezoelectric coefficient
are the result of the total stress state of the PZT films. Thus, the applied stresses were added to the
residual stresses to provide an estimate of the total stress state for the films on different substrates.
As shown in Figure 3-13 and supported by Figure 3-9 Ic & Il¢, the slope of the normalized P, is
steeper for the films on Si than the films on Ni. As suggested by Wang et al., the films on Si have
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residual stress states closer to zero stress, which in turn is likely to result in a more complex domain
structure, with more non-180° domain walls [117]. This is also supported by estimations from
phenomenological values of the polarization and permittivity that suggest PZT on Si has roughly
60% “c” domains, resulting in a mixture of “a” and “c” [115]. Assuming a random distribution of
domains, this would suggest a high concentration of non-180° domain walls. For PZT on Ni, the
phenomenological values of permittivity and polarization suggest predominately “c” domains
(~70-85%) and so these samples would have fewer non-180° domain walls present [115].
Although the Si substrate cannot sustain wider applied strain ranges, the motion of non-180°
domain walls affects the electrical properties more significantly since “a” and “c” domains have
different properties. This may result in a larger change in the electrical properties for the films on
Si for the same applied stress. Conversely, PZT on Ni has a high percentage of “c” domains and
therefore a limited number of “a” domains that would be able to ferroelastically switch with
applied strains. This may also contribute to the smaller stress dependence of the permittivity, which
for both films on Ni and Si is much smaller than hard PZT ceramics [81-83]. Figure 3-13 also
emphasizes that while the properties of PZT can be tuned by applied stresses, due to the mechanical
limits imposed by failure, the PZT properties on one substrate do not overlap with the properties
of the film on the other substrate. In fact, these stress ranges reported for PZT films do not overlap
the stresses that maximum changes in the dielectric constants (e.g. the coercive stresses) have been
reported for PZT ceramics (~70 MPa) [83]. As a result, the initial stress state of a film after

fabrication largely determines the achievable stress range and magnitudes of electrical properties.
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Figure 3-13. Working total stress ranges for the films on the two substrates. The difference of these working ranges
slightly affects the slope of the properties changes as a function of stress, as well as the complexity of the domain
structure in these films on different substrates. Data for this plot comes from the experiments shown in Figure 3-9.

3.5 Conclusions

The permittivity, remanent polarization, and piezoelectric properties all depend approximately
linearly on the stresses in the PZT film. It was shown that the magnitude of the e3;rof PZT can be
improved by applying a DC bias under compressive in-plane stress. Ferroelastic domain switching
is possible on PZT films, however significant improvements in piezoelectric coefficients require
alignment of these ferroelastically switched domains. Also, although larger strain could be
achieved on Ni, the values for the permittivity and remanent polarization did not reach those of
PZT on Si, indicating the importance of the thermal residual stress in the film on the domain

structure and properties.
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Chapter 4.  Extrinsic Contributions to the Dielectric and Pyroelectric Properties of
Pby.9o] (Zro.52Tio.48)0.98NDb0.02] O3 Thin Films on Si and Ni Substrates

Portions of this chapter come from: K. Coleman'”, S. Shetty!, B Hanrahan?, W. Zhu', and S. Trolier-
McKinstry' “Extrinsic contributions to the dielectric and pyroelectric properties of
Pbo.osf (Zr0.52Ti0.43)0.98Nb0.02] O3 thin films on Si and Ni substrates” accepted 2020

This chapter investigates the differences in the extrinsic contributions to the dielectric and
pyroelectric properties of Pbo.oo[(Zro.52T10.48)0.98Nbo.02]O3 (PZT) films on Ni foil and Si wafers by
using Rayleigh analysis, third harmonic phase angle, and Preisach analysis from 15 K to 296 K.
The temperature dependence of the domain structure, domain wall mobility, and domain switching
influenced the intrinsic, extrinsic, and secondary contributions to the pyroelectric coefficients.
This, in turn, produced markedly different room temperature pyroelectric coefficients of ~250
pC/m’K and ~100 uC/m2K, respectively, for films on Ni and Si. At room temperature, the
dielectric irreversible Rayleigh parameter o4, was 15.5 + 0.1 and 28.4 = 1.6 cm/kV for PZT on Si
and Ni, respectively. The higher o,,, value for the Ni sample suggests more domain wall motion
at room temperature, which was attributed to the lower stiffness on the Ni foil compared to the
~500 pm thick Si substrate. Below 200 K, o,y for the PZT Si sample exceeds that of the Ni/PZT
sample. This is believed to arise from differences in the energy landscape of pinning centers for
domain wall motion. It is proposed that the residual stresses not only set the preferred domain

structures, but also the barrier heights for domain wall motion and domain switching.

4.1 Introduction

Pyroelectric thin films are used in infrared imagers [3,4,118-121], thermal energy
harvesters [4,7,122—124], and detectors of thermal infra-red radiation [8—-10,119,125-128] The
performance of these devices depends on the pyroelectric coefficient, 77, of the film, which is

determined by the change in polarization with temperature [8]. At zero applied field, which is the
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condition for this chapter, the change in polarization with temperature depends on several factors,

as shown in Equation 4-1 [6,129].

Mot = (57), + (55), (52, (57), + 2 (57) @D

The primary pyroelectric response is due to the change in the magnitude of the spontaneous
polarization with temperature. There is also a secondary term due to a stress induced response due
to the piezoelectric response of the film, which induces a polarization due to the change in
dimensions associated with a temperature change [6,124,130]. Lastly, there also can be an
extrinsic contribution from motion of domain walls or phase boundaries[131]. In the case where
heating is not uniform, an additional term is also possible [129], but this is typically negligible for
thin films clamped to substrates with good thermal conductivity (such as Si and metallic substrates)
[6], and so it is not included in Equation 1. The combination of the secondary and extrinsic
contributions can account for up to a third of the pyroelectric coefficient [ 132] with tuning of strain
in the film. Studies show that changing the epitaxial stain and the thermal expansion mismatch
between the film and substrate can increase the pyroelectric coefficient significantly
[122,124,132,133].

It is important to recognize, however, that thermal stresses will also modulate other
contributions to the net pyroelectric effect. In particular, the thermal expansion mismatch stress
between the film and the substrate influences the percentage of out-of-plane “c” and in-plane “a”
domains in {001} oriented perovskite films with a significant tetragonal phase fraction [18,19,75].
This changes the intrinsic pyroelectric coefficient. Additionally, changes in temperature and stress

also influence the domain populations and types of domain walls present in the films, and hence

the extrinsic contributions to pyroelectricity [44,117,124,132]. Finally, local stresses in the film
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may pin certain types of domain walls, [72] and determine the domain wall density [117] and
domain structure [132].

In PZT films, the extrinsic contribution to the pyroelectric coefficient is hard to predict due
to the complex domain structure and various degrees of clamping. For example, a substrate’s
stiffness and thickness influence the degree of in-plane clamping experienced by the film
[15,20,77] and thereby alter the extrinsic contributions to properties. Changes in the film’s stress
state can significantly alter the amount of domain wall motion; this has been demonstrated by
reduction of stress through releasing the films from the underlying substrate [20,43,134], as well
as by varying epitaxial strains [132]. However, to date, the relationship between stresses and
domain wall pinning sites is not fully understood. This complicates prediction of the functional
pyroelectric, dielectric, and piezoelectric responses of ferroelectric thin films, and reduces the
accuracy of calculations on the high field response of sensors and actuators.

For example, stresses may affect the extent of domain wall motion at low fields, and
domain nucleation and growth at higher fields. Therefore, the influence of stresses should be
explored using both low and high field methods. At lower fields, the dielectric non-linearities of
many ferroelectrics can be described through the Rayleigh law (Section2.4.1) [40,42], as in
Equation 4-2.

& = Einit T ArayEac (4-2)
where einit captures the response due to reversible domain wall motion and intrinsic contributions
and orqy quantifies the irreversible domain wall motion (aray) to the permittivity. Analysis of the
Rayleigh response for films on various substrates [15,44] suggests that films with flexible
substrates exhibit higher domain wall contributions to the properties than more fully clamped films

on rigid substrates. Because domain wall motion is thermally activated, temperature dependent
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Rayleigh measurements can provide one means of semi-quantifying the depth of the potential wells
pinning domain walls, since at low temperatures, mobile interfaces can be frozen out of the
response [36].

To confirm Rayleigh behavior at lower temperatures, the phase angles (0;) of the higher
harmonics of the dielectric response can be used to determine the Rayleigh regime [36,54]. In
particular, 3 should be at -90° (note a change in sign convention between references [135,136]
and reference [54]). It has been shown that the phase angle may require a threshold field to reach
the Rayleigh regime at some temperatures, which can give insight into the energy barrier ranges
for domain wall motion.

Additionally, Preisach distributions (or more generally first order reversal curve (FORC)
distributions) [55,57,58] describe the switching distributions over a much wider range of fields
than is captured by Rayleigh behavior [58]. These models describe switching in terms of a
distribution of hysterons, where each hysteron has a characteristic positive switching field (o) and
negative switching field (f) [58]. It is assumed that a is greater than 3. See Section 2.4.2 for more
detail. While this model does not illuminate the detailed mechanisms for switching, it does allow
the temperature dependence of the switching distributions to be described. This is useful as the
local coercive fields depends on the pinning of domains through imprinting [35,45] and the
variation in stresses [47,52] and clamping [47,48] of the films. Since the FORC distribution covers
a higher field range, it may suggest some differences in pinning centers which may lead to different
ideal poling conditions of films under different stress states. Determining these differences in
energy barrier height for low field and high field conditions is necessary to fully quantify and

exploit the extrinsic response of the film to optimize various properties.
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In this chapter, the link between extrinsic contributions to the dielectric and pyroelectric
properties based on stresses in 0.6 um thick Pbo.gom0.01[(Zr0.52Ti0.48)0.98Nb0.02]O3 (PZT) films on Ni
and Si substrates was explored. PZT was used since it has good piezoelectric and pyroelectric
coefficients and is used in many commercial applications [1,2]. Rayleigh and Preisach analysis as
well as 83 values were used to compared domain wall motion at low fields and switching behavior
at high fields from 10 K up to room temperature (296 K). From these results, working models of
the potential energy landscapes and domain structure were developed to convey the differences in

extrinsic contributions from one PZT thin film to another, based on residual stresses.

4.2  Experimental Procedure

The 0.6 um PZT films used in this study were the same series of films grown in Chapter
3. Details of the chemical solution deposition (CSD) process using a 2-methoxyethanol based
solution [15,44,105] are described in Section 3.2.1. The X-Ray diffraction patterns and FeSEM
images of these films are shown in Figure 3-6.

The pyroelectric coefficient of PZT on Ni and Si were measured by heating the substrates
using a cartridge heater powered by a 50% duty cycle square wave while monitoring the
temperature and sample current. Equation 4-3 relates the pyroelectric coefficient, II, to

heating/cooling and sample properties

I
=t (4-3)

where 4 is the current collection area, I is the pyroelectric current, 7 is temperature and ¢ is time.
For the temperature measurement, a co-located, surrogate thin film platinum resistive thermal
device (RTD) was used estimate the pyroelectric thin film temperature. The thermal properties of
the Ni and Si substrates were modeled to ensure the accuracy of the surrogate RTD chip [133].

Additional electrical characterization of the films was performed using a Lakeshore Cryotronics
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8400 series temperature-controlled probe station from 10 K to 296 K. Samples were adhered to
the stage using a thin layer of GE Varnish to ensure good thermal contact. A Cernox thin film RTD
cryogenic temperature sensor on a glass substrate was adhered on the stage using a thin layer of
GE varnish near the samples to monitor the temperature. Measurements as a function of
temperature were made on heating from 10 K.

First, P-E hysteresis loops were measured using a custom built electric field loop system
using a AC voltage amplifier (790 series power amplifier Piezotronics Inc.) described elsewhere
[45,137]. One set of loops was measured up to 400 kV/cm at 100 Hz and the coercive field (E.)
and remanent polarization (P,) were recorded. Since the E. drastically increases with decreasing
temperature, polarization hysteresis loops were repeated at 4x E.to obtain fully saturated loops.

Low field measurements of permittivity of PZT on Ni and Si were acquired using a Hewlett
Packard LCR meter at 1 kHz and 30 mV AC signal [136]. The first, second, and third harmonics
of the permittivity and their respective phase angles at 1 kHz were determined using a lock-in
amplifier as an AC voltage source, which was swept up to half the coercive field at each
temperature. Rayleigh measurements of the permittivity were taken at 1 kHz using the LCR meter
and an AC signal up to 25 kV/cm, The Rayleigh parameters were determined by a linear best fit in
the Rayleigh regime [43].

To probe the dielectric response at higher fields, FORC were measured using 40 loops that
increased linearly in field up to 4 times the coercive field, as described elsewhere [45,137]. The
field range probed was from -4F. to +4E. at each temperature. The Preisach distribution was

determined from these loops, as described elsewhere [45,137].
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4.3 Results and Discussion:

At room temperature, the pyroelectric coefficients of PZT films on Ni and Si substrates
were found to be -251 and -106 pC/(m?K) respectively, with £25% standard deviation. The higher
value for the film on Ni is function of the fact that this PZT film is under compressive stress, and
so has a higher remanent polarization [18,122,138]. The Curie temperatures, 7., were measured in
to be ~320°C for both films (see Figure 3-7) [44]. This suggests domain structure may alleviate
some of the residual stresses, which is plausible given the complex domain states [40,51].

There are several important points to note from the temperature dependence of the P-E
hysteresis loops of PZT on Ni (Figure 4-1a) and PZT on Si (Figure 4-1b). As expected, both films
showed a decrease in the P; and E. with an increase in temperature as shown in Figure 4-1c and
Figure 4-1d, respectively. At 4E., the P-E loops of PZT on Si above 150 K are not well saturated
and at these higher temperatures. For temperatures above 150 K, saturated loops of PZT on Si at
higher fields were used for P and Ec values in Figure 1c and 1d, respectively. The E. at 15 K was
-257 kV/ecm and 221 kV/cm for PZT on Ni, and -117 kV/cm and 104 kV/cm for PZT on Si, and at
room temperature dropped to 43 kV/cm for PZT on Ni and 36 kV/cm for PZT on Si. Over the
temperature range, E. for PZT on Ni was roughly twice that of PZT on Si, as indicated by the
dashed line.

At 15 K, the P; for PZT on Ni and Si was 47.5 £ 1.4 pC/cm? and 19 + 2 pC/cm?,
respectively. From phenomenology, it is estimated that “c” domains for this composition at 15 K
would have a spontaneous polarization, Ps of ~61 uC/cm? and “a” domains would have no
contribution to the out-of-plane polarization [64]. Assuming, as a first approximation, that these
films have only “a” or “c” domains and that ferroelastic domain switching is absent at 10 K; since

P: will scale with P, the percentage of “c” domains can be estimated. (Figure 4-2). At 15 K, PZT
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on Ni has ~80 vol% of “c” domains at 15 K, and PZT on Si has ~30 vol% of “c” domains. This is
lower than room temperature reports for the percentage of “c” domains of PZT on Si [19,44]. At
room temperature, the Py is 26 pC/cm? (at 4*E.) for PZT film on Ni suggesting only ~50 vol% of
“c” domains [19,44,64]. However higher maximum electric fields (900 kV/cm) the P: further
increases to 34.5 pC/cm?, which would suggest ~65% “c” domains, which is lower than previous

reports [44].

Figure 4-1. P-E hysteresis loops for PZT on Ni (a) and Si (b). The remanent polarization (c) and coercive field (d) as
a function of temperature for PZT on Ni (red squares) and on Si (green circles). The E. for PZT on Ni was roughly
twice that of PZT on Si for all temperatures measured.
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Figure 4-2. Estimated P, values from phenomenology at 15 K (blue) and 296 K (pink) based on the percentage of “c”
domains (a), and the observed P, for PZT samples on Ni and Si.

The difference in the volume fraction of “c”” domains at 15 K and room temperature can be
attributed to extrinsic contributions to the property changes or to domain reorientation with
changes in stress with temperature, or a combination of these. The stress changes in the film due
to thermal expansion mismatch stress (o;) is defined by Equation 4-4. a . is the coefficient of
thermal expansion, v is the Poisson’s ratio, Y is the Young’s modulus and ¢ is the thickness for the

film (f) and substrate (s).

_ f;:wx(OCCTE,f—QCTE,s)dT
A (TN,
{ Y, (5, )(45)}

For the temperature range used here (15 K to 296 K) the acze for Ni varies from 0.02 to

(4-4)

13.3 ppm/K [113,139] and Si from -0.5 to 2.6 ppm/K [112,140]. The acre for PZT below 273 K
has not been reported, but in the ferroelectric regime acrz has been reported to be roughly 2 ppm/K
[18,114,141]. The volumetric thermal expansion coefficient was estimated from the results in
[142—144] and below 60 K it is assumed that the acre for PZT decreases linearly to 0 ppm/K as 0
K is approached for the calculation. Therefore, approximately -200 MPa and -5 MPa more stress

is added to PZT on Ni and Si, respectively, when it is cooled from room temperature down to 15
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K. The small change in stress for the sample on Si produces little ferroelastic switching, such that
the volume fraction of “‘c” domains is approximately constant at cryogenic temperatures. As shown
in Figure 3-13, the P; of PZT films on Ni would increase by 2.5 uC/cm? under -200 MPa [44],
which suggests an increase in “c” domains as the temperature is reduced [64], but additional
contributions must be considered since there are limitations to these phenomenological
assumptions [51].

Rayleigh behavior and higher harmonics of the dielectric constant were investigated down
to 10 K to determine the extent of domain wall motion at lower temperatures. At the onset of the
Rayleigh regime, the phase angle of the third harmonic switches from -180° to -90° as domain
walls begin to contribute to the permittivity [54] (note that the sign of the phase angle has been
changed to be consistent with recent reports [135]). The first, second, and third harmonics are
reported in Appendix. For perfect Rayleigh behavior in an unpoled sample, only the odd
harmonics should be present [145]. However, small values for the second harmonic were seen and
attributed to slight poling of the samples with the applied field, which is consistent with previous
studies on PZT films [145].

Figure 4-3 shows that the third harmonic phase angle for PZT on Ni and Si shifts
from -180° to -90° on increasing magnitude of the electric field. Consistent with previous reports
[54], there is a threshold field required to reach -90°, suggesting that the entire energy landscape
distribution for domain wall motion is greater than 0 eV. As the temperature decreases, the AC
field required to reach the Rayleigh-like regime rises. The field where the third harmonic phase
angle first reaches -90 + 5° is denoted as Es;. It is notable that there is a larger deviation from the
90° phase angle for films on Si, relative to films on Ni. The results were reproducible, but the

origin of this behavior is not known, but may indicate an additional conduction mechanism. This
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may cause additional error with determining Es3. PZT on Ni shows a greater temperature
dependence, where at 296 K Eszis 5.8 £ 0.8 kV/cm and at 75 K, Es3is 19 + 0.8 kV/em. For PZT

on Si, Es3is ~ 5.8 = 0.8 kV/cm at room temperature and increased to ~ 9.2 + 0.8 kV/cm at 75 K.

Figure 4-3. Third harmonic phase angle, 3, for PZT on Ni (a) and on Si (b) from room temperature down to 10 K.
The field (E5, ), where the phase angle reached -90 £5° is used as a proxy for defining when Rayleigh-like behavior

was present. As the temperature decreases, Es; increases. This temperature dependence is shown to be greater for PZT
on Ni as seen by the larger electric field required to reach a -90° phase angle.

Figure 4-4 plots the Es; vs. Ec. For all temperatures investigated, the Rayleigh like behavior
begins at consistent percentage of E.. For PZT on Ni. Es; ranges from 7-15% of the E., for both
films at the various temperatures. This slight differences at each temperature may suggests there
may be some differences in the magnitudes and distribution of pinning centers. However, it is
possible that multiple mechanisms can affect the onset of the Rayleigh regime, and the percentage

of E. that corresponds to the onset of the Rayleigh regime may differ with temperature.
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Figure 4-4. The Es_vs. coercive field for PZT on Ni (red square) and Si (green circle). From the slope (m) of these
lines, it is estimated the Rayleigh regime begins around 9-14% of the coercive field for both PZT on Si and for PZT
on Ni.

These results were combined with Rayleigh analysis to understand the differences in the
contributions to the dielectric response. Rayleigh analysis was performed as a function of
temperature from 10 K up to 296 K for PZT films on Ni and Si substrates, as shown in Figure 4-5.
The Rayleigh coefficients were determined using a linear fit of the permittivity data vs electric
field. The linear fits were taken for a minimum of five points above the corresponding Ejs, for that
temperature and sample. The Rayleigh coefficients of eyt (Figure 4-5¢) and o, (Figure 4-5d)
are plotted as a function of temperature for PZT on Ni (red squares) and Si (green circles). As
thermal energy was added to the films, einit increased for both sample sets. However, changes in
these coefficients with temperature occurred at slightly different rates for PZT on Si and Ni. PZT
on Ni had gi,iof 188 £0.3 at 10 K and 690 + 8 at 296 K, and PZT on Si had a &inir0f 326 = 0.3 at

10 K and 1065 + 3 at 296 K.
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Figure 4-5. Permittivity as a function of electric field within the Rayleigh regime for (a) Ni and (b) Si samples.
Rayleigh parameters of & (¢) and a,q, (d) were plotted as a function of temperature for PZT films on both Ni (red
squares) and Si substrates (green circles). Note: 296K (i) indicates the permittivity values at room temperature at the
start of the experiment and 296 K (f) indicates the values at room temperature after the experiment. The lack of clear
differences indicates that the sample had minimal aging through the experiment.

At room temperature, o,y is larger for PZT on Ni than Si, which may be due to the
flexibility of the Ni foil. The Ni foil substrate produces less clamped films compared to PZT on
Si; leading to more mobile domain walls [20,43]. As the temperature decreases, a,., converges to
zero near 10 K. The rate at which a4, decreases is different for PZT on Ni and PZT on Si,

suggesting that irreversible domain wall motion “freezes out” differently for these two types of
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samples. At 10 K, a4y is 0.33 £0.01 cm/kV for PZT on Ni and 0.56 + 0.03 cm/kV for PZT on Si.
For temperatures below 200 K, o4, is higher for PZT films on Si relative to Ni, but this order
reverses near room temperature.

To investigate the differences in the irreversible contribution, the oRray/€init ratio was
determined for the two samples in Figure 4-7. These differences in a4y and dray/€inic as a function
of temperature could be due to either differences in the domain structure or differences in the
energy barrier height distribution. It is estimated that PZT on Si has roughly 40-60% “c” domains,
and PZT on Ni has a higher percentage of “c” domains (around 80-95%) [44,64,115]. Thus, it is
likely that PZT films on Si have more non-180° domain walls. Since any motion of non-180°
domain walls produce a large change in permittivity (as “a” and “c” domains have very different
permittivity values), this could account for the higher a4, at lower temperatures. However, this
theory would be inconsistent with reports of limited amount of ferroelastic domain wall motion in
films [46,72]. Therefore, it is more likely that there are lower energy barrier heights for PZT on
Si, allowing for a slightly greater a4, at lower temperatures. This is also supported by the increase
in the magnitude of stress on the PZT film on Ni (calculated by Equation 4-4). This may cause
increases in pinning centers energies of the PZT on Ni and lead to the larger decay of a4, with

temperature.
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Figure 4-6. oray/cinit ratio for PZT on Ni (red squares), and on Si, (green circles).

Rayleigh behavior is observed when there is a Gaussian distribution of the restoring forces
for domain walls. Presumably, as the temperature decreases, a smaller fraction of the distribution
can be sampled for a given electric field. As a semi-quantitative approach to describing this, an
Arrhenius-type plot was made for a4, to approximate some average value for a pseudo-activation
energy for domain wall motion at each temperature (Figure 4-7). Above 250 K, the pseudo-
activation energies for PZT films on Niand Sias 32.4 +3.2 meV and 16.9 + 1.1 meV, respectively.
At room temperature there is ~25 meV available, suggesting without the presence of an electric
fields some domain walls are mobile. This observation is consistent with the common observation
of aging of properties that depend on domain wall motion. Comparing the two activation energies,
PZT on Ni has the higher pseudo-activation energies, which is consistent with the larger E. and
Es3. As the temperature decreased, the pseudo activation energies decreased. That is, when the
thermal energy is low, irreversible domain wall motion from deeper wells may be frozen out in
these systems; since only the shallower wells can be sampled, the pseudo activation energies drop

with decreasing temperature. As the temperature increases, deeper wells can be overcome with the
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increase in thermal energy; a rise in activation energies and a4, value follows. This occurs at a

steeper rate for PZT films on Ni.

Figure 4-7. Arrhenius plot of the natural log of a..y vs 1/T to determine the ranges of activation energies for irreversible
domain wall motion for PZT on Ni (red circle) and PZT on Si (green square). From the slope the calculated activation
energy at higher temperatures (from a linear fit form 225K to 296K) PZT on Ni and Si was 32.4 £ 3.2 meV and 16.9
+ 1.1 meV, respectively.

The Rayleigh behavior and the phase angles of the dielectric constant indicate significant
differences in the domain wall motion at modest electrical fields. To investigate higher fields,
FORC loops were measured for PZT films on Ni (Figure 4-8) and on Si (Figure 4-9) substrates,
from 15 K to 296 K. At lower temperatures, the FORC loops are squarer. As the temperature
increased for both films, the polarization of the loops decreased and the loops becomes tilted. PZT
films on Si had lower P,, which is consistent with the hysteresis loops in Figure 4-1. This is
believed to be due to differences in the residual stresses and the percentage of in-plane and out-of-

plane domains in the two films [18]. The films on Ni are consistently under compressive stresses
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and therefore will have more out-of-plane domains and the higher P, for all temperatures

measured.

Figure 4-8. FORC loops for PZT films on Ni at 296 K, 225K, 150 K, 75 K, and 15 K. The field range was from -4E,
to +4E. for each temperature.
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Figure 4-9. FORC loops for PZT films on Si at 296 K, 225 K, 150 K, 75 K, and 15 K. The field range was
from -4E. to +4E. for each temperature.
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The reversible (P,.) and irreversible (P;») FORC distributions were determined. Figure
4-10 shows the reversible Preisach distribution. Py, is the part of the hysteron distribution that
corresponds to the up (o) and down () switching fields being equivalent. P, for PZT on Si was
symmetrical around 0 kV/cm; however, this was not the case for PZT on Ni for all electrodes
measured. As the temperature increased, the peak magnitude increased for both PZT on Ni and Si.
The reversible peak was much larger for PZT on Si than PZT on Ni. The typical shape of the
hysteresis loops confirms this (Figure 4-1, Figure 4-8 and Figure 4-9), as PZT on Si has a tilted
hysteresis loop compared to PZT on Ni. The differences in shape of the loop would suggest some

differences in the Preisach distributions for the two films.

Figure 4-10. Reversible FORC data, Py, for PZT films on Ni (a) and PZT films on Si (b). The P, for PZT on Si
was 2-3 times larger than PZT on Ni.

The P; distribution (where o#f) is shown in Figure 4-11 and Figure 4-12 for PZT on Ni
and Si, respectively. PZT on Ni had a clear peak around a = 2*E,, 3 = -E. for each respective
temperature. The location of this peak may be due to imprint on the sample from poling prior to

the FORC loop. As the temperature increased, this peak broadens and the intensity increased. This
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suggests that as the temperature increases, more hysterons can switch. This is consistent with the
increase in the Py, distribution. It is not clear how individual pinning center’s barrier heights
change with temperature. However, the decrease in residual stress at higher temperatures for PZT

on Ni may change individual barrier heights.

Figure 4-11. P;,., for PZT on Ni at 296 K (a), 225 K (b), 150K (c), 75 K (d), 15 K (e). Alpha and Beta are normalized
to 4 times E. at the reported temperature.

PZT on Si (Figure 4-12) does not show a clear peak but does show a wide distribution of
hysterons (note the scale difference between Figure 4-11 and Figure 4-12). This may suggest

differences in the distribution of barrier heights between PZT on Ni and on Si. The center of P;.
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on Si gradually moves closer to the o=f line as the temperature increases, producing a more

reversible response, and a more tilted hysteresis loop.

Figure 4-12. P;,., for PZT on Si at 296 K (a), 225 K (b), 150K (c), 75 K (d), 15 K (e). Alpha and Beta are normalized
to 4E. at the reported temperature.

These electrical characterization techniques show some variations in the distributions and
barrier heights for domain wall motion and domain reorientation in films on Ni and Si. Figure
4-13 illustrates the differences in this barrier distribution schematically. PZT on Ni and Si exhibit
Rayleigh behavior and Gaussian-like pinning center distributions. However, as indicated by the
03, this distribution does not continue to 0 eV, but down to 10-15% of E.. It is unlikely that the tail

of the Gaussian distribution reaches 0 as shown in Figure 4-13.
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PZT on Si has lower pseudo activation energies, E. and Es; at each temperature. If it is
assumed that the same number of hysterons is present in each sample, then the PZT on Si would
be expected to have more hysterons with lower energies. As a result, the center of the distribution
is shifted to the left for PZT on Si compared to PZT on Ni. As indicated by the larger pseudo
activation energies, coercive fields, and larger irreversible Preisach density for PZT on Ni, the
center of the barrier height distribution is expected to be at a higher energy than PZT on Si. The
lower energy barrier heights for PZT on Si allows for a slightly greater a,., at lower temperatures.

Because of the sharp Preisach peak and the large increase in o4y with temperature, it is
anticipated that the PZT on Ni has a narrow distribution. Small increases in thermal energy will
increase the number of switchable hysterons, noted by the increase in the area under the curve with
higher temperatures (Figure 4-13). Higher temperatures in turn increase the total energy in the
system, allowing for more barriers to be overcome at the same exciting electric field. In the
schematic Figure 4-13, this increase would be represented by the area under the curve up to the
dashed line, where the dashed line represents the energy available at each temperature. As the
temperature increases, the dashed line would move further to the right, and more barriers could be
overcome with the available energy. For the same temperature change (right shift of the dashed
line) and same number of total hysterons, the sample with the narrow distribution would see larger
changes in the total number of hysterons that can be switched and thus more domain wall motion.
This is consistent with the experimental observation of PZT on Ni. Assuming the same number of

hysterons, the intensity of the Gaussian peak would be then larger for PZT on Ni.

Additionally, there is a temperature-induced stress change for PZT films on Ni. With
decreasing temperature, the magnitude of the residual stress in the PZT layer increases. This

increase in stress in the film may increase the depth of the potential wells for domain wall motion
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and lead to the rapid decrease in a,, with decreasing temperature. Exactly how each individual
pinning center changes with stress is unknown. To schematically represent this, the Ni pinning
distribution could shift to the right with increasing temperature and reduction in the thermal
expansion stress. This shift in the pinning distribution, the narrower distribution, or a combination

of both would cause a4y to increase more rapidly for PZT on Ni.

Figure 4-13. Schematic of distribution of the population of hysterons with certain pinning energies for PZT on Ni
(dashed red curve) and Si (solid green curve). The vertical dashed black line represents the available energy at a given
temperature. Any pinning center with lower energy levels is anticipated to be overcome at that temperature.

With the various differences in extrinsic contributions of these films in mind, the

pyroelectric coefficients at room temperature were further probed. Recalling Equation 1, and the
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large differences in m, the different terms of the measured m were determined. The secondary
contribution, which combines stress and piezoelectric contributions, manifests in clamped thin

films as Equation 4-5 from the work of Zook, et al.[130].

__ 2dz(ap—as)
T[secondary -

(4-5)

S11+S12

For PZT on Ni Zsecondary Was calculated to be approximately -147 nC/m?K, and for PZT on Si,
Tsecondary 1S 45 nC/m*K. The observed pyroelectric coefficient is the sum of the primary, extrinsic,
and secondary term. Therefore, the primary plus extrinsic piece for PZT on Ni would be around -
100 unC/m*K and for PZT on Si would be around -150 pC/m?K. As shown by the larger P;, PZT
on Ni has more out of plane “c” domains and a larger primary piece. Therefore, for this sum to be
smaller, the film on Ni must have significantly smaller extrinsic piece. This smaller extrinsic term
may be due to higher pinning energies, which is suggested by the various electrical characterization

techniques used in this study and schematically shown in Figure 4-13.

Overall, this study suggests that the distribution of pinning centers for PZT films on Ni and
Si are different; this induces different reversible and irreversible Rayleigh and Preisach
distributions as a function of temperature. Given that the grain sizes are very similar for these two
sets of films, it is believed that the residual stress accounts for at least some of the differences in
the two families of films. Large differences in residual stresses will affect the film’s domain
structure, including the percentage of in-plane and out-of-plane domains and the energy landscape
of various pinning sites for domain wall motion and domain switching. While these extrinsic
contributions are typically considered to account for a small percentage of the total pyroelectric

response, the combined influence of fabrication, stress, temperature on the domain structure and
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substrate mechanical properties can result in a much more significant impact than one would

expect.

4.4  Conclusions

PZT on Ni has a larger pyroelectric coefficient compared to PZT grown on Si, which is
due to a large secondary contribution. However, the extrinsic contribution may be significantly
reduced due to the residual stresses. PZT on Si and Ni have very different reversible and
irreversible Rayleigh and Preisach coefficients. It is proposed that larger differences in residual
stresses drastically change the film’s domain structure. Stress may allow for differences in the
energy landscape of various pinning sites for domain wall motion and domain switching. These
differences will lead to significant changes in the film’s properties at various temperatures. With
different energy barriers distributions, these films may have different optimal poling and driving
conditions for high device performance. Further study should include defect chemistry,
composition, and thickness on the distributions of pinning sites as well as designing films/substrate
stack with lower energy barrier for domain wall motion to further improve the pyroelectric

coefficient.

72



Chapter 5. Thickness Dependence of Crack Initiation and Propagation in PZT/Si Stacks

Portions of this chapter have been reproduced from: K. Coleman, R. Bermejo, D. Leguillon, and
S. Trolier-McKinstry “Thickness Dependence of Crack Initiation and Propagation in
Piezoelectric Microelectromechanical Stacks” Acta. Mater. 191(2019) 245-252. DOI:
10.1016/j.actamat.2020.03.030
This chapter focuses on determining the relationship between PZT film’s thickness and the
mechanical limits of the PZT film and the stack. PZT/LaNiO3/S102/S1 stacks with different PZT
thicknesses (from 0.6 to 1.8 pm) were tested using the ball on three ball (B3B) biaxial test method.
Strength distributions of the stacks were evaluated using Weibull statistics and compared to the
reference Si0,/Si samples. The characteristic strength and Weibull modulus were op ~1110 MPa
and m ~28, oy ~1060 MPa and m ~26, and oy ~880 MPa and m ~10 for the 0.7 pm, 1.3 um, and
1.8 um film stack, respectively and oy ~ 1820 MPa and m ~3 for the substrate as reference. The
effect of PZT thickness on crack initiation was investigated in samples pre-loaded below the stack
failure strength. The crack initiation stress of PZT films depends on the thickness of the PZT layer
as supported by a finite fracture mechanics model. Both experimental data and a linear elastic
fracture mechanics model demonstrate that additional stress is required for the initial crack in the
PZT layer to propagate through the entire stack. These results help predict stress limits for PZT

thin films under pure mechanical loading and provide insight into operational limits for PZT films

under both electrical and mechanical loading, which will be discussed in Chapter 6.

5.1 Introduction

Piezoelectric microelectromechanical systems (piezoMEMS) used in sensors, transducers,
actuators, and energy harvesting devices [1,2] contain multilayer stacks composed of active
piezoelectric layers and their electrodes, with additional layers for adhesion and support. Materials

with high piezoelectric coefficients, such as lead zirconate titanate with a morphotropic phase

73



boundary composition of Pb(Zros52Ti048)O3 (PZT) [1,2,14] are typically used in order to provide
high sensitivity sensors or large displacement actuators. Additionally, thin piezoelectric layers
(typically between 0.3 and 3 pm in thickness) [16,43,146], are used to significantly reduce the
voltage required to reach target electrical fields, relative to bulk ceramics or single crystals. The
thickness of the piezoelectric layer is optimized to enhance the piezoelectric response and
functionality of the device. For example, thinner films are used for lower voltage applications,
while increasing the thickness of the piezoelectric layer can yield a higher power density for energy
harvesting devices, due to the increase in the active volume [16]. In addition, thicker films tend to
be less clamped to the substrate, which allows for more domain wall motion and may enhance the
piezoelectric response [43,146].

Piezoelectric thin films are typically under significant stress, as discussed in Chapter 3.
The stresses (residual, mechanical, electrical) affect the film’s domain structure and piezoelectric
response [15,18,19], and may also affect the loads (electrical [21] or mechanical [44,72,147]) the
films can withstand. Failure of piezoMEMS stacks typically results from the electromechanical
loading conditions [21,148—150], and has been observed to result in a series of thermal breakdown
events connected through cracks [21,147,148,150,151]. Determining the mechanical limits of
these films is therefore of interest.

Many studies have investigated the mechanical limits of thin films and suggest that the
thickness of the piezoelectric layer may affect the structural integrity of the entire stack; stacks
with thicker layers are more prone to cracking than stacks with thinner films [21]. Previous studies
postulate that the stress required for crack initiation can be a function of thickness either due to a
volume effect in Weibullian materials [152,153] or differences in the residual stress as a function

of thickness [68,154]. To date, the underlying mechanism for crack initiation in piezoMEMS is
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not well understood. Finite fracture mechanics suggest that the thickness affects the conditions for
crack initiation in the films. Because crack initiation is contingent on the strain energy accumulated
in the film during mechanical loading, it is harder to initiate cracks when the layers are thin [155].
In this work, experimental evidence using Weibull statistics as well as fracture mechanics models
assesses the influence of the piezoelectric layer thickness on the stresses for crack initiation in the
layer and crack propagation through the entire stack.

5.1.1 Weibull Statistics for Failure

Cracking is difficult to predict as microstructure, domain structure [31,84,86,147],
orientation, grain size, and surface quality may influence the mechanical response of the brittle
film [86,156—-159]. Additionally, failure may be due to adhesion between layers, interface
properties, and surface condition (e.g. polish, etch, etc.) [157]. Because there may be a large
distribution of flaws, a few measurements may not accurately describe the flaw distributions nor
determine the failure stress.

To experimentally determine a statistically significant strength of a material, Weibull

analysis should be used; this approach is based on the probability Pr(o) that a given stress (o) is

sufficient for failure, as shown in Equation 5-1 [154,160]

Pr(0) =1—exp (=(;)™) 5-1

where m is the Weibull modulus and o, is the Weibull strength; the probability of failing at or
below this stress is 63%. When a ceramic has a large distribution of flaw sizes, m will be small
and the confidence interval for the Weibull strength will be large. Weibull analysis can take a three

parameter form: m, o, and o,, where below g, there is a zero probability of failure [ 160]. However,
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for brittle ceramics, Equation 5-1 with two Weibull parameters should be used, since there is a
finite probability that at an infinitesimally small stress could cause failure [160].

5.1.2 Fracture Mechanics

Fracture mechanics models can predict mechanical failure in a material based on the flaws,
geometries, and materials present. Linear elastic fracture mechanics (LEFM) and finite fracture
mechanics (FFM) were used in this study; specifically, mode I failure, where the crack propagates
perpendicular to the tensile stress direction, was employed.

LEFM models treat a crack as a continuous body that propagates continuously [161-164].
Griffith initially modeled the energy balance in the system by considering changes in the internal
energy (elastic stored energy and surface energy) and the work done to the system [162,163,165].
Irwin expanded this to the form in Equation 5-2, which describes the critical stress for cracking,
o., as being related to the stress intensity factor, K;. of the material, knowing the geometry factor,
Y [164]. In LEFM, only the elastic energy of the system is considered; it is presumed that there is

a pre-existing crack of radius a.

K. =YoNma 5-2

Because of this assumption, LEFM can only be used to describe conditions for crack propagation
in samples where an initial microcrack already exists [161,166].

To predict crack initiation, the Griffith-Irwin [162,164] criterion for crack propagation is
insufficient; a different approach such as FFM must be considered. FFM states that under applied
mechanical stress, a crack initiates having a “finite” length (which in many cases is on the order
of some characteristic feature in the microstructure) when certain stress and energy conditions are
satisfied [166—169]. FFM utilizes a stress-energy coupled criterion, where a crack originates if two

conditions (i.e. stress and energy conditions) are simultaneously fulfilled.
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The first condition states that the normal tensile stress (o(a)) should be larger than the
material tensile strength (oc) along the entire potential crack path (o(a) > o). This condition cannot
be the only condition for crack initiation in a material as the stress field at the edge of a notched
flaw would approach infinite and hence would always exceed the strength, causing failure to occur
instantaneously [166]. This extreme case does not occur, so this condition alone is insufficient.

The energy condition, similar to Griffith’s approach, considers the change in the system’s
energy, accounting for the work done to the material and the change in the surface energy due to

creation of a crack as shown in Equation 5-3 [166].

W _
5S — Minc (@) = GC 5-3

where Ginc 1s the increment of the potential energy for finite crack length increments. The energy

condition for crack initiation is satisfied when Ginc exceeds Gc, the material’s toughness. In the

-5W,
ss

extreme case of — 0 (which corresponds to the case of slow continuous crack growth), Ginc

would never reach the material’s toughness [166]. Therefore, both conditions must be met for
cracks to initiate. When both are met, a crack of defined length will initiate. Additionally, since
the energy criterion depends on the material’s ability to store energy prior to cracking, as the
material’s thickness decreases, a larger amount of energy is required to create new surfaces.

At some thicknesses, the energy criteria will be larger than the strength criteria. As a result,
at small thicknesses the energy criterion determines the crack initiation stress; the magnitude of
this stress depends on the film’s thickness. This criterion has been used to explain the onset of
cracks in thin polymer films on substrates [155,166] or the generation of surface edge cracks in
layered ceramics [170]. In both cases, the potential energy during loading increases with the

thickness of the layer containing the prospective crack. As a result, for the same loading conditions
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and properties, cracks can initiate in thicker layers under smaller applied loads. Both the FFM and
LEFM models are used in this thesis to predict crack initiation and the subsequent propagation in
PZT thin films.
5.1.3 Qverview

This chapter investigates the relationship between PZT film’s thickness and the fracture
response of the stack under mechanical loading. PZT/LaNiO3/Si0/Si stacks with different PZT
thicknesses were tested in biaxial loading conditions. Strength distributions of the stacks were
evaluated using Weibull statistics and compared to SiO»/Si samples as a reference. The effect of
PZT thickness on crack initiation was investigated in samples pre-loaded below the stack’s failure
strength. Models for crack initiation and for crack propagation are derived based on fracture
mechanics considerations. This study can be used to set structural limits on achievable strains in

piezoMEMS.

5.2 Experimental Procedure:

5.2.1 Sample Preparation and Structural Characterization

Double-side polished 4 Si wafers with a 1 um thick thermal SiO; layer on both surfaces
were obtained from Nova Electronic Materials. A 150 nm layer of LaNiO3; (LNO) was deposited
on one surface using an acetic acid based solution, as described in Section 3.2.1 [15,103]. This

layer acts both as a template for {001} orientation of the perovskite structure and as a bottom
electrode. Then, {001} oriented Pbo.99T0.01(Zro.52Ti0.48)0.98Nb0.0203 films of 0.7 um, 1.3 um, and
1.8 um were grown by chemical solution deposition (CSD) using a 2-methoxyethanol based
solution, see Section 3.2.1 for more details [15,44,105]. Figure 5-1 shows a schematic of the stack
layers. The orientation and phase purity of the films were characterized by a Merlin FeSEM and

by XRD using a PANalytical Empyrean with a Cu K, X-Ray source to calculate the Lotgering
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factor. PZT/LaNiO3/Si0,/Si stacks with different PZT thicknesses, i.e. 0.7 um, 1.3 pm and 1.8
um, were diced into 12 x 12 mm squares. Reference samples of the Si substrate with a 1 pm SiO»

layer were also tested for comparison.

Figure 5-1. Schematic of the samples where PZT of varying thicknesses is grown on top of Si wafer.

5.2.2 Ball on Three Ball Biaxial Test Method

The ball on three balls (B3B) biaxial test method was used to determine (i) the strength
distribution of the different samples and (ii) the conditions for crack initiation in the PZT films
[171,172]. In this loading configuration, the rectangular plates are symmetrically supported by
three balls on one face and loaded by a fourth ball in the center of the opposite face (see Figure
5-2); this guarantees well-defined contacts. The four balls had a diameter of 7.5 mm, giving a
support diameter of 8.65 mm. At the midpoint of the plate surface, opposite to the loading ball, a

biaxial tensile stress is generated. One of the main advantages of this method is that the maximal
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stress developed during the test is located far from the edges (corners) of the sample, i.e. away
from edge defects [171,173—175]. A total of 20 specimens per sample were tested to failure using
a universal tester (Instron, Ma). A pre-load of ~10 N was employed to hold the specimen between
the four balls. Tests were conducted under displacement control of 0.1 mm/min in ambient
conditions (~22°C and ~40% RH). A Weibull statistical analysis was performed according to

ASTM standards [154,160,176].

Figure 5-2. Schematic of the Ball on three Ball (B3B) setup.

The stress at the surface under tension was calculated according to Equation 5-4 [171]:

F
o =f*3 5-4

where F is the applied force, ¢ is the thickness of the stack, and fis a geometry factor, which

depends on the diameter of the balls, thickness of the sample, and Poisson’s ratio, v, of the material.
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The factor f'was calculated using finite element analysis, resulting in /= 2.4 for  =0.502 mm and
v = 0.3. The failure stress (o) was calculated using Equation 5-4, and a homogeneous stress
distribution in the sample during B3B was assumed. However, Equation 5-4 represents the stress
for a homogenous material in the ball on three ball test method. Since the stack used in this study
1s a multilayer stack, where over 99% of the stack is Si, it is assumed that the characteristic strength
of the stack is equal to the stress in the top of the Si layer. Si and the various layers have different
mechanical properties such as Young’s modulus. Since the layers above the Si are very thin and
have nearly the same radius of curvature, they have approximately the same strain, but not the

same stress as shown in Equation 5-5.

J— J— —_ — — — Fmax
Epzrx = €pzT,y = Esix = Esiy = €LNox = E€LNOy = (511 +512) * f * T2 5-5

Since the films are clamped to the substrate, it is assumed that the ¢, is close to zero, and
so from the strain determined in Equation 5-5, the stress in the PZT, LNO, or SiO; layers can be
calculated using the Poisson’s ratio (v) and Young’s modulus (Y) of the layer. This is given for the

PZT layer in Equation 5-6.

OpzTx,y — 15: (SPZT,x,y) 5-6
The Young’s modulus for {001} PZT is 90 GPa [93] and Poisson’s ratio has been estimated to be
0.3.

To investigate crack initiation, selected specimens were loaded between 20% and 80% of
the characteristic Weibull stress of the different stacks (loaded in increments of 5%). Each of these
samples was only loaded once. The PZT side of the stack was then imaged using an oversaturated
dark field optical microscope to assess the presence of cracks. The lowest load at which cracking
was observed was recorded as the stress required for crack initiation in the PZT layer. In order to

determine the depth of the surface pre-cracks, a FEI Scios Focused Ion Beam (FIB) system was
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employed. Cross-sections were made from the top PZT surface down to the SiO> layer. From these

results, crack initiation and propagation models were developed.

5.3 Results
5.3.1 Microstructure

Figure 5-3 shows the FeSEM and XRD patterns for the different samples. All PZT films
had strong {100} orientation, with comparable Lotgering factors of 99%, 97% and 99% for the 0.7
um, 1.3 pm, and 1.8 um PZT films, respectively. The average surface grain size of the 0.7 um, 1.3
pm, and 1.8 pm PZT film is 86 = 7 nm, 105 £ 20 nm, and 106 + 14 nm, respectively. All of these

grain sizes fall within the first standard deviation of each other.

Figure 5-3. XRD pattern of the 0.7 um PZT (a), 1.3 um PZT (b), and 1.8 pm PZT on Si (c), where the Lotgering
factor is above 0.96 for all samples. The microstructure top view and cross section of the 0.7 pm (d and g respectively),
1.3 um (e and h respectively), and 1.8 um PZT sample (f and i respectively). The average grain size (diameter) of the
0.7 pm, 1.3 pm, and 1.8 um PZT film is 86 + 7 nm, 105 + 20 nm, and 106 + 14 nm, respectively.
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5.3.2 Strength distribution

Figure 5-4 shows the strength distribution of the different sample sets represented as a
Weibull diagram; the corresponding characteristic strength, oo, and Weibull moduli, m, are also
tabulated in Table 5-1 along with the 90% confidence intervals. It is apparent that the Si0,/Si/Si0,
substrates have the highest characteristic strength (oo ~ 1815 MPa) and the lowest Weibull
modulus (m ~ 3). Si substrates tend to have a broad population of critical flaw sizes [157—
159,174,177,178], which is consistent with the low Weibull modulus observed in this study. The
Weibull strength decreases with the addition of the thin PZT/LaNiOs3 layers. That is, the PZT layer
reduces the strength of the stack [173,174]. It is also apparent that stacks with thinner PZT layers
have higher characteristic strength than stacks with thicker PZT layers, i.e. op ~ 1114 MPa for the
0.7 um film, oy ~ 1063 MPa for the 1.3 pm film, and oy ~ 875 MPa for the 1.8 um film. Moreover,
the stacks with the PZT layers have higher Weibull moduli than the Si substrate itself, suggesting

failure from a narrower distribution of critical flaw sizes in the former.
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Figure 5-4. The Weibull plot for the following samples: SiO»/Si (blue circle), 1.8 pum PZT on LaNiO3/SiO,/Si (red
square), 1.3 um PZT on LaNiO3/Si0,/Si (orange downward triangle), and 0.7 pum PZT on LaNiO3/SiO,/Si (green
upward triangle). The Weibull strength and Weibull modulus varied with the thickness of the PZT film on the Si
wafer.

Table 5-1. Characteristic load, characteristic strength, and Weibull modulus for the PZT/Si stacks of various
thicknesses and the Si substrate. All stress values are in MPa and are calculated for the stress in the Si layer upon
failure. Brackets represent 90% confidence intervals.

Sample Characteristic Characteristic Weibull
P Load, Fo(N)  Strength, oy (MPa)  Modulus, m (-)
Si 190 1815 3
W/ 1pm Si02)  [165—216] [1588 — 2081] [2-4]
. 116 1114 28
Si0.7pm PZT 4 g [1097 — 1131] [19 — 35]
. 11 1063 26
SEL3pm PZT 609 110 [1047 — 1082] (18— 33]
. 92 875 10
Si- 18 pm PZT o7 g5 (839 - 912] (7 13]
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5.3.3 Crack initiation

The total force required to crack the PZT layer was (i) 64 N for the 0.7 um film, (ii) 56 N
and higher for the 1.3 pm film, and (iii) 49 N and higher for the 1.8 um films. Figure 5-5 shows
oversaturated dark field optical images from the center of selected specimens pre-loaded at lower
stress levels (between 40% and 80%) than the characteristic strength of the stack. At lower loads
(20-40%), cracking was not present. The stress in the stack was determined from Equation 5-4,
and the stress in the PZT layer (labeled in Figure 5-5) was calculated from Equation 5-6, with the
addition of 150 MPa of tensile residual stress in the PZT [44,93,178], which was measured by the
wafer curvature method. The total stress required for crack initiation was 590 = 29 MPa, 540 + 29
MPa, and 490 + 29 MPa, for the 0.7, 1.3, and 1.8 um films, respectively. The initial cracks did not
cause fracture of the entire stack, which was still intact upon unloading. These initial cracks were
only visible on the PZT side and were concentrated near the center of the sample, where the

maximum tensile stress was applied.
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Figure 5-5. Dark field optical microscope images of 0.7 pm film (Panel I), 1.3 pum film (Panel II), and 1.8 pm film
(Panel III) loaded between 40% and 80% of the characteristic strength. Initial cracking was observed at loads of 64 N
and higher for the 0.7 pm film, 56 N and higher for the 1.3 pm film, 49 N and higher for the 1.8 um films. This
corresponds with approximately 590 MPa, 535 MPa, and 490 MPa of stress in the PZT layer.
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5.3.4 Crack propagation

Focused ion beam (FIB) cross sections of pre-loaded samples were used to determine the
crack path during the biaxial bending tests. Figure 5-6 shows a cross section of a crack propagating
through the thickness of both the PZT and the LNO layers and arresting in the SiO; layer. Although
the exact penetration depth of the crack into the SiO; layer could not be discerned due to “curtain
effects” during FIB cross-section preparation, it is expected that the crack enters the SiO» layer
and stops, as has been reported in literature for ceramic-ceramic multilayer architectures designed

with compressive residual stresses [179].

Figure 5-6. FIB cross section of the 1.8 pm PZT film’s initial cracking (a) and the 0.7 pm PZT film’s initial cracking
(b). The crack propagates through the PZT layer and the LNO and ends at the SiO, layer. Initial cracks through the
PZT and LNO layer were observed on multiple samples of varying stresses and PZT thicknesses. The faint line below
the crack at the SiO, layer is an artifact of the FIB preparation.
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5.4 Discussion

5.4.1 Residual stresses

The stress required to initiate a crack in the PZT/LNO layers depends on the thickness of
the PZT film. Thinner films require higher total stresses for crack initiation than either thicker
films or bulk PZT ceramics [180]. The experimental residual stress is reported to be constant for
PZT films above 350 nm thickness [68], which is consistent with calculations shown in

Table 5-2. Therefore, it is unlikely that the differences in crack initiation stress between

samples can be accounted for by a difference in the residual stress.

Table 5-2. In-plane residual stresses calculated in each of the layers.

Sample Residual stress in layer (MPa)

PZT LNO Si02 Si
0.7 pm +192 +622 -265 +0.2
1.3 um +192 +622 -265 +0.2
1.8 um +192 +621 -266 -0.6

5.4.2 Weibull volume effect

Another hypothesis is related to the Weibull volume effect [154]: larger material volumes
loaded under the same applied tensile stress have a higher probability of failure than smaller
volumes in Weibull materials. That is, the characteristic strength, o;, of a sample with volume V,
can be calculated based on the characteristic strength, o,, measured on a reference volume V5, and

the Weibull modulus of the material, m, according to Equation 5-7 [153,154,160]:

e .

In this work, the probability of failure from a critical flaw in samples with thinner PZT films should

be lower.
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To assess whether the volume dependence may account for the observed thickness
dependence in the strength of the PZT samples, Equation 5-7 was evaluated for different Weibull
moduli, ranging from m=5 to m=30, using the 0.7 um PZT samples as a reference. Figure 5-7
illustrates the volume effect on the predicted stress according to Equation 5-7. The characteristic
strength values for the three samples, i.e. (1) 0.7 um, (i1) 1.3 wm, and (iii) 1.8 pm PZT film
thickness samples are represented in Figure 5-7 as full symbols. The volume ratio Vo/V; was set
equal to the thickness ratio. According to the results in Figure 5-7, the volume effect may explain
the differences in crack initiation stresses between two samples, provided that m is approximately
five for PZT films. However, based on the homogeneous microstructure of the PZT films and the
relatively narrow crack initiation stress values obtained in all three samples, a Weibull modulus
larger than 15 is expected [175]; this higher value also corresponds with Weibull modulus for bulk
PZT ceramics [181]. This suggests that the volume effect alone cannot explain the differences in

crack initiation stress.
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Figure 5-7. Calculated relationship between crack initiation stress and the thickness of the PZT layer using the Weibull
volume effect compared to the experimental data. Black squares represent the characteristic crack initiation stress, and
the dashed lines are calculated, using the crack initiation stress of the 0.7 um thick PZT layer as a reference. The
various colors represent estimations using different Weibull moduli for PZT for each calculation.

5.4.3 Model for crack initiation: Finite Fracture Mechanics

Alternatively, to model this behavior, a finite fracture mechanics (FFM) model was
calculated using K;. values from 1.0 to 0.6 MPa+v/m. The true K. value for PZT varies as a function
of domain wall mobility, where the toughness increases with increasing levels of domain wall
motion [147,182—185]. Since films are clamped to the substrate and clamping lowers domain wall
mobility [183], low K. values were used [43,146].

Figure 5-8 represents the calculated crack initiation stress for different PZT thicknesses
from 0.6 pm to 2.0 pm and Kj. values of 0.6, 0.8, and 1 MPavm. The full symbols represent the
crack initiation stress measured in the pre-loading B3B experiment. Samples with thinner PZT
layers require higher stresses to initiate cracks. The calculations for the case of thicker PZT with
K= 0.6 MPavm fit well the observed crack initiation stress values from the B3B experiments for

thicknesses above 1 um. However, the stress predicted for the thinner films overestimates the
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experimental data. The errors in the calculated values are likely to be due to the use of a constant
K. value. As noted above, the value of K- depends on domain wall motion [72,183,185]. Since
thicker films generally exhibit more domain wall motion and ferroelastic switching [43,146], Ki.
may be a function of thickness [43,183]. As a result, the energy criteria should have a shallower
slope at smaller thicknesses, which would better match the observed trend. Neither the correct K.
nor the level of domain wall motion for these samples is known. More quantitative comparisons
would require direct measurements of both Kj- and the ferroelastic switching as a function of the
applied stress and the PZT layer thickness. It is worth mentioning that the levels of crack initiation
stress (i.e. ~ 500 — 600 MPa) in this study (both predicted and measured) are much higher than the
strength of bulk PZT measured in similar biaxial configurations (i.e. ~ 100 — 200 MPa) [181,186].
This shows evidence that FFM is also needed to describe the initiation of cracks in brittle

ferroelectric materials, and is particularly important in multilayer systems as the one in this study.

Figure 5-8. Comparison of the strength as a function of thickness for the observed trends (gray squares), and finite
fracture mechanics model predictions (K;=0.6, K;=0.8, and K;=1.0, are the green solid line, blue dot-dash line, and
purple dotted line, respectively). The observation of this thickness dependence follows the finite fracture mechanics
model for thicknesses larger than 1um, however it fails for very thin films. This may be due to domain wall
contributions, which are not taken into account in the model.
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5.4.4 Model for crack propagation: Linear Fracture Mechanics

Based on the experimental observations (Figure 5-5 and Figure 5-6), crack initiation in
the PZT film is followed by crack propagation and arrest at the SiO» layer. This occurs in the 0.7
um, 1.3 pm, and 1.8 um PZT film samples. Crack arrest in the SiO> may be explained either by a
significant change in the crack growth resistance of the material as the crack advances (referred to
as R-curve behavior [163]) or due to shielding effects associated with compressive residual stresses
in the layer. In this system the R-curve behavior does not apply, because the fracture toughness of
Si0; does not change with the crack length, and has been reported to be ~ 0.85 MPaVm [159]. The
presence of compressive residual stresses however may hinder crack propagation, depending on
the magnitude of stress and layer thickness, as has been demonstrated for instance in layered
ceramics [179]. The conditions for crack propagation compare the stress intensity factor at the
crack tip during loading with the crack growth resistance in the layer where the tip of the crack is
located. The stress intensity factor at the crack tip is a function of the crack length, Kip(a), and can
be given as the externally applied stress intensity factor Kappi(a) plus the contribution of the residual
stresses:
Kiip (@) = Kappr (@) + Kyes (@) 5-8
Kappi(2) can be calculated according to the Griffith criterion based on LEFM, where [162,164]:
Kappr (@) = Ogppi¥Va 5-9
with o4y being the stress applied during loading. The term Ki.s(a) represents the residual stress
intensity factor as a function of the position of the crack tip within the corresponding layer in the
stack. In order to account for the contribution of residual stresses through the multilayer stack, a

weight function analysis was employed [179]. The weighting function is related to the crack
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geometry (e.g. through-thickness crack, wedged crack, etc.) and loading condition (e.g. three-point
or four-point bending) [187]. In this analysis, the residual stresses profile in each layer is
“weighted” along the corresponding layer thickness. The differences in elastic constants between
layers are not considered in the analysis. However, when the elastic mismatch between the layers
is less than a factor of 10, the change in the stress intensity factor estimation is negligible [188].
Solving Equation 5-8 for K.y, the Griffith/Irwin criterion described in Equation 5-9 and
Equation 5-2 becomes:
Kappia) 2 Kica)y = Kresta) = Kr(a) 5-10

where Kr(a) is defined as the “apparent fracture toughness™ of the layered ceramic.

Figure 5-9 represents Kz for the three designs as a function of the crack length parameter
Y(a)"? (defined to simplify the analysis), with Y being the geometric factor that accounts for the
crack shape and loading configuration. The material parameters including the mechanical
properties and thermal expansion coefficients of the various layers for the estimated residual
stresses in each layer and the calculation of K, are listed in Table 5-3
[18,93,96,112,114,189,190]. In this case, Y can be taken as for a central penny-shaped crack at the
surface (i.e. Y=2/mn=1.12) [165]. The applied stress intensity factor, Kappi(a), s represented in
Figure 5-9 as dashed line. According to Equation 5-9, the slope of those dashed lines represents
the applied stress, gupp. This analysis has been performed for a symmetric stack, thus neglecting
the slight bending due to the asymmetric architecture.

It is clear that the crack growth resistance decreases as the crack enters in the PZT layer.
This is a consequence of the in-plane tensile stress in that layer; the same situation applies for the
LNO layer (Table 5-2 and Table 5-3). However, due to the compressive residual stress in the Si0>

layer, a rising crack growth resistance is observed, thus shielding the propagation of the crack.

93



This “R-curve behavior” is similar in the three architectures; however, the anti-shielding effect of
the first layer is related to the PZT film thickness. As a consequence, the minimum stress necessary
to propagate the crack through the stack is higher for the 0.7 pm thick PZT layer than in the others.

This agrees with the B3B experimental measurements.

Figure 5-9. Apparent toughness of the multilayer stack as a function of the crack length, the residual stress, and
thickness of the PZT layers.

Table 5-3. Reported mechanical properties and averaged thermal expansion coefficients of the various layers in the
stack [18,93,96,112,114,189,190].

Material Layer PZT (001) LNO Si02 Si
Young’s modulus (GPa) 90 100” 130 180
Poisson’s ratio (-) 0.3 0.3 0.3 0.3
Averaged Coefficient Thermal Expansion

(1/K x10°6) 4.8 9.0 0.5 2.6

YDue to the porosity of the LNO layer the Young’s modulus is lower than the theoretical value [190]
DThe biaxial modulus (M) for a single crystal of (001) Si is used.

This investigation demonstrates that stack failure occurs in two stages. A relatively modest

stress (~500 — 600 MPa) cracks the PZT and LNO layers [147]. The initial crack acts as a critical
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flaw for the failure of the Si0O2/Si substrate. As the initial cracks are of consistent length (the sum
of the PZT and LNO thicknesses) and the fracture toughness of SiO; is constant, the stack fails at
a consistent stress level for a given PZT thickness. This, in turn, produces the higher Weibull
modulus of the PZT stack relative to the SiO2/Si substrate itself. This model also accounts for the
observation that the Weibull characteristic strength drops as the PZT thickness increases. That is,
thinner PZT layers display shorter initial crack lengths and require higher stresses to propagate the

crack through the Si0O; layer.

5.5 Conclusions

The thickness of PZT films employed in piezoMEMS has a significant influence on the crack
onset and fracture resistance of the entire stack. Biaxial strength measurements on stacks
containing different PZT layers grown on ~500 pum Si substrates showed a decrease in the
characteristic strength, oy, with the PZT layer thickness, ranging from oy ~ 1110 MPa for 0.7 pm
thin film stacks, to op ~ 1060 MPa for the 1.3 um thin film stack, and oy ~ 880 MPa for the 1.8
um film stack. These values were significantly lower than the strength of the Si substrate, i.e. op
~ 1820 MPa. The higher Weibull modulus obtained in the PZT/Si stacks (i.e. m ~ 28 for the 0.7
pm thin film stack, m ~ 26 for the 1.3 um thin film stack, and m ~ 10 for the 1.8 um film stack)
compared to Si substrate (i.e. m ~ 3) suggests that the PZT/LNO layer thickness becomes the
critical flaw size for failure of the entire stack. A stress-energy criterion based on FFM was
employed to explain the higher applied load necessary to initiate cracks in the stack containing a
thinner PZT layer. Biaxial tests to pre-crack the stacks showed the same trend as the model. This
coupled criterion for crack initiation may be extended to complex ferroic materials, if the domain
responses are taken into account. Indeed, this could ultimately become a method to quantitatively

understand domain wall mobility in ferroic structures under stress. In addition, observation of
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crack arrest within the multilayer structure prior to the fracture of the entire stack suggests the
possibility of tailoring the internal architecture of piezoMEMS to enhance mechanical integrity

and thus performance.
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Chapter 6. Effect of Electromechanical L.oads on Failure Limits of PZT thin Films

Portions of this chapter have been reproduced from:

K. Coleman, J. Walker, W. Zhu, S.W. Ko, P. Mardilovich, and S. Trolier-McKinstry "Failure
mechanisms of lead zirconate titanate thin films during electromechanical loading” in prep

M. Ritter, K. Coleman, R. Bermejo, and S. Trolier-McKinstry “Mechanical Failure
Dependence on the Electrical History of Lead Zirconate Titanate Thin Films” submitted (2020)

This chapter evaluates the effects of electromechanical loading and electrical history of a lead
zirconate titanate (PZT) layer on the failure behavior. First, 0.6 um PZT films with different in-
plane stress states were failed electromechanically, and the failure patterns revealed that thermal
breakdown events and cracks were connected, suggesting coupling between electrical and
mechanical failure. Additionally, cracking was observed at 480 + 50 MPa, which is lower than the
reported crack initiation stress for films with similar thickness (590 = 29 MPa) in Chapter 5. To
understand the reduction in crack initiation stress, Ball-on-three Balls (B3B) testing of PZT films
with variations in electric history (virgin, poled, and under DC bias samples) was employed. The
crack initiation stress depended on the electrical history of the sample and was highest for the
virgin samples (op ~ 485 = 30 MPa). The films under DC bias had their relative permittivity and
loss tangent measured in sifu in the B3B set up. Changes in the permittivity suggests

electromechanical loading conditions can destabilize the domain structure.

6.1 Introduction

In many piezoMEMS applications, PZT thin films are subjected to severe
electromechanical loading conditions to achieve high power outputs, signal strengths, and device
efficiencies. In sensors and energy harvesters, the mechanical strains applied can be large, and for

thin film actuators, the applied electric fields are usually much larger than those experienced by
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their bulk counterparts [16,191,192]. Electromechanical failure of piezoelectric thin films is thus

a common topic of considerable technological and commercial significance.

In order to guarantee high performance of the stack, the structural integrity of the film
must also be preserved during electromechanical service conditions. Due to the inherent brittleness
of PZT, cracking of the film layers is a common problem, leading to a degradation of the electrical
properties of the stack or complete failure [147—-149]. Recent studies have shown that failure of the
stack under electrical load begins with cracking in the PZT films [21,148—150]. Electric field
induced cracking is believed to be a result of electrically induced stress (o¢) in the film, which
depends on the piezoelectric response (e3:) and the electrostrictive response shown in Equation
3-6. For PZT thin films, it is assumed that since e;;sis much greater than M, the electrostrictive
term can be ignored, as shown in Equation 6-1.

op = —e3r E (6-1)
Equation 6-1 points out a fundamental dilemma for piezoMEMS engineers; while a larger ez, ris

desirable for increased device output and efficiency, a larger e;; ralso results in larger o, at a given

electric field (E).

Many initial studies have attempted to quantify the total stresses required for crack
initiation and propagation [21,147,150]. For PZT thin films, cracks will initiate between
approximately 0.5 and 1 GPa [147], which is considerably larger than for bulk PZT, in which both
tensile and bending strength is reach around 50-100 MPa [193,194]. Chapter 5 explores the crack
initiation stresses for PZT films under pure mechanical load and suggests that the crack initiation
stress in PZT films depends on the film thickness [138,147]. Thicker films need less stress for

failure [138,166] due to an energy criterion, which states the required energy in the system
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(potential energy and work on the system) needs to exceed the surface energy required for creating

a crack [166].

Missing in the literature is work that quantifies the onset of cracking in either poled or
electromechanically loaded PZT thin films. It is well known that under applied electric fields, the
domain structure will change, which in turn causes reorientation of the spontaneous strain.
Although this effect is more pronounced for piezoelectric ceramics [183—185], small changes in
the ferroelastic domain structure have been reported in piezoelectric thin films [44,72]. This
chapter investigates how in-plane stresses and electrical history affect the fracture behavior of PZT

films, and also explores how mechanical loads can affect the PZT film’s permittivity.

6.2 Influence of Uniaxial Strains on Electromechanical Failure

In this section, the failure pattern of electromechanically loaded PZT films under different
was explored. The anisotropy in the in-plane stress was created by using the beam bending method
(Section 3.2.4). The films used in this study were also used in Chapter 3. The 0.6 um thick
Pbo.99(Zro.52Ti0.48)0.98Nbo.02O3 films were made through chemical solution deposition on
LaNiO3/S10,/Si wafers (Nova Electronics materials, <001> 500 um Si with 1 um thermal oxide).
The films had a preferred {001} orientation due to the blanket LaNiO3 bottom electrode and seed

layers. Further details are given in Section 3.2.1.

To drive the films to electromechanical failure, DC electric fields of 500 kV/cm (30 V)
were applied while monitoring the leakage current using a Hewlett Packet pA meter. The top
electrodes were electrically grounded and the voltage was applied through the bottom electrode.
Between 100 and 300 s after the field was applied, the film would fail. The failure was marked by

the appearance of black features produced by localized thermal breakdown, accompanied by spikes
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in the leakage current and audible electrical arcing between the top and bottom electrodes.
Additional films were subjected to both 500 kV/cm fields and applied uniaxial strains (-0.05% to
0.05%). The magnitude of the applied strain was measured using a strain gauge and was varied by
changing the force applied to the free end of PZT cantilevers, as described in Section 3.2.4 [44].
The uniaxial strains were applied down the length of the cantilever (y direction), and the stresses

in the x and y direction were calculated.

The observed failure patterns seen on the electrodes of the films changed significantly as a
function of this applied uniaxial strain (Figure 6-1). The thermal breakdown events were visible

as small black dots decorating cracks.

Figure 6-1. Optical images of the failure behavior of 600 um diameter Pt electrodes on 0.6 pm PZT thin films. The
electrodes were under -0.051% (a), -0.036% (b), 0.00% (c), 0.02% (d), 0.03% (e), and 0.051% (f) uniaxial strain in
the y direction. The arrows represent the direction perpendicular to the maximum tensile stress direction, which also
indicates the cracking direction. The larger arrows represent a larger magnitude of the tensile stress. Thermal
breakdown events (black dots) decorate the cracks, giving distinct failure patterns based on the applied uniaxial strains.

The failure pattern of cracks and thermal breakdown events changed with the direction of
the uniaxial applied strain. The cracks propagated predominantly perpendicular to the maximum
tensile stress direction, as expected. For example, the electrode in Figure 6-1a was under a uniaxial
compressive strain in the y direction and the maximum tensile stress of 510 + 50 MPa occurred in

the x direction. Therefore, cracks propagate in the y direction. As the uniaxial strain in the y

direction was reduced and switched to tensile strains, the crack pattern becomes random (Figure
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6-1c) and then cracks align with the x direction (Figure 6-1 d, e, f). The percentage of cracks that
aligned within 45° degrees of the maximum tensile strains’ direction were above 80% for all the
samples under a uniaxial strain. Thus, even the smaller applied strains induced significant

orientation of the cracks.

Inspection of the failed films using scanning electron microscopy (SEM) revealed that the
electrical and mechanical failures were correlated in time and space (Figure 6-2). Both cracks,
indicated by arrows, and thermal breakdown events, seen as oval and circular dark features with
lighter outer regions of melted material, are clearly present. The debris on the film surfaces is the
residue from thermal breakdown events: molten and solid material expelled violently during
breakdown. Thermal breakdown events are connected through cracks and it is likely that cracks
appear both before and after thermal breakdown. Some of the cracks propagate through the thermal
breakdown events, suggesting that the thermal breakdown events occurred first (yellow dashed
arrows). In other regions, the thermal breakdown events and the melt region appear on top of the
crack, suggesting that the crack occurred first, as indicated by the orange arrow. The order should
depend on when the criteria for each event is met [138,166,195,196]. However, since these two-
failure mechanisms are consistently present and the order of events can vary within a single film,
it is reasonable to suggest that a single event can cause the other to occur. That is, a thermal
breakdown event can initiate cracks by creating sufficient stress and cracks can initiate thermal

breakdown events by creating conductive pathways through the film [197].
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Figure 6-2. SEM of the top surface a failed capacitor, showing both crack and thermal breakdown events for a PZT
film under 0% applied strain (a), and -0.05% uniaxial strain (b). Cracks connect the thermal breakdown events as
shown by the arrows. The yellow dashed arrows represent cracks that would have occurred after the thermal
breakdown events as the crack cuts through the thermal breakdown event. The solid orange arrow represents a crack
that occurred before the breakdown events it connects. The crack propagates perpendicular to the maximum tensile
stress direction as shown in (b).

To determine the crack initiation criteria for these films, the total stress in the sample was
calculated in the in-plane x and y directions, as shown in Table 6-1. The total stress included the
residual stress o, [44], applied stress 6,, and the piezoelectric stress, g, where e3;, was -7.1 C/m?
for these PZT films on Si (Section 3.3) [44]. With no applied strain and an applied electric field,
the PZT samples cracked under a total stress of approximately 480 MPa. Chapter 5 shows crack
initiate in 0.7 pm thick PZT film at 590 + 29 MPa stress when under pure mechanical loads. While
the stress to initiate a crack in this film is lower than PZT thin films with similar thickness under
pure mechanical loading described in [138], it is similar to values for films under

electromechanical loads [198].
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Table 6-1. Calculated stresses in the x and y direction for films represented in Figure 6-2 a-f. For o;, the piezoelectric
coefficient, e;; was estimated to be -7.1+0.35 C/m? Numbers in bold indicate the maximum tensile stress for the
sample. To calculate the applied stress in the X (6.x) direction the Poisson’s ratio of 0.3, and Young’s modulus of 90
GPa for (001) oriented PZT was used [93]. Values are in MPa unless otherwise noted.

Electrode Cr Cp Gay Ga,x Gtot,y Gtot,x
a 130+30 350+20 -45 14 455 514
b 130+30 350+20 -32 10 468 510
c 130+30 350+20 0 0 480 480
d 130+30 350+20 18 -5 518 495
e 130+30 350+20 27 -8 527 492
f 130+30 350+20 46 -14 546 485

The reduction in total stress required for crack initiation may be a result of several factors
and was investigated in Section 6.3. These factors include the piezoelectric stress, changes in the
local stresses with field, and a reduction in domain wall motion. Overall, this initial study reveals
that under electromechanical failure, there is a correlation between cracks and thermal breakdown
events and the failure pattern depends on the applied strain direction. Cracking would occur when
the total stress reaches the crack initiation stress of the film, which was reduced with applied

electric fields parallel to the remanent polarization direction.

6.3 Influence of Electrical History on Failure of Lead Zirconate Titanate Thin Films

This section aims to understand how the electrical history of the piezoelectric film
affects its performance by investigating property changes and changes in mechanical limits of
films with difference electrical histories (virgin, poled, and under DC bias). Dielectric and
piezoelectric properties of PZT thin films with various electrical conditions are measured in order
to quantify the figures of merit (FoM) for different applications based on the electrical history.

The FoMs used in this study are related to the piezoelectric coefficient (e3;r) and dielectric
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constant (&) of the film; for actuators, the FoM is es; ¢, for voltage-based sensors, FoM is

2
and for energy harvesters, FoM is Saif [23-26]. This section employs Ball on three Ball (B3B)

Er
testing on PZT films with various electrical history to quantify the effects of electric field on the
crack initiation stress and crack propagation in the PZT thin film and PZT/Si stacks. The results

are analyzed and compared with the response of similar PZT films under pure mechanical loading.

6.3.1 Experimental Details

6.3.1.1 Sample preparation and materials characterization

Niobium doped PZT (Pbogo(Zro.52T10.48)0.98Nbo.0203) films were grown by chemical
solution deposition on a platinized 4-inch Si wafers (NOVA Electronic Materials) as described in
Section 3.2.1. A total of 20 layers (each layer thickness was ~80 nm) was deposited on the
substrate, which yielded a thickness of ~1.6 um, as measured over an etch step using a contact
profilometer (KLA Tencor 16+). The stack has six layers: a 1.6 um PZT layer, a 100 nm Pt bottom
electrode, a 20 nm Ti/Ti0, adhesion layer, 1 um SiO; layer, ~500 um Si substrate, and a 1 pum
SiO; layer. The structure of the stack is shown in Figure 6-3. The film’s crystallographic
orientation was determined using XRD with a PANalytical Empyrean diffractometer with a Cu
Ka X-Ray source. The grain size was determined using the line intercept method [199] on several

micrographs, taken with a FESEM.

Pt top electrodes were deposited to a thickness of 100 nm using a Kurt Lesker CMS-18
sputter tool (Section 3.2.3). The design of the top electrode (shown in Figure 6-3, top right) covers
the center of the sample, with a 1 mm diameter circle and a contact pad to the side. This electrode

design allows for easy contact during mechanical loading and makes it possible to pole the center
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without damaging the surface with a probe tip, which could affect subsequent mechanical

measurements.

The wafers were diced into square specimens of 12 x 12 mm?. Specimens cut from the
die were randomly classified into three samples, referred to as virgin, poled, and under DC bias.
The virgin specimens did not see any electric fields prior to or during mechanical measurements,
and were taken as reference material. The poled samples were heated to 150°C and a DC bias of
13 V (~80 kV/cm) was applied using Hewlett-Packard PA-meter for 15 minutes. Wires were
attached to the sample under DC bias using silver epoxy (Ted Pella silver conductive epoxy) to
apply the electric field only during the mechanical tests. The exposed part of the wires was covered

with insulating epoxy to avoid a short circuit inside the B3B setup.

Figure 6-3: The B3B setup, showing the 4 balls and the specimen in the middle, as well as the structure of the samples
from the 12 x12 mm? specimen. A Pt electrode (gray) is deposited on the PZT top surface (orange layer) to enable
contact to the center of the specimen. It consists of a circle with a diameter of 1 mm in the center, a 100 pm wide trace
and a 400 um x 400 pm square close to the edge. A cross section showing each layer in the stack is also depicted (not
to scale).
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6.3.1.2 Measurement of electrical properties

The film’s permittivity and loss were recorded as a function of frequency (100 Hz to 100
kHz) using a Hewlett Packard 4284 A precision LCR meter with a small (30 mV) AC signal applied
to the bottom electrode. The polarization electrical field (P-E) hysteresis loop was measured at 100
Hz using a Radiant Precision Multiferroic Ferroelectric Tester [44]. Additionally, the Rayleigh
behavior of the permittivity was measured up to 35 kV/cm (~ Y2 the coercive field, Ec, at 1 kHz).
The e3;r was measured using the wafer flexure method described by Wilke et al. [200]. All
experiments were conducted under ambient conditions (~20°C and ~40-60% RH), and a minimum

of three specimens per sample type was used for each measurement.

6.3.1.3 Electromechanical loading: Ball on three ball testing
The relationship between the electric fields and the structural limits of PZT thin films
was tested using the B3B biaxial bending test using plate-like test setup [172], as described in
Section 5.2.2. This leads to a well-defined biaxial stress field, with the highest tensile stresses
acting in the middle of the surface, opposite to the one loading ball [201]. Using the B3B set up,
the characteristic stack strength of the different samples (loading to failure) and the stress required

for crack initiation in the PZT layer (pre-loading and unloading for inspection) were determined.

The strength of the virgin, poled, and under DC bias samples was determined using a
minimum of 12 specimens (per sample) tested following the same procedure (preload of about 10
N and a displacement-controlled rate of 0.1 mm/min) using a universal tester (Instron, Ma). The
strength of the Pt/Ti/Ti02/S10,/S1/Si0; substrate was also measured for comparison. The poled
samples were all aged a minimum of 20 hours after poling. The samples under DC bias had 13 V
(~80 kV/cm) applied during the mechanical measurements and had no exposure to an electric field

prior to measurement. The DC field was applied using a Keysight E4980A precision LCR meter
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and the permittivity was also measured during the mechanical testing using the same LCR meter
with a 30 mV 1 kHz signal superimposed on the DC bias. The strength of the stack was determined
introducing the fracture force, F, into Equation 5-4. For this work, since most of the stack
thickness is from the Si substrate, it is assumed onax is the stress in the Si layer. The stresses in
each of the layers is calculated as described in Section 5.2.2 and the supplemental materials in

[138].

In order to determine the crack initiation stress, an additional set of five specimens of
each sample with distinct electrical history was loaded between 20-70% of the corresponding
characteristic load using the B3B setup (see Section 5.2.2). The pre-cracks initiated during the
loading process were identified using an optical microscope in dark field mode. The force at which

cracks were first observed was recorded as the applied force for cracking.

6.3.2 Results and Discussion

6.3.2.1 Structural Characterization
Figure 6-4a shows the microstructure of the PZT layer, with an average lateral grain size
of 126 = 54 nm. Figure 6-4b shows the cross section of the sample, in which individually deposited
layers can be identified; a small amount of pyrochlore or fluorite grains is apparent at individual
crystallization interfaces. The thickness of the PZT films was ~1.6 pm. Figure 6-5 shows the XRD

patterns corresponding to the PZT layer. The film had an approximately random orientation.
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Figure 6-4: (a) Top view SEM image showing the grain size of the PZT layer. (b) Cross sectional SEM image showing
the layered structure of the 1.6 um thick PZT layer, as well as the platinum bottom electrode.

Si

Log Intensity (a.u.)

L e e L B S B |
10 15 20 25 30 35 40 45 50 55 60 65 70 75
20 (°)
Figure 6-5: XRD pattern of the PZT layer, showing random orientation. The symbol “*” indicates background peaks
from the substrate.

6.3.2.2 Electrical Characterization

At 1 kHz under low oscillating electric fields (18.75 V/em), g-was 1100 £+ 24, 1073 £ 16,

and 740 = 16 for the virgin, poled, and under DC bias samples, respectively. As the frequency
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increased, ¢ decreased slightly for all samples. The relative permittivity was also measured as a
function of increasing AC field (Figure 6-6). In this low field regime, a linear Rayleigh-like regime
was identified using Equation 2-11. The irreversible Rayleigh parameter, 0,4, captures the
irreversible domain wall motion contribution and & includes both the reversible domain wall
motion and intrinsic contributions to the permittivity. A linear Rayleigh regime for all samples was
fitted between 7 and 23 kV/cm (~10-50% of E.) with R? of 0.994 or greater. In the Rayleigh
regime, &i,ir was 1099 £ 17, 1059 + 17, 735 £ 17 for the virgin, poled, and film under DC bias,
respectively. a was 22 + 2, 15.75 + 1.25, 5.5 + 0.14 cm/kV for the virgin, poled, and film under

DC bias, respectively.

Figure 6-6: Relative permittivity as a function of AC signal for the virgin (green upward triangle), poled (red square),
and under DC bias (orange downward triangle) films. The linear Rayleigh regime is denoted between the two vertical
dashed lines and was consistent for all the films.

The low &init for the sample under DC bias is due to dielectric stiffening. The difference

between eini; for the virgin and poled sample was modest, suggesting that there is a limited
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ferroelastic reorientation with an applied field. As expected, the sample under DC bias has the
lowest a4y, which is due to the stabilization of the domain structure [42]. The observation that
Otray virgin™ Qray poled 1S believed to be due to the removal of domain walls as a result of poling the

sample.

The polarization versus electric field hysteresis loops (Figure 6-7), shows the changes in
the polarization with applied fields. The positive remanent polarization (P;) was 16.7 0.2 pC/cm?,
18.5+0.2 uC/em?, 17.7 £ 0.1 pC/cm? for the virgin, poled, and under DC bias film, respectively.
The virgin film’s negative P; was -19.2 pC/cm? and this slight imprint was removed by applying

an electric field as shown by the symmetric loop for the poled and under DC bias films.

Figure 6-7: Polarization electric field hysteresis (PE loops) for the virgin (green solid lines), poled (red dotted line),
and under DC bias (orange dashed line) samples.

The changes in a, P, and E. suggests changes in the domains structure and domain

alignment. A schematic illustration of possible domain structures for the different samples is given
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in Figure 6-8. As indicated by the largest P, the poled sample should have more domains aligned
with the applied electric field compared to the virgin sample. The sample under DC bias is also
expected to have more domains aligned and fewer domain walls than the virgin sample. However,
this alignment is incomplete since the film under DC bias is only under electric field during the

measurement.

Figure 6-8: Schematic illustration of the domain structure for the virgin (green), poled (red) and under DC bias
(orange) sample. Arrows represent the polarization direction for the respective domains.

Due to the differences in domain structure, the films have different piezoelectric
coefficients and FoM. The various FoM are shown in Table 6-2. Table of the calculated figure of merits
(FoM) for the various applications for sensors, actuators and energy harvesting devices. Table 6-2, where the
piezoelectric coefficient, e;;; was measured to be 0 C/m?, -6.5 £ 0.6 C/m? and -4.1 + 0.3 C/m? for
the virgin, poled, and under DC bias sample, respectively. The poled sample has the largest
coefficient, presumably because the sample under DC bias was only partially poled. The poled
sample also had the highest FoM for all applications compared to the virgin and the sample under
a DC bias. An additional sample that was poled, aged for 24 hrs., and then measured under a DC

bias is also reported in Table 6-2. The piezoelectric coefficient was slightly lower than the poled
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sample due to aging, and the permittivity was also lower because of the DC bias. As a result, it

had the largest FoM for sensors and energy harvesters.

Table 6-2. Table of the calculated figure of merits (FoM) for the various applications for sensors, actuators and
energy harvesting devices.

FoM Sensors Actuators Energy Harvesters
Sample state |e3£—1rf| (#) €31r (%) N% (%)
Virgin 0 0 0
Poled 6.0 x107 -6.5 3.9x1072
Under DC Bias 5.5x107 4.1 2.3x107
Poled and under DC 9.1x107 6.8 6.2 x10?
Bias

6.3.2.3 Strength distributions and fracture analyses
Figure 6-9 shows the probability of failure, Ps, versus the failure stress, oy in a Weibull
diagram for the virgin, poled, and under DC bias samples, as well as for the Pt/Si substrate. The
Weibull parameters (i.e. characteristic strength, oo, and Weibull modulus, m) were calculated
according to the ENV-845 standards [202] and are given in Table 6-3, along with the 90%
confidence intervals. The Weibull modulus ranged between m =26 and m = 30 for the virgin,
poled, and under DC bias sample, where the substrate’s modulus was ~3. There was no significant

difference in the characteristic stack strength between virgin, poled, and under DC bias samples.
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Figure 6-9: Probability of failure versus failure stress in a Weibull diagram for the three samples: virgin (green upward
triangle), poled (red square) and under DC bias (orange downward triangle) and the Pt/Si sample (blue circles), as a
reference.
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Table 6-3: Weibull modulus, m, and characteristic strength, oy, for failure of the difference sample stacks. Values
in [] represent the 90% confidence interval.

Sample state Weibull modulus Characteristic strength

’ m [-] o [MPa]
Virgin 26 795

¢ [17-34] (780-811]
26 754

Poled [17-34] [739-769]
i 30 815

Under DC bias [16-40] 797-833]
Si 2.6 2851

[1.8-3.3] [2428 — 3356]

At lower loads, cracks were visible on the surface of the PZT film; this initial crack did not
propagate through the entire stack. A focused ion beam etch was used to determine the initial crack
length, as shown in Figure 6-10. The crack propagated through the PZT layer, and stopped at the
Pt layer. Pt, being metallic, may prevent crack propagation through plastic deformation. Similar to
results in Section 5.4.4, cracking occurs first in the PZT layer, followed by crack propagation
through the subsequent layers. The initial crack in the PZT layer acts as the critical flaw for the
failure of the remaining layers in the stack. This yields higher Weibull moduli of the PZT stacks

as compared to the substrate, and is similar to the results in Section 5.4.4 [138].

114



Figure 6-10: FIB image showing the crack stop at the interface of the PZT and Pt seed layer beneath. The image was
prepared using a FEI Scios Focused lon Beam (FIB) system. The porosity in the SiO, layer may be due to lead
diffusion through the stack, and some damage from the FIB.

The stress to initiate a crack in the PZT layer depended on the electrical history as shown
in Table 6-4. The virgin sample had cracks initiate at stresses around 500 MPa. Although the film
has a random orientation and some pyrochlore present, this stress to initiate a crack is similar to
the predicted crack initiation stress range for PZT films with similar thicknesses (1.8 um) reported
in Section 5.3.3 [138,147]. However, crack initiation occurred at lower stresses for both the poled
sample, and the sample measured under DC bias (around 400 MPa). Initially, this difference was
attributed to inaccuracies in the calculated piezoelectric stress. It was assumed that the e3; s did not
change with applied mechanical load or time, but other reports suggest that the piezoelectric
coefficient will change with both field and stress [44,100]. However, this does not account for the
decrease in crack initiation stress for the poled sample, since it was not under an applied electric
field during B3B loading and there is a statistically significant decrease in the crack initiation stress

compared to the virgin sample.
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Table 6-4. Calculated stresses (applied, piezoelectric, and residual stresses) in the PZT films and total stress for crack
initiation for each film based on its electric history. There is an additional systematic error of the residual stress and
crack initiation stress of + 30 MPa.

Forc.e App!led Residual Piezoelectric Total Stress
Cracking Stress in the for Crack
Sample Stresses Stress e
observed PZT layer [MPa] [MPa] Initiation
[N] [MPa] [MPa]
Virgin 49 +3.8% 335+£26 150 0 485+ 26
Poled 37.5+£3.8 260 £ 26 150 0 410 £26
Under DC bias  35.2+3.8 240 £ 26 150 33+£3 430 +29

% The error corresponds to the interval of applied forces between no-cracking and cracking observation on
each sample.

There are a few hypotheses for the observed reduction in the film’s crack initiation stress
with applied fields. First, there may be some differences in the domain wall motion between the
films. The irreversible Rayleigh coefficient was largest for the virgin sample. Non-180° domain
wall motion and ferroelastic domain reorientation have been shown to enhance the fracture
resistance [184,185]. If domains are unable to reorient to reduce the applied stress, then PZT would
have a lower apparent fracture toughness. However, the reduction in the irreversible Rayleigh
coefficient may be due to the large reduction in the number of 180° domain walls, and it is
inconclusive if the amount of ferroelastic domain reorientation is also changed during mechanical
loading. Alternatively, the creation of local strain during the poling process is also proposed to
cause this reduction in crack initiation stress. Under an applied electric field, domains align to the
polarization direction, and previous reports suggest limited ferroelastic reorientation occurs in
clamped films [46]. Ferroelastic domain reorientation will create localized stresses, and may result
in the lower fracture resistance in the poled sample. Both the poled sample and the film under DC

bias may experience some ferroelastic domain reorientation. However, it is anticipated that the

116



poled film may have more domain alignment and may also have slightly more local strains from
ferroelastic switching. The extent of ferroelastic domain reorientation is not measured in this study
and therefore future work should explore the mechanism governing this trend. Overall, this study
suggests that poling and electric fields can reduce the crack initiation stress up to 15% and confirms

the failure observation in Section 6.2.

6.4  In situ property measurements under electromechanical loads

To further explore the relationship between electromechanical loading and the changes
in properties, PZT films under DC bias had their relative permittivity and loss tangent recorded
during the B3B loading experiment (Figure 6-11). The plots are segmented into three regions (1,
I1, and IIT). Region I is the preload region, where the PZT sample is loaded up to 10 N prior to the
start of the experiment. Region II begins when the DC bias of 80 kV/cm is applied, the permittivity
is recorded, and a downward force on the mechanical fixture is applied at a rate of 0.1 mm/s.
During this stage, cracks were not observed on the film’s surface, since the stresses are lower than
the reported crack initiation stress. Region III corresponds to the forces at which surface cracks

are observed.
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Figure 6-11: Change in normalized relative permittivity (a) and change in loss tangent (b) as a function of the load
force during the B3B measurements. The three regions can be allocated to three different conditions, governing the
electrical properties of the PZT layer. Region I is the preload region. Region Il is the regions before cracks are observed
and Regions III is the regions after cracks were observed on the surface. Each of the three lines represent a separate
sample tested.

In this electromechanical loading condition, the electric field is out-of-plane, which
would favor out-of-plane polarization. However, the mechanical loading would favor more in-
plane domains. It is suggested that competition between these two loads on the film may destabilize
the domain structure. This would account for the initial increase in the relative permittivity and
loss tangent for Region II. Around 20 N in Region II, the permittivity begins to decrease and this
continues in Region III, where cracks are formed on the surface. The decrease in the calculated
value of permittivity may be due a variety of factors. There may be a reduction in domain wall
motion at a certain stress level. This decrease could also be related to the formation of internal
cracks, where air would act as a parasitic capacitor layer, reducing the overall capacitance.
Alternatively, the effective electrode area may decrease due to delamination, such that the
calculated permittivity is underestimated. Lastly, the PZT film may be locally de-clamped as the
crack forms, such that domains can align with the electric field out-of-plane. This would lower the

overall relative permittivity.
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To further probe the effects of mechanical loads on the destabilization of the domain
structure, the aging rate of the permittivity was determined after removing the mechanical preload
(10 N) on virgin and poled films. Figure 6-12 shows the normalized change in the permittivity as
a function of time after removal of the preload. A linear fit of the permittivity suggests an aging
rate of 1.2% per decade for both poled and virgin samples. This is in good agreement with the
dielectric aging rates recorded after removal of an electric field [203], suggesting the rate at which
the global domain structure approaches equilibrium is independent of a mechanical or electrical

load.
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Figure 6-12: Normalized change in the relative permittivity as a function of time (log) to determine the aging rate
after the removal of a mechanical load. The dielectric aging rate was 1.2% per decade.

6.5 Conclusions

This chapter explored the effects of electric history, and electromechanical loads on the
failure and mechanical limits of PZT thin films. Crack patterns in electromechanically loaded PZT

films depend on the directionality of in-plane tensile stresses and cracking is observed at lower
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loads than virgin films made on the same wafer. Failure under electromechanical loading
conditions was observed as a combination of thermal breakdown events and cracks in films
clamped to a Si substrate. Additionally, the electric history of the sample dictates the performance
of the films, influences the FoM, and may reduce the crack initiation stress. While poling enhances
the piezoelectric response of the film, it reduces the stress that the films can withstand during
operation, prior to cracking. While this reduction may be due to a series of factors, this observation
was noted for a series of films under different loading conditions. Lastly, the application of
electromechanical loads may destabilize the domain structure and the removal of mechanical loads
leads to similar dielectric aging rates that are reported after the removal of electrical loads. This
suggests that the time for the domain structure to reach a new equilibrium position is independent
of the type of load. This chapter emphasizes the necessity to quantify the mechanical loads on
piezoelectric films, as they may destabilize the domain structure, and in electromechanical

applications, failure may ensue at lower loads than predicted from mechanical-only testing.
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Chapter 7.  Conclusions and Future Work

7.1  Conclusions

This thesis discusses the influence of mechanical stresses (applied, residual, and
piezoelectrically-induced) on the dielectric and piezoelectric properties of PZT thin films. The
limits of stress that PZT films could tolerate was found to be a function of film thickness, electrical
history, and loading conditions. In particular, thicker films tend to have lower mechanical limits
compared to thinner films, and the electric history and the substrate can play a critical role in the
applied stress limits of the film. Additionally, compressive stresses were shown to improve
piezoelectric properties, increase applied stress limits before failure, and increase the number of
out-of-plane domains. Tailoring the residual stress in thin films can tune dielectric and
piezoelectric properties, reduce the propensity for cracking, and improve their performance in

various piezoMEMS applications.

The effect of total stress on the dielectric and piezoelectric properties of PZT films grown
on Ni and Si foils was investigated (Chapter 3). PZT films grown on Ni foil experience
compressive residual stresses and had larger piezoelectric coefficients (e3;r=—9.7 = 0.45 C/m?)
and remanent polarizations (P,= 39.5 + 2.3 uC/cm?) compared to PZT films grown on Si wafers
(e31,=-7%0.35 C/m?, P,=21+0.2 uC/cm?). Due to tensile residual stress, PZT on Si had a larger
relative permittivity (¢, = 1040 + 20) than PZT on Ni (e-= 600 + 80). With additional compressive
strains applied to films on either substrate, the remanent polarization and piezoelectric properties
increased and the relative permittivity decreased. The opposite occurred under tensile stress,
suggesting some ferroelastic domain reorientation could occur in these films. Property changes
were approximately linear with stress changes; the slope differed between the two substrates. The

slope of the remanent polarization versus stress was -0.013 MPa/(uC/cm?) and -0.021
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MPa/(uC/cm?) for PZT on Ni and Si, respectively. Within the stress limits, the properties of PZT
on Ni and Si did not overlap, indicating that residual stress and the resulting domain structure

dictate the range and tunability of both dielectric and piezoelectric properties.

To further probe the relationship between the changes in the properties with stresses in the
film, Chapter 4 revealed differences in the intrinsic and extrinsic contributions to the dielectric
and pyroelectric properties. PZT on Ni is under 530 MPa of compressive residual stress and PZT
on Si is under 130 MPa of tensile residual stress. The magnitude of residual stress significantly
influenced the extrinsic contributions to film properties. Both the Rayleigh and Preisach responses
show a large reduction in irreversible property contributions for PZT films on Ni as the temperature
decreased towards 0 K. At room temperature, a4y was 15.5 £+ 0.1 cm/kV and 28.4 + 1.6 cm/kV for
PZT on Si and Ni, respectively and the large amount of irreversible domain wall motion for PZT
on Ni may be due to the flexibility of Ni foil. However, as thermal energy decreased, domain wall
motion decreased at a higher rate for PZT on Ni, which may be due to a combination of increased
residual stress at lower temperatures and decreased thermal energy. PZT films on Si did not show
large changes in residual stress in the films when cooled to 10 K and had a smaller reduction in
the irreversible Rayleigh coefficient. This is because PZT and Si have very similar thermal
expansion coefficients at lower temperatures. It is believed that these results can be explained by
a narrower distribution of pinning potentials for PZT on Ni relative to PZT on Si. Overall, the
residual stresses and substrate choice influence the domain structure and the pinning centers

causing some films to have less domain wall motion.

Stress limits in PZT thin films were investigated (Chapter 5). First, crack initiation stress
was studied as a function of film thickness. Thicker films required lower stresses for crack

initiation, where 0.7 pm PZT films required stresses around 590 MPa, and 1.8 um films required
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stresses around 490 MPa to initiate a crack. The literature previously attributed this to either
changes in the residual stresses of thick films, or the Weibullian volume effect. This work suggests
that instead, the coupled stress-energy criterion for crack initiation affects the mechanical limits of
these films. This depends on the thickness of the films, where thinner films require a higher load
to reach their energy criteria and fail. The slight deviation between the model and experimental
observation may be due to differences in domain wall mobility. Thinner films tend to have less
domain wall motion and thus, a lower fracture toughness. The current model only considers one
value for the fracture toughness as the fracture toughness for PZT thin films has yet to be

determined.

This biaxial ball-on-three-ball test method was also used to explore how cracks initiated
and propagated through the entire stack. PZT/LaNiO3/Si10,/Si stack failure occurred in two stages.
First, the PZT layer cracked; the crack then arrested at the SiO» layer due to the significant
compressive stress in the SiO.. With a higher applied stress, the crack propagated through the
remainder of the stack. As shown by the Griffith-Irwin crack resistance model, stacks with thinner
PZT films require higher stresses for failure because the initial crack length is shorter. It was also
found that the Weibull modulus was significantly larger for PZT on Si (m > 10) compared to the
Si substrate itself (m = 3). This occurred because the stack had a consistent pre-crack length
corresponding to the PZT film’s thickness. To design stacks with increased strength, thin layers

under compressive stress should be considered.

In addition to pure mechanical failure, it was found that electromechanical loading could
also affect the PZT layer’s mechanical limits in Chapter 6. This occurs because the applied electric
field creates piezoelectric stress in the films; this can be large in films with high piezoelectric

responses and high breakdown strengths. Additionally, the electric field history of the sample may
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affect the domain structure, domain wall mobility, and fracture toughness. These results
demonstrate a decrease in crack initiation stress in poled films or films under a DC bias. Poled
films had the lowest crack initiation stress possibly due to a reduced number of domain walls, and
creation of localized stress due to some ferroelastic reorientation; both of these factors would
reduce the fracture toughness. Both PZT films that were pre-poled and those under a DC bias
during mechanical testing showed larger piezoelectric properties, and required less stress to initiate

a crack.

Additionally, the orientation of applied stress and electrical load of PZT films was studied.
It was found that failure patterns depended on loading conditions. PZT films on Si wafers typically
failed electromechanically, where thermal breakdown appeared along cracks. These cracks
propagated perpendicular to the maximum tensile stress direction. The order in which failure
events occurred depended on whether the electrical or mechanical failure criterion was met first.
It is believed the presence of one failure facilitates subsequent failure events, as indicated by the

numerous correlated cracks and thermal breakdown events.

In the course of this thesis, stresses in PZT thin films were shown to affect the domain wall
motion, as well as the dielectric and piezoelectric properties. The influences of stress on the
performance of PZT thin films indicate that stresses can be used to tailor properties and improve
the functionality. In particular, compressive stresses enhance the piezoelectric coefficient. In
addition, compressive residual stress should also increase the applied stress limits of these brittle
films. Ultimately stresses may be used to improve the functionality of PZT thin films and proper
stress management can also ensure high structural integrity. Both of these will improve the

performance of PZT thin films for various piezoMEMS applications.
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7.2 Future Work

This section explores several avenues of future research that would further quantify the
relationships between stress and the domain orientation, properties, and failure limits of PZT thin
films and other brittle, layered materials. Section 7.2.1 describes possible material characterization
techniques that could be used to determine structural changes in PZT films under stress. Section
7.2.2 proposes a method to determine the fracture toughness and strength of PZT films. Section
7.2.3 suggests techniques to quantify the oxygen vacancy concentrations [Vo™'] for PZT films on
Ni and Si, which also may affect trends found in this thesis. Section 7.2.4 explores the effect of
strain on the aging rates of dielectric and piezoelectric properties to determine if certain strains can
further stabilize the poled domain structure. This chapter ends in Section 7.2.5 with a discussion

of the procedures utilized in this work and their potential application to other material systems.

7.2.1 Structural characterization of films under strain

To complement the electrical characterization in Chapter 3, structural characterization of
domain orientation as a function of applied strain can be used to further validate the hypothesis
that some ferroelastic domain reorientation occurs in PZT films under strain. In particular, it would
be useful to be able to determine the coercive stresses in PZT films as a function of Zr/Ti ratio,
grain size, thickness, and residual stress state. It is proposed here that Raman analysis or X-Ray
Diffraction (XRD) can be used to distinguish these differences.

Raman analysis has previously been used to understand the phase assemblages in PZT and
quantify changes in stress and domain structures in piezoelectric thin films [98,204-211]. The
Raman peaks of the Ai1(TO1), Ai(TOz), Ai1(TO3) and E(LO3) modes depend on stress and domain
orientation, i.e. the percentage of the “c” domains, in PZT thin films [98,210,211]. For example,

the E(LOs3) mode intensity has been shown to increase when the percentage of “c” domains

125



decrease in PZT [98,210]. An increase in relative peak intensity with increasing tensile strain

would thus confirm a decrease in “c” domains with applied tensile strain.

In an initial study to assess the viability of using Raman to determine domain reorientation,
0.6 um PZT films on Ni foil substrates were subjected to different applied strains using the radius
of curvature method (Section 3.2.4). Raman data were collected using a Horiba Scientific Labram
HR Evolution Raman Spectrometer; a 633 nm wavelength laser with 0.9 numerical aperture and
1.5 mW power was used. Inaddition, Raman data were acquired for samples of Ni with only HfO-
and LaNiO3 (LNO) films to determine which Raman peaks corresponded to the underlying layers.

At each applied stress state, 15 spots were scanned for a minimum of 6 minutes each.

The Raman data between 0 and 1000 cm™ (Figure 7-1) show a number of broad
peaks from different PZT and LNO modes, as detailed in
Table 7-1 [205,212]. The broad peak 6, from 700 to 730 cm™!, corresponds to both the
E(LOs) and A1(LOs) modes [98]. To fit this peak, two Gaussian profiles at 700 and 733 cm™! were
used. To compare the changes in intensity with strain, the relative intensity of this peak was
determined by dividing by a well-defined second peak that is ideally independent of stress and the
PZT layer. To confirm the trend, the relative intensity of peak 6 should be normalized to multiple
peaks, or the background.
Initially in this spectrum, the relative intensity of peak 6 was normalized using peak 4

because of its sharpness. Peak 4, which corresponded with the LNO E; mode [212], was fitted at

400 cm™! with a Gaussian profile. While 'peaks increased linearly under tensile stress [212] (Figure

I peak 4
7-1b), the LNO layer may also have changed with strain. Therefore, the Raman spectra of stacks
of the underlying layers (LNO/HfO»/Ni) under the same applied strain were subtracted from the

equivalent PZT/LNO/Ni spectra in order to remove the LNO peak. Unfortunately, after completing
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this additional analysis, no clear trend between I.qi ¢ and tensile strain was detected. This could
suggest that the LNO mode changes with strain and convolutes the trend found in Figure 7-1b.
Overall, no conclusive trend can be drawn from these initial results.

In future work, modified Raman analysis may be used to quantify the domain state changes
in PZT. Removing the LNO layer to reduce overlap with lower intensity PZT peaks at lower
Raman shifts will improve the results as has been widely reported in the literature [98,210,211].
The use of Pt bottom electrodes on Ni foil would ensure that no peaks from the underlying layers
are in the spectrum. Polarized Raman should also be used to help decouple PZT modes that have
similar Raman shifts with strain [98,207,209]. Additionally, the use of PZT films with larger grain

size and narrower Raman peaks would improve peak fitting.
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E(LOs) and the A;(LO3) PZT mode, which is dependent on the domain structure and the relative intensity

decreases with a higher number of “c” domains.

Table 7-1. List of the PZT and LNO modes corresponding to the peaks in Figure 7-1 [205,212].

Peak Frequency (cm™) PZT Modes LNO Modes
1 140-180 A(TOy) E, (at 150 cm™)
2 ~180-230 E(TO») Aig (at 220 cm™)
3 ~230-350 Bi, E(TO)4 --
4 ~350-420 - Eg
E(TOs), ELOs, ETO;3,
5 470-640 A/TOs, A/TOs -
6 ~650-800 E(LO3) and A1(LO3) --

128



XRD could also be used to distinguish the changes in the domain structure with strain.
Several studies have shown that the 001 and 002 peak intensities increase, while the 100 and 200
peak intensities decreases in tetragonal PZT thin films with an applied out-of-plane
[46,70,213,214] electric field. Here, a similar study is proposed as a function of strain. While the
data would be hard to collect on MPB films, due to the strong smearing between peaks, it is
suggested that more interpretable data could be obtained with tetragonal compositions. Since
ferroelastic reorientation may be limited for clamped films [46,215,216], films on more flexible
substrates, like Ni foil, which show higher irreversible Rayleigh coefficients at room temperature
and can achieve higher strains, should be used. Additional experiments combining electric fields
and temperature sweeps with applied strain may further probe the energy barriers that reduce

domain reorientation in thin films.

7.2.2 Determine the fracture toughness of PZT thin films

The PZT film’s strength and fracture toughness (Kic) influence the crack initiation stresses.
In this thesis, bulk PZT K. values were used in the finite fracture mechanics model [166] (Chapter
5) since data are not available for films. However, in PZT, the fracture toughness has been shown
to vary with domain wall motion [182—185]. Since PZT films are clamped to the substrate and
have limited domain wall motion [43,146], the lower reported fracture toughness values were used
in the models of this thesis. However, it is likely that the fracture toughness is not constant. Instead,
it is proposed that fracture toughness may change with film thickness, with thinner films having

lower fracture toughness, due to reductions in ferroelastic wall mobility in thinner films.

To determine the fracture toughness of PZT thin films, a novel micromachined cantilever

experiment is proposed [167,217-219]. In previous work on single crystal tungsten and CrN
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coatings, micromachined cantilevers were etched using a focused ion beam [217-219]. A notch
was etched into these beams and Kic was determined using Equation 7-1, where oris the fracture

stress, a is the notch depth, f'is a shape factor, and ¢ is the thickness [219].

Kic = opvmaf (7) (7-1)
For PZT films, oy is not well known but can be determined from un-notched micromachined
cantilevers by using Equation 7-2, where / is the length from the fixed cantilever end to the applied

force, F, and B is the cantilever’s width [219].

Fl
Bt2

op =6 (7-2)

In these studies, the cantilevers were made with focused ion beam etching; however this process
is serial, and so limits generation of a statically significant set of data [218]. Thus, in order to
increase the number of samples that may be tested, an array of PZT cantilevers can be fabricated
through conventional microfabrication processes. For this purpose, PZT films should be grown on
a Si wafer to various thicknesses in order to determine if the thickness of the film affects the PZT
film’s Kic. Then, the PZT, LNO, and SiO, layers can be etched with CF4, Cl,, and Ar gas via a
ULVAC plasma etching tool. Then the Si substrate would be etched in the Si deep reactive ion
etch (DRIE) chamber using the Bosch method [220]. Finally, an isotropic etch of the Si using XeF»

[221] would finish the process. These etching steps are shown schematically in Figure 7-2.
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Figure 7-2. A schematic of the proposed nanofabrication of a series of released PZT thin film beams. (a) shows a
schematic cross section of the as grown PZT layer (purple) on the LNO layer (green), on SiO> (yellow) and Si (gray)
and a top view. (b) shows the first etches to create pits down through the Si layer. (c) shows the undercut of the Si
layer which would release the PZT cantilever beams. The top view has white tick marks to represent the region that
has been released.

Once the cantilevers are released, they can be tested in the micromachine nanoindenter (e.g.
at the University of Leoben) to determine the film’s strength and fracture toughness. A focused
ion beam would then etch a notch on the cantilevers. The notch on the sample would act as a flaw
of known size, such that when the sample breaks, the fracture toughness can be determined using

Equation 7-1. Unnotched samples would be used to determine the material’s strength.

Figure 7-3 shows a SEM cross section of an initial attempt to make PZT cantilevers.
Unfortunately, process flaws precluded interpretable measurements during the course of this

thesis. In particular, plasma etching damaged the PZT layer along the sidewall, exposing the

131



underlying SiO; layer (marked as “SiO, ledge”). Breaking these cantilevers with a nanoindenter
did not accurately determine the fracture toughness. Future work should explore ways to create
PZT cantilevers where the PZT edge is not damaged and SiO: layer exposure is minimized. For
example, a sacrificial ZnO oxide layer deposited on a Si wafer via atomic layer deposition,
replacing the SiO; layer, could be removed later in acetic acid [20]. Alternatively, a thinner Si0,
layer could be used. A hard mask, instead of photoresist, should be used to better protect the PZT

layer during etching.

Figure 7-3. SEM cross section of the first generation of the nanofabricated PZT cantilevers. The cantilevers had SiO,
ledge around the PZT layer leading to incorrect strength and fracture toughness measurements of the PZT layer.

In addition, PZT with higher fracture toughness will help improve the mechanical integrity
and strain limits. Additional studies investigating the importance of grain size, domain size, and/or

compositions such as PbO excess should also be explored. Additionally, device designs should
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consider electrodes or layers on top and below the PZT layer to create some compressive stress in
the PZT layer to enhance the applied stresses and strains that the PZT layer could withstand during

application.

7.2.3 Investigate differences in defect chemistry

Chapter 4 links the differences in residual stresses with different pinning center
distributions, domain wall mobilities, and tunability of various properties. However, different
concentrations of domain boundaries, grain boundary, defect dipoles, and various mobile ionic
species could also affect potentially the film’s pinning center distribution [222,223]. In particular,
there may be some differences in concentrations of Vo™ if the Ni substrate is severely oxidized
during the crystallization steps, if the temperature distributions in the RTA step differ for different
substrates, or if diffusion of PbO to the LaNiOj3; bottom electrode differs from that in Pt. Therefore,
the differences in defect chemistry (especially the Vo™ concentration) should be determined for
PZT on Ni and Si substrates. These factors can be studied via thermally stimulated depolarization
current (TSDC) [224], energy dispersive X-Ray (EDX) using a transmission electron microscope,

and electron energy loss spectroscopy (EELS) analysis [225].

TSDC current peaks can be used to differentiate trapped charges, defect dipoles, and ionic
space charges [224,226]. By changing the poling temperature and heating ramp rate after poling,
the types of ionic carriers and their associated activation energies can be determined [224-227].
For Nb doped PZT films made through a similar chemical solution deposition process, a peak for
Vo' is reported [227]; changes in the integrated peak intensity can be used to quantify the [Vo™']
for PZT grown on Ni and Si substrates [227]. Additional samples of PZT grown on Ni with varying

amounts of Ni oxidation could also be used to determine the effects of processing on the [Vo™].
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7.2.4 Investigate relationship between strain and aging rates

This thesis investigated the coupling between mechanical and electrical loading, the
functional properties, and the electromechanical limits. It is possible that the long-term retention
of polarization may be affected by the applied stress in the film. Strains have been widely reported
to affect domain switching and imprint [222]. It is proposed that in-plane strains in the film may
affect the aging rate and the extent of domain backswitching. To explore this, PZT films under
different amounts of in-plane strain (using the uniaxial beam bending method described in
Chapter 3) could be interrogated to map the aging rates of the piezoelectric and dielectric
properties as a function of strain. Beyond aging rates, the relaxation or resonance in the microwave
region may suggest differences in the domain walls contributions and at which frequencies
domains are contributing under various stress states. In addition, the role of strain gradients on

imprint (with or without poling) could also be explored.

For this purpose, PZT can be grown on a Si substrate and cut into cantilever beams and
uniaxial strain can be applied down the length of the cantilever, as described in Section 3.2.4.
Under various applied strains, the film should be poled and the aging rate of the dielectric and
piezoelectric properties post poling can be measured under the various applied strains. It is possible
that the aging rate may decrease slightly with applied compressive strain since compressive strains
favor the out-of-plane polarization and may reduce backswitching. These results can further
expand upon the differences of the pinning centers work in Chapter 4 and the relationship between

compressive strains and stability of the poled domain structure.

7.2.5 Additional applications

The research conducted in this thesis relating stress to the mechanical limits in PZT thin films

is applicable to other materials systems such as ceramic coatings and multilayer ceramic capacitors
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(MLCCs). The methods used to determine stress limits for crack initiation and propagation in PZT

films may improve coating thickness and MLCCs designs in other applications.

Ceramic coatings are widely used in the automotive [228], medical [229], and aerospace
industries [228,230]. These coatings act as environmental and thermal shields; their high hardness
improves resistance to abrasion. They are typically under large amounts of stress because of
thermal cycling and deposition procedures [228]. Ceramic coatings deposited on metals are
susceptible to mechanical failure through cracking or delamination due to the large differences in
thermal expansion coefficients and elasticity between the materials [230]. Understanding the
mechanical limits of ceramic coatings based on film thickness will likely identify improved coating
thickness requirements for various applications [166,231,232]. The B3B biaxial test method and
finite fracture mechanic models (Chapter 5) may prove useful in other ceramic coating systems.
These test methods may determine the types and degree of stress ceramic coatings can withstand

during operation based on their thickness.

Additionally, mechanical failure of MLCCs limits their performance and reliability in
multiple electronic devices [233,234]. MLCCs are susceptible to cracking due to stresses in the
dielectric layer from fabrication, board assembly (bending), and application [230,233,235]. These
cracks create a short in the dielectric layer. This leads to localized heating, drains the power source,
and results in device failure. Using the B3B biaxial method to test the stress limits in MLCCs may

prove useful.

Overall, the methods presented in this thesis, particularly calculations of the film stresses, finite
fracture mechanics, and ball on three ball testing can be adapted for other brittle materials systems,

including coatings and multilayer stacks. The B3B method could overall be further expanded
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beyond just in situ DC measurements. For example, temperature studies could also be performed.
Additionally, optical sensing could be used to potentially determine the point of cracking in the
samples. These methods may solve stress problems in other systems and help design systems with

improved performance.
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Figure SI.1- The dielectric displacement (D) for the first (a), second (c), and third (e) harmonic and phase angles (b,
d, f, respectively) for PZT on Ni.
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Figure SL.2- The permittivity’s first (a), second (c), and third (¢) harmonic and phase angles (b, d, f, respectively)
for PZT on Ni.
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Figure SL.3- The dielectric displacement (D) for the first (a), second (c), and third (e) harmonic and phase angles (b,
d, f, respectively) for PZT on Si.
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Figure SI.4- The permittivity’s first (a), second (c), and third (e) harmonic and phase angles (b, d, f, respectively)
for PZT on Si.
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