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Abstract

Dynamic control of the thermal properties of a material is the next frontier in nano/macro
scale thermal transport. The development of a solid-state “thermal switch” with large dy-
namic range (ratio of on-state to off-state heat flux) and fast switching times would be a
disruptive advancement in the field of on-chip thermal management technologies. Towards
this goal, several works have highlighted the concept of dynamic thermal properties in the
form of thermal rectification based on geometry alone as well as a combination of geo-
metric and material effects, passing through material phase transitions or modification of
the chemical composition. However, none of these approaches have demonstrated the dy-
namic range, switching speeds or scalability to support the widespread adoption of these
technologies into relevant applications.

Building on prior work concerning the scattering of phonons by ferroelastic domain
walls in BiFeO3 thin films at room temperature, this work demonstrates active and re-
versible tuning of the thermal conductivity of lead zirconate titanate (PbZr1−xTixO3, PZT)
by manipulating the domain wall density under applied electric fields. Utilizing a bilayer
PZT heterostructure, the thermal conductivity was found to decrease by approximately
11% under electric fields of ±475 kV/cm. In addition, the change in thermal conductivity
with applied field was found to be rapid, reversible and repeatable. If the dynamic range of
this thermal switch could be increased well above this 11% change to 100% or more, the
concept of active thermal management of electronic devices at the nanoscale could become
a reality.

In order to optimize the performance of the PZT thermal switch, we must improve our
understanding of thermal transport both within the material system and the bilayer het-
erostructures. This work presents a thorough investigation of the thermal conductivity in
both thin film and bulk PZT across the compositional phase diagram, along with an in-
depth discussion of thermal transport in the component materials (PbTiO3 and PbZrO3).
The insight gathered from the material study is then applied to bilayer PZT heterostruc-
tures where the thermal conductivity is measured as a function of applied electric field
using time-domain thermoreflectance. These measurements are conducted on two different
bilayer PZT geometries at room temperature and one of the geometries is measured over
a temperature range spanning 78 - 400 K. It is found that the modulation of the domain
structure via the applied electric field appears to primarily impact the scattering rates of
higher-frequency phonons, with the measured change in thermal conductivity between the
zero bias and poled states increasing with temperature. Therefore, if future materials and
devices can be engineered to preferentially modulate these high-frequency phonons, then
dynamic ranges approaching 100% or larger may be possible.
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Chapter 1

Introduction

Dynamic control of the thermal properties is the next frontier in nano/macro scale ther-

mal transport. Up to now, the primary objectives for controlling the flow of heat have

been focused on making a material or interface as conductive or resistive as possible. To-

wards these goals, a tremendous amount of research has been conducted to engineer new

materials and optimize the thermal transport properties of a particular device or system.

Furthermore, these advancements have been engineered with the aim that the heat-carrying

abilities change as little as possible over their operational lifetime, particularly when sub-

jected to various extreme environmental conditions (temperature, pressure, etc). These

design criteria for the control of thermal energy have helped revolutionize technologies

in a wide variety of fields (e.g., stable, insulative coatings for aerospace/exoatmospheric

components; cooling systems for electronics, etc.).

As we enter an age where energy availability and efficient usage are of paramount con-

cern to an increasingly global society, the need for dynamically-tunable,“smart” materials

is greater than ever. The ability to tune a particular device or subcomponent to maximize

its performance based on the operating conditions is a core component of the progress we

have made to date towards making systems as efficient as possible. Towards these goals,

the past few decades have been rife with great advances in a variety of fields (electronic,

structural and chemical, to name a few) where components can dynamically respond to



2

external stimuli and provide immediate feedback to, or control of an operational system.

By comparison, the field of thermal management remains rather antiquated with the idea

of dynamic, tunable thermophysical properties gaining attention only relatively recently.

To date, an immense amount of work has focused on the impact of microstructure on the

thermal conductivity of a material as the characteristic length scales of the structure become

comparable to the mean free paths of the thermal energy carriers [29, 30]. The thermal

conductivity, κ (W m−1 K−1), of a solid is a temperature dependent material property that

relates the temperature difference across a section of a material to the heat flux flowing

through it and can be empirically described by Fourier’s law:

q =−κ∇T (1.1)

where q is the heat flux (W m−2) and ∇T is the temperature gradient (K). The ability to

tailor κ of a material due to film thickness, grain size and impurity/vacancy concentration

has played a major role in the spike of research that has occurred over the past two decades.

In most cases, these structural attributes that affect the phonon mean free paths within a

given material cannot be easily changed unless they are exposed to environmental extremes

(temperature, pressure, etc). However, if the scattering length scales present in the material

could be changed, it may be possible to modulate the phonon flux within the material on

the basis of scattering separate phonon populations in different mean free path regimes. If

realized, the development of a solid-state “thermal switch” with large dynamic range and

fast switching times would be a disruptive advancement with the potential to be comparable

in scope to the impact of the solid-state transistor.

1.1 Passive & Active Control of Thermal Transport

The research conducted to date in this area can be broadly categorized according to the

ability to either passively or actively control thermal transport. In this particular context

of heat flow, a passive system is defined as one in which only thermal fields dictate the
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transport properties of the material and/or device, whereas active systems involve external

control through a non-thermal stimuli (e.g., electric field, magnetic field, etc). A prime

example of a passive system is the idea of thermal rectification through means of a “ther-

mal diode”. Thermal rectification via geometric asymmetry in carbon and boron nitride

nanotubes that were inhomogenously mass-loaded with heavy molecules [31] has been

demonstrated with factors of up to 7% via energy transport by solitons (self-reinforcing

solitary waves that maintain their shape while propagating through a material with a con-

stant velocity). While the applicability to power/energy harvesting systems is limited due

to the small degree of rectification, the authors highlighted the use of thermal rectification

to start considering phonons as information carriers similar to electrons and photons.

More recently, thermal rectification via photons was demonstrated [32] through the use

of a “trapping” methodology comprised of pyramidal reflectors and an inelastic thermal

collimator, yielding thermal rectification of around 11%. Such a device could serve as a

critical component in solar-thermal power systems providing a variety of functions such

as boosting efficiency of individual power generators, as well as improved management of

thermal power flow within a grid-scale power inversion unit connected to an array of power

generators.

Material phase transitions have been employed as a method to change κ , often in re-

sponse to a change in temperature. One example of this is the change in κ of vanadium

dioxide (VO2) thin films due to a metal-insulator transition (MIT) which occurs at a specific

temperature [1]. Figure 1.1 plots the results from Ref. [1] along with separate VO2 samples

fabricated and measured at the University of Virginia [2]. Upon elevation of the material

temperature above a critical point (often 330-350 K depending on phase purity, doping,

etc.), the number of free carriers within the material increases by 2-3 orders of magnitude

causing a comparable increase in the electrical conductivity. This increase in the materi-

als electrical conductivity also results in an increase of the electronic-contribution to κ via

the Wiedemann-Franz law, with total increases of up to 60% having been demonstrated

experimentally [1].
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Another example employing phase transitions is the use of a solid-liquid transition in

a hexadecane/graphite suspension [33]. In this work, it was shown that the electrical and

thermal conductivities exhibit large increases (approx. 100x and 3.2x, respectively) as the

suspension is cooled and transitions from a liquid (low-conductivity) state to a solid (high-

conductivity) state. The large changes in these properties were attributed to the reduction

in the contact resistance between the graphite flakes as the solution solidified, thereby en-

hancing electronic conduction through the matrix. The changes in electrical and thermal

conductivity were also shown to be reversible and repeatable upon cycling the temperatures

above and below the critical temperature of 18◦C.

Researchers have also worked to combine the aforementioned approaches in an effort

to develop expanded functionality in thermal devices. Temperature-gated rectification has

been demonstrated [34] by applying similar geometric considerations to those in Ref. [31]

in combination with the MIT in VO2. This work presented a “three-terminal” device in
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which a tapered, suspended beam of VO2 could be switched between rectifying and resis-

tive heat conduction modes by varying the temperature of the device around the critical MIT

temperature (TMIT). At temperatures below TMIT, the devices studied exhibit thermal recti-

fication by anywhere from 6-28% while at temperatures above TMIT, the rectifying behavior

is significantly suppressed. While these results are indeed exciting from a fundamental per-

spective, the scalability of VO2 nanobeams, as well as the problem of thermal-runaway are

serious impediments towards the perceived energy harvesting applications.

One of the few thermal devices in which control of the transport properties was per-

formed by a non-thermal stimuli was the demonstration of tunable thermal conductivity in

LixCoO2 thin films via electrochemical lithiation [35]. By charging and discharging the

structure via galvanostatic cycling to control the degree of lithiation (x = 1.0 - 0.6), the

thermal conductivity of the material was changed from 5.4 to 3.7 W m−1 K−1 which the

authors relate to commensurate change in the elastic modulus of the material. As with

the hexadecane/graphite solutions in Ref. [33], the control of the thermal conductivity was

shown to be reversible and repeatable, in this case on the order of 4-5 hours per period.

While these prior works have laid the foundation of fundamental research into ther-

mal devices, none of these approaches have demonstrated the combination of dynamic

range (ratio of on-state to off-state heat flux), switching speed and scalability to support

the widespread adoption of these technologies into relevant applications. In order for ther-

mal devices to make a real impact outside the laboratory, these design criteria must be

considered en ensemble as researchers develop new materials and/or device topologies.

1.2 Applications

On-Chip Active Thermal Management

One of the most interesting applications of solid-state thermal switches is the idea of

on-chip and/or on-die thermal management. In certain integrated circuit topologies such

as those associated with high-end sensor, detector or transducer technologies, maintain-



6

ing a stable temperature can be critical to minimize errors associated with the temperature

dependent properties of the sensing element. In many cases, these high-end devices are

fabricated on the micro-to-nanoscale to maximize certain performance metrics (sensitiv-

ity, response time, etc), which can often mean that the actual device is built upon layers

of ancillary material layers that are either necessary for fabrication (i.e., lattice matching

for epitaxial film growth) or for operation (metallic interconnects, semi-insulating layers,

etc). Each of these layers adds additional thermal resistance and thermal mass between the

functional device and the thermal ground of the die (often the face of the die attached to

the package), thereby affecting both the maximum heat flux that can be drawn from a chip

while keeping the die at an acceptable temperature as well as the thermal time constant

for closed-loop temperature control systems. In short, the benefits of larger heat-sinks and

forced-fluid cooling are irrelevant when it comes to providing active temperature regulation

of individual devices at the nanoscale.

An alternative would be to fabricate a switchable thermal layer within the structure

of the die, ideally as close to the sensing element as possible. Under the application of

an external stimuli that is independent of the thermal system (i.e., electric or magnetic

field), the thermal conductivity would switch between one of two possible states; a high-

conductivity, high heat flux ‘ON’ state and a low-conductivity, low heat flux ‘OFF’ state.

If the heat flux flowing from the sensing element to thermal ground can be either amplitude

and/or frequency modulated using the switchable thermal layer, then the temperature of

the sensing element could be actively controlled/stabilized as part of a closed-loop system

in response to fluctuations in either the power delivered to the sensing element or changes

in the ambient operating temperature. This temperature regulation topology is analogous

to operation of switching voltage regulators which use pulse width modulation (PWM)

control schemes to regulate their output voltage at a fixed value irrespective of fluctuations

in either the input voltage to the regulator or the load resistance drawing power from it.
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Improved Thermoelectric Efficiency via Modulated Heating

Another application has to do with the concept of improving the efficiency of exist-

ing thermoelectrical energy converters. In a paper by Yan and Malen (Ref. [3]), it was

demonstrated that the conversion efficiency can by increased by 140 - 180% by periodically

heating the device with either a sinusoidal or square waveform, respectively, and further

improvements were possible through the use of low duty-cycle pulsed periodic sources.

The experiment was conducted by mounting a resistive Joule heater to a commercially

available thermoelectric power generator and generating the various thermal profiles with

a waveform generator. In all, the paper described the possibility of making thermoelectric

devices made of materials with thermoelectric figures of merit (ZT ) equal to unity perform

as if they were made of materials with ZT = 1.6 - 2.8.

RL 

T 

x 

Switchable thermal layer 

Steady Heat Source 

RL 

T 

x 

Switchable thermal layer 

Steady Heat Source 

Switch OFF: 
 

•  Lower κ à Larger of ΔT across the switch 
 

•  Majority of ΔT across the switch 

Switch ON: 
 

•  Higher κ à  Smaller ΔT across the switch 
 

•  Majority of ΔT across the thermoelectric 
Thermoelectric Material 

Thermoelectric Material 

Figure 1.2: Concept of using a switchable thermal layer to modulate the temperature gradient
across a thermoelectric generator. In the ’ON’ or high-κ state, the thermal layer acts ideally as
a ’short-circuit’ for heat flow and the majority of the thermal gradient (∇T ) will be across the
thermoelectric generator. Conversely, in the ’OFF’ or low-κ state, the thermal layer acts ideally as
an ’open-circuit’ with the majority of ∇T across the switchable layer itself. By cycling the thermal
layer between its high and low-κ states, the heat flux from the steady source to the thermoelectric
generator can be modulated in the manner required to yield the improvements outlined in Ref. [3].

While this is an exciting result, the reality is that there are few regularly periodic heat

sources in nature. The paper alludes to this fact and postulates that in order to achieve

these improvements in efficiency in real waste heat recovery systems, it will require the

development of a viable thermal switch of some sort that will be able to modulate the heat
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flux between a thermal reservoir that can store the energy and the thermoelectric power

generator. Figure 1.2 illustrates this concept: placed between the steady heat source and

the hot-side of a thermoelectric generator, the switchable thermal layer can act as a valve

for the heat flux flowing from source to sink. In the ‘ON’ or high-κ state, the thermal layer

acts ideally as a ‘short-circuit’ for heat flow and the majority of the thermal gradient (∇T )

will be across the thermoelectric generator. Conversely, in the ‘OFF’ or low-κ state, the

thermal layer acts ideally as an ‘open-circuit’ with the majority of ∇T across the switchable

layer itself. By cycling the thermal layer between its high and low-κ states, the heat flux

from the steady source to the thermoelectric generator can be modulated in the manner

required to yield the improvements outlined in [3]. Such an advancement would provide an

enormous boost to the viability of thermoelectric power generators as a large-scale source

of distributed, as well as grid-scale sources of electricity.

1.3 Statement of Objectives and Scope of Dissertation

This work is focused on understanding the intricacies of phonon transport within both

the lead zirconate titanate (PZT) material system as well as bilayer PZT heterostructures.

PZT is an incredibly versatile and complex material in its own right and in order to draw

conclusions regarding the nature of phonon scattering due to ferroelastic domain walls, it is

only prudent that we first understand the intrinsic transport properties of the parent material

before addressing extrinsic effects. While this work is focused on a particular material

system, the understanding developed from this research is applicable to thermal transport

in any material with ferroelastic domain walls (BiFeO3, BaTiO3, etc.). The results of this

dissertation will help determine the realistic potential of PZT as a material for thermal

devices that can be used in real applications. The dissertation is organized as follows:

• Chapter 2: The core elements of this dissertation are introduced and defined. The

concept of a quantized lattice vibration, or phonon is introduced and discussed with

a particular focus on fundamental phonon transport in oxide materials. Domains and
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domain boundaries of various types (ferroelectric, ferroelastic, etc.) are defined and

their importance regarding the remarkable properties of several materials is exam-

ined. Finally, the influence of domains and domain boundaries on phonon transport

that has been reported in the literature to date is presented and discussed.

• Chapter 3: The thermal and electrical measurements conducted as part of this dis-

sertation are discussed. The thermal measurements were made using Time Domain

Thermoreflectance (TDTR), while the electrical measurements were made using an

LCR meter from Keysight Technologies and a ferroelectric tester from Radiant Tech-

nologies. An overview of each measurement and the equipment employed is pre-

sented. One of the core outcomes of this work was the demonstrated ability to make

thermal transport measurements while the materials and/or devices were subjected to

an applied electric field. To accomplish this, two types of electrical probing stations

(room-temp and cryo-temp) were integrated within the optical measurement system

to provide accurate measurements in operando.

• Chapter 4: A thorough investigation of the thermal conductivity (κ) in both thin

film and bulk lead zirconate titanate (PbZr1−xTixO3, PZT) across the compositional

phase diagram is presented. Since the bilayer-PZT heterostructure is comprised of

individual PZT layers with different compositions, it is instructive that we first ex-

plore and understand the phonon transport processes within the material itself. The

temperature dependent thermal conductivity of bulk PbZrO3 and PbTiO3 is studied

extensively to gain insight regarding the nature of their dramatically different tem-

perature trends. Finally, a model for the thermal conductivity of PZT as a function of

composition (κ(x)) is developed and presented.

• Chapter 5: Demonstration of a phonon thermal switch is presented. The device

operates by modulating the ferroelastic domain structure in a bilayer PZT thin film

via the application of an electric field, ultimately affecting the phonon scattering rates

within the material. Using two different types of electrical probing stations integrated
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into our TDTR system, the thermal conductivity of the devices was measured both at

room temperature and over temperature as a function of applied electric field.

• Chapter 6: The core concepts and outcomes of this dissertation are summarized and

their importance regarding both the basic science and aforementioned applications

associated with dynamic thermal transport are discussed. Potential directions for

future research are proposed.



11

Chapter 2

Theory & Concepts

This chapter is intended to provide the reader with the necessary background regarding

the core concepts contained in this dissertation; namely the idea of phonons as thermal

carriers, domains and domain boundaries in ferroelectric materials, and the interaction be-

tween phonons and domain boundaries studied in the literature to date.

2.1 Phonons

In materials that are characterized as either semiconductors or insulators, phonons are

the primary thermal energy carriers. A phonon is defined as a quantized lattice vibration;

that is, an elastic wave that can only exist as discrete energies, as ascribed by the crystalline

structure of the vibrational medium. The propagation of these lattice vibrations through a

material is what constitutes the thermal heat flux and the ease with which this heat flux can

travel through a material is related to the thermal conductivity, κ .

A convenient construct for describing the thermal conductivity of a material based on

the properties of the energy carriers comes from the kinetic theory of gases [36]

κ =
1
3

Cvvλ =
1
3

Cvv2
τ (2.1)
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where Cv is the volumetric heat capacity of the material, v is the velocity of the energy car-

riers, λ is the carrier mean free path (λ = vτ) and τ is the relaxation time between carrier

collisions. The volumetric heat capacity (Cv) is the temperature-derivative of the internal

energy, U , (Cv = ∂U/∂T ), incorporating information about what discrete energy states ex-

ist in a given material, the density of those states around a given energy and the probability

that those states are occupied at a given T based on the Bose-Einstein distribution. The

velocity (v) specifies the speed with which the phonons propagate through the material,

where larger v results in a larger value of κ . The mean free path (λ ) represents the average

length a phonon travels between scattering events that impede their propagation through

the material. It can also be expressed in terms of the velocity of the phonons and the time

between scattering events (τ , referred to as the scattering or relaxation time).

λ = vτ (2.2)

In general, the smaller the value of λ or τ , the lower the thermal conductivity of the

material due to the increased rate of collisions that impede phonon transport. One means

of accomplishing this is through material nanostructuring [29, 30, 37, 38]; that is, the in-

troduction of features and/or anomalies in the material on the nanoscale that make phonons

scatter more frequently than they otherwise would. Much of my prior research leading

up to this dissertation work has focused on studying the impact of nanostructuring on the

thermal conductivity of several complex oxide materials. The prior projects include a lead

role studying nanograined strontium titanate (SrTiO3, [4]), a supporting role in studying

nanograined barium titanate (BaTiO3, [5]) and another lead role studying strontium nio-

bate (Sr2Nb2O7, [9]). One of, if not the most important conclusions from this collection

of work was that a relatively broad spectrum of phonon energies, and thus mean free paths

contribute to the thermal conductivity of complex oxide materials, contrary to what had

been assumed previously that phonon conduction in complex oxides was governed by a

single mean free path (i.e., a gray medium). The following sections will describe the high-

lights of this previous research, as well as the application of the concepts learned to phonon



13

scattering at ferroelastic domain walls.

2.2 Phonon Scattering in Complex Oxides

2.2.1 Incoherent Interfaces: Nano-grained ABO3 Perovskites

One of the first questions that I addressed in my graduate studies concerned the na-

ture of phonon transport in perovskite (chemical formula ABO3) oxides. In two separate

projects, we measured the thermal conductivity, κ , of nanograined strontium titanate (ng-

SrTiO3) [4] and nanograined barium titanate (ng-BaTiO3) [5] thin films with varied average

grain sizes that were fabricated through chemical solution deposition (CSD) at Sandia Na-

tional Laboratories. CSD is an inexpensive and scalable technique for producing a variety

of thin film materials over large areas with a high degree of repeatability [39–41]. By vary-

ing the temperature and duration of a post-processing anneal, we were able to control the

average grain size of the thin films. Grain sizes in the ng-SrTiO3 sample set ranged from

28-88 nm, while the ng-BaTiO3 samples ranged from 36-63 nm.

The thermal conductivities of the two different oxides as a function of average grain

size are plotted in Figure 2.1. In both materials, the thermal conductivity decreases as the

average grain size decreases. This is an important result which highlights the fact that there

exists a spectrum of phonon mean free paths which are present in these complex oxide

materials at room temperature. In previously published works, the thermal conductivities

of SrTiO3 and BaTiO3 had been modeled [42] using a gray-medium approximation [43]

in which a singular phonon mean free path is assumed on the order of 2-5 nm. The mea-

sured data in our published works clearly contradicts that this could be the case, for if the

mean free paths were indeed limited to a value between 2-5 nm, we would see minimal

dependence of the thermal conductivity on the average grain size (i.e., the data would be

flat).

To support this point, each publication included a model for the thermal conductivity

using expressions from kinetic theory to highlight the spectral nature of phonon transport
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Figure 2.1: (a) Plan and (b) cross sectional SEM micrographs of as crystallized SrTiO3 films on
(0001) sapphire. Plan view images of films that were post annealed at (c) 700, (d) 800, (e) 900, and
(f) 1000◦C demonstrate the degree to which post crystallization anneals impact the film microstruc-
tures. [4] (g) Thermal conductivity of nano-grained SrTiO3 (ng-SrTiO3) and nano-grained BaTiO3
(ng-BaTiO3) as a function of average grain size at room temperature. Also plotted are models for
the thermal conductivity as a function of grain size derived from kinetic theory. [4, 5]

in the nano grained samples. The models are based on the following extended version of

Eq. 2.3:

κ =
1
3 ∑

j
Cv, jv j

2
τ j =

1
6π2 ∑

j

∫
k

h̄ω j
∂ fBE

∂T
v2

jτ jk2dk (2.3)

where j is the phonon polarization index, ω is the angular frequency, ∂ fBE/∂T is the

temperature derivative of the Bose-Einstein distribution function, and k is the phonon

wavevector. Speaking to my SrTiO3 work, the experimentally-determined dispersion in the

[100] direction from Cowley[44] was used by fitting each of the 15 phonon branches with

fourth-order polynomials. The total scattering time, τ j, as the combination of the scattering

times due to both anharmonic phonon-phonon (τa), and phonon-grain boundary (τgb), and
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phonon-film boundary (τfb) scattering. The total scattering rate is then determined through

Matthiessen’s rule [36], given as

τ j =

[
1
τa

+
1

τgb
+

1
τfb

]−1

=

[
BT ω

2
j exp

(
−C

T

)
+

v j

davg
+

v j

170 nm

]−1 (2.4)

where davg is the average grain size and the last term represents scattering due to the film

thickness (170 nm). The constants B and C in the expression for phonon-phonon scattering

were determined by fitting Eq. 2.3 to temperature-dependent experimental data for bulk

SrTiO3 [14, 45]. As davg decreases, the relative contribution of τgb to the total scattering

time increases, causing a reduction in the thermal conductivity of the associated films.

The principle conclusion from these two projects on nano grained thin films was that

there is a fair amount of tunability within the complex oxide material family to engineer

thermal transport properties via nano structuring. As interest in complex oxides as potential

thermoelectric materials spiked due to their attractive electrical properties [46, 47], the

assumption was that the comparatively low thermal conductivities of these oxides [22] were

due to intrinsically short mean free paths of less than 10 nm at room temperature. Because

of this, the belief was that size effects with characteristic lengths longer than 10 nm would

have no impact on the thermal conductivity and that the benefits of nano structuring to lower

thermal conductivities in other materials [38] would not apply to these oxides. These works

on nano grained SrTiO3 and BaTiO3 showed that these assumptions are false and that there

is an entire spectrum of phonon mean free paths in these materials at room temperature,

affording considerable flexibility in tuning the thermal conductivities of these materials via

nano structuring.

2.2.2 Coherent Interfaces: Sr2Nb2O7

Additionally, several works on phonon scattering in transition metal oxides have fo-

cused on the impact of coherent interfaces within these materials on thermal transport.
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Where the works on nano grained SrTiO3 and BaTiO3 focused on the impact of incoherent

grain boundaries, research on naturally-layered strontium niobate (Sr2Nb2O7) [9] demon-

strated that changes in local strain and bonding where crystalline coherence is maintained

can have a dramatic effect on phonon transport within these materials. The importance of

this is the fact that the ability to create phonon scattering sites while maintaining the peri-

odicity of the crystal lattice is an important step towards the electron-crystal/phonon-glass

material criteria that is the ultimate goal for high-efficiency thermoelectrics.

Sr2Nb2O7 is an orthorhombic perovskite phase (space group #36-Cmc21) composed of

octahedrally coordinated niobium and 12-coordinated strontium, separated by a SrO double

layer in the cross-plane direction [48] (in the standard setting, the direction perpendicular

to the layers and referred to as the b-axis direction). Figure 2.2(b) shows a transmission

electron microscopy (TEM) image illustrating the layered crystal structure of Sr2Nb2O7

with the b-axis normal to the SrTiO3 substrate.

Figure 2.2(a) is a plot of the thermal conductivity of two La-doped (5%) strontium nio-

bate samples (Sr1.9La0.1Nb2O7) with different film thicknesses (130 nm in blue, 800 nm in

red, respectively) as a function of temperature from 80 to 500 K, along with literature data

of several materials including those with weakly-bonded, naturally-layered structures as

well as amorphous SiO2 (a-SiO2). Figure 2.2(b) is a high angle annular dark field scanning

transmission electron microscopy (HAADF-STEM) image illustrating the layered crystal

structure of strontium niobate. Like the other layered-structures shown in Fig. 2.2(a), the

thermal conductivities of both Sr1.9La0.1Nb2O7−δ films are less than a-SiO2 across the

temperature range, demonstrating the strong role that phonon scattering at weakly bonded

layers can have on the thermal conductivity of crystalline materials. Additionally, our data

show good agreement with cross-plane values for highly-textured, bulk single-crystalline

Sr5Nb5O17 samples [7] (exclusively composed of n = 5 material in the SrnNbnO3n+2 ho-

mologous series) measured via a thermocouple-based, steady state technique. Lastly, the

thermal conductivity of Sr1.9La0.1Nb2O7 is larger than that of other layered material sys-

tems, including CsBiNb2O7 ([49]) and WSe2 ([8]). This is consistent with the fact that
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Figure 2.2: (a) Thermal conductivity versus temperature for two 5% La (x = 0.1) Sr2−xLaxNb2O7−δ

samples of different thicknesses; 130 nm (blue circles) and 800 nm (red squares). Literature data
for amorphous SiO2 (dashed line, [6]), bulk Sr5Nb5O17 (solid line, [7]), CsBiNb2O7 (triangles,
citecahill2010aa) and WSe2 (diamonds, [8]) are included for comparison. (b) Atomic-resolution
HAADF-STEM images illustrating the layered crystal structure of strontium niobate. Arrows along
the left image indicate the position of defects in the layering sequence. The image on the right shows
a higher magnification of a section of the grain overlaid with 〈101〉 projections of the Sr (yellow)
and Nb (orange) atom positions in the Sr2Nb2O7 (n = 4 NbO6 octahedra) and Sr5Nb5O17 (n = 5
NbO6 octahedra) crystal structures. [9]

the cross-plane (b-axis) longitudinal speed of sound (vL) in Sr2Nb2O7 is 5192 m/s ([50]),

which is larger than the similarly-directed sound velocities of the aforementioned materials

(vL equal to 3350 m/s from [49] and 1650 m/s from [8], respectively). The differences in

the cross-plane sound velocities of these materials can be attributed to the strength of the

bonding between the layers; the bonds between WSe2 layers being the weakest while those

between perovskite-slabs in Sr1.9La0.1Nb2O7−δ being the strongest. The weaker bonds

lead to stronger phonon scattering at the layer interfaces, leading to lower thermal conduc-

tivities.

Figure 2.3 shows our La-doped films of different thicknesses along with two versions

of the minimum-limit model for thermal conductivity to provide context. Assuming an
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Figure 2.3: Thermal conductivity versus temperature for two 5% La (x = 0.1) Sr2−xLaxNb2O7−δ

samples of different thicknesses plotted along with two models for the minimum thermal conduc-
tivity of a solid; the Cahill-Watson-Pohl (CWP) model [10] and a modified version of the CWP that
includes the effects of scattering between weakly-bonded layers (dashed line, this work).

isotropic Debye solid, the expression for the minimum phonon thermal conductivity is

κmin =
h̄2

6π2kBT 2 ∑
j

ωc, j∫
0

τmin, j
ω4

v j

exp
[

h̄ω

kBT

]
(

exp
[

h̄ω

kBT

]
−1
)2 dω, (2.5)

where the summation is over the three acoustic phonon modes (one longitudinal, two trans-

verse), ωc, j is the cutoff frequency and τmin, j is the minimum scattering time. To evaluate

Eq. 2.5 for our material system, we use vL = 5192 m/s from Ref. [50] and calculate vT =

vL
√

(c55/c22) using literature values for the elastic constants [51] of Sr2Nb2O7. Addition-

ally, we use n = 72.993 nm−3 for the atomic density [52] of Sr2Nb2O7 in calculating the

cutoff frequencies (ωc, j = v j(6π2n)1/3).

The solid line in Figure 2.3 is the Cahill-Watson-Pohl (CWP) model [10] and the dashed
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line is a modified version of the CWP that we refer to as the Layered Model (LM) [53, 54].

Our LM calculations include the effects of scattering between weakly bonded layers. Like

the work in [49] and [8], our data lie below the expected minimum thermal conductivity

predicted by the CWP. The difference between the two models lies in the definition of τmin;

the CWP model defines the minimum scattering time to be one-half the period of oscil-

lation between adjacent atoms in a given material, τmin, j,CWP = π/ω . The layered model

incorporates an additional term via Matthiessen’s rule [36] that accounts for scattering at

the interface between two different layers. The minimum scattering time thus takes the

form

τmin, j,LM =

(
ω

π
+ v j

π5n
ω2

(
v j−

ωd
π

)2
)−1

, (2.6)

where the first term is the scattering within the layers and the second is the scattering

between layers, which is dependent on the separation distance, d. In the case of small

d and weak bonding between layers (resulting in lower Debye cutoff frequencies), the

difference between the modal sound speed and inter-layer velocities is maximized, resulting

in scattering times that approach the inter-atomic scattering times assumed in the CWP. The

result is a reduction in the predicted minimum thermal conductivity due to the combined

contributions of these separate scattering mechanisms. As we can see in Figure 2.3, the

LM lies below our measured data suggesting that the incorporation of inter-layer scattering

successfully establishes a new theoretical minimum thermal conductivity that is applicable

to similarly layered structures.

2.3 Domains & Domain Walls/Boundaries

In addition to the inter-layer scattering effects observed in Sr2Nb2O7 crystals, ferroe-

lastic domain walls have been identified as an additional type of coherent interface that can

scatter phonons both at cryogenic [13] and room temperatures [16]. Before reviewing this

work, however, we begin with an overview of domains and domain walls in ferroelectric

materials.



20

Ferroelectric materials are those that possess a spontaneous polarization vector in the

absence of an electric field. [21, 55] Additionally, the direction of this polarization vector

may be switched via the application of an external electric field. These polarization vectors

are due to the distortion of the unit cell of the crystal in some fashion, such as the displace-

ment of the B-site atom in ABO3 perovskite oxides. Figure 2.4(a) illustrates this type of

distortion along the c-axis of tetragonal PZT due to the displacement of the atom (either Ti

or Zr) from the center of the unit cell. Most ferroelectric materials have a higher-symmetry,

paraelectric phase at elevated temperatures where the distortion of the unit cell, and thus

the spontaneous polarization disappears. The temperature at which the material goes from

ferroelectric to paraelectric (or vice-versa) is called the Curie temperature (TC). [21] Ferro-

electric materials harbor the complex interplay of thermodynamic, electric and mechanical

properties of materials, making them a particularly fascinating area of research towards the

development of new functional properties. [56]

While a chunk of ferroelectric material may exhibit a spontaneous polarization in a par-

ticular direction on a macroscopic scale, the polarization vector field throughout the crystal

is usually non-uniform. In reality, the macroscopically-measured spontaneous polarization

is a superposition of all the individual polarizations of various sub-regions within the crys-

tal as a whole. A ferroelectric domain is defined as a region of a crystal where the electric

polarization points in the same direction, usually due to a commensurate distortion along a

specific crystallographic direction within the unit cell. [55] The boundary between two re-

gions of a crystal with different polarizations is called a domain wall and can have a variety

of different properties depending upon the relative orientation of the polarization vectors in

the adjacent crystal regions. A domain wall is called ferroelectric when these polarization

vectors are oriented 180◦ with one another. Alternatively, a domain wall is ferroelastic

when these polarization vectors are at any angle other than 180◦ (e.g., 90◦, 71◦, 109◦, etc.),

resulting in a large degree of strain that exists to mitigate the difference in local strain be-

tween the adjacent regions with different distortion vectors. Figure 2.4(b) highlights the

domains and their polarization vectors (large yellow arrows) as well as the ferroelectric
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ment corresponds to a low-energy situation that
minimizes depolarization.

The observations described below, in ad-
dition to giving evidence of the existence of
flux-closure structures at a 180° domain wall,
represent a direct experimental proof of con-

tinuous polarization rotation on the atomic scale.
Using atomic-resolution aberration-corrected
TEM, we studied domain structures of the epi-
taxial thin-film system PbZr0.2Ti0.8O3 (hence-
forth PZT) on SrTiO3 (STO) (20). We made
use of the negative spherical aberration imag-

ing (NCSI) technique, which allows not only
location of all the atomic species but also mea-
surement of their positions, unit cell by unit cell,
with a precision of a few picometers (21–24).
On this basis we calculated the relative ion dis-
placement and the electric dipole moment for
the individual unit cells. The resulting map of
dipole moments depicts the atomic morphology
of domains and domain walls. In this way we
identify a near-interface region within the PZT
film where the local dipoles rotate continuously,
forming a flux-closure structure connecting two
180° domains.

Figure 1 shows an atomic-resolution image
of an area including the interface between the
PZT layer and the STO substrate. The arrange-
ment of the film layers is schematically shown
in fig. S1. In Fig. 1 the structure (one projected
unit cell) of PZT is indicated schematically in
two regions (positions of Zr-Ti, PbO-SrO, and
O atomic columns, seen end-on, are indicated by
red, yellow, and blue circles, respectively). Be-
cause of the particular imaging conditions, dy-
namic electron scattering yields a sharp bright
contrast (25) in the ~11-nm-thick sample for the
Zr-Ti and the O atom columns, whereas the SrO
and PbO atomic columns are relatively weak
(20). The film-substrate interface was marked by
depositing a layer of SrRuO3 (SRO), nominally
1.5 unit cells thick, on STO prior to the deposition
of PZT. The interface, denoted by a horizontal
dashed line, is then determined by observing the
plane of RuO2 (which serves as a marker). A
quantitative contrast analysis revealed that substi-
tutional intermixing of Ru atoms occurred into
the next upper (Zr-Ti)O2 and into the next lower
TiO2 plane. For reasons of symmetry, the hetero-
structure was capped at the upper end by a SRO
layer, nominally 1.5 unit cells thick, followed by
a STO layer 15 unit cells thick.

The vertical shift in the Zr-Ti positions with
respect to the adjacent O positions indicates
that PZT is in a polarized state. On the left side
of Fig. 1, this shift is upward, whereas on the
right side it is downward, resulting in the po-
larization vector directions indicated by the ar-
rows. This indicates the existence of two domains
in a 180° orientation relation. By mapping the
individual atom shifts, the position of the domain
wall (dotted line) is localized. The horizontal
width of this wall is about one ½110" projected
crystal unit cell, which is in agreement with the
results of earlier measurements (22). At the bot-
tom interface, between the two 180° domains,
in-plane displacements of the Zr-Ti positions
with respect to the adjacent oxygen positions are
observed. In-plane displacements have been pre-
dicted to play an important part in stabilizing
such ferroelectric domain configurations (11).

Figure 2 displays an atomic displacement
map superimposed on an image obtained by
converting the grayscale contrast of Fig. 1 into a
false-color scale to enhance contrast. The arrows
located at the Zr-Ti column positions indicate
the modulus and the direction of the “off-center”

Fig. 1. Atomic-resolution image of a flux-
closure structure with continuous dipole
rotation in PbZr0.2Ti0.8O3 (PZT) close to the
interface to the SrTiO3 (STO) substrate. The
interface is marked by a horizontal dashed
line (I), which is determined on the basis
of a SrRuO3 marker layer with a nominal
thickness of 1.5 unit cells at the STO-PZT
interface. The RuO2 marker layer is also
indicated. In the image recorded along the
crystallographic [1 10] direction, the atomic
structure and the electric dipole direction
(arrows) are given. In the image, two larger
domains with 180° orientation can be
identified. The domain wall is indicated by
a yellow dotted line. In the center of the
lower half of the image, an approximately
triangular area (the domain wall is indi-
cated by a dotted blue line) can be seen,
where in the center the dipole direction
makes an angle of 90° with the two large
domains. The inset at the lower right shows
a calculated image demonstrating the ex-
cellent match between the atomic model
and the specimen structure. RuO21 nm 

Fig. 2. Map of the atomic dis-
placement vectors. The displace-
ment of the Zr-Ti atoms (arrows)
from the center of the projected
oxygen octahedra is shown here
superposed on the atomic image
of Fig. 1. To enhance contrast,
the gray scale is converted into
a false-color representation. The
length of the arrows represents
the modulus of the displace-
ments with respect to the yellow
scale bar in the lower left cor-
ner. The arrowheads point into
the displacement directions.
Note the continuous rotation
of the dipole directions from
“down” (right) to “up” (left),
which closes the electric flux
of the two 180° domains.

40 pm
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180° Ferroelectric Domain Wall: 
Nominally no strain 

90° Ferroelastic Domain Wall:  
Large strain 

Figure 2.4: (a) Diagram of the tetragonal PZT unit cell, illustrating the distortion along the c-axis
at temperatures below the Curie temperature (TC) that results in a spontaneous polarization vector,−→
P . (b) Atomic-resolution, aberration-corrected transmission electron microscopy (TEM) image il-
lustrating the displacement of the central B-site atom, and thus the local spontaneous polarization
vectors in a PbZr0.2Ti0.8O3 thin film [11]. The large yellow arrows denote the average polarization
direction in each region (domain) of the crystal separated by the dashed lines. These dashed lines
correspond to different types of domain walls separating these domain regions, including ferroelec-
tric walls (yellow dashes) and ferroelastic walls (blue dashes). (c) Plan-view channeling-contrast
scanning electron microscopy (CC-SEM) image of a bilayer PZT thin film studied in this disserta-
tion, depicting the complex arrangement of ultra-fine nano-domains bounded by ferroelastic domain
walls. [12]

and ferroelastic domain boundaries (yellow dashed and blue dashed lines, respectively) in

a high-resolution transmission electron microscopy (TEM) image of PbZr0.2Ti0.8O3 from

[11]. As the crystal experiences external stimuli in the form of an applied stress or an

electric field, the domain structure within the crystal changes to minimize the local energy

landscape leading to both the creation/annihilation as well as the movement of domain

walls. [55]

In practice, the arrangement of domains and domain walls within a ferroelectric crystal

can be quite chaotic, driven primarily by the electrical and mechanical boundary conditions

and to a lesser degree by crystalline defects (vacancies, dislocations, etc.). Figure 2.4(c) is a

channelling-contrast scanning electron microscopy (SEM) image taken of one of the bilayer

PZT samples investigated in this work [12]. This image highlights the complexity of the

domain structure in these films, even within individual grains where domains and groups of
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domains can create a variety of length-scales over which spontaneous polarizations exist.

Domain-engineering in ferroelectric materials is an immensely active area of research with

implications on a wide variety of applications [56] as it is the creation, annihilation and

reconfiguration of these domains that give ferroelectric materials their remarkable extrinsic

properties.

2.4 Phonon Scattering at Domain Walls/Boundaries

There have been a few different studies focused on the scattering of phonons at ferroe-

lastic domain walls in the literature. One of the first published works was that of Mante and

Volger on barium titanate (BaTiO3) single crystals [13]. Figure 2.5(a) plots the data from

[13] of the thermal conductivity of <100>-oriented BaTiO3 single crystals. Measurements

were made over temperatures ranging from 3 to 50 K both before and during the application

of an 11 kV cm−1 electric field across the BaTiO3 crystal. When the 11 kV cm−1 field was

applied across the sample, the thermal conductivity was found to increase by as much as

80% across much of the temperature range. When the electric field was removed from the

sample, the thermal conductivity did not change in value from what was measured with the

electric field applied. Only after two weeks while kept under vacuum did the thermal con-

ductivity of the sample change, decreasing in magnitude to values lower than the original

virgin state.

The observed increase in thermal conductivity with an applied electric field was at-

tributed to the reduction in the number of ferroelastic domain walls present, as it was al-

ready well known that BaTiO3 single crystals can be made single-domain (or close to it)

via suitable applied electric field strengths. The reduction in the the domain wall density

results in a decrease of the phonon scattering rate with the walls, making it easier for the

phonons to flow through the BaTiO3 crystal. It is interesting to note that the change in

thermal conductivity between the original and biased states tends to taper down to zero as

the temperature of the sample approaches 35 K. While the paper doesn’t characterize the
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size of the domains and/or the spacing between domain walls, these trends with tempera-

ture suggest that for temperatures less than 35 K, the mean free paths are limited by the

domain wall spacings. However, at temperatures above 35 K where no change in thermal

conductivity is observed due to the fact that the phonon mean free path becomes dominated

by some other phonon scattering mechanism; mostly likely phonon-phonon scattering.
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Figure 2.5: Thermal conductivity of BaTiO3 single crystals from 3 - 50 K, measured in [13]. Open
circles denote measurements made on the unpoled crystals, while open triangles denote measure-
ments made while the samples were actively poled by an 11 kV cm−1 electric field.

In addition to these results for bulk BaTiO3, ferroelastic domain walls have been shown

to scatter phonons at room temperature in bismuth ferrite (BiFeO3) thin films, exhibiting a

decrease in the effective κ as the ferroelastic domain wall density increases [16]. Through

the use of substrate vicinality, a series of BiFeO3 thin films with differing numbers of pos-

sible domain variants, and therefore different domain wall densities were epitaxially grown

via adsorption-controlled molecular-beam epitaxy (MBE) [57, 58]. Figure 2.6(a) plots the

effective thermal conductivity of the BiFeO3 films as a function of temperature, along with
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literature data for bulk SrTiO3 [14, 15] and amorphous SiO2 [6]. The domain wall densi-

ties present in each of the samples were characterized via piezoresponse force microscopy

(PFM), as shown in Figure 2.6(b)(c). Through these PFM maps, the domain wall density

was shown to increase with an increasing number of possible domain variants. As the

number of domain variants, and thus the domain wall density in the sample increases, the

thermal conductivity decreases in magnitude.

associated with grain boundaries in silicon, strontium tita-
nate, and yttria-stabilized zirconia (YSZ).

We used substrate vicinality to prepare a set of epitaxial
BiFeO3 films with varying numbers of domain variants and
domain wall densities. Films were prepared using adsorption-
controlled reactive molecular-beam epitaxy (MBE) on (001)-
oriented non-vicinal (oriented within 60:5! of (001)), and
vicinal 4! miscut along [100], and vicinal 4! miscut along
[110] SrTiO3 substrates. Synthesis details can be found else-
where.24,25 All films were phase-pure by X-ray diffraction
and were of high crystalline quality with omega rocking
curve full width at half maximum values equivalent to the
underlying substrates (typically 0:01!).

Figure 1 presents domain orientation maps of the
4-domain (a) and 2-domain (b) variant specimens, deduced
from the PFM images (Fig. 1 in supporting information).40 In
almost every case, the domains share the same normal orienta-
tion, but the domain density and morphology is distinct for the
two specimens. As anticipated, there are far more domains, as
well as polarization directions, apparent for the 4-domain
film. Images from the 1-domain variant samples exhibited no
contrast, signifying a uniform, single polarization.

Focusing on the domain walls, the 4-variant case was
found to exhibit 19.90 lm of domain boundary per lm2 of
film area, compared with only 13.98 lm per lm2 of film for
the 2-variant specimen and no measured domain walls for
the single-variant specimen. Local polarization rotation
angles along every domain wall can additionally be mapped,
based on simple lookup tables, which consider the adjacent
domain orientations.26 As with our previous work on similar
specimens, all domain boundaries exhibited essentially
purely 71! rotations. Domain boundary types can similarly
be determined and visualized, including charged (head-to-

head, tail-to-tail) and neutral (head-to-tail and tail-to-head)
interfaces, as shown in Figs. 1(c) and 1(d) for 4-domain and
2-domain films, respectively. The ratio of charged to neutral
domain boundaries is 2.02:1 for the 4-domain variant and
1.05:1 for the 2-domain variant.

With this knowledge of the domain boundary statistics
within the films, we measured the thermal conductance of
the 30 nm thick BiFeO3 films with TDTR.23 Our assumptions
in this analysis are outlined in the supporting information.
The effective thermal conductivities of the BiFeO3 films
determined from our TDTR measurements are shown in
Fig. 2. We observe a clear trend in the effective thermal con-
ductivities of the BiFeO3 and the number of domain variants.
An increase in the number of domain variants and, subse-
quently, density of domain walls in the film leads to a
decrease in thermal conductivity. We ascribe this depend-
ency to phonons scattering in the domain boundaries and cre-
ating a temperature gradient across the individual domain
walls. More domain variants in the BiFeO3 lead to more do-
main boundaries as shown in Fig. 1 and therefore increased
phonon scattering and lower thermal conductivities. We note
that the domain boundaries are coherent, unlike grain boun-
daries, which are typically highly disordered and thereby
force phonon scattering through impurity-like mechanisms.
Charged domain walls may be important to the thermal
response, but additional experiments are necessary to isolate
this effect. We also point out that the thermal conductivities
of the BiFeO3 films are most likely affected by size effects
due to the thin film geometry; that is, phonon scattering at
the film boundaries of the BiFeO3 can cause a reduction in
the thermal conductivity of the films as compared to a
thicker or “bulk” sample.27–29 However, since all samples
are 30 nm, the finite size of the sample has the same effect in

FIG. 1. Ferroelectric domain orientation
maps for 4-domain (a) and 2-domain (b)
specimens, with corresponding images
of domain boundary types and charging
in (c) and (d) revealing the substantial
difference in domain wall density for
distinct polarization variants. The
200 nm scale bars in (a) and (b) apply to
all images for each specimen (columns).
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associated with grain boundaries in silicon, strontium tita-
nate, and yttria-stabilized zirconia (YSZ).

We used substrate vicinality to prepare a set of epitaxial
BiFeO3 films with varying numbers of domain variants and
domain wall densities. Films were prepared using adsorption-
controlled reactive molecular-beam epitaxy (MBE) on (001)-
oriented non-vicinal (oriented within 60:5! of (001)), and
vicinal 4! miscut along [100], and vicinal 4! miscut along
[110] SrTiO3 substrates. Synthesis details can be found else-
where.24,25 All films were phase-pure by X-ray diffraction
and were of high crystalline quality with omega rocking
curve full width at half maximum values equivalent to the
underlying substrates (typically 0:01!).

Figure 1 presents domain orientation maps of the
4-domain (a) and 2-domain (b) variant specimens, deduced
from the PFM images (Fig. 1 in supporting information).40 In
almost every case, the domains share the same normal orienta-
tion, but the domain density and morphology is distinct for the
two specimens. As anticipated, there are far more domains, as
well as polarization directions, apparent for the 4-domain
film. Images from the 1-domain variant samples exhibited no
contrast, signifying a uniform, single polarization.

Focusing on the domain walls, the 4-variant case was
found to exhibit 19.90 lm of domain boundary per lm2 of
film area, compared with only 13.98 lm per lm2 of film for
the 2-variant specimen and no measured domain walls for
the single-variant specimen. Local polarization rotation
angles along every domain wall can additionally be mapped,
based on simple lookup tables, which consider the adjacent
domain orientations.26 As with our previous work on similar
specimens, all domain boundaries exhibited essentially
purely 71! rotations. Domain boundary types can similarly
be determined and visualized, including charged (head-to-

head, tail-to-tail) and neutral (head-to-tail and tail-to-head)
interfaces, as shown in Figs. 1(c) and 1(d) for 4-domain and
2-domain films, respectively. The ratio of charged to neutral
domain boundaries is 2.02:1 for the 4-domain variant and
1.05:1 for the 2-domain variant.

With this knowledge of the domain boundary statistics
within the films, we measured the thermal conductance of
the 30 nm thick BiFeO3 films with TDTR.23 Our assumptions
in this analysis are outlined in the supporting information.
The effective thermal conductivities of the BiFeO3 films
determined from our TDTR measurements are shown in
Fig. 2. We observe a clear trend in the effective thermal con-
ductivities of the BiFeO3 and the number of domain variants.
An increase in the number of domain variants and, subse-
quently, density of domain walls in the film leads to a
decrease in thermal conductivity. We ascribe this depend-
ency to phonons scattering in the domain boundaries and cre-
ating a temperature gradient across the individual domain
walls. More domain variants in the BiFeO3 lead to more do-
main boundaries as shown in Fig. 1 and therefore increased
phonon scattering and lower thermal conductivities. We note
that the domain boundaries are coherent, unlike grain boun-
daries, which are typically highly disordered and thereby
force phonon scattering through impurity-like mechanisms.
Charged domain walls may be important to the thermal
response, but additional experiments are necessary to isolate
this effect. We also point out that the thermal conductivities
of the BiFeO3 films are most likely affected by size effects
due to the thin film geometry; that is, phonon scattering at
the film boundaries of the BiFeO3 can cause a reduction in
the thermal conductivity of the films as compared to a
thicker or “bulk” sample.27–29 However, since all samples
are 30 nm, the finite size of the sample has the same effect in

FIG. 1. Ferroelectric domain orientation
maps for 4-domain (a) and 2-domain (b)
specimens, with corresponding images
of domain boundary types and charging
in (c) and (d) revealing the substantial
difference in domain wall density for
distinct polarization variants. The
200 nm scale bars in (a) and (b) apply to
all images for each specimen (columns).
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all of the films, therefore, highlighting the domain wall
effects on thermal transport in BiFeO3.

Since the thermal conductivity of BiFeO3 has not been
reported elsewhere, we compare these effective thermal con-
ductivities to other material systems to put our reported effec-
tive thermal conductivities into perspective. We plot the
thermal conductivity of bulk SrTiO3,20,30 a prototypical perov-
skite, and amorphous SiO2.31 The effective thermal conductiv-
ities of the BiFeO3 films show temperature dependencies
similar to crystalline SrTiO3 (i.e., a slight maximum due to
the onset of Umklapp scattering), which is expected since the
BiFeO3 films are fully crystalline, but the values are much
closer than those of SiO2, especially at elevated temperatures
and in the multi-domain samples.

Since the phonon scattering across the domain walls
leads to a temperature drop across the domain boundaries,
we can quantify the thermal transport across the domain
boundaries with a thermal boundary conductance.32,33 This
idea of thermal boundary conductance across domain walls,
or “internal interfaces,” was first observed in potassium dihy-
drogen phosphate (KDP) at liquid helium temperatures
where phonon transport in the KDP was mostly ballistic, and
phonon transmission across the domain walls was nearly
entirely specular and elastic.12,13 To calculate the thermal
boundary conductance of the domain walls in the BiFeO3

films, we use a series resistor approach utilizing the data pre-
sented in Fig. 2.34,35 From our domain wall maps, we deter-
mine d¼ 71.5 and 50.2 nm for the 2- and 4-domain variant
samples, respectively. We calculate the thermal boundary
conductance for both the 2- and 4-domain variant cases,
and average the resulting values to give the conductance
across the coherent domain boundary, shown in Fig. 3. The

uncertainties in these values are calculated from the standard
deviation about of mean values calculated from the 2- and
4-domain variant samples. The domain boundary conduct-
ance exhibits values that are similar to typical boundary con-
ductances between well acoustically matched metals and
non-metals (i.e., on the order of "100 MW m#2 K#1 at room
temperature).36 For comparison, we also plot the thermal
boundary conductance across grain boundaries in YSZ,34 sil-
icon,37 and SrTiO3.20 We also include Si grain boundary
thermal boundary conductances determined with molecular
dynamics (MD) simulations.38,39 The thermal boundary con-
ductances across the YSZ, Si, and SrTiO3 grain boundaries
are consistently higher than the Kapitza conductances across
the BiFeO3 domain boundaries, even though the grain boun-
daries are highly disordered regions, while in contrast, the
domain walls are completely coherent. This indicates
strongly resistive phonon processes in the domain wall
region. To put these values into perspective, we plot the
equivalent conductances of some thicknesses, d, of SiO2.
These conductances are calculated via hSiO2

¼ jSiO2
=d where

d is indicated in Fig. 3. The thermal boundary conductance
across the BiFeO3 domain boundaries are similar to "10 nm
of SiO2, again indicating the relatively high thermal resistiv-
ity associated with the domain walls.

The very low thermal boundary conductance across do-
main boundaries is surprising given the coherency of the
interfaces. It is possible that this phenomenon is intrinsic to
ferroelastic domain boundaries as Weilert and coworkers
measured substantially lower thermal conductivities in poly-
domain KDP compared to poled crystals.12,13 Another possi-
ble source of the thermal resistance is the presence of
inhomogeneous strain at the domain walls. Interestingly,

FIG. 2. Effective thermal conductivities of the BiFeO3 films (filled sym-
bols). There is a clear dependence of the thermal transport on the number of
domains, which we ascribe to additional temperature drops across the nano-
meter thick domain walls caused by phonon scattering in the localized strain
field. For comparison, we also plot the thermal conductivity of bulk SrTiO3

(open squares, Refs. 20 and 30) and amorphous SiO2 (solid line, Ref. 31).

FIG. 3. Thermal boundary conductance across the domain walls in the
BiFeO3 films. For comparison, we also plot the calculated thermal boundary
conductance across grain boundaries in YSZ (filled triangles, Ref. 34), sili-
con (filled circles, Ref. 37), and SrTiO3 (empty triangles, Ref. 20). We also
include Si grain boundary thermal boundary conductances determined with
molecular dynamics from Refs. 38 and 39. The thermal boundary conduc-
tances across the YSZ, Si, and SrTiO3 grain boundaries are consistently
higher than the thermal boundary conductances across the BiFeO3 domain
boundaries, even though the grain boundaries are highly disordered regions
where the domain walls are completely coherent. We also plot the equivalent
conductances of some thickness d of SiO2 (solid lines with d indicated in the
plot). The thermal boundary conductance across the BiFeO3 domain bounda-
ries is similar to the equivalent conductance of "10 nm of SiO2.
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(a) (b) 

(c) 

Figure 2.6: (a) Effective thermal conductivities versus temperature for BiFeO3 films with different
numbers of domain variants, and thus, different domain wall densities, along with literature data for
bulk SrTiO3 (open squares, Refs. [14, 15]) and amorphous SiO2 (solid line, Ref. [6]) for context.
(b,c) Plan-view piezoresponse force microscopy (PFM) images illustrating the increase in domain
wall density in the 4-domain variant film compared to the 2-domain variant film. The decrease in
the thermal conductivity observed in the 4-domain variant case in (a) is attributed to this increase in
domain wall density. [16]

While this study utilized separate samples with different domain wall densities, in prin-

ciple it should be possible to dynamically change the domain wall density in a single sample

by applying an electric field across the crystal, as in the BaTiO3 single crystals. One of the

challenges with thin film samples like the BiFeO3 is that the ferroelastic domains in these

samples are clamped due to strain interactions with the substrate and therefore cannot move
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in response to an applied electric field. [59, 60] In order to capitalize on this phenomena

and create a thermal switch, a new material and/or device geometry would be needed to

increase the mobility of the ferroelastic domain walls.
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Chapter 3

Experimental Methods

3.1 Time Domain Thermoreflectance (TDTR)

3.1.1 System Description

The thermal transport properties of all the materials and devices measured as part of

this work were determined using time domain thermoreflectance (TDTR). TDTR is a non-

contact, optical pump-probe technique utilizing ultra-fast laser pulses to measure the dif-

fusion of thermal energy through a material [14]. In practice, the 800 nm output of a

Ti:Sapphire oscillator (Spectra Physics Tsunami, 100 fs pulse width, 80 MHz repetition

rate) is split via a polarizing beamsplitter into two pulse-synchronous beams that will serve

as the pump and probe beams for the measurement. The pump beam is directed through

an electro-optic modulator (EOM, ConOptics 350-160 driven by a 25A linear amplifier) to

modulate the pulse-train with an envelope function provided by a function generator. The

modulated pump beam creates a periodic heating event at the top surface of the sample as

the thermal energy imparted by the pump diffuses through the sample. The probe beam is

routed down a mechanical delay stage to provide up to 6 ns of offset between the arrival

of a probe pulse at the sample surface relative to a pump pulse. At a given delay time,

the intensity of the reflected probe beam is measured via phase-sensitive detection (lock-in
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Figure 3.1: Left: Block diagram of the two-color time-domain thermoreflectance (TDTR) system
at the University of Virginia. Right: Illustration of the TDTR ratio data being fit to the multilayer
thermal model to extract the thermal transport parameters of interest for a given sample. [17]

amplification; Stanford Research Systems SRS 844 and Zurich Instruments HF2LI) at the

pump beam modulation frequency due to the change in thermoreflectance of the sample

surface. By incrementally elongating the path length that the probe must travel before ar-

riving at the sample, the decay of the sample surface temperature over time can be recorded

to monitor how heat diffuses through the sample stack. Figure 3.1(a) depicts a block di-

agram of the TDTR system, illustrating the key features of the system and the different

beam paths traveled by the pump and probe. Figure 3.1(b) plots a representative set of

TDTR ratio data that can then be fit to a given model to extract the transport parameters of

interest from the measurement. [17]

An important aspect of the system is the means by which the pump beam is isolated

from the probe beam to avoid signal leakage into the detection system. The two methods

that we employ on our TDTR systems are the two-color and two-tint approaches; both

of which are based on providing isolation through wavelength separation. The two-color

method utilizes a bismuth triborate (BiB3O6) crystal to generate 400 nm (blue) light from

our 800 nm pulse-train via second harmonic generation (SHG) due to the non-linear optical

properties of the crystal. By pumping the sample with this 400 nm light while probing

with the unperturbed 800 nm light, we are able to maximize the signal-to-noise (SNR) of

our detection system using fairly inexpensive optical filters. By comparison, the two-tint

method employs wavelength separation by splitting the finite bandwidth in wavelength
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space of the femtosecond pulses using extremely sharp high-pass and low-pass optical

filters centered around 800 nm. Finally, an additional high-pass filter is used just before

the photodetector to further reject the pump wavelengths to maximize the SNR. [61]

To facilitate the measurement, the sample of interest is coated with an approximately

80-100 nm metal film (common metals include aluminum, gold and platinum) to serve as

an opto-thermal transducer for the thermoreflectance measurement. When the pump pulse

arrives at the metal transducer, the photon flux excites a population of electrons, elevating

the electron temperature within the metal. Over a period of about 1-5 ps, the electrons

transfer their energy to the crystal lattice via collisions with the atoms through a process

referred to as electron-phonon coupling. This energy transfer process elevates the lattice

temperature within the metal transducer and creates a thermal gradient that drives the heat

flux from the metal transducer to the adjacent layers of the sample. Over the next 100 -

6000 ps (0.1 - 6 ns), the thermal flux effusing away from the metal film may encounter a

variety of scattering processes that impede the procession of the phonons through the mate-

rial; specific examples include film boundaries, grain boundaries and impurity/defect sites

in the lattice. The temperature decay of the metal transducer over this time period is di-

rectly related to the degree to which these potential phonon scattering mechanisms impede

the phonon flux. Once this decay curve is collected, the TDTR data is fit to a multilayer

thermal model [15-17] to extract the thermal parameters of interest, including the thermal

conductivity of different layers as well as the thermal boundary conductance between ad-

jacent layers. Additionally, by mounting the samples inside a cryostat with optical access,

the TDTR measurements can be performed across a wide range of temperatures.

3.2 Integration of Electrical Probe Stations

To perform the in-situ measurement of thermal transport within a thin film material and

or device while under an applied DC electric field, it was necessary to integrate an electrical

probing station into the TDTR system. This electrical probing station (or probe station, for
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short) enables us to make electrical connections via small, thin film metal electrodes de-

posited on the samples via the micromanipulation of sharp probe tips. These tips are then

wired to standard electrical connectors to facilitate connection of the devices to instrumen-

tation for measurement of the electrical properties. Two separate types of probe stations

were integrated into the TDTR system at UVA; a smaller one made by J microTechnology

for room temperature measurements exclusively and a larger one made by Janis Research

Company, LLC for measurements over temperatures ranging from 80 - 450 K. Each of

these probe stations were then connected to a variety of electrical measurement equipment

to both bias and characterize the PZT materials and devices. Details concerning these probe

stations and the electrical measurement equipment are as follows.

3.2.1 Room Temperature Probe Station

The room temperature thermal measurements of the bilayer PZT heterostructures while

under applied electrical bias were made using the LMS-2709 Microprobing Station man-

ufactured by J microTechnology, Inc. The LMS-2709 is a compact probing system that

is ideally suited for making accurate measurements in laboratory/research environments

where samples are much smaller than the 4-12” diameter wafers commonly processed in

industry. The combination of small form-factor and intuitive deign were the driving forces

behind the selection of the LMS-2709 over other products made by manufacturers such as

Signatone, Micromanipulator and Rucker Kolls. The LMS-2709 has a 2”x2” gold plated

chuck that is ported for vacuum hold-down of the samples, mounted on an X-Y travel stage

to provide independent movement of the sample relative to the probes.

The system comes with two multi-axis micro-positioners which provide XYZ-control

of the probe tips used to make contact to the sample. The positioners use a piece of mag-

netic material to provide secure attachment to the Ni-plated steel platen that surrounds the

chuck. The positioners can be used with either microwave or DC probes, depending on

the type of measurement being conducted. For the purposes of our measurement, only DC

probes are used as they are able to provide adequate bandwidth for all electrical measure-
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2”x2” Chuck w/ Vacuum-hold 

Micro-positioners 

Figure 3.2: Photograph of the LMS-2709 Microprobing Station manufactured by J microTechnol-
ogy, Inc., prior to the modifications that were made to integrate the unit into the TDTR system.

ments made on the samples (DC-100 kHz). The probe tips used for the electrical measure-

ments are made of Paliney7TM alloy. This material is ideally suited for low energy, low

noise electrical contacts and exhibits a high resistance to corrosion while providing the me-

chanical properties of beryllium copper. The material is a palladium/silver age-hardened

alloy containing 10% gold and platinum, respectively, that meets the ASTM Standard B540

for electrical contact alloys.

To facilitate thermal measurement via TDTR while under electrical bias, the probe sta-

tion was integrated into the optical measurement system in a probe-down configuration.

In this arrangement, the sample is mounted horizontally on the vacuum chuck to enable

electrical contact via the micro-positioners, while the laser for the TDTR measurement is

routed vertically to provide perpendicular-incidence to the sample surface. The laser is

elevated by approximately 18” using a periscoping kit from Thorlabs, and then directed

downward at the sample using an apparatus that is built into the LMS-2709 unit. This ap-

paratus utilized a variety of 30 mm cage system components to provide accurate alignment
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of the beam along the path, as well as placement of additional components such as the

cage-mounted translation stage for z-axis adjustment of a 10x Nikon objected to focus the

TDTR beams onto the sample.

(a) (b) 
(c) 

(d) (e) 

Chuck w/ kinematic mount 

TDTR beams 

Imaging System: 
Stereo-microscope + camera 

Beam Periscope 

Figure 3.3: (a) Photograph of the modified LMS-2709 probe station integrated into the TDTR
system. The path of the coaxial pump and probe beam to the sample sample is highlighted to
illustrate the addition optics required to periscope the beam up, as well as direct the beam downward
towards the sample mounted on the chuck. Also pictured is the imaging system comprised on a
stereo microscope and camera, mounted at an angle to enable accurate placement of the electrical
probes onto the top electrodes/thin films. Close-up images of the modified probe station (b) showing
the optics included to route the laser beam at normal incidence to the sample surface, as well as
the kinematic mount (c) added to the chuck to adjust the planarity of the sample and reflect the
beam back to the photo-detector. Images of the sample surface showing an electrical probe tip in
contact with a top electrode on a PZT sample, both without (d) and with (e) the laser focused on the
electrode.

In order to ensure that the incident beam was indeed perpendicular to the sample and

that the reflected TDTR signal was routed to the photo-detector, the LMS-2709 probe sta-

tion was modified by mounting the vacuum chuck on an kinematic mounting plate. Using

this plate, the back-reflection of the TDTR probe laser off the sample surface and back

down the beam line could be adjusted to account for any issues in planarity to ensure

perfectly normal incidence. Because of the required kinematic mount, the height of the

Ni-plated steel platen needed to be raised to compensate for the elevated chuck height. To
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account for this, 1/4-20 taped-holes were added to the LMS-2709 based and 1/2” optical

posts were used to bring the platen up to the appropriate level.

Due to probe-down TDTR optics, a custom imaging system was assembled and mounted

at an off-normal angle relative to the sample surface so that the electrical probe tips could

be placed onto the top electrodes accurately and carefully. This imaging system was com-

prised of a stereo-microscope with a CCD camera added to the top of the optical column

that was then connected to a monitor. By varying the zoom and focus of the microscope,

crisp color images of the sample surface could be obtained on the monitor to enable accu-

rate placement of the electrical probe tips on the thin metal electrodes. Figure. 3.3 high-

lights the placement of this imaging system relative to the room temperature probe station

and the images which result.

Use of Probe Station to Measure Electrical Contact Resistance at Metal/Graphene

Interfaces

One of the first projects to use this room temperature probe station was the measure-

ment of the electrical and thermal transport properties of Au-single layer graphene (SLG)

contacts with various materials or molecules placed between the Au and SLG. [18] While

the electrical and thermal properties were not measured simultaneously like with the ther-

mal devices in this dissertation, this work represented the first demonstration of making

high-accuracy measurements with the modified room temperature probe station. This work

was performed in collaboration with Dr. Scott G. Walton and Dr. Sandra C. Hernan-

dez in the Plasma Physics Division at the Naval Research Laboratory in Washington, DC.

Their expertise in the chemical functionalization and characterization of SLG with vari-

ous adsorbates via low-energy plasmas was critical to establishing the structure-property

relationships proposed in this work.

In short, sheets of SLG grown by CVD and transferred onto SiO2 substrates were chem-

ically functionalized using electron beam generated plasmas. [62–66] Following characteri-

zation via X-ray photoelectron spectroscopy (XPS) and micro-Raman spectroscopy, groups
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Figure 3.4: (a) Photo of the room temperature probe station making a measurement on one of the
functionalized SLG samples from the study. (b) Plan-view diagram of the TLM contact geometry
for the in-plane electrical measurements, showing the functional groups underneath the gold pads.
(c) Optical plan-view image of the TLM geometry used in this study after fabrication, including the
measured distances between pads. [18]

of contacts were patterned via physical masks onto the functionalized SLG to facilitate con-

tact resistivity measurements via the transfer length method (TLM). [20, 67, 68] Using the

room temperature probe station, we were able to make accurate in-plane measurements of

the pad-to-pad resistances between each adjacent pair of contacts in the TLM structure.

Figure 3.4(a) shows a photo of the room temperature probe station making a measurement

on one of the functionalized SLG samples from the study, while Figure 3.4(b) and (c) show

a cross-section diagram and plan-view optical image of the TLM contact geometry, respec-

tively.

The room temperature probe station in Figure 3.4(a) was used to measure ten TLM

structures for each sample in the study (Au/SLG and Au/Ti/SLG control samples, as well

as functionalized SLG samples with three different percent coverages of oxygen and flu-

orine and one coverage of nitrogen). From these measurements, the width-normalized

electrical contact resistance (ρC) of each sample was determined and the results are plotted
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Figure 3.5: Width-normalized contact resistivity (ρC) versus atomic percent (at %) coverage of var-
ious adsorbates on single layer graphene. [18] The introduction of oxygen or nitrogen at coverages
greater than 5 at % causes ρC to increase dramatically. Conversely, while low coverages of≈ 5 at %
fluorine causes an increase in ρC, coverages greater than 5 at % cause ρC to decrease with increasing
coverage. The dashed lines represent contact resistivity values reported for Au/Ti/SLG [19] and pal-
ladium/SLG [20], respectively. Inset: Sheet resistance (RS) of the graphene between the TLM pads
due to doping of the graphene adjacent to the metal contacts that occurred while functionalizing the
graphene via physical masks.

in Figure 3.5. The value of ρC for both Au/SLG and Au/Ti/SLG interfaces is essentially the

same. This is consistent with other measurements [19, 69] of the contact resistance between

graphene and these metals, and highlights an auxiliary conclusion from this work; the in-

clusion of a titanium wetting layer between Au and SLG does not improve the electrical

(nor thermal) transport across the metal/SLG interface. In the case of oxygenated graphene,

ρC was found to increase by more than an order of magnitude with increasing coverage.

For fluorinated samples, following an initial increase over the non-functionalized case at

the lowest coverage, ρC actually decreases with increasing coverage and approaches the
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values observed in the non-functionalized contact case (Au/SLG and Au/Ti/SLG). While

the exact mechanism behind this observation is quite complex, these findings illustrate how

sensitive the transport properties of 2D materials can be to their chemical environment and

indicate exciting possibilities using plasma-based chemical functionalization to tailor the

thermal and electrical transport properties of metal/2D material contacts.

3.2.2 Cryogenic Probe Station

(a) ST-500 
Cyrogenic 

Probe Station 

(b) 

LN2 Transfer 
Line 

LCR Meter 

LN2  
Storage Dewar 

LakeShore 
Temperature 

Controller 

N2 Gas Tank 

Figure 3.6: (a) Photograph of the ST-500 Cryogenic Probe System manufactured by Janis Research
Company, LLC. Inset: View of the sample chuck and probe tips within the ST-500 through the
top-side optical window. (b) Photograph of ST-500 integrated into the TDTR system, complete
with all peripheral equipment required to perform temperature control and electrical bias for the
measurements.

The thermal measurements of the bilayer PZT heterostructures made over a range of

temperatures while under applied electrical bias were made using the ST-500 Cryogenic

Probe System manufactured by Janis Research Company, LLC. This piece of equipment

provides accurate, repeatable electrical probing of the PZT materials down to cryogenic

temperatures while under vacuum. The unit contains four independently-manuverable

probe arms with triaxial connectors that are appropriate for signals from DC - 20 MHz.

The sample is mounted within the chamber onto a 2” dia. gold-plated chuck which can be

independently biased via a triaxial connection. Once the chamber is evacuated, the tem-
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perature is controlled via a LakeShore temperature controller, striking a balance between

the cooling provided by the flow of liquid nitrogen (LN2) and heating via a resistive-heater

mounted in the chuck. The LN2 in this flow-type system is pumped from a storage dewar

through the cryostat by backfilling the dewar with nitrogen gas (N2) and the flow rate is

controlled via both the flow of N2 into the dewar, as well as a needle value on the transfer

line between the dewar and cryostat. Additionally, a window in the top of the cryogenic

chamber provides optical access to the sample, allowing us to conduct thermal measure-

ments via TDTR while under applied electrical bias using a similar probe-down topology.

Beam Periscope 30 mm Cage Components 

(a) (b) 

Imaging 
System Triplet Lens 

Figure 3.7: (a) Photograph of the ST-500 within the TDTR system, highlighting the optical compo-
nents required to route the beam over to and down into the probe station. (b) Additional photograph
showing the imaging system used to ensure accurate placement of the probe tips on the samples
mounted in the cryogenic probe station, as well as the triplet lens required due to the large internal
distance between the sample surface and the top optical window.

Due to the size of the cryogenic probe station (table footprint of approximately 3 feet

in diameter), additional 30 mm cage system components were required to route the laser

above the cryostat window for the probe-down measurements. The 30 mm cage compo-

nents allow for the construction of one continuous structure, ultimately simplifying the

alignment of the entire apparatus by minimizing the number of additional degrees of free-

dom that are introduced. Figure. 3.7 shows the position of these additional components

required to route the laser above the cryogenic probe station. One challenge associated
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with the cryogenic probe station was the large distance internally between the sample sur-

face and the optical window (approximately 75 mm). As a result, the 11 mm focal length

of the 10x Nikon objective used with the room temperature probe station was too short and

could not work with the cryogenic probe station. The 10x Nikon objective was therefore

replaced with a 90 mm effective focal length (EFL) UV-to-NIR corrected triplet lens from

Edmund Optics. This lens was able to focus the laser onto the sample surface over such

a large gap in space, providing comparable laser spot sizes to those using the 10x Nikon

objective. As with the room temperature probe station, an off-vertical image acquisition

system was integrated around the probe-down optical apparatus to provide images of the

sample surface and enable accurate placement of the electrical probe tips within the cryo-

genic probe station.

3.2.3 Instrumentation for Electrical Control/Measurement

HP 4284A and Keysight E4980A Precision LCR Meter

To apply the DC electric fields to the samples during the thermal measurements, as

well as monitor the properties of the material or device during the measurement, both the

HP 4284A and Keysight E4980A LCR meters were used. An LCR meter is an instrument

that can be used to characterize the impedance of a given device under test (DUT) and

quantify the inductance (L), capacitance (C) and resistance (R) of the DUT assuming a

particular device model. For example, for these experiments with PZT devices, we specify

a model comprised of a capacitor in parallel with a resistor that models the loss factor of

the capacitive test structure. The unit makes the measurement by monitoring the magnitude

and phase of the voltage across the terminals of the DUT, as well as the magnitude and

phase of the current through the device. Using these phasor representations for the voltage

and current across and through the device, respectively, the complex impedance of the

device can be determined via Ohm’s law. Once the resistive and reactive-components of the

complex impedance are known, the appropriate loss term and capacitance (or inductance)
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of the DUT can be calculated, respectively.

These meters allow for the characterization of the impedance characteristics of a DUT

as a function of drive frequency (20 Hz - 1 MHz with the 4824A; 20 Hz - 2 MHz with the

E4980A), AC signal amplitude (0 - 20 VRMS) and DC bias (±40 V). In our thermal exper-

iments, the AC frequency and signal amplitude are kept fixed at 1 kHz and 100 mVRMS,

respectively, while the DC bias level is varied and TDTR scans are taken at each applied

field strength. The advantage of using an LCR meter instead of a DC voltage source to ap-

ply these electric fields is that the LCR meter provides an indication of both contact quality

to the DUT with the electrical probe tips, and also allows us to monitor the health of the

capacitive structure and identify the onset of dielectric breakdown through the value of the

loss factor.

Radiant Technologies, Inc. Precision LC II Ferroelectric Tester

To characterize the ferroelectric properties of the thin film materials and devices, a Pre-

cision LC II Ferroelectric Tester system by Radiant Technologies was used. While the LC

II can perform a wide variety of measurements on a given DUT, we were primarily inter-

ested in using the unit to measure the ferroelectric polarization (P) as a function of electric

field (E). These P-E properties are hysteretic in nature and the shape of the resulting loops

can provide a great deal of information about the electric polarizability, and thus the do-

main behavior within a ferroelectric material or device. Figure 3.8 plots a representative

ferroelectric hysteresis loop, identifying particular parameters of interest such as the co-

ercive field strength (Ec, kV/cm), saturation polarization (Psat, µC cm−2) and remanent

polarization (Pr, µC cm−2). The coercive field strength represents the ability of a material

to withstand an applied electric field magnitude before becoming depolarized, denoted by

the field strength were the polarization (P) equals zero. The saturation polarization repre-

sents the point at which for increasing electric field magnitudes, the polarization remains

unchanged and is at its maximum. The remanent polarization is the remaining polarization
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within the material that is still present after the applied electric fields have been removed,

denoted by the intersection of the hysteresis loop with the vertical axis when the electric

field (E) equals zero.
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Figure 3.8: Example of Polarization vs. Electric Field (P-E) loop data collected from a PZT device
to illustrate important features of the hysteresis curve, including the coercive field (±Ec), saturation
polarization (±Psat) and remanent polarization (±Pr). Arrows indicate the progression of the applied
electric field, sweeping from zero field to maximum positive field, then maximum negative field, and
then back to zero field.

In this work, the P-E loops were primarily used to confirm the saturation of the polar-

ization, and thus the switching of the domains in the PZT bilayers measured over a range

of temperatures. While the LCR meter was used during the thermal measurements, the

ferroelectric hysteresis measurements were made separate from the thermal measurements,

using the same cryogenic probe station.
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Chapter 4

Thermal Transport in Lead Zirconate

Titanate (PbZr1−xTixO3)

4.1 Motivation & Background

Lead zirconate titanate (PbZr1−xTixO3, PZT) is an important and versatile solid-solution

material system. Since its discovery in the early 1950s as an alternative to barium titanate

for ceramic filters [70], PZT has been and continues to be a critical component in the

development of many different technologies, including capacitors [41], electro-optic shut-

ters [71], ultrasonic transducers [72], micro electro-mechanical systems (MEMS) [73], and

ferroelectric random access memory (FeRAM) [74]. While the past decade has seen an

increasing amount of research into lead-free piezoceramic alternatives, the reality is that

PZT remains the material of choice within the $20 billion piezoactuator market due to its

stability, scalability and cost [75].

PZT is a binary solid-solution system comprised of a particular molar fraction (x) of

lead titanate (PbTiO3, PTO) relative to the fraction of lead zirconate (PbZrO3, PZO). The

material has an ABO3 type perovskite structure with lead at the A-site (corner of the cube),

zirconium or titanium occupying the B-site (body center) and oxygen at the face centers.

Figure 4.1 depicts the phase diagram for the PZT material system as a function of x and
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Figure 4.1: Phase diagram of lead zirconate titanate (PbZr1−xTixO3, PZT), adapted from [21].

temperature, illustrating the variety of crystal structures that are possible [21]. In the top-

most region of the diagram above the line denoting the Curie temperature as a function of

composition, PZT has a cubic structure (Pm3m) and is paraelectric with no spontaneous

electric polarization. However, as PZT is cooled below its Curie temperature, there is

a distortion of the crystal into one of several structures depending on the composition.

For titanium-rich compositions (x > 0.48), the crystal has a tetragonal structure (P4mm),

whereas for zirconium-rich compositions, the crystal can exhibit either orthorhombic (x <

0.05, Pbam/Pba2) or rhombohedral symmetry (0.05 < x < 0.48, R3c or R3m for low and

high-temperature phases, respectively) [76]. The vertical line in Figure 4.1 in the vicinity

of x = 0.48 at 20◦C denotes the morphotropic phase boundary (MPB) where the material

exhibits an enhancement in the dielectric constant (εr) and piezoelectric coefficient (d33)

compared to compositions in the adjacent tetragonal and rhombohedral regions. The variety
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of crystal structures possible and commensurate tunability of several important properties

make the PZT system an integral part of a broad array of technologies.

While the mixture of PbZrO3 and PbTiO3 may result in many functional properties, it

is important to consider the impact on the thermal properties as well. The reduction of κ

via mass-disorder in binary semiconductor alloys such as Si1−xGex ([77]) and AlxGa1−xN

([78]) has been shown experimentally to result in an order of magnitude reduction in κ for

compositions of roughly 0.20 < x < 0.80 due to the strong scattering of the high frequency

phonons present in the material. Furthermore, several works have also investigated the

interplay of alloy scattering and boundary scattering in nanostructured forms of the afore-

mentioned materials, including thin films [78, 79] and nanowires [80]. Through their ex-

perimental results and contextualization using a Debye-based Callaway model, these works

demonstrate that κ can be further reduced via boundary scattering by limiting the mean free

path of low-frequency phonons that are not otherwise affected by the alloy atoms. Since

PZT is often employed in thin film, polycrystalline form for use in a wide array of applica-

tions, it is important to also consider these contributions to the phonon scattering landscape

in addition to scattering via mass-disorder in the solid-solution system.

Knowledge of the thermal conductivity dependence on composition and microstructure

is limited for PZT [25, 26, 81, 82]. Thermal conductivity can have a significant effect on

the performance of a device, both in the short term as it pertains to things like sensitivity,

loss tangent and operational stability, but also in the long term concerning the reliability

and degradation of the device over time. In this chapter, we measure the thermal conduc-

tivity of randomly-oriented polycrystalline PZT thin films with compositions ranging over

the entire phase diagram (0 ≤ x ≤ 1). The PZT thin films were deposited on platinized

silicon substrates through chemical solution deposition (CSD), which is a commonly used

means to prepare device quality PZT films [41, 83]. Using time-domain thermoreflectance

(TDTR), we measure the thermal conductivities (κ) of PZT thin films of varying solid-

solution composition. We show that the thermal conductivity of the PZT system exhibits

an alloy/mixture type trend where κ for compositions 0.20 ≤ x≤ 0.80 is 37.5% lower than
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Figure 4.2: Representative 2θ − θ XRD analysis of PZT thin films with compositions (i)
PbZr0.30Ti0.70O3, PbZr0.52Ti0.48O3 at pyrolysis temperatures of (ii) 350◦C and (iii) 400◦C and (iv)
PbZr0.70Ti0.30O3. Compositions near the MPB with a pyrolysis temperature of 350◦C were charac-
terized as randomly oriented, while compositions with a pyrolysis temperature of 400◦C possessed
a (100)-texture.

that measured for PbTiO3 (x = 1) thin films of comparable thickness and grain size. We

examine the trend in the data through a Debye-based alloy/mixture model for κ to gather

insight regarding the relative strength of several phonon scattering mechanisms for various

compositions of PZT.

4.2 Sample Fabrication & Characterization

PZT thin films with a target thickness of 300 nm were deposited on Pt/ZnO/SiO2/Si

substrates using an inverse mixing order (IMO) chemical solution. PZT film compositions

ranging from PbZr1−xTixO3 for 0≤ x≤ 1 with 10 mole percent steps (save for a single film
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Figure 4.3: Plan-view (a,b) and cross-sectional (c,d) scanning electron microscopy (SEM) images
of the MPB-composition thin films at the two pyrolysis temperatures, highlighting the significant
difference in average grain size.

with x = 0.05) were prepared with a pyrolysis temperature of 350◦C. Smaller compositional

steps, 4 mole percent, were also investigated near the morphotropic phase boundary (MPB,

x = 0.48) composition and two pyrolysis temperatures were investigated: 350◦C and 400◦C

for 1 minute, which has been shown previously to result in significantly different grain mor-

phologies. [83] Details of PZT film preparation can be found in [83]. Metal-insulator-metal

stacks were fabricated with both 300 x 300 µm platinum and aluminum top electrodes de-

posited via RF magnetron sputtering and e-beam evaporation, respectively, for electrical

and thermal characterization. Figure 4.2 shows representative 2θ − θ XRD analysis for

PbZr0.30Ti0.70O3 and PbZr0.70Ti0.30O3 compositions, and MPB composition for a pyroly-

sis temperature of 350◦C as well as the MPB composition with a pyrolysis temperature of

400◦C.

Compositions near the MPB with a pyrolysis temperature of 350◦C were characterized

as randomly oriented, while compositions with a pyrolysis temperature of 400◦C possessed
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a (100)-texture. Film thicknesses and grain sizes were measured using secondary electron

scanning electron microscopy (SEM) and atomic force microscopy. Figure 4.3(a,b) and

(c,d) shows representative SEM images plan view and cross-sectional images, respectively,

for PbZr0.52Ti0.48O3 made with a pyrolysis temperature of 350◦C and 400◦C. Grain sizes

were determined using a linear intercept method. [84] For the 350◦C pyrolysis tempera-

ture, grain sizes ranged from 47 ± 5 nm to 98 ± 12 nm for 0 ≤ x ≤ 1, where the largest

grain size occurred near the MPB composition. Grain sizes for a pyrolysis temperature of

400◦C ranged from 530 ± 80 nm to 2200 ± 700 nm for 0.46 ≤ x ≤ 0.58. Grain sizes for

representative compositions are listed in Figure 4.3(a-d) and Table 4.1.

Table 4.1: Pyrolysis temperature (TP), film thickness (d f ) and average grain sizes (dg),
along with the associated measurement uncertainties (σd , σg).

x TP (◦C) d f (nm) σd (nm) dg (nm) σg (nm)
0.00 350 328 16 2470 335
0.05 350 278 42 - -
0.10 350 335 11 2680/225 760/37
0.20 350 344 - 229 23
0.30 350 346 - 88 7
0.40 350 318 - 84 6
0.42 350 - - - -

- 400 298 18 202 32
0.45 350 296 8 98 11

- 400 310 21 824 82
0.48 350 294 4 86 5

- 400 316 5 566 45
0.51 350 289 2 83 4

- 400 283 18 328 30
0.54 350 316 13 85 5

- 400 307 13 294 30
0.60 350 307 - 99 10
0.70 350 325 - 97 5
0.80 350 293 - 144 26
0.90 350 348 50 152 24
1.00 350 254 51 119 31
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4.3 Thermal Measurements & Analysis

The thermal conductivities of the samples were determined using time domain ther-

moreflectance (TDTR). To facilitate the measurement, the samples were coated with ap-

proximately 80 nm of aluminum to serve as the transducer for the thermoreflectance mea-

surement. In order to fit the model to the data for the thermal parameters of interest, the

other thermal properties of the materials in the test structure must be well known. The

thicknesses of the top aluminum layer was determined via pico-second acoustics [85, 86]

over the first 20-30 ps of pump-probe delay in the TDTR measurement, while the thermal

conductivity was inferred based on prior measurements of similar E-beam deposited films

(approximately 150 W m−1 K−1 for 80 nm of aluminum). We assume literature values for

the heat capacities of Al [87], as well as the heat capacity of PZT of different compositions

(x) which was calculated as a ratiometric mixture of the room temperature heat capacities

of PbZrO3 and PbTiO3. [88]

For this study, we amplitude-modulate the pump beam with an 8 MHz sinusoid and

monitor the ratio of the in-phase to out-of-phase signal of the probe beam with a lock-in

amplifier. We fit the TDTR model to the data by varying the thermal conductivity of the

PZT films and the thermal boundary conductance between the top metal film and the PZT

samples. While the 1/e thermal penetration depth of our pump beam at 8 MHz is less

than the PZT film thickness for all the compositions in this study (approx. 135 nm for 0

< x < 0.7, increasing to approx. 180 nm at x = 1), our analysis suggests that the TDTR

data could be sensitive to thermal transport across the platinized-silicon stack (100 nm Pt/

40 nm ZnO / 300 nm SiO2 / bulk Si) upon which the PZT films are deposited. Therefore,

the platinized-silicon samples were also characterized via TDTR to eliminate the number

of unknowns in the thermal model for the PZT thin films.

To perform these calibrations, platinized-silicon samples both with and without the 300

nm SiO2 were fabricated for TDTR measurements. For these samples, a two-layer model

of a platinum thin film on either SiO2 or Si was employed, where the thermal boundary



47

conductance between the layers (G1) is fit to the TDTR data (heat capacity, thermal con-

ductivity and thickness of the platinum top layer are all known, as are the heat capacity

and thermal conductivity of SiO2 and Si). This two-layer approach was used in order to

lump the thermal conductivity of the 40 nm ZnO layer in with the conductances across the

Pt/ZnO and ZnO/SiO2 or ZnO/Si interfaces into a single total conductance. At 8 MHz, the

buried 300 nm SiO2 layer can be considered ”thermally-thick” and it is therefore reasonable

to consider it as a semi-infinite bottom layer in the model.

In practice, the measurements made on the sample with 300 nm SiO2 were unable

to provide a reliable value for G1 due to the competing sensitivity of the thermal data to

the properties of the SiO2. Alternatively, fitting the data for the sample without the SiO2

provided much more accurate results due to the fact that the sensitivity to G1 is increased

because of the two order of magnitude increase in the κ of the semi-infinite layer (1.4

W m−1 K−1 for SiO2, 145 W m−1 K−1 for Si). Fitting this data resulted in a lumped

conductance of the 40 nm ZnO film, along with its adjacent boundary conductances of

GZnO = 96 MW m−2 K−1.

For fitting the PZT thin film data, a three-layer model is used; layer 1 is the aluminum

thin film, layer 2 is the PZT thin film and layer 3 is SiO2 (semi-infinite). Due to the large

conductances of the platinum and ZnO thin films (GPt = κPt/dPt = 41 W m−1 K−1 / 100 nm

= 410 MW m−2 K−1; GZnO = 96 MW m−2 K−1) compared to the effective conductance

of the PZT thin films (GPZT = κPZT/dPZT = 1.3 W m−1 K−1 / 300 nm = 4.33 MW m−2

K−1), it is reasonable to combine GPt and GZnO into a single conductance for use in the

three-layer model between the PZT and SiO2 layers (G2 = 77.8 MW m−2 K−1) via:

G2 = (GPt +GZnO)
−1 (4.1)

With G2 throughly characterized, the thermal conductivity of the PZT thin films can be

extracted from the TDTR data with the three-layer model to a high degree of confidence.
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Figure 4.4: Thermal conductivity (κ) of PZT thin films with various solid-solution compositions,
x, fabricated with pyrolysis temperatures of 350◦C (blue squares) and 400◦C (red circles). The
dashed vertical lines denote the locations of the phase boundaries from Fig. 4.1 at 20◦C.

4.4 Results & Discussion

Figure 4.4 shows the measured thermal conductivities of the PZT thin films as a func-

tion of their solid solution composition fabricated with pyrolysis temperatures of 350◦C

(blue squares) and 400◦C (red circles). Starting with the PbTiO3 thin film (x = 1.00), we

measure a thermal conductivity of 2.24 W m−1 K−1. This value is 55.7% lower than the

bulk value of 5.06 W m−1 K−1 reported in [22] which we attribute to phonon scattering at

the film and grain boundaries in our samples. As the molar fraction of PbZrO3 increases

(x decreases), we observe a decrease in the thermal conductivity compared to PbTiO3 (x

= 1.00). Over the range 0.80 < x < 1.00, the thermal conductivity drops from 2.24 W

m−1 K−1 to 1.40 W m−1 K−1; a reduction of 37.5%. Such a steep reduction in the ther-

mal conductivity of an initially stoichiometrically pure material system with the addition
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of an additional species has been shown to occur in several systems [77, 78] and is often

explained in the context of alloy/impurity phonon scattering. In this case, the fraction of

B-sites in the ABO3 perovskite system populated with Zr instead of Ti atoms increases as

x decreases and these Zr atoms serve as mass-impurity scattering sites for phonons. We

do not believe that this reduction between the x = 1.0 and x = 0.80 samples is due to an

increase in phonon scattering caused by physical boundaries because of the fact that the x

= 0.80 sample is thicker and has larger grains than the x = 1.0 sample.

Across the range for x < 0.80, the trend in thermal conductivity remains largely flat

(approximately 1.2 ± 0.2 W m−1 K−1) with the exception of an apparent discontinuity in

the vicinity of the MPB (0.45 < x < 0.54). Interestingly, the thermal conductivity does not

increase as x decreases over the range 0 < x < 0.20, approaching pure PbZrO3 at x = 0. In

most alloy systems [77, 78], the trend in thermal conductivity as a function of composition

will create a U-shape where the thermal conductivities of the constitutive components (x =

0, 1) are both much greater than the thermal conductivity over 0.20 < x < 0.80. However,

the PZT system does not exhibit this U-shaped symmetry as a function of composition with

the thermal conductivity of thin film PbZrO3 measuring 44% lower than PbTiO3 (1.25 and

2.25 W m−1 K−1, respectively).

While there are published measurements of the thermal conductivity of bulk PbZrO3

from 2 - 40 K ([23]) and 345 - 530 K ([24]), there remains a gap in measured thermal con-

ductivities from 40 - 345 K. Nonetheless, the overall trend with temperature considering

these two published data sets suggests a high degree of phonon scattering within the mate-

rial, leading to an amorphous/glass-like trend in thermal conductivity. Figure 4.5 plots the

aforementioned bulk thermal conductivity data for PbZrO3 [23, 24] and PbTiO3 [22]. This

glass-like trend is markedly different from that of bulk PbTiO3 which exhibits a clear max-

imum in thermal conductivity around 40 K and decreases with increasing temperature. As

a result, it is reasonable to postulate that the considerable difference in the thermal conduc-

tivities of thin film PbZrO3 and PbTiO3 is driven by the intrinsic properties of the materials

and not an extrinsic size effect.
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Figure 4.5: Bulk thermal conductivity data over temperature for PbTiO3 ([22], blue line) and
PbZrO3 ([23, 24], red circles) highlighting the large difference in the temperature trends between
stoichiometrically-similar materials (ABO3 perovskite oxides). Also plotted for comparison are
SrTiO3 ([15], open squares), NaNbO3 ([22], open circles) and a-SiO2 ([6], black line).

To confirm this, bulk samples of PbZrO3 (x = 0), 70/30 PZT (x = 0.30) and 30/70 PZT

(x = 0.70) were fabricated to confirm that the observed trends in the thin film samples

extended to the bulk as well. The thermal conductivities of these samples are plotted in

Fig. 4.6 (black diamond), along with the bulk data for PbTiO3 from [22] (white diamond)

and bulk data for samples around ([25], upward triangles) and at ([26], downward triangle)

the MPB. Similar to the thin film data, the thermal conductivity decreases dramatically

for x < 1.0, ultimately asymptoting to a thermal conductivity of 1.57 ± 0.13 W m−1 K−1

for bulk PbZrO3. This value for PbZrO3 compares well with the porosity-corrected value

reported in [24] of 1.79 W m−1 K−1 measured at a temperature of 345 K.

The large difference in bulk thermal conductivities between stoichiometrically-similar
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Figure 4.6: Thermal conductivity of bulk PZT of various compositions. Samples measured in this
work (black diamonds) include PbZrO3 (x = 0), 70/30 PZT (x = 0.30) and 30/70 PZT (x = 0.70).
Values measured in the literature include PbTiO3 [22] (x = 1, white diamond) and bulk data for
samples around ([25], upward triangles) and at ([26], downward triangle) the MPB.

materials such as PbTiO3 and PbZrO3 can begin to be explained by the nature of their re-

spective ferro-distortions that make them technologically relevant. In the case of PbTiO3,

as the crystal goes from cubic to tetragonal below the Curie temperature (approx. 500◦C),

there is a shift of the TiO6 octahedra along the c-axis which ultimately results in a spon-

taneous polarization vector along the same crystal axis. Though the crystal is distorted,

the number of atoms in the unit cell (5) remains unchanged, translational symmetry is

maintained and the unit cell volume remains approximately the same (cubic: 0.0625 nm3;

tetragonal: 0.0633 nm3; calculated using lattice parameters from [89]). Even with this

distortion, the trend in thermal conductivity over temperature remains crystalline and is

comparable to perfectly cubic perovskites with no distortion at room temperature, such as
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strontium titanate (SrTiO3, [15]).

By comparison, PbZrO3 goes from cubic to orthorhombic below its Curie temperature

(approx. 200◦C) where the ZrO6 octahedra are tilted relative to the pseudo-cubic axes in

the a−a−co scheme of Glazer ([90, 91]). The tilting of the octahedra break the translational

symmetry, resulting in an orthorhombic structure with more atoms in the unit cell (40) and

a much larger unit cell volume (cubic: 0.0720 nm3; orthorhombic: 0.5651 nm3). The en-

larged unit cell volume in PbZrO3 presumably results in a contraction of the Brillouin zone

compared to PbTiO3, potentially impacting the phonon energy spectra and Umklapp scat-

tering rates. Additionally, the reduction of symmetry due to the tilted octahedra could serve

as an additional source of disorder in the material that is capable of scattering phonons. The

glass-like trend in thermal conductivity for an orthorhombic crystal is not unique to PbZrO3

as other perovskites such as sodium niobate (NaNbO3) exhibit similar characteristics. [22]

The potential causes for the discrepancy between PbTiO3 and PbZrO3 will be discussed in

greater detail later in this chapter.

It is interesting to note that a similar discontinuity in the thermal conductivity across

the MPB also appears in the bulk data reported in Refs. [25, 26] where κ decreases by

roughly 26.5 % within the vicinity of the MPB (the specific compositions for the PKR-

7M and PKR-8 materials in Ref. [25] are not reported; only that they correspond to the

rhombohedral and tetragonal sides of the MPB, respectively). The discontinuity in the thin

film data is present in both of the finer composition sets (0.42 < x < 0.54) fired at pyrolysis

temperatures of 350◦C and 400◦C, respectively, albeit with slightly different degrees of

abruptness. For the 350◦C samples, the measured value of κ decreases by 23% between

0.48 < x < 0.51, while for the 400◦C samples, κ decreases by 20.3% between 0.51 < x <

0.54.

Since the discontinuity appears in all three of the aforementioned data sets spanning

fine-grained thin films to bulk samples, this suggests that it is caused by an intrinsic prop-

erty of the PZT solid-solution in the vicinity of the MPB and speaks to the complex crys-

tallographic landscape near the MPB composition in PZT. The crystal structure of PZT
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compositions both at and adjacent to the MPB has been studied extensively for decades to

understand the nature of the transition to/from rhombohedral and tetragonal symmetry, as

well as its impact on the piezoelectric, elastic and dielectric properties [21, 92]. In partic-

ular, the elastic stiffness has been shown to be extremely sensitive to composition around

the MPB, decreasing by 15-35 % at the MPB compared to adjacent tetragonal composi-

tions [92]. Given the direct correlation between elastic moduli and the speed of sound

in a material, it is possible that the observed discontinuity in κ is due to a decrease in

the phonon velocities at and around the MPB compositions. Furthermore, the existence

of an intermediate monoclinic phase had been presented [93] and explored relatively re-

cently via a variety of techniques including synchrotron x-ray diffraction [94, 95], raman

spectroscopy [96, 97] and neutron powder diffraction [98]. Specifically, [94] reported a

significant change in the volume of the unit cell (≈ 135.15Å3) for the monoclinic phase

at x = 0.46 and 0.47 compared to the adjacent rhombohedral (≈ 67.97Å3) and tetragonal

(≈ 67.35Å3) regions. Similar to the case with bulk PbZrO3, this increase in unit cell vol-

ume may result in a contraction of the Brillouin zone, presumably affecting the phonon

energy spectra and Umklapp scattering rates. Additional experiments are required to estab-

lish the root cause of the interesting thermal properties around the MPB composition and

will be the focus of future work.

4.5 Semi-Classical Model for Thermal Conductivity of PZT

To gather insight regarding the overall impact of various phonon scattering mechanisms

on the thermal conductivity of PZT solid-solutions, we employ a semi-classical kinetic

theory model for phonon thermal conductivity. Based on the observations and conclusions

drawn from an assesment of the temperature trends for bulk PbTiO3 and PbZrO3, an alloy-

type model for the thermal conductivity of PZT as a function of solid-solution composition

is developed and presented.



54

4.5.1 Examining trends in bulk PbTiO3 and PbZrO3

Our first application of this model is to examine the hypothesis that the glass-like ther-

mal conductivity of PbZrO3 is caused by anharmonic scattering effects due to the large unit

cell volume compared to PbTiO3. The approach taken here is to use the model to extract the

anharmonic (phonon-phonon) scattering coefficients for bulk PbTiO3 from the data from

[22] and then scale these coefficients based on the differences in the structural and elastic

properties between PbTiO3 and PbZrO3. If the resultant model for PbZrO3 using these

scaled coefficients compares well with the data from [23, 24], this will be a strong indica-

tion that anharmonic effects are indeed a dominant source of phonon scattering in crystals

with glass-like trends over temperature.

Assuming a Debye-type dispersion, the expression for the thermal conductivity from

kinetic theory is:

κ =
h̄2

6π2kBT 2 ∑
j

ωc, j∫
0

τtot, j

exp
[

h̄ω j
kBT

]
(

exp
[

h̄ω j
kBT

]
−1
)2

ω4
j

v j
dω, (4.2)

where the summation is over the three acoustic phonon modes (one longitudinal, two trans-

verse) and j denotes the particular mode, h̄ is the reduced Planck’s constant, kB is the

Boltzmann constant, ω is the phonon angular frequency, ωc, j is the cutoff frequency, T is

the temperature, v j is the phonon group velocity and τtot, j is the phonon scattering time.

The cutoff frequency for integration over ω is determined according to ωc, j = (2πv j)/a,

where a is the lattice parameter for the crystal.

The phonon scattering time, τtot, j in Eq. 4.2 represents the combined contribution of

various phonon scattering mechanisms towards the calculated value of κ . Contributions

due to phonon-phonon (Umklapp) scattering (τu, j), Rayleigh-like point scattering via mass

impurities and strain (τa, j), and scattering at various boundaries (τb, j) are combined into a

single term via Matthiessen’s rule [36, 37, 99]:
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τtot, j =
(
τu, j + τa, j + τb, j

)−1 (4.3)

τu, j =

(
B jT ω

2
j exp

[
−C j

T

])−1

(4.4)

τa, j =
(
Ajω

4
j
)−1

(4.5)

τb, j =
(v j

d

)−1
(4.6)

Equation 4.4 describes the rate of anharmonic phonon-phonon scattering within the

material. In general, assuming elastic scattering, a phonon-phonon interaction can result in

two types of collisions; one where energy is conserved but momentum is not and another

in which both energy and momentum are conserved. The former is termed an Umklapp-

type event in which the lack of momentum conservation results in a ”resistive” phonon-

phonon process that directly impedes heat flow. The latter is termed a Normal-type event

where, though the interaction of two phonons may affect the local distribution of phonon

energies in the crystal, their collision is not ”resistive” like the Umklapp-type interactions.

Equation 4.5 captures the influence of Rayleigh-type point scattering of phonons due to

differences in the mass of impurity atoms or vacancies, as well as local strain caused by

differences in atomic radii. These effects are particularly strong for the high frequency,

short wavelength phonons due to the ω4 dependence. Equation 4.6 describes the scattering

time associated with a planar boundary present over a certain length scale, d. Examples of

this type of scattering include effects due to grain and film boundaries.

The constants A j, B j and C j in Eq. 4.4 and 4.5 are material-specific properties that are

determined via fitting the model to measured temperature-dependent data, ideally from bulk

single-crystals; in this case, bulk data for PbTiO3 from [22]. When fitting the bulk data,

the impact of boundary scattering (τb, j) is assumed negligible and omitted from Eq. 4.3.
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Figure 4.7: Bulk thermal conductivity data for PbTiO3 from [22] used to fit Eq. 4.2 in determining
the value of the intrinsic scattering constants (ALA,PTO, ATA,PTO, BLA,PTO, BTA,PTO, CLA,PTO, CTA,PTO)
for the material.

This is reasonable because of the fact that we will be fitting this model to the data over

temperatures above the maximum thermal conductivity around 80 K, beyond which τtot, j

is likely dominated by τu, j and τa, j as more high-frequency, short wavelength phonons

constitute the heat flux.

The parameters for PbTiO3 listed in Eq. 4.2 through 4.6 that are used in the model are

listed in Table 4.2. The model was fit to the data via a least-squares fitting routing for

six individual variables; three related to the longitudinal acoustic (LA) phonons and three

for the transverse acoustic (TA) phonons. The bulk data for PbTiO3 is plotted in Fig. 4.7,

along with the fit of Eq. 4.2 to the data over 100 - 355 K. Upon fitting the model to the

data, the following values were obtained; ALA,PTO = 6.4 x 10−42 s3, ATA,PTO = 14 x 10−42
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s3, BLA,PTO = 2.308 x 10−18 s K−1, BTA,PTO = 0.880 x 10−18 s K−1, CLA,PTO = 156.6 K,

CTA,PTO = 109.2 K.

Having determined the scattering coefficients for PbTiO3, we next look to apply and

adapt these parameters towards a model for PbZrO3 to examine the anharmonicity hy-

pothesis. We make the following assumptions regarding the values of these constants for

PbZrO3; we assume that ALA,PZO, ATA,PZO, CLA,PZO and CTA,PZO are all equivalent to the

values fit for PbTiO3 on the basis that (a) the type and density of point defects are likely

to be relatively similar between the two materials, meaning that the values for A j are likely

similar and (b) the Debye temperatures of the materials are also quite similar (Table 4.2),

meaning that C j is also likely to be similar. We also assume that the values for B j,PZO can

be estimated by scaling the fitted values for PbTiO3 in an effort to approximate the increase

in anharmonicity, and thus phonon-phonon scattering in PbZrO3 relative to PbTiO3.

We start by considering the expression for resistive (Umklapp) phonon-phonon scatter-

ing processes (B j) presented in Ref. [100]

B j =
h̄2

γ2
j

Mv2
jθ

(4.7)

where h̄ is the reduced Planck’s constant, γ j is the mode-specific Grüneisen parameter, M

is the average atomic mass of the material, v j is the mode-specific sound velocity and θD is

the Debye temperature. Using Eq. 4.7, we can determine a scaling factor based on the ratio

of the calculated values of B j,PZO and B j,PTO:

B j,PZO

B j,PTO
=

(
γ j,PZO

γ j,PTO

)2(MPTO

MPZO

)(
v j,PTO

v j,PZO

)2(
θD,PTO

θD,PZO

)
(4.8)

The values for γ j,PZO and γ j,PZO are estimated according to the related solid properties [99]:

γLA =
3|β |M2

Cv
;γTA =

3|β |G2

Cv
(4.9)
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where |β | is the absolute value of the linear expansion coefficient, M and G are the longitu-

dinal and shear elastic moduli, respectively, and Cv is the volumetric heat capacity. Using

the values listed in Table 4.2, we calculate the scaling factor for both the LA and TA modes

to be:

BLA,PZO

BLA,PTO
= 7.361;

BTA,PZO

BTA,PTO
= 5.381 (4.10)

The resulting values for the PbZrO3-related constants in Eq. 4.4 are therefore

BLA,PZO = (7.361)BLA,PTO = 16.99 x 10−18 s K−1 and BTA,PZO = (5.381)BTA,PTO = 4.735

x 10−18 s K−1.

Of the many parameters that go into the scaling of these coefficients, the two that con-

tribute significantly to the large increases are the values for β and Cv for the two materials.

Through Eq. 4.9, the values of β and Cv for PbZrO3 result in a larger value of γ j compared

to PbTiO3, ultimately yielding the large scaling factors. These larger values of BLA,PZO and

BTA,PZO compared to the values for PbTiO3 represent an expected increase in the rate of

anharmonic phonon-phonon scattering that may have a significant impact on the thermal

conductivity of PbZrO3.

Figure 4.8 plots the bulk data for PbTiO3 and PbZrO3 from Figure 4.5 along with the

models calculated via Eq. 4.2 using the aforementioned scattering coefficients either fit or

derived for each material. Despite the large increase in the B j coefficients, the model for

PbZrO3 (magenta dashed line) fails to capture the trend of the PbZrO3 data. While the

increased rate of anharmonic scattering does in fact decrease the magnitude of the thermal

conductivity, yielding values that are comparable to the data around 350 K, the negative

slope over the range 80 - 400 K is all wrong as the data shows κ slowly increasing over

this range. Given the temperature and ω2 dependence contained in Eq. 4.4, the thought

had been that a sufficiently-large increase in the B j,PZO scattering coefficient could result

in a dramatic reduction in κ even at lower temperatures, ultimately leading to glass-like
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Figure 4.8: Bulk thermal conductivity data for PbTiO3 from [22] and PbZrO3 from [23, 24], along
with calculated models for each material using Eq. 4.2. Also plotted is the calculated minimum
limit for PbZrO3 using Eq. 4.11 in Eq. 4.2.

temperature trends. Based on these results, even the aggressive scaling of the anharmonic

scattering term explored here cannot explain the PbZrO3 data on its own.

To provide some context regarding the PbZrO3 data before moving forward, the calcu-

lated minimum limit for thermal conductivity [10] for PbZrO3 is also plotted in Figure 4.8

(red line). This minimum limit model is also calculated using Eq. 4.2, though τtot, j is

replaced by

τmin, j =
(

ω j

π

)−1
(4.11)

which defines the minimum scattering time for the phonons in the system to be one-half



60

the period of oscillation between adjacent atoms (in short, phonon scattering at every atom

in the material). This model has been used to examine thermal transport in a variety of

heavily-disordered material systems where the concept of phonons being scattered at every

atom may be valid [10].

As expected, the minimum limit lies well below the measured κ for PbZrO3, but it is

important to note the similarity in temperature trends between the PbZrO3 data and mini-

mum limit model. Ultimately, this comparison highlights the fact that the scattering times

(and therefore, the mean free paths) must be extremely short to yield the glass-like temper-

ature trends observed in these materials. We will utilize these observations in the following

section concerning the model for the thermal conductivity of PZT as a function of compo-

sition, as well as the results in Chapter 5 for bilayer PZT heterostructures.

4.5.2 Thermal conductivity of PbZr1−xTixO3 as a function of x

This section details the development of a model for the thermal conductivity of lead zir-

conate titanate (PbZr1−xTixO3, PZT) thin films as a function of composition, x. Assuming

a Debye-type dispersion, the expression for the thermal conductivity as a function of x is:

κ(x) =
h̄2

6π2kBT 2 ∑
j

ωc, j(x)∫
0

τtot, j(x)
exp
[

h̄ω j
kBT

]
(

exp
[

h̄ω j
kBT

]
−1
)2

ω4
j

v j(x)
dω, (4.12)

which is identical to Eq. 4.2 except that several parameters are now a function of x. This

model is based on the consideration of the solid-solution as a virtual crystal where the

inputs to the model are composite values of the appropriate fraction of each constitutive

material. Therefore, inputs such as v j(x) and a(x) are calculated via:

v j(x) =
[
(1− x)v−2

j,PZO + xv−2
j,PTO

]−1/2
(4.13)

a(x) = (1− x)aPZO + xaPTO (4.14)
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where the lattice parameters aPZO and aPTO are the cube root of their respective unit cell

volumes. Additionally, the cutoff frequency for integration over ω is determined according

to ωc, j(x) = (2πv j)/a(x), where a(x) is the lattice parameter. It should be noted here

that this model attempts to include the significant difference in unit cell volume between

PbZrO3 and PbTiO3 primarily though the calculated value of a(x) and its impact on the

cutoff frequency, ωc, j(x).

The phonon scattering time, τtot, j(x) in Eq. 4.2 is also a function of composition, x, and

represents the combined contribution of various phonon scattering mechanisms towards the

calculated value of κ(x). Contributions due to Rayleigh-like point scattering via mass im-

purities and strain (τa(x)), and scattering at various boundaries (τb, j(x)) are combined into a

single term via Matthiessen’s rule [36] with similar virtual-crystal considerations applied to

each term [78–80, 99]. Scattering due to anharmonic phonon-phonon scattering is omitted

from this model due to the earlier observation that these effects are not a dominant source

of phonon scattering in PbZrO3. Alternatively, this model is built on the assumption that

τa(x) and τb, j(x) are best suited to describe the phonon scattering processes in this system.

In this model for κ(x) in PZT, these expressions take the following form:

τtot, j(x) =
(
τa(x)+ τb, j(x)

)−1 (4.15)

τa(x) =
(
x(1− x)Aω

4
j
)−1

(4.16)

τb, j(x) =
(

v j(x)
d

)−1

(4.17)

Equation 4.16 describes the influence of various types of point-scattering mechanisms,

including scattering due to differences in the mass of the substitutional atoms (Zr , Ti) and

scattering due to local strain caused by differences in the atomic radii of the substitutional
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atoms. This expression differs from Eq. 4.5 in the inclusion of a x(1− x) prefactor due

to the virtual crystal/mixture considerations in heavily alloyed systems [78, 79, 101–103].

Equation 4.17 describes the scattering time associated with a planar boundary present over

a certain length scale, d, including features such as grain and film boundaries.

Similar to the work on SixGe1−x in [79, 103], a value for the scattering constant A in

Eq. 4.16 was required. Ideally, the value of A is determined by fitting the model to tem-

perature dependent data for one of the heavily-alloyed compositions (i.e., 0.2 < x < 0.8).

Given the lack of temperature dependent data at most compositions for PZT, measurements

were made from 78 - 400 K on the 30/70 PZT thin film (x = 0.7), pyrolyzed at 350◦C, from

this study.

The results of these measurements are plotted in Figure 4.9 along with bulk data and

the minimum limit for bulk PbZrO3. The data for the the 30/70 PZT thin film exhibits a

glass-like trend in thermal conductivity as a function of temperature, similar to the PbZrO3

data from [23, 24]. It appears that the thermal conductivity for the thin film data begins

to roll-off/decrease at comparatively higher temperatures than the PbZrO3 data, possibly

indicating a significant difference in the scattering processes between the two samples.

The model defined by Eqs. 4.12 through 4.17 was fit to both the 30/70 PZT thin film (x

= 0.7) and the bulk PbZrO3 (x = 0) data using a least-squares fitting routing, treating A and

d as adjustable parameters. Fitting the PbZrO3 data results in APZO = 20.5 x 10−42 s3 and

dPZO = 91 nm, while fitting the 30/70 PZT thin film data results in A30/70 = 3.922 x 10−42

s3 and d30/70 = 4.61 nm. It is interesting to note that there are considerable differences

in the values of both parameters between the two data sets. First, the value of d30/70 is

over an order of magnitude smaller than dPZO, presumably related to the large differences

in thermal conductivity at low temperatures. Second, the value of APZO is approximately

five times larger than A30/70 due to the fact that the PbZrO3 data begins to flatten out at

lower temperatures where there are not as many higher-frequency phonons comprising the

phonon flux.

All together, a comparison of the data and fitted values seem to indicate that the phonon
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Figure 4.9: Bulk thermal conductivity data for PbZrO3 from [23, 24] and measured values for 30/70
PZT thin films (x = 0.7, 325 nm thick) over temperature. Also plotted is the calculated minimum
limit for PbZrO3 using Eq. 4.11 in Eq. 4.12 with x = 0. The models represent fits to the data defined
by Eqs. 4.12 through 4.17, treating A and d as adjustable parameters to gain insight regarding the
phonon scattering processes in these samples.

scattering rates in the 30/70 PZT thin film samples are significantly higher than the bulk

PbZrO3 samples at low temperatures, whereas the scattering rates at higher temperatures

are quite similar, resulting in similar thermal conductivities. One potential cause for this

difference at low temperatures is the fact that the 30/70 PZT sample is a thin film, and there-

fore may have additional phonon scattering at the film boundary described by Eq. 4.17.

However, given the extremely small values of d30/70 (= 4.61 nm) fit with this model com-

pared to the various boundary-like length scales associated with this sample (film thickness

of 325 nm; average grain size of 95 nm), it appears that the impact of these length scales is

likely negligible. To confirm this, the 30/70 PZT thin film data was fit once again for A and
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d30/70 with the inclusion of two additional boundary scattering terms (Eq. 4.17) in the total

scattering time expression of Eq. 4.15 with dfilm = 325 nm and dgrain = 95 nm. The result

was that the fitted values for A and d30/70 changed by less than 1%, indicating that neither

the film nor grain boundaries are the cause of the large difference between the samples.

An alternative explanation could come from the domain structure of the 30/70 PZT thin

film. In their work on BaTiO3 single crystals [13], Mante and Volger observed a similar

difference in the thermal conductivities of their unpoled and actively-poled samples at low

temperatures. They attribute this difference to phonon scattering at ferroelastic domain

walls with the following argument; in the unpoled state, there are many domain walls that

scatter phonons and result in a lower thermal conductivity and when the number of these

domain walls decreases significantly while actively poled, the thermal conductivity jumps

up at these lower temperatures due to the decrease in phonon scattering rates.

While both the PbZrO3 and the 30/70 PZT thin film likely contain a large number of fer-

roelastic domain walls, the domain-periodicity (spacing from one wall to another) may be

significantly different. Several works have examined the ferroelastic domain structures in

similar single-layer 30/70 PZT thin films [104–108] via plan-view piezoresponse force mi-

croscopy (PFM), estimating a domain-periodicity of approximately 20-30 nm [104]. Given

that this potential length scale for ferroelastic domain walls is shorter than the physical

dimensions of the film and its grains, it very well could be the source of the decrease in

thermal conductivity at low temperatures in the 30/70 PZT thin film, particulary compared

to bulk PbZrO3 depending on its domain-periodicity.

Using the fit values for A and d from the 30/70 PZT thin film data in the expression

for τtot, j(x) (Eq. 4.3), we can then calculate the model for κ(x) in Eq. 4.12 and compare

it to the thin film PZT data. The model is calculated for all compositions ranging from 0

≤ x ≤ 1, and the relevant inputs for PbZrO3 and PbTiO3 for the virtual crystal are listed

in Table 4.2. The intent of the model is to capture the general trend for the PZT solid-

solution system over the compositional range. The extension of this model to include the

discontinuity around the MPB will be the focus of future work.
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Figure 4.10: Thermal conductivity of PZT thin films plotted with the model from Eq. 4.12. The
data and model related to samples pyrolyzed at 350◦C are denoted by blue squares and dashed blue
line, respectively, while the data for samples pyrolyzed at 400◦C are denoted by red circles.

Figure 4.10 plots the model along with the thin film PZT data. The use of A and d

from the temperature-dependent 30/70 PZT thin film data results in good agreement to the

data over much of the compositional range. It should be noted that while the model does

not include any anharmonic phonon-phonon scattering effects, the model agrees quite well

with the data as x→ 0. This fact further supports the observations from the temperature

trends for PbZrO3 that anharmonic phonon-phonon scattering effects are weak compared

to other scattering rates in the material system for these compositions. Conversely, the

model and data deviate from one another as x→ 1 with the model over predicting the

thermal conductivity, highlighting that importance of anharmonic effects as the material

composition approaches phase-pure PbTiO3. In general, the model compares quite well to

the experimental data and appears to capture the trend as a function of x, apart from the

MPB region.
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4.6 Summary

This chapter introduced the lead zirconate titanate (PbZr1−xTixO3, PZT) solid solution

material system, highlighting its technological importance to several large industries. The

versatility of the material comes from the ability to vary the composition, x, and tailor its

properties to suit a given application (ferroelectric, piezoelectric, etc). Surprisingly, rela-

tively little is known about the nature of thermal transport in such an important material.

Therefore, we have completed a comprehensive study of the thermal conductivity of PZT

thin films across the compositional phase diagram from 0 < x < 1. As part of the study, we

also investigated the large difference in bulk thermal conductivity reported in the literature

between PbZrO3 and PbTiO3, leading to the fabrication and measurement of our own bulk

PbZrO3 sample as well as bulk PZT samples at two compositions. Based on our analysis

using a semi-classical model for the thermal conductivity, we postulate that the glass-like

trend in thermal conductivity observed for PbZrO3 is not due to an increase in anharmonic

phonon-phonon scattering associated with the large unit cell volume of PbZrO3 compared

to PbTiO3. Instead, the glass-like trends are likely caused by a hitherto unidentified source

of disorder in crystalline PbZrO3 that results in high phonon scattering rates, even at low

temperatures. Additionally, a model for the thermal conductivity of PZT as a function of

composition (κ(x)) is developed and presented. Using temperature dependent measure-

ments of the 30/70 PZT thin film (x = 0.7) to extract the necessary scattering constants,

the resulting model agrees quite well with the experimental data for compositions 0 < x <

0.8. For compositions 0.8 < x < 1, the model begins to deviate from the experimental data,

over predicting the value of the thermal conductivity. This discrepancy for compositions

approaching x = 1 is due to the fact that the model does not include anharmonic phonon

scattering effects, highlighting the importance of these scattering processes as the material

composition approaches phase-pure PbTiO3.
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Table 4.2: Material properties for PbZrO3 and PbTiO3 used in the model for κ(x) (Eq. 4.2)

PbZrO3

Crystal Structure Orthorhombic Ref. [109]
Unit Cell Dimensions (a x b x c, Å) 5.87 x 11.74 x 8.20 Ref. [109]

Formula Units per Unit Cell 8 Ref. [109]
Density (ρPZO, g cm−3) 7.98 Ref. [110]

Longitudinal Elastic Modulus (MPZO, GPa) 190 Ref. [111]
Shear Elastic Modulus (GPZO, GPa) 59 Ref. [111]

Bulk Modulus (EPZO, GPa) 111.33 Calc.
Longitudinal Acoustic Velocity (vLA, m s−1) 4928 Ref. [111]
Transverse Acoustic Velocity (vTA, m s−1) 2746 Ref. [111]

Unit Cell Volume (VPZO, nm3) 0.5651 Calc.
Atomic Density (nPZO, nm−3) 69.36 Calc.

Volumetric Heat Capacity (Cv,PZO, J cm−3 K−3) 2.56 Ref. [88]
Linear Thermal Expansion (βPZO, K−1) 9.2 x 10−6 Ref. [112]

Debye Temperature (θD, K) 391 Ref. [23]
Average Atomic Mass (MA, amu) 69.285 Calc.

PbTiO3

Crystal Structure Tetragonal Ref. [113]
Unit Cell Dimensions (a x b x c, Å) 3.91 x 3.91 x 4.14 Ref. [113, 114]

Formula Units per Unit Cell 1 Ref. [113]
Density (ρPTO, g cm−3) 7.40 - 7.80 Ref. [115]

Longitudinal Elastic Modulus (MPTO, GPa) 240 Ref. [116]
Shear Elastic Modulus (GPTO, GPa) 92.0 Ref. [116]

Bulk Modulus (EPTO, GPa) 86.9 Calc.
Longitudinal Acoustic Velocity (vLA, m s−1) 5066 Ref. [117]
Transverse Acoustic Velocity (vTA, m s−1) 3300 Ref. [117]

Unit Cell Volume (VPTO, nm3) 0.0633 Calc.
Atomic Density (nPTO, nm−3) 78.48 Calc.

Volumetric Heat Capacity (Cv,PTO, J cm−3 K−3) 2.72 Ref. [88]
Linear Thermal Expansion (βPTO, K−1) -3.3 x 10−6 Ref. [118]

Debye Temperature (θPTO, K) 394 Ref. [119]
Average Atomic Mass (MPTO, amu) 60.61 Calc.
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Chapter 5

Phononic Thermal Switch via PZT

Bilayer Structure

As in the BiFeO3 thin films studied in [16], PZT thin films of various compositions

exhibit ferroelastic domain structures which are clamped, and therefore immobile, due to

strain interactions with the bulk substrate that they are deposited on. In order to create

mobile domain walls that would be able to respond to external stimuli, bilayer PZT het-

erostructures were employed as these configurations have been shown to result in domain

structures that are easily susceptible to applied electric fields [27, 28]. In previous works,

Anbusathaiah et al. ([27, 28]) had shown that in bilayer structures comprised of a tetrago-

nal PbZr0.3Ti0.7O3 layer (x = 0.7) on top of a rhombohedral PbZr0.7Ti0.3O3 layer (x = 0.3),

there is a complex ferroelastic domain structure that exists only in the top tetragonal layer

and is able to reversibly and repeatably respond to an applied electric field. The explanation

given for the observed mobility of the domain structure in the top thin film layer is that the

rhombohedral layer screens the strain interaction between the top film and the bulk sub-

strate, resulting in untethered domain walls that are able to move much more freely and the

energy landscape changes due to applied electric fields. Interestingly, the response of the

domain structure within the top layer of the heterostructure to an applied electric field is to

nucleate more domain walls, which is contrary to domain wall behavior in bulk ferroelec-
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tric materials where domain wall density decreases with applied fields to promote uniform

polarization of the ferroelectric material. This increase in domain wall density with applied

electric fields was confirmed in the works by Anbusathaiah et al. through piezoresponse

force microscopy (PFM) as well as X-ray diffraction (XRD) patterns as separate means to

monitor the changes in domain structure.

This chapter chronicles our work to create a phonon thermal switch via the modula-

tion of the ferroelastic domain wall density in bilayer PZT thin films using applied electric

fields. Based on the earlier work by Anbusathaiah et al. [27, 28], we have fabricated sev-

eral bilayer PZT heterostructures of our own and have characterized the change in domain

wall density while under applied electric fields via two different plan-view imaging meth-

ods [12]. Using two different types of electrical probing stations integrated into our TDTR

system, we measure the room temperature and temperature dependent thermal conductivity

of these bilayer PZT heterostructures as a function of applied electric field with the goal of

understanding the nature of phonon thermal transport in these phononic thermal devices.

5.1 Bilayer PZT Thermal Switch: Room Temperature

The first step was to make room temperature TDTR measurements of the bilayer PZT

heterostructures as a function of applied electric field strength. This section provides details

regarding sample fabrication and characterization, as well as details for the analysis of the

thermal data.

5.1.1 Sample Fabrication & Characterization

Bilayer PZT heterostructures similar to those in Refs. [27, 28] were fabricated via

chemical solution deposition (CSD) on platinized-silicon substrates at Sandia National

Laboratories to investigate whether these mobile ferroelastic domains could be utilized

to demonstrate thermal switching. Figures 5.1(a) illustrates the bilayer PZT device geom-

etry created to facilitate the successful measurement via TDTR of tunable thermal trans-
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present such an embodiment and demonstrate the tuning of
phonon transport at room temperature by altering domain wall
density with an electric field in a ferroelectric thin film.
Figure 1a shows the experiment geometry. Polycrystalline

lead zirconate titanate (PZT) bilayer thin films composed of a
tetragonal symmetry PZT layer (PbZr0.3Ti0.7O3) on top of a
rhombohedral symmetry PZT layer (PbZr0.7Ti0.3O3) were used
in this study as these have previously been shown to possess
highly mobile ferroelastic domain walls with sub-100 nm
spacing.24 Films were deposited onto platinized silicon wafers
(100 nm Pt/40 nm ZnO/400 nm SiO2/Si (001)) with
PbZr0.3Ti0.7O3 thicknesses of 142 ± 3 nm and PbZr0.7Ti0.3O3
thicknesses of 57 ± 4 nm, as determined using transmission
electron microscopy (TEM). The films were randomly oriented
as assessed by X-ray diffraction and clearly showed field-
dependent polarization hysteresis, as shown in the Supporting
Information. Platinum electrodes were prepared on the film
surface to develop metal−insulator−metal structures for
electrical and thermal characterization. Thermal conductivity
was measured using time domain thermoreflectance (TDTR)
using the platinum electrodes as transducer pads with which to
measure and dynamically monitor the film thermal con-
ductivity.25−27 Direct current (dc) electric fields of up to 475
kV/cm were applied between the top and bottom platinum
electrodes during these measurements. The TDTR data
collected under the applied electric fields were then fit to a
multilayer thermal model to determine the thermal con-
ductivity of the PbZr0.3Ti0.7O3 top layer. We are able to isolate
our sensitivity to the thermal conductivity of this layer based on
measurements made on separate calibration samples to
determine the thermal conductivity of the PbZr0.7Ti0.3O3
bottom layer and the conductance between this layer and the
bottom platinum electrode. Additionally, the choice of
modulation frequency (2.57 MHz) was made to minimize the
sensitivity of the measurement to the interface conductance
between the top platinum electrode and the PbZr0.3Ti0.7O3 top
layer relative to the sensitivity to the thermal conductivity of
the PbZr0.3Ti0.7O3 top layer. In our analysis, we assume that the
thermal boundary conductance between the PbZr0.3Ti0.7O3 and
PbZr0.7Ti0.3O3 layers is essentially infinite (>1 × 109 W m−2

K−1). While we expect that this is not the case in actuality, this
assumption is made because we are unable to definitively
characterize domain structure across the interface between the
PZT layers via the techniques available. As a result, any possible
effects localized near the interface specifically are lumped into
the overall conductivity of the PbZr0.3Ti0.7O3 top layer.

Figure 1b shows a bright-field TEM image where parallel
bands of contrast consistent with ferroelastic domain structure
are observed within the upper PbZr0.3Ti0.7O3 layer. Crystallo-
graphic orientation analysis of the stripe contrast, as deduced
from selected area electron diffraction (see Supporting
Information), shows that these stripes are interfaces and are
consistent with 90° ferroelastic domain walls, which lie parallel
with {101} type planes in the tetragonal PbZr0.3Ti0.7O3 phase.

28

The presence of distinct domains in the PbZr0.3Ti0.7O3 layer is
consistent with prior work on similar films.24,29 The spacing of
the domain walls as measured across multiple TEM micro-
graphs ranges from ∼5 to 36 nm with a mean spacing of 16.5 ±
6.6 nm. A piezoresponse force microscopy (PFM) image of the
film surface is shown in Figure 1c, where distinct stripe domains
can be observed. The intensity of the out-of-plane PFM
response was measured perpendicular to the stripe direction
and reveals a mean domain wall spacing of 30.4 ± 3.3 nm for
this particular region. The domain wall spacings varied
depending upon the region measured but were consistent
with those observed in the TEM images. Note that the
measured spacings are subject to errors since, in general, the
domain walls were not imaged edge-on in TEM or PFM; the
measurement does, however, provide a confirmation of the
nanoscale spacing.
Figure 2a shows the field dependence of thermal conductivity

for the tetragonal PbZr0.3Ti0.7O3 layer of the bilayer film. The
error bars represent the uncertainty in the measurement over
five TDTR scans performed at each applied field. For each
device, the laser spot was focused onto the top surface of the
platinum top electrode and was left in the same spot for all of
the applied field conditions. This was done to reduce
uncertainty due to variations in the thickness of the platinum
top electrode that would need to be included had the
measurement location changed on every scan; this resulted in
much tighter error bars than a typical TDTR experiment as we
alleviate the main source of experimental variation and
uncertainty by fixing the measurement location on the sample
when applying the electric field. The thermal conductivity
decreases by 11% from the unpoled, virgin state under an
applied field of 475 kV/cm. Upon removal of the applied field,
it is found that the thermal conductivity does not recover fully
to its original value, but that the thermal conductivity in the
remanent poled, ferroelectric state is ∼2.7% less than that in the
unpoled state. To study the speed and reproducibility of the
field-induced thermal conductivity change, we monitored the
thermoreflectivity of the top electrode at a fixed pump−probe
delay time of 150 ps while cycling the applied dc field between

Figure 1. (a) Experimental geometry showing cross section of PZT bilayer sample. (b) Bright-field transmission electron micrograph of a PZT
bilayer film imaged in cross-section showing a stripe pattern of 90° ferroelastic domains in the upper PbZr0.3Ti0.7O3 layer. (c) Vertical piezoresponse
force microscopy image showing the ferroelectric stripe domain structure of a PZT bilayer film.
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Figure 5.1: (a) Experimental geometry showing cross section of PZT bilayer sample. (b) Cross-
section bright-field transmission electron micrograph (TEM) of a PZT bilayer film showing a stripe
pattern of 90◦ ferroelastic domains in the upper PbZr0.3Ti0.7O3 layer.

port within the structure. Polycrystalline lead zirconate titanate (PZT) bilayer thin films

composed of a tetragonal symmetry PZT layer (PbZr0.3Ti0.7O3) on top of a rhombohe-

dral symmetry PZT layer (PbZr0.7Ti0.3O3) were used in this study as these have previously

been shown to possess highly mobile ferroelastic domain walls with sub-100 nm spac-

ing. [27] Films were deposited onto platinized silicon wafers (100 nm Pt/40 nm ZnO/400

nm SiO2/Si (001)) with PbZr0.3Ti0.7O3 thicknesses of 142 ± 3 nm and PbZr0.7Ti0.3O3

thicknesses of 57 ± 4 nm, as determined using transmission electron microscopy (TEM).

Figure 5.1(b) is a cross-section bright-field transmission electron microscopy image (TEM)

of the device structure in which the ferroelastic domain walls (stripes) are clearly visible

in the tetragonal PbZr0.3Ti0.7O3 top layer. The films were randomly oriented as assessed

by X-ray diffraction and clearly showed field-dependent polarization hysteresis at room

temperature. Following deposition of the rhombohedral and tetragonal PZT layers, plat-

inum electrodes were deposited on the top film to create metal-insulator-metal structures to

facilitate application of the electric field across the PZT bilayer.

5.1.2 Thermal Measurements & Analysis

The data from each TDTR scan is fit to a multilayer thermal model [120–122] via a

least-squares fitting routine to extract values for the parameters of interest, including the
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thermal conductivity of different layers and the thermal boundary conductance between

layers. To do so accurately, the heat capacities and thicknesses of each layer must be known

as inputs for the model. The heat capacities of platinum and silicon at room temperature

were taken from the literature [87, 123] as are their thermal conductivities (accounting

for the reduction in thermal conductivity of the platinum thin film) [124–126]. For the

30/70 and 70/30 PZT layers, the heat capacities were calculated as a stoichiometric average

of the heat capacities of PbZrO3 and PbTiO3 taken from the literature [88]. To validate

the calculated heat capacity for PZT compositions using this method, our calculated heat

capacity for 30/70 PZT is within 2% of the value reported in [127] . The thickness of the

platinum electrodes was measured via profilometry (Veeco Dektak 8, calibrated on a 48 nm

standard to± 1 nm) and the thicknesses of the 30/70 and 70/30 PZT layers were determined

from energy dispersive spectroscopy (EDS) maps collected during STEM imaging.

Figure 5.2 shows the sensitivity to various parameters for the four-layer thermal model

used in this experiment, as described in [128]. The sensitivities shown correspond to a

modulation frequency of 2.57 MHz, which was chosen to minimize the sensitivity to the

thermal boundary conductance between the top platinum electrode and the 30/70 PZT top

layer (hK,1) while providing increased sensitivity to the thermal conductivity of the 30/70

PZT top layer (κ2) between 100-2000 ps of time delay (additional details concerning the

selection of thermal modulation frequencies for measurements on bilayer PZT heterostruc-

ture can be found in Appendix A). However, this modulation frequency results in a thermal

penetration depth of approximately 260 nm, thereby causing the model to also be some-

what sensitive to the thermal conductivity of the 70/30 PZT bottom layer (trace κ3), as well

as the effective thermal conductivity of the substrate layers beneath the bottom Pt electrode

(trace κ4).

To address this, a separate ’calibration’ sample of 70/30 PZT was deposited via CSD

on a similar platinized-silicon substrate to enable determination of the thermal conductivity

of the 70/30 PZT and the backside conductance between this layer and the platinized stack

below. The thickness of this separate 70/30 PZT layer was determined via cross-sectional
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Figure S9. Sensitivity of the four-layer thermal model to various parameters at a 

modulation frequency of 2.57 MHz.  hk,1 is the Kapitza conductance between layers 1 and 

2; Cv2 is the heat capacity of layer 2 (30/70 PZT); κ2 and κ3 are the thermal conductivities 

of layer 2 and layer 3 (70/30 PZT), respectively; hk,3 is the Kapitza conductance between 

layer 3 and the remaining layers beneath. 

 

With the thermal conductivity of the 70/30 PZT bottom layer and thermal boundary 

conductance between this layer and the platinum electrode now known, TDTR 

measurements were conducted on the bilayer samples to determine the change in thermal 

conductivity of the 30/70 PZT top layer due to an applied electric field.  Figure 1(a) in the 

main text is a diagram depicting the sample geometry and measurement techniques 

applied to each device, and Table I summarizes the fixed values used in the four-layer 

model when fitting the TDTR data taken on the bilayer samples while under applied 

electric fields. 
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Figure 5.2: Sensitivity of the four-layer thermal model to various parameters at a modulation
frequency of 2.57 MHz. hk,1 is the Kapitza conductance between layers 1 and 2; Cv2 is the heat
capacity of layer 2 (30/70 PZT); κ2 and κ3 are the thermal conductivities of layer 2 and layer 3
(70/30 PZT), respectively; hk,3 is the Kapitza conductance between layer 3 and the remaining layers
beneath.

SEM to be 80 ± 2nm, and the thickness of the platinum electrodes was measured to be 81

± 2 nm via profilometry. Three TDTR scans were performed on each of three different

electrodes at a modulation frequency of 8.8 MHz, resulting in a thermal penetration depth

of 160 nm. The data was fit to a four-layer model, where layer one was the platinum top

electrode (Cv = 2.84 J m−3 K−1, κ = 33.8 W m−1 K−1, d = 81 nm), layer two was the 70/30

PZT (Cv = 2.616 J m−3 K−1, d = 80 nm) and layer four was SiO2 (Cv = 1.92 J m−3 K−1, κ =

1.4 W m−1 K−1, d = 1 m (bulk)). Layer three was set as an effective conductivity calculated

by adding the thermal resistances of the platinum bottom electrode (κ = 33.8 W m−1 K−1,

d = 100 nm), the interface resistance between the platinum and ZnO (estimated to be 100
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MW m−2 K−1) and the resistance of the ZnO layer (κ = 4.5 W m−1 K−1 from [129], d =

40 nm) via a series resistor model. This calculation results in an effective conductivity for

layer three of 6.3 W m−1 K−1, and Cv was set to 2.85 J m−3 K−1 as the heat capacities of

platinum and ZnO are nearly equivalent at room temperature. The interface conductance

between the 70/30 PZT film and the bottom platinum electrode (hK,2) was set equal to

that between the top platinum electrode and the 70/30 PZT film (hK,1) as these interfaces

are chemically equivalent. The fitted data determined the thermal conductivity of the 70/30

PZT layer to be 2.01± 0.057 W m−1 K−1 and the interface conductance between the 70/30

PZT and either electrode to be approx. 90 MW m−2 K−1.

With the thermal conductivity of the 70/30 PZT bottom layer and thermal boundary

conductance between this layer and the platinum electrode now known, TDTR measure-

ments were conducted on the bilayer samples to determine the change in thermal conduc-

tivity of the 30/70 PZT top layer due to an applied electric field. Figure 5.1(a) is a diagram

depicting the sample geometry and measurement techniques applied to each device, and

Table 5.1 summarizes the fixed values used in the four-layer model when fitting the TDTR

data taken on the bilayer samples while under applied electric fields.

Table 5.1: Fixed values employed or the 4-layer model when fitting the TDTR data acquired
from the PZT bilayer samples while under applied electric fields.

Layer Description d (nm) Cv (J m−3 K−1) κ (W m−1 K−1) hk (MW m−2 K−1)

(1) Pt electrode 62 ± 2 2.840 33.8 -
- Pt:30/70 - - - 90

(2) 30/70 PZT 142 ± 3 2.707 - -
- 30/70:70/30 - - - 1000

(3) 70/30 PZT 57 ± 4 2.616 2.01 -
- 70/30:Pt - - - 90

(4) Substrate Bulk 1.920 2.3 -

Measurements were made on several different devices both before any bias fields were

applied (the unpoled, or virgin domain state), as well as over a range of applied biases
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(max ±10 V). Five TDTR scans were performed at each applied field condition to provide

an assessment of uncertainty in the measurement. For each device, the laser spot was

focused onto the top surface of the platinum top electrode and was left in the same spot

for all of the applied field conditions. This reduced the uncertainty due to variations in the

thickness of the platinum top electrode that would need to be included had the measurement

location changed on every scan. The 1/e2 radii of the pump and probe beams when focused

on the sample surface were measured via a beam profiler (Thorlabs, BP104-UV) and are

approximately 14 µm and 6 µm, respectively. Note that this is significantly larger than the

average grain size of the sample measured and therefore represents that many grains are

measured at once. As mentioned previously, the pump beam was sinusoidally modulated

at 2.57 MHz using an electro-optic modulator to minimize our sensitivity to hK,1 relative

to the thermal conductivity of the 30/70 PZT top layer (See Fig. 5.2).

The optical power delivered to the sample by both the pump and probe beams was mea-

sured using a thermopile-based power meter (Newport 919P series), and varied between

7-14 mW for either beam on any given measurement period. There are two separate tem-

perature rises within the area of the laser spot due to the optical power delivered to the

sample; one is a DC (or steady-state) temperature rise due to both the pump and probe,

while the second is an AC temperature rise associated with the modulated pump beam. De-

tails concerning the calculations of these temperature rises can be found in [120] and [1].

As a worst-case assessment, we calculate these temperatures for pump and probe powers

of 14 mW at the 1/e2 spot sizes mentioned earlier, assuming an absorptivity of 15% in plat-

inum at 800 nm and 55% at 400 nm. We calculate a maximum steady-state temperature

rise of 1.75 - 2 K due to the absorption of DC pump and probe power. Additionally, we

calculate a maximum AC temperature rise due to the 2.57 MHz sinusoidally modulated

pump beam of between 1.7 - 2.4 K, assuming that the thermal conductivity of the 30/70

PZT top layer is somewhere between 1 - 2 W m−1 K−1. Therefore, the maximum overall

temperature rise in the sampled area during the measurement is between 3.45 - 4.4 K.

DC electric fields were applied to the bilayer devices using an LCR meter and the room
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temperature probe station integrated into the TDTR system. Before making electrical con-

tact, base-line measurements were made of each device in the unpoled, virgin domain state.

Following this, contact was made and confirmed via the measurement of the capacitance

of the device using the LCR meter at a measurement frequency of 1 kHz and an AC small-

signal measurement amplitude of 100 mV RMS. This AC field applied across the device

( 4.6 kV/cm RMS) is not expected to result in any significant electrocaloric effects [130]

in the PZT at a drive frequency of 1 kHz and at room temperature operation (far from any

phase transitions in either part of the bilayer). To confirm this, different small signal values

up to 1 V RMS ( 46 kV/cm RMS) were also applied during measurement and no differences

in the TDTR signals or calculated thermal conductivity could be observed. Bias voltages of

up to±10 V in magnitude were applied in 2.5 V increments, resulting in maximum electric

fields of approx. 460 kV/cm. The loss tangent was monitored during the application of the

bias to the film and did not exceed 0.03 during the test, indicating that the sample was stable

during the measurement and no breakdown events occurred. Additionally, measurements

were made with the DC bias set to 0 V after applying maximum field with both polarities to

compare the thermal conductivities of the 30/70 PZT top layer in both the unpoled, virgin

states and the poled, remanant states.

The TDTR data collected under the applied electric fields were then fit to the aforemen-

tioned multilayer thermal model to determine the thermal conductivity of the 30/70 PZT

top layer (κ2). Based on the measurements made on the 70/30 PZT calibration sample, the

thermal conductivity of layer three is set to 2.01 W m−1 K−1 for 70/30 PZT and the in-

terface conductances between the platinum electrodes and adjacent PZT layers (hK,1, hK,2)

are both set to 90 MW m−2 K−1. Additionally, we assume that the thermal boundary con-

ductance between the 30/70 top and 70/30 bottom PZT layers (hK,2) is essentially infinite

(> 1 GW m−2 K−1). While we expect that this is not the case in actuality, this assump-

tion is made because we are unable to definitively characterize domain structure across the

interface between the PZT layers via the techniques available. As a result, any possible

effects localized near the interface specifically are lumped into the overall conductivity of
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the 30/70 PZT top layer (κ2). The thermal conductivity of the 30/70 PZT top layer (κ2) and

the thermal conductivity of the substrate (κ4) are treated as free parameters when fitting the

data with the least-squares algorithm. The thermal conductivity of the substrate must be

fit in order to gain agreement between the data and the model and consistently yielded a

value of 2.3 ± 0.2 W m−1 K−1 for all fits of the TDTR data. At our modulation frequency,

the TDTR measurements do not probe below the SiO2 layer, so in effect, this SiO2 can be

treated as a semi-infinite substrate. Therefore, the effective value for κ4 determined during

the fit represents the total thermal resistance measured from the substrate stack comprised

of 100 nm platinum on 40 nm ZnO on an effectively semi-infinite substrate of SiO2, and the

Pt/ZnO and ZnO/SiO2 interface resistances. We assume the heat capacity of this final layer

to be equal to that of the SiO2 substrate since this effectively semi-infinite layer provides

the most thermal mass that is probed in our substrate stack, and our out-of-phase signal is

more affected by this layer compared to the other layers in the substrate.

5.1.3 Results & Discussion

Figure 5.3(a) shows the results for κ2 versus applied electric field for a bilayer PZT

device. The error bars represent the uncertainty in the measurement over five TDTR scans

performed at each applied field. For each device, the laser spot was focused onto the top

surface of the platinum top electrode and was left in the same spot for all of the applied

field conditions. This was done to reduce uncertainty due to variations in the thickness of

the platinum top electrode that would need to be included had the measurement location

changed on every scan; this resulted in much tighter error bars than a typical TDTR exper-

iment as we alleviate the main source of experimental variation and uncertainty by fixing

the measurement location on the sample when applying the electric field.

The thermal conductivity decreases by 11% from the unpoled, virgin state under an

applied field of 475 kV/cm. Increasing the magnitude of the electric field across the device

decreases the thermal conductivity of the 30/70 PZT. PFM and SEM analyses of the 30/70

PZT top layer showed that the domain wall density increases when this film is subjected
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Figure 5.3: (a) Thermal conductivity versus applied electric field for a PZT bilayer device. The
thermal conductivity decreases with increasing electric field magnitude due to the increase in do-
main wall density that impedes phonon transport within the film. [12] (b) Real-time measurement
of the thermal conductivity of the PZT bilayer at a fixed TDTR delay time of 150 ps as the applied
bias is cycled five times between the no-field and high-field (10V, 475 kV/cm) conditions. [12]

to an applied electric field. Additionally, it has been shown in single crystalline BiFeO3

films [16] that increased domain wall density reduces the thermal conductivity due to the

different numbers of domain-variants. Therefore, the decrease in the thermal conductivity

is attributed to an increase in the rate of phonon scattering at domain boundaries when the

density of domain walls increases in the presence of an electric field. Furthermore, we see

that there is a clear relationship between the thermal conductivity of the film and the applied

electric field, highlighting the tunable nature of these devices. It should be noted that the

black data point corresponds to the thermal conductivity of the 30/70 PZT top layer in the

unpoled, virgin domain state, while the blue and green data points at zero field represent

the thermal conductivity when the DC fields were removed following either positive or

negative poling at maximum field (approx. ±460 kV/cm), which represent the remanent

ferroelectric polarization states. The difference between the thermal conductivities in the

unpoled versus poled states is believed to be due to the domain configuration that persists

when the electric field is removed.
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To further demonstrate the functionality of the thermal device, we monitored the ther-

moreflectance of the platinum top electrode in real-time as bias was applied and removed

(see Figure 5.3(b)). In this measurement, the probe delay relative to the pump pulse was

fixed at 150 ps to minimize the sensitivity of the model to changes in the thermal boundary

conductance between the top platinum electrode and the 30/70 PZT top layer relative to

the sensitivity of the 30/70 PZT top layer while allowing nearly full diffusion of deposited

layer energy through the platinum electrode (i.e., reducing the sensitivity to the thermal

conductivity of the platinum). The thermoreflectance of the platinum electrode is directly

related to the temperature of the metal. Therefore, for a fixed power deposited on the sam-

ple by the laser and resulting heat flux through the sample structure, any changes in the

temperature of the top electrode are indicative of changes in the thermal resistance of the

multilayer structure beneath it when bias is applied or removed. This allowed for real time

observation of the dynamic switching of the thermal conductivity of the 30/70 PZT top

layer.

As a final check, we performed the same measurements on a metal-insulator-metal

structure with amorphous alumina (a-Al2O3, 135 nm thick) as the insulating layer; a struc-

ture in which we do not expect to see any affect on the thermal conductivity under applied

electric fields due to the absence of any microstructure in such a disordered film. Figure 5.4

plots the thermoreflectance response of the platinum top electrode in real time at a fixed

delay of 150 ps. As in the case of the bilayer sample (Figure 5.3b), the DC field across the

sample was switched between 0 kV/cm and ± 370 kV/cm and held across the structure for

approximately 2 min. Unlike the bilayer sample, no change in the thermoreflectance was

observed in response to an applied electric field, indicating that the thermal properties of

the a-Al2O3 remain constant under an applied field. This result lends further evidence that

the tunability of the domain structure within the PZT bilayer under applied electric fields

is the cause of the observed change in the thermal conductivity in our reported results.
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Figure S11. Real-time thermoreflectance signal measured via TDTR at a fixed delay of 

150 ps for a platinum/a-Al2O3/platinum metal-insulator-metal structure as the applied 

electric field is cycled between 0V (0 kV/cm) and ±5 V (± 370 kV/cm).  No changes are 

observed in the thermoreflectance signal, indicating that the response exhibited by the 

PZT bilayer films is unique to that structure. 

 

Image analysis and domain perimeter detection 

!
The domain perimeters were found using an intensity based edge detection algorithm, the 

Laplacian of Gaussian (LoG) Method,22 implemented in MATLAB Image Processing 

Toolbox. This method finds edges by identifying zero crossings after filtering the image 

with a LoG filter. The algorithm has two variables, a threshold, specified as 0 to create 

closed continuous contours, and a sigma value, the standard deviation of the LoG filter 

that determines the amount of smoothing.  Sigma was varied from 3 to 7 pixels 

corresponding to a range where detected edges aligned to visually recognizable domain 

features. Prior to edge detection, all images were first normalized and converted to 

grayscale. 
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Figure 5.4: Real-time thermoreflectance signal measured via TDTR at a fixed delay of 150 ps for
a platinum/a-Al2O3/platinum metal-insulator-metal structure as the applied electric field is cycled
between 0V (0 kV/cm) and±5 V (± 370 kV/cm). No changes are observed in the thermoreflectance
signal, indicating that the response exhibited by the PZT bilayer films is unique to that structure.

5.2 Bilayer PZT Thermal Switch: Temp. Dependence

Following the work on room-temperature operation, our next step was to investigate

the operation of the phonon thermal switch as a function of temperature. The temperature

dependence of the thermal conductivity of a material provides a wealth of insight into the

nature of phonon scattering. As the temperature increases, the phonon spectrum is increas-

ingly comprised of high-frequency/short wavelength phonons which are readily scattered

by point defects/impurities and fine (10’s of nm) structure within the material. By inspect-

ing the temperature dependence of the PZT bilayer structure both with and without applied

electric fields, we can characterize the impact of the domain structures in the unpoled and

poled states on various parts of the phonon spectrum.
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5.2.1 Sample Fabrication & Characterization
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Figure 5.5: (a) Diagram of the 1x1 bilayer PZT heterostructure measured as a function of temper-
ature at zero and -450 kV cm−1 applied electric fields. (b) Cross-sectional SEM image of the 1x1
bilayer heterostructure. Note the striped-contrast of the ferroelastic domains in the top tetragonal
PbZr0.3Ti0.7O3 layer that are not present in the bottom rhombohedral PbZr0.7Ti0.3O3 layer. (c) Plan-
view SEM image os the 1x1 bilayer heterostructure, illustrating the anomalously large grain sizes
and complex, ultra-fine ferroelastic domain structure of these bilayers. [12, 27, 28]

The PZT bilayer samples that were used for the temperature dependent measurements

were similar to those in the room temperature study, comprised of a tetragonal PbZr0.3Ti0.7O3

layer (30/70 PZT, x = 0.7) approximately 80 nm thick on top of a rhombohedral PbZr0.7Ti0.3O3

layer (70/30 PZT, x = 0.3) that was also 80 nm thick, all deposited via CSD on platinized-

silicon substrates. Figure 5.5(a) shows a diagram of the sample used for these measure-

ments, while Figures 5.5(b) and (c) are cross-section and plan-view SEM images, respec-

tively, of these samples. Due to the fact a single CSD coating step was carried out to

deposit the top and bottom layers of this heterostructure, we refer to this sample as a

’1x1’ PZT bilayer, where the sample from the room temperature study was a ’2x1’ het-

erostructure. The 1x1 geometry was chosen for this study due to the amount of existing
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literature [27, 28, 131, 132] related to similar PZT bilayer configurations.

5.2.2 Thermal Measurements & Analysis
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Figure 5.6: Thermal conductivity versus applied electric field measured at room temperature for
the 1x1 bilayer PZT device. As observed in the 2x1 PZT heterostructure from [12], the thermal
conductivity decreases with increasing electric field magnitude, likely due to the increase in domain
wall density that increases the phonon scattering rate within the film.

The TDTR measurements were made with the 1x1 bilayer sample mounted in the Janis

cryogenic probe station, providing the ability to probe the thermal properties of the de-

vices while under an applied electric field over a temperature range of 78 - 400 K. Prior to

performing the temperature dependent measurements, the 1x1 bilayer device was tested at

room temperature under applied electric fields of ±500 kV cm−1. Figure 5.6 plots these

results for the thermal conductivity of the tetragonal 30/70 PZT top layer as a function

of applied electric field. Similar to the 2x1 bilayer sample measured in [12], the thermal

conductivity is found to decrease as the applied electric field of either polarity increases in
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magnitude. When the electric field is removed, the thermal conductivity returns to a value

close to that of the unpoled sample. The percent change in the thermal conductivity be-

tween the poled and zero field states is only 6%, which is smaller than what was measured

in the 2x1 bilayer device. All in all, the tunability of the 1x1 device is found to be reversible

and repeatable, just like the 2x1 heterostructure studied previously.

The temperature of the 1x1 device was then brought down to 78 K and incrementally

raised in approximately 25 K steps up to a maximum of 400 K. At each temperature, three

TDTR scans were first collected at zero field (no applied bias). Immediately afterwards, a

-450 kV cm−1 electric field was then applied and held across the 1x1 bilayer device while

three more TDTR scans were then collected. All scans were collected at the same spot

on the sample due to the spot-to-spot variation observed previously on the 2x1 bilayers,

attributed to the different domain configurations in different areas of the sample. The data

was then analyzed using a similar multilayer thermal model to that employed for the room

temperature study detailed in [12], substituting the appropriate temperature dependent val-

ues for the known parameters in the model (Cv, κPt, etc.).

5.2.3 Results & Discussion

Figure 5.7 plots the thermal conductivity of the top tetragonal 30/70 PZT layer within

the 1x1 bilayer PZT heterostructure both with and without an applied electric field. It is

apparent from the data that the change in thermal conductivity due to the applied field

increases as temperature increases, suggesting that the modulation of the fine ferroelastic

domain structure has a larger impact on the high-frequency, short-wavelength phonons

moving through the bilayer compared to the lower-frequency, longer wavelength ones. As

the temperature of the sample decreases, the phonon flux is primarily comprised of phonons

with longer wavelengths that are unaffected by the nano domains, and thus show little

response to the applied fields.

One of the concerns regarding the data was whether the -450 kV cm−1 electric fields

were actually switching the domain structure at the lowest sample temperatures. Since the
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Figure 5.7: Thermal conductivity of the top tetragonal 30/70 PZT layer in the 1x1 bilayer PZT
heterostructure over a temperature range of 78 - 400 K. Measurements were made at the same spot
on the sample at every temperature, both with (-450 kV cm−1, red squares) and without (0 kV
cm−1, black squares) an applied electric field. As the temperature increases, the percent change in
the thermal conductivity when under bias also increases.

coercive fields (±Ec) of several PZT materials have been shown to increase with decreas-

ing temperature [133], it was possible that larger electric fields were needed to switch the

ferroelastic domain structure within the PZT bilayers at low temperatures. To address this,

the ferroelectric hysteresis loops of the same 1x1 device were measured over the 78 - 400

K temperature range to determine whether or not the applied electrics fields were large

enough to switch the domain structure of the bilayer devices.

Figure 5.8 plots these hysteresis loops at several temperatures across the range of inter-

est. In the negative poling regime, the value of -Ec does indeed increase with decreasing

temperature as shown for bulk materials in [133], reaching a maximum of -178 kV cm−1

at 78 K. However, this -Ec is considerably lower than the -450 kV cm−1 field applied to the
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Figure 5.8: Polarization versus electric field (P-E) hysteresis loops measured for the 1x1 bilayer
PZT heterostructure at several different temperatures from 78 - 450 K. The data confirms that the
-450 kV cm−1 applied electric fields were indeed large enough to switch the domain structure at
all the temperatures tested with TDTR. Furthermore, the value for the coercive field in the negative
poling direction (-Ec) decreases with increasing temperature, indicating that lower fields are required
to switch the domain structure at elevated temperatures.

device, indicating that our applied electric field is large enough to switch the domains at

all temperatures. In fact, the hysteresis loops indicate that the -450 kV cm−1 applied elec-

tric field leads to similar saturation polarization (±Psat) levels, suggesting that the domain

structure is fairly similar at all temperatures when a saturating electric field is applied.

Having confirmed that the domain structures within the 1x1 bilayers were in fact switch-

ing at all temperatures, we now shift focus back to the thermal transport properties of the

films. One attribute of the data in Figure 5.7 is the fact that the trend resembles that of a

heavily disordered solid/system where the thermal conductivity continues to increase with

increasing temperature, similar to what was observed for bulk PbZrO3 [23, 24] and thin
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film 30/70 PZT in Chapter 4. Figure 5.9 illustrates this point by plotting the 30/70 PZT

data for the 1x1 bilayer device at no bias field with the single-layer 30/70 PZT data from

Chapter 4, as well as the calculated minimum limit for 30/70 PZT (x = 0.7) as described in

Chapter 4 via Eq. 4.2 and Eq. 4.11.
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Figure 5.9: Measured thermal conductivity versus temperature for the single layer 30/70 PZT
thin film from Chapter 4 along with the data for the top tetragonal 30/70 PZT layer in the bilayer
heterostructure. Also plotted is the calculated minimum limit for 30/70 PZT using Eq. 4.11 in
Eq. 4.12 with x = 0.7. The models represent fits to the data defined by Eqs. 4.12 through 4.17,
treating A and d as adjustable parameters to gain insight regarding the phonon scattering processes
in these samples.

At temperatures ≥ 300 K, the thermal conductivities of the single layer and bilayer

30/70 PZT are comparable in magnitude, appearing to saturate around a value of 1.4-1.5 W

m−1 K−1 with increasing temperature. This fact suggests that the dominant phonon scat-

tering mechanisms at these temperatures are similar in the two cases. As the temperature

decreases from 300 to 80 K, the magnitudes for the thermal conductivity deviate from one

another with values for the bilayer 30/70 PZT film decreasing much more rapidly than the
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single layer film.

Interestingly enough, this is similar to the situation examined in Chapter 4 between bulk

PbZrO3 and this same single layer 30/70 PZT data. In that case, it was discussed that there

must be a strong phonon scattering mechanism present in the single layer 30/70 PZT film

to lead to the significant reduction in the thermal conductivity at low temperatures. While

the thin film versus bulk argument was a clear possibility, this was addressed through the

fits to the data that suggested a much shorter mean free path associated with the boundary

scattering term (d = 4.61 nm) compared to either the film thickness or grain size (325 nm

and 95 nm, respectively).

In the present case with the data in Figure 5.9, we are now comparing two thin film

samples of the same PZT composition (30/70, x = 0.7) and yet we once again see a large

difference in the thermal conductivities at lower temperatures. This suggests that the scat-

tering rates of low-frequency, long-wavelength phonons are quite different between the two

films. While the physical dimensions and microstructure of the two films are indeed differ-

ent, this is probably not the root cause because of the fact that the shortest nanostructured

length-scales in the two films are quite comparable (97 nm average grain size in the single

layer 30/70 PZT film; 80 nm film thickness in the top 30/70 PZT layer of the bilayer).

Therefore, we believe that the reduction in thermal conductivity from the scattering of low

frequency phonons must be due to a separate effect.

One potential explanation could come from the differences in the ferroelastic domain

structures of the two films. Similar to the aforementioned works characterizing the fer-

roelastic domain structures in similar single-layer 30/70 PZT thin films [104–108], similar

techniques have been applied to bilayer PZT samples like those studied here [12, 27, 28,

134–137]. Plan-view piezoresponse force microscopy (PFM) measurements on bilayer

PZT heterostructures have also resulted in estimated domain-periodicity of approximately

20-30 nm [27, 104], however it has been further theorized and explored via phase field

modeling [135] that there could be an even finer domain structure at the bilayer interface.

A finer ferroelastic domain structure near the bilayer PZT heterointerface could explain the
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further reduction in the thermal conductivity of the bilayer sample compared to the single

layer film at low temperatures.
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Figure 5.10: Thermal conductivity versus temperature of a 1x1 bilayer PZT device both with
and without an applied electric field, along with fits to the data defined by Eqs. 4.12 through 4.17,
treating A and d as adjustable parameters to gain insight regarding the phonon scattering processes in
these samples. The change in thermal conductivity due to the applied field increases as temperature
increases, suggesting that the modulation of the fine ferroelastic domain structure has a significant
impact on the short-wavelength phonons moving through the bilayer.

Having examined the differences in temperature trends between single layer 30/70 PZT

and the top layer in the bilayer PZT heterostructure, we return to the data for the bilayer

system subjected to an applied electric field. Figure 5.10 replots the data from Figure 5.7

along with the fitted models for each data set using detailed in Chapter 4 using Eq. 4.12

through 4.17 with x = 0.7 (30/70 PZT). The first thing to note from the data is that there

is little to no change in the thermal conductivity due to the applied electric field at low

temperatures (T ≤ 150 K). Given the earlier observation of large changes in thermal con-
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ductivity amongst various samples at these same temperatures, the absence of a change in

this case suggests that the applied electric field does not impact the dominant phonon scat-

tering mechanism at low temperatures. Alternatively, the change in thermal conductivity

due to applied bias mainly occurs at T > 150 K with the magnitude of the change becoming

larger with increasing temperature. Once again, this is different from all the data discussed

previously where the thermal conductivity appeared to asymptote to a value of 1.4-1.5 W

m−1 K−1 at high temperatures.

This modulation at T > 150 K suggests that the decrease in thermal conductivity due to

the applied field is driven by a scattering mechanism primarily associated with the higher-

frequency phonons. The values for A and d from fitting the model to the data seem to

support this as while the value of d increases by about 30% between the no field and 450

kV cm−1 cases (d0V = 2.68 nm, d7V = 3.49 nm), the value of A increases by 70% ( A0V =

0.297 x 10−42 s3, A7V = 0.506 x 10−42 s3). Given that an increase in d is only expected to

lead to an increase in thermal conductivity (shift the model upward) if anything, the change

in A is the more significant parameter in capturing the effect of applied fields on the thermal

conductivity in the bilayer film. As the parameter A is predominantly associated with the

scattering of higher frequency phonons due to the ω4 dependence of Eq. 4.16, this supports

the idea that whatever is changing due to the applied fields primarily impacts the higher

frequency phonons. Ultimately, additional characterization techniques that are sensitive to

the domain wall density within the volume of the the bilayer PZT heterostructure are re-

quired to complement these thermal measurements and determine the driving force behind

the modulation of the thermal conductivity due to applied electric fields.

5.3 Summary

This chapter has detailed our work to create a phonon thermal switch via the modula-

tion of the ferroelastic domain wall density in bilayer PZT thin films using applied electric

fields. Based on the earlier work by Anbusathaiah et al. [27, 28], several bilayer PZT het-
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erostructures were fabricated and confirmed to possess mobile ferroelastic domain walls

that were able to nucleate/move in response to an applied electric field. Using two different

types of electrical probing stations integrated into our TDTR system, the thermal conduc-

tivity of the devices was measured both at room temperature and over temperature as a

function of applied electric field.

It is interesting to note that from the room temperature measurements, the 2x1 bilayer

device displayed a larger change in thermal conductivity (11%) than the 1x1 bilayer device

(6%). As the 2x1 device possesses a larger top tetragonal layer (142 nm) than the 1x1

device (80 nm), this difference in modulation depth could be due to a size effect associated

with the influence of the tetragonal film thickness on the mobility of the ferroelastic domain

walls. Furthermore, the large differences in the thermal conductivity at low temperatures

between the single layer 30/70 PZT film compared to the bilayer PZT heterostructure are

somewhat surprising given the fact that plan-view imaging via PFM estimates that both

samples should have similar domain wall periodicity [12, 27, 104]. Given the unique nature

of the bilayer system and the significant enhancement in the dielectric and piezoelectric

properties that arise, it is possible that the source of the strong phonon scattering at low

temperatures is due to a mechanism associated with the bilayer PZT heterointerface.
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Chapter 6

Summary, Impact & Future Work

Dynamic control of the thermal properties is an exciting new frontier in nano/macro

scale thermal transport and the concept of an externally-controllable, solid-state thermal

switch could prove to be a disruptive advancement with similar scope and impact to that of

the solid-state transistor. With this goal in mind, this work has been focused on understand-

ing the intricacies of phonon transport within both the lead zirconate titanate (PZT) material

system, as well as the bilayer PZT heterostructure which has been utilized to demonstrate

the first electrically-controlled phononic thermal switch at room temperature.

6.1 Summary

In Chapter 2, several of the core elements of this dissertation are introduced and de-

fined. The concept of a quantized lattice vibration, or phonon is introduced and discussed

with a particular focus on fundamental phonon transport in oxide materials. Domains and

domain boundaries of various types (ferroelectric, ferroelastic, etc) are defined and their

importance regarding the remarkable properties of several materials is examined. Finally,

the influence of domains and domain boundaries on phonon transport that has been reported

in the literature to date is presented and discussed.

In Chapter 3, the details regarding the thermal and electrical measurements conducted
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as part of this dissertation are discussed. One of the core outcomes of this work was the

demonstrated ability to make thermal transport measurements via time-domain thermore-

flectance (TDTR) while the materials and/or devices were subjected to an applied electric

field. To accomplish this, two types of electrical probing stations (room-temp and cryo-

temp) were integrated within the TDTR system to provide accurate thermal measurements

in operando.

Chapter 4 introduced the lead zirconate titanate (PbZr1−xTixO3, PZT) solid solution

material system, highlighting its technological importance and the surprising lack of re-

search regarding the thermal transport properties. A comprehensive study of the thermal

conductivity of PZT thin films across the compositional phase diagram from 0 < x < 1

was completed, with additional measurements made on selected bulk samples. The ther-

mal conductivity of PZT as a function of composition, x, does not follow the U-shaped,

symmetric trend observed in other alloy/mixture material systems. This asymmetry over x

is attributed to the dramatically different thermal properties of the constitutive components

in the PZT system; lead zirconate (PbZrO3) and lead titanate (PbTiO3). Finally, a model

for the thermal conductivity of PZT as a function of composition (κ(x)) is developed and

presented. This model agrees quite well with the experimental data for compositions 0

< x < 0.8, but begins to deviate from the experimental data for compositions 0.8 < x <

1. This discrepancy for compositions approaching x = 1 is attributed to the importance of

anharmonic phonon scattering effects as the material composition approaches phase-pure

PbTiO3.

Chapter 5 detailed the first demonstration of an electrically-controlled phonon ther-

mal switch at room temperature via the modulation of the ferroelastic domain wall density

in two different bilayer PZT heterostructures. The modulation of the ferroelastic domain

structure ultimately affects the phonon scattering rates within the material, thereby chang-

ing the thermal conductivity as a function of applied electric field. Temperature dependent

measurements were made on one of the bilayer PZT heterostructures in an attempt to iden-

tify the dominant phonon scattering mechanisms. Based on these results, the modulation of
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the domain structure via the applied electric field primarily impacts the higher-frequency

phonons, causing the change in thermal conductivity between the zero bias and poled states

to increase with increasing temperature.

6.2 Impact

This work represents a thorough investigation of the thermal conductivity κ for lead

zirconate titanate (PbZr1−xTixO3, PZT) across the entire compositional phase diagram (0

< x < 1) and in a variety of forms (bulk, thin film, bilayer heterostructure). Given the

technological importance of PZT as a functional material in devices and systems that im-

pact a wide array of industries, this research serves to fill the gap in knowledge regarding

the thermal properties. The thermal conductivity of both thin film and bulk PZT vary by a

considerable margin as a function of composition, driven by the large difference in the ther-

mal conductivities of the constitutive materials, PbZrO3 and PbTiO3. In fact, the specific

cause of the glass-like temperature trend for the thermal conductivity of PbZrO3 remains an

open question in the literature. Based on our preliminary analysis of the literature data for

PbZrO3 using a semi-classical model for thermal conductivity, we do not believe that the

glass-like trend is due to an increase in anharmonic phonon-phonon scattering associated

with the large orthorhombic unit cell of the material, indicating that there must be an addi-

tionally source of disorder leading to the strong scattering of phonons at all temperatures.

Another important outcome of this work is the observation of a discontinuity in κ in

the vicinity of the morphotropic phase boundary (MPB, x = 0.48) where there is a 20-

25% decrease in κ in our thin film data, as well as the literature data for bulk materi-

als. Given the fact that the MPB composition is one of the most important due to the

observed enhancement in the dielectric and piezoelectric properties of PZT materials, it

is critical that engineers are aware of this reduction in κ and how it may impact their in-

tended application. Furthermore, MPBs exist in several other lead-based [138, 139] and

lead-free [140, 141] solid-solution material systems, suggesting that the observations made
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here may apply more broadly to a much wider material space.

Building upon the insight gathered from the work on the PZT material system, Chap-

ter 5 details the first demonstration of an electrically-controllable phononic thermal switch

at room temperature. This particular type of thermal switch based on a bilayer PZT het-

erostructure is particularly remarkable in that the switching media is electrically insulating,

compared to other devices that are electrically conductive such as VO2. This may be an

important consideration in on-chip thermal management applications requiring high lev-

els of electrical isolation between the active region of the device/chip and the bulk sub-

strate/package.

While the maximum change in thermal conductivity observed to date is quite small

compared to other dynamic thermal systems, the work in Chapter 5 aims to explore the

engineering space via different heterostructures and temperature dependent measurements

with the eventual goal of maximizing the modulation depth of these bilayer PZT thermal

devices. It is interesting to note that from the room temperature measurements, the 2x1

bilayer device displayed a larger change in thermal conductivity (11%) than the 1x1 bilayer

device (6%). As the 2x1 device possess a larger top tetragonal layer (142 nm) than the 1x1

device (80 nm), this difference in modulation depth could be due to a size effect associated

with the influence of the tetragonal film thickness on the mobility of the ferroelastic domain

walls.

Furthermore, the large differences in the thermal conductivity at low temperatures be-

tween the single layer 30/70 PZT film compared to the bilayer PZT heterostructure are

somewhat surprising given the fact that plan-view imaging via PFM estimates that both

samples should have similar domain wall periodicity. Given the unique nature of the bi-

layer system and the significant enhancement in the dielectric and piezoelectric properties

that arise, it is possible that the source of the strong phonon scattering at low temperatures

is due to a mechanism associated with the bilayer PZT heterointerface. Ultimately, the

thermal transport properties of these bilayer PZT devices may provide important clues in

the broader body of research concerning the material physics at these heterointerfaces.
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6.3 Future Work

There are two major research paths stemming from the work completed in this disserta-

tion. The first is related to the development of an appropriate expression for phonon relax-

ation/scattering at ferroelastic domain boundaries. In addition to the temperature dependent

data measured here for PZT, it would be prudent to measure an additional material with fer-

roelastic domain walls to aid the development of a general expression that can be applied

to various materials. One possible material would be barium titanate (BaTiO3, preferably

single crystals) due to the large amount of literature available on both the crystalline and

ferroelectric properties. In addition to any thermal measurements, extensive characteriza-

tion of the ferroelastic domain structure via both plan-view techniques like piezoresponse

force microscopy (PFM), as well as cross-sectional techniques such at transmission elec-

tron microscopy (TEM) will be necessary to accurately determine these structure-property

relationships.

The second path for future work concerns the improvement of the bilayer PZT thermal

devices to maximize the change in thermal conductivity due to an applied electric field.

Given the differences in performance observed for bilayer heterostructures with different

thicknesses of tetragonal 30/70 PZT for the top layer, it would be interesting to see if

either increasing or decreasing the thickness of the rhombohedral 70/30 PZT bottom layer

would have any impact on the modulation depth of the device. In addition to changing

the bilayer geometry, it would also be interesting to vary the compositions of the top and

bottom layers. It would be particularly interesting to make the top layer out of phase-pure

PbTiO3 (x = 1) to see if the absence of phonon impurity scattering in this layer would have

an impact on either the domain wall mobility and/or the thermal transport properties of the

heterostructure.
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J. Mendes Filho, E. B. Araújo, and J. A. Eiras, “Raman scattering study of the PbZr1−xTixO3 system:
Rhombohedral-monoclinic-tetragonal phase transitions,” Phys. Rev. B, vol. 66, p. 132107, Oct 2002.

[98] J. Frantti, S. Eriksson, S. Hull, V. Lantto, H. Rundlöf, and M. Kakihana, “Composition variation
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Appendix A

TDTR at Multiple Modulation Frequencies in Bilayer PZT

Heterostructures

In the experimental investigation of Section 5.1, it was found that lower modulation

frequencies were necessary to observe any measurable change in the thermal conductivity

of the bilayer PZT heterostructure due to applied bias. As the thermal penetration depth

(δ ) in the TDTR measurement is related to the modulation frequency of the pump beam

through the equation δ =
√

κ/(π fCV ) (where κ is the thermal conductivity, f is the pump

modulation frequency and CV is the volumetric heat capacity), this observation suggests

that there may be certain features within the bilayer PZT heterostructure that perform the

majority of the phonon scattering as opposed to it being a homogenous effect.

Pt top electrode (60-80 nm) 

Silicon (bulk) 

30/70 PZT (180 nm) 

Pt bottom electrode (100 nm) 

TDTR Laser Pulses 
•  Pump Pulse (Blue) 
•  Probe Pulse (Red) 

70/30 PZT (70 nm) 

ZnO (40 nm) 

LCR Meter  

κ2 à 

κ3 à 

Figure 1: Diagram of the 3x1 bilayer PZT device used in these TDTR measurements with multiple
thermal modulation frequencies.

In an attempt to explore this effect in the frequency space, measurements were con-

ducted on a 3x1 bilayer PZT heterostructure over fifteen thermal modulation frequencies

logarithmically spaced from 700 kHz to 9 MHz. Figure 1 illustrates the geometry of the
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3x1 bilayer PZT device employed for these measurements. Figure 2(a) depicts the rela-

tionship between modulation frequency and δ , with δ decreasing with increasing mod-

ulation frequency. Figure 2(b) plots the 2D surface of TDTR ratio data collected at the

fifteen different modulation depths, estimated using the aforementioned expression based

on the modulation frequencies. By inspecting the percent change in this surface between

the unpoled state and both actively poled and post-poled states, respectively, we hope to

determine which modulation frequencies produce the largest changes in TDTR signal and

hypothesize why this is the case.
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Figure 2: (a) Diagram of the relationship between thermal penetration depth, δ , and thermal mod-
ulation frequency; as the thermal modulation frequency increases, 1/e value of δ decreases. (b) 2D
surface of TDTR ratio data collected by making full TDTR scans at fifteen modulation frequencies
ranging from 700 kHz to 9 MHz.

Figure 3 plots the percent change in the 2D TDTR ratio surface while an electric field

is actively applied to a previously unpoled bilayer PZT device (a), as well as after the

electric field has been removed (b). During active poling of the bilayer PZT device, the

largest changes in the TDTR ratio surface appear to be at the shallow and deeper pene-

tration depths (highest and lowest modulation frequencies, respectively), with maximum

changes of -3% observed. This decrease in the signal due to applied bias is consistent with

the measurements reported earlier in this dissertation and relates to the decrease in the ther-

mal conductivity of the bilayer PZT device while under applied bias. Little to no change
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appears to occur in the central modulation depths of the range. When the electric field

is removed, the TDTR signals at deeper penetration depths (lower frequencies) recover to

their unpoled levels (i.e., the percent change goes to zero). This suggests that the features

of the bilayer PZT device that cause the changes at these depths are reversible in nature,

as was demonstrated in Sections 5.1 and 5.2. Conversely, the TDTR signals at the shal-

lower penetration depths do not recover to their unpoled levels when the electric field is

removed. This suggests that the characteristics of the bilayer PZT device associated with

these changes are irreversible and persist after poling the device.
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Figure 3: Percent change in the 2D TDTR ratio surface compared to data collected on an unpoled
bilayer PZT device both (a) during active bias and (b) after the bias is removed. During active poling
of the bilayer PZT device, the largest changes in the TDTR ratio surface appear to be at the shal-
low and deeper penetration depths (highest and lowest modulation frequencies, respectively), with
maximum changes of -3% observed. Little to no change appears to occur in the central modulation
depths of the range. When the electric field is removed, the TDTR signals at deeper penetration
depths (lower frequencies) recover to their unpoled levels (i.e., the percent change goes to zero)
while the TDTR signals at the shallower penetration depths do not recover to their unpoled levels.
This suggests that the features of the bilayer PZT device that cause the changes at deeper depths are
reversible in nature while the changes at shallower depths are irreversible.

To lend insight as to what aspects of the bilayer PZT device could be driving these

reversible and irreversible changes, Figure 4 plots the sensitivity of the 2D TDTR ratio

surface (calculated using the 4-layer thermal model detailed in Chapter 4) to a 10% de-

crease in both (a) the thermal conductivity of the top tetragonal 30/70 PZT layer and (b)
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the thermal conductivity of the bottom rhombohedral 70/30 PZT layer. As discussed in the

dissertation, the domain structure of the 70/30 PZT bottom layer is heavily clamped and

not expected to contribute to the modulation of thermal conductivity in the bilayer device.

However, we include it here to illustrate how the model would respond to a change due

to a deeper feature in the device compared to a shallower feature. In Figure 4(a), we see

that a 10% decrease in the thermal conductivity of the top layer is expected to change the

TDTR signal at all delay times for most of the modulation depths, with the largest changes

occurring at measurement depths of approximately 2 MHz. Figure 4(b) shows that a 10%

change in the thermal conductivity of the bottom layer should also cause a sizable change

of -2 to -3% at deeper modulation depths, however there should be little to no change in

the TDTR signal at shallower penetration depths. While these results indicate that the large

changes in TDTR signal at deeper penetration depths can be due to changes in either layer,

the changes at shallower depths are likely to be due to changes in the top tetragonal PZT

layer and not the bottom layer. What this means with regards to the data in Figure 3(b) is

that the irreversible change in the 2D TDTR ratio surface is likely due to the ferroelastic

domain structure in the top tetragonal layer only.

While this data is largely for exploratory purposes and more experiments are certainly

necessary, it is a very interesting result which suggests that with (a) finer depth resolution

and (b) the combined analysis of both the depth (frequency domain) and time domain data,

we may be able to isolate/enhance the sensitivity of this technique when measurement

complex multilayer structures, like bilayer PZT devices. Furthermore, this approach may

be useful as an alternative to TEM when probing domain dynamics in a variety of other

thin film systems such as flux-closure [11, 142] and vortex nano domains [143] at oxide

heterointerfaces.
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Figure 4: Sensitivity of the 4-layer thermal model detailed in Chapter 4 to 10% decreases in both (a)
the thermal conductivity of the top tetragonal PZT layer (κ2) and (b) the bottom rhombohedral PZT
layer (κ3). While these results indicate that the large changes in TDTR signal at deeper penetration
depths can be due to changes in either layer, the changes at shallower depths are likely to be due
to changes in the top tetragonal PZT layer and not the bottom layer, meaning that the irreversible
change in the 2D TDTR ratio surface in Figure 3(b) is likely due to the ferroelastic domain structure
in the top tetragonal layer only.
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