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We present a broadband on-wafer measurement technique for the characterization

of the in-plane complex relative permittivity of a thin-film test wafer and a companion

substrate test wafer from 100 Hz to 40 GHz, and potentially to 110 GHz. From 100

Hz to 300 MHz, the approach uses an ensemble of interdigitated capacitors with

different interdigitated active lengths ` = (0.100 mm, 0.325 mm, 0.875 mm, 1.835

mm, 2.9 mm) fabricated on both test wafers. Within this regime, from 100 Hz to 1

MHz, the measurements were performed with an inductance-capacitance-resistance

meter. From 1 MHz to 300 MHz, the scattering parameters of the set of interdigitated

capacitors were measured with a radio frequency vector network analyzer. In the high

frequency regime, 300 MHz to 40 GHz, we measure scattering parameters of a set of

coplanar waveguides of active lengths ` = (0.420 mm, 1.270 mm, 2.155 mm, 3.22 mm,

3.993 mm, 5.933 mm) fabricated on the test wafers. We extracted the capacitance



and conductance of the interdigitated capacitors and coplanar waveguides on the test

wafers for the appropriate frequency regimes. We then obtained a mapping function

from 2D finite element simulations that relates the change in capacitance of the thin-

film test wafer relative to the companion substrate test wafer to the real part of the

in-plane relative permittivity. The imaginary part of the in-plane relative permittivity

was obtained from the real part of the in-plane relative permittivity and the in-plane

loss tangent.

We applied this broadband dielectric spectroscopy technique to explore the frequency-

dependent relative permittivity of unstrained Ruddlesden-Popper series Srn+1TinO3n+1(n =

1, 2, 3) thin films as a function of temperature and dc electric field. At room tempera-

ture, the in-plane relative permittivities (ε11) obtained for Srn+1TinO3n+1(n = 1, 2, 3)

were 42±3, 54±3, and 77±2, respectively, and were independent of frequency. At low

temperatures, ε11 increased with a behavior consistent with an incipient ferroelectric,

and paraelectric behavior developed in Sr4Ti3O10.

In 2004, J. H. Haeni, et al. showed that SrTiO3(n = ∞) on DyScO3(110) under-

goes a ferroelectric to paraelectric phase transition around room temperature [1]. As a

means to understand the origins of the loss and tunability in strained SrTiO3(n =∞),

we performed our broadband dielectric spectroscopy technique on epitaxial thin-films

of Ruddlesden-Popper series Srn+1TinO3n+1(n = 2, 3, 4, 5, 6) on the rare-earth scan-

date substrates, DyScO3(110) and GdScO3(110). For these thin films, DyScO3(110)

and GdScO3(110) corresponded to biaxial tensile strain of approximately 1% and

1.7%, respectively. The thin films were 50 nm thick on DyScO3(110) and 25 nm thick

on GdScO3(110), which ensured uniform strain throughout the film. We report the

dependence of the critical temperature, tunability, and loss tangent on series number

and strain at 1 MHz. We also examined the broadband frequency dependent dielec-

tric properties of these thin films as a function of temperature, electric field, series

number and strain.
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Chapter 1

Introduction

1.1 Motivation

For hundreds of years, dielectric characterization has been the focus of a significant

amount of theoretical and experimental research. A simple query on ‘dielectric spec-

troscopy’ on most literature search databases will produce tens of thousands of results.

Why are dielectrics so interesting? This is actually not so easy to answer. One could

rattle off dozens of examples of dielectrics that are in everyday use, from the piezo-

electric disk in the pickup on an electric guitar to the transistors that are in computer

processors. There are important applications for electric field tunable (i.e. voltage

controlled) dielectrics throughout the frequency spectrum from dc to hundreds of

gigahertz and beyond (See Fig. 1.1). It is certainly true that the search for new

dielectric materials provides an opportunity to solve problems that have the poten-

tial to have an immediate impact on everyday life, and for many that is excitement

enough to dedicate years of research to the study of dielectrics. But physicists, mate-

rial scientists, and electrical engineers care about dielectrics for more than just their

practical applications. Understanding the underlying physics behind why a material

exhibits a specific response under a given set of conditions is to many as important, if

not more, than just observing the response. In order to to understand the underlying

physics of a material system, scientists perform experiments as function of a variety of

independent variables, such as temperature, electric and magnetic field, composition,

compressive stress, and tensile strain.
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Figure 1.1: Applications of Dielectrics as a Function of Frequency

A representation of some of the practical applications of dielectrics as a function
of frequency. Several frequency bands below 104 Hz are used almost exclusively
for military communications. For example, submarines use very low frequency radio
waves to receive information while submerged. The low frequencies around 105 Hz are
commonly used for AM broadcasting. In the MHz (106 Hz) regime, there are a variety
of medical application that use piezoelectrics to convert mechanical vibrations into
electrical signals. The range near 107 Hz is important for radio telescopes. Cellular
communication devices transmit and receive information in the range around 108 Hz.
These terrestrial networks communicate with base stations that transmit the signal to
satellites around the frequency range of 109 Hz. Above 1010 Hz, new technologies are
being developed. For example, the Kepler Space Telescope uses frequencies around
1010 Hz for down-linking data at fast bit rates.

Frequency dependence of the permittivity function from Maxwell’s equations (ε =

D·E−1) is one of the several ways we can understand the fundamental electrodynamics

of an electrically polarizable material. Even in a simple polar solution, like salt water,

the frequency dependence of the complex permittivity reveals a substantial amount of

information about the dynamics of the system. Let’s consider this example problem.

When a small amount of NaCl is dissolved into a large volume of water a sequence of

events unfolds. The polar water molecules break the ionic bonds between the sodium

and chlorine atoms to form positively (Na+) and negatively (Cl-) charged ions. This
2



causes some of the water molecules, which are joined together by hydrogen bonds, to

split apart and surround the sodium and chloride ions. If an electromagnetic wave

with an angular frequency ω propagates into our salt water solution, we can use

Maxwell’s equations to understand how the propagation of that wave is dependent

on the frequency.

In our simple salt water solution, we actually have two contributions to the com-

plex permittivity of the solution for frequencies below 100 GHz. The first is simply

due to the dc conductivity of the salt water, which arises from the translation of the

sodium and chloride ions. From Maxwell’s equations, we know that we can absorb

the total current density (J) into the electric flux density (D) by modifying the com-

plex relative permittivity by σ
ω
, where σ is the dc conductivity. Right away, we know

that as frequency increases this term vanishes, but at higher frequencies another phe-

nomenon comes into play. Water molecules can be thought of as finite-sized dipoles.

At low frequencies, the water molecules freely rotate to anti-align with the applied

electric field minimizing the electric field in the salt water. As frequency increases,

the dipoles can no longer track the electric field, which results in a phase difference

between the electric field of the wave and the electric field in the material. This phase

difference corresponds to absorption. If we continue to increase ω (to a certain point),

the water molecules cease rotating all together and the imaginary part of the relative

permittivity (red line Fig. 1.2) goes to zero and the real part of the relative per-

mittivity (blue line Fig. 1.2) goes to a constant that is determined by an additional

relaxation mechanism at higher frequencies.
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Figure 1.2: Examples of Relaxations Mechanisms

A schematic of the dielectric relaxation as a function of frequency for a polar molecule
described by the Cole-Cole function. The imaginary part of the permittivity function
is shown as the blue curve, and the corresponding real part is shown as the red curve.
Within the frequency range of 101 Hz to 1012 Hz, two common sources of frequency
dependence are dipole relaxation, and ionic conductivity. The Cole-Cole function for a
simple polar molecule can be described by the low frequency limit of the permittivity
(εs), the high frequency limit of the permittivity (ε∞), an ionic conductivity term
(σ), a relaxation time (τ), and a parameter (β) that characterizes a distribution of
relaxation times around τ .

We show an illustration of the complex permittivity of a conducting polar liquid,

like the example problem, in Fig. 1.2 where the y-axis is arbitrary. We also show the

Cole-Cole fit parameters and the corresponding frequency domains of the complex

permittivity function where they are important[3]. The Cole-Cole equation is given

by,
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ε̃ = ε∞ +
(εs − ε∞)

1− (iωτ)β
− iσ

ω
, (1.1)

where the static permittivity is εs, the upper frequency permittivity limit is ε∞, and

the relaxation time is τ . Also in Eq. 1.1, we include the parameter β that describes a

distribution of relaxation times. The remaining parameters (σ and ω) were defined in

the example problem. In the context of the example problem, the relaxation time τ is

the characteristic time it takes the dipoles to rotate to anti-align with the electric field.

The upper frequency permittivity limit (ε∞) in the example problem was determined

by an additional relaxation process that occurs at a higher frequency.

This simple example problem illustrates that the frequency dependence of the

complex permittivity reveals a lot about the underlying electrodynamics of a system.

In fact, even in the simple system, τ and σ are fundamentally dependent on temper-

ature. In crystal substrates and thin films, the behavior of the complex permittivity

as a function of frequency can often be related to and understood in the same basic

concepts as the example problem. Historically, measuring frequency dependence over

the frequency range shown in Fig. 1.2 has been particularly challenging, especially

for solid state systems like thin films. It is the goal of this research to understand the

intrinsic electrodynamics of a given material system that gives rise to this frequency

dependence. In order to accomplish this goal, we have developed a characterization

technique for performing quantitative broadband dielectric spectroscopy of the thin-

film systems. We then apply this technique to a series of materials to explore the

dependence of the complex permittivity on frequency, temperature, electric field, and

material composition all in an effort to understand the fundamental electrodynamics

of the materials discussed in the coming chapters.
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1.2 Outline of this Dissertation

Chapter 1 introduces the motivation behind this research and explains how frequency

dependence can be related to fundamental dynamics in a material system by consid-

ering a simple example problem. We then frame the example problem in the context

of this work.

Chapter 2 discusses the broadband measurement system and cryogenic on-wafer probe

station. We discuss the planar devices (interdigitated capacitors and coplanar waveg-

uides) used in the broadband dielectric spectroscopy approach. We examine the

on-wafer calibration techniques used to correct the broadband measurement system.

After we establish the correction techniques, we give an overview of the on-wafer

metrology approach used to obtain the distributed capacitance and conductance of

the planar devices. We then describe the 2D finite element simulations used to ob-

tain mapping functions that relate the distributed capacitance to the real part of the

in-plane relative permittivity from 100 Hz to 40 GHz. We also perform error propa-

gation and estimate the uncertainty in the technique. We conclude by demonstrating

the approach on a thin-film test wafer and a companion substrate test wafer.

Chapter 3 discusses the characterization of the real part of the in-plane relative per-

mittivity of the first three members (n = 1, 2, and 3) of Srn+1TinO3n+1 Ruddlesden-

Popper (RP) series single-phase epitaxial thin films grown by molecular beam epitaxy.

We show that the measured in-plane relative permittivity for each series number at

low temperatures is consistent with the value obtained from density functional the-

ory. By combining measurements results from interdigitated capacitors and coplanar

waveguides, we are able to measure the in-plane relative permittivity from 500 Hz

6



to 40 GHz. We then systematically explore the dependence of the in-plane relative

permittivity on series number, temperature, and dc electric field.

Chapter 4 applies the broadband dielectric spectroscopy technique to strained

Srn+1TinO3n+1 RP series on DyScO3(110) (1% tensile strain) and GdScO3(110) (1.7%

tensile strain). We show that the critical temperature of the strained Srn+1TinO3n+1

RP series members systematically increased with increasing series number. The same

series numbers grown on GdScO3(110) have transition temperatures approximately

60 K higher than those on DyScO3(110). In comparison to fully relaxed thin films [4],

we find that the samples that are under tensile strain of 1% and 1.7% show an increase

of nearly an order of magnitude at the transition temperature in the the real part of

the in-plane relative permittivity for most of the films. The strained Srn+1TinO3n+1

RP series thin films that we measure in these experiments show significantly greater

electric field tunability when compared to their unstrained counterparts in Ref. [4].

Despite the presence of a high permittivity, high electric field tunability, and transition

temperatures that in some cases is close to room temperature, the materials exhibit

little to no dispersion above the transition temperature. Below the transition temper-

atures, the materials show power-law-like dispersion, which has been seen in several

relaxor ferroelectrics [5]. These materials share many characteristics with relaxor fer-

roelectrics [6], yet their losses remain near the threshold of the measurement well into

the gigahertz regime. This is in direct contrast with strained SrTiO3/DyScO3(110),

which has significant losses even well above the transition temperature at 300 K [1].

We find that several of these materials have figures of merit from 6 GHz to 7 GHz

that are remarkably high, in many cases greater than FOM > 50. For the 50 nm

thick Sr7Ti6O19/DyScO3(110) (n = 6), the loss tangent is tan(δ11) = 0.003 ± 0.003

in the range from 6 GHz to 7 GHz. Within this frequency range, this sample has a

figure of merit of FOM ≈ 140 with an absolute lower bound of FOM = 60, which
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is among the highest figures of merit ever reported. Moreover, the real part of the

in-plane relative permittivity for Sr7Ti6O19/DyScO3(110) (n = 6) does show evidence

of dispersion below 40 GHz, which suggests that the loss tangent may remain very

low even to 40 GHz.

In Appendix A, we included a variety of details that may be helpful to the reader:

Instrument Settings, Definition of S-parameters, Error Propagation for Coplanar

Waveguides, Illustration of the Lithography Process, Derivation of Characteristic

Impedance from an Error Box, Uncertainty in Permittivity, and X-ray Diffraction

Results for the materials studied in Chapter 3.
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Chapter 2

Broadband In-Plane Relative Permittivity Measurements

2.1 Abstract

We present a broadband on-wafer measurement technique for the characterization of

the in-plane complex relative permittivity of a thin-film test wafer and a companion

substrate test wafer from 100 Hz to 40 GHz, and potentially to 110 GHz. From

100 Hz to 300 MHz, the approach uses an ensemble of interdigitated capacitors with

different interdigitated active lengths, ` = (0.100 mm, 0.325 mm, 0.875 mm, 1.835

mm, 2.9 mm), fabricated on both test wafers. Within this frequency regime, from

100 Hz to 1 MHz, the measurements were performed with an inductance-capacitance-

resistance meter. From 1 MHz to 300 MHz, the scattering parameters of the same set

of interdigitated capacitors on the test wafers were measured with a radio frequency

vector network analyzer. In the high frequency regime, 300 MHz to 40 GHz, we

measured scattering parameters of a set of coplanar waveguides with different active

lengths, ` = (0.420 mm, 1.270 mm, 2.155 mm, 3.22 mm, 3.993 mm, 5.933 mm),

fabricated on both of the test wafers. We extracted the capacitance and conductance

per unit length of the interdigitated capacitors and coplanar waveguides on the test

wafers for the appropriate frequency regimes. We then obtained a mapping function

by means of 2D finite element simulations that relates the change in capacitance per

unit length of the thin-film test wafer (relative to the companion substrate test wafer)

to the real part of the relative in-plane permittivity. The imaginary part of the in-

plane relative permittivity was obtained from the real part of the in-plane relative

permittivity and the in-plane loss tangent.
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2.2 Introduction

Quantitative measurements of the complex relative permittivity as a function of fre-

quency can yield important information about the frequency-dependent relaxation

mechanisms in a given material system. Moreover, quantitative measurements can

provide an important benchmark for comparisons among different characterization

techniques [7]. With the direct measurement of complex relative permittivity, a fun-

damental material property, we can eliminate the need for a reference material as

required for relative techniques. Aside from elucidating the fundamental electrody-

namics of a material system, dielectric characterization of ferroelectrics, as well as

other dielectrics, is important for a wide variety of practical applications: low fre-

quency communication systems for military applications [8, 9], radio frequency iden-

tification [10], piezoelectric converters for biomedical applications [11], and various

microwave components for the communications industry [12, 13]. In part due to the

practical significance, the design, synthesis, and characterization of materials with

low loss and high electric field tunability over a broad frequency range has been the

focus of a variety of research. In many cases, these efforts have often require expertise

across different disciplines.

The growth of epitaxial thin films is particularly important, because it provides

a means to develop new material systems. There are numerous different growth

techniques: including pulsed-laser deposition [14], molecular beam epitaxy [15], and

sputtering [16]. These growth techniques each provide its own unique way to grow

designer materials that in many cases cannot be found in nature. Epitaxial thin films

also allow for the study of effects like strain [1], which are difficult to achieve with a

bulk material. Given importance of thin-film material systems, experimentalists have

developed a wide array of dielectric spectroscopy techniques. In the far-infrared and

terahertz regimes, among the various techniques perhaps the most common is tera-

hertz transmission spectroscopy [17]. At fixed frequencies in the millimeter and cen-
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timeter wavelengths, open-cavity resonant techniques like the Fabry-Perot resonator

[18] and split cylinder resonator [19] can be used to characterize thin film, but these

techniques are limited by the filling factor of the film and can only be used to measure

a few frequencies. Whispering gallery resonators provide yet another accurate dielec-

tric characterization technique, however, much like the open-cavity resonators, this

approach can only be used over a very narrow-band [20]. Aside from these measure-

ment approaches, lumped-element capacitors have been widely used to characterize

thin films over a very broad spectrum for frequencies in most cases less than a few

gigahertz. At high frequencies, lumped-element capacitors show distributed effects as

the guided wavelength approaches the length of the lumped-element devices, which

renders the circuit model used to extract the capacitance inaccurate [4]. Several trans-

mission line type approaches exist for characterizing the complex relative permittivity

of thin films [2, 21, 22]. One of the more recently developed approaches used planar

transmission lines to extract the complex relative permittivity of thin films [2, 4, 23–

25]. Unlike lumped-element capacitors, planar transmission lines are described by

a distributed circuit model, and ,therefore, the description of these devices is only

limited by the the integrity of the mode that propagates down the transmission line.

The focus of this research is on the development of an accurate dielectric charac-

terization technique that will enable us to explore the frequency dependent nature of

thin-film materials from 100 Hz to 40 GHz. In the following sections, we describe in

detail our thin film dielectric characterization approach. We show the set of instru-

ments used to perform the measurements in the low frequency, radio frequency, and

high frequency regimes. We introduce the planar lumped element and distributed

devices used in the measurement procedure. We detail the devices used to perform

on-wafer calibrations and the frequency regimes where those calibrations are applied.

We describe how these correction techniques are applied to a thin-film test wafer and

a companion substrate test wafer. Once we have described the on-wafer correction
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procedure, we describe how to extract the complex in-plane relative permittivity of

the thin-film test wafer. Finally, we demonstrate this technique with a LaAlO3 cal-

ibration wafer, a Sr7Ti6O19/DyScO3(110) thin-film test wafer, and a DyScO3(110)

companion substrate test wafer.

2.3 Measurement System

In order to measure the frequency dependence from 100 Hz to 40 GHz of the com-

plex relative in-plane permittivity, we use three instruments: a low frequency (LF)

inductance-capacitance-resistance (LCR) meter (100 Hz - 1 MHz), a radio frequency

(RF) vector network analyzer (1 MHz - 300 MHz), and a high frequency (HF) vector

network analyzer (300 MHz - 40 GHz) (See Fig. 2.1(b)). The LF LCR meter measures

a complex voltage and current to extract a complex admittance. Both the RF and

HF vector network analyzers measure complex scattering parameters (S-parameters).

The measurement instruments were connected through a series of switches and semi-

rigid coaxial cables to test port inputs at the front of the HF vector network analyzer.

This allows us to use the pair of flexible phase-maintaining test port cables labeled

‘Port 1’ and ‘Port 2’ in Fig. 2.1(a) to perform measurements with each measurement

instrument without the need to disconnect cables. The instrument settings can be

found in App. A.1.
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Probe Station

Port 1 Port 2

Measurement
Instruments

Cryogen In

Cryogen Out Gate Valve

To Pump

DUT

(1) (2)

10 Hz - 40 GHz

(a) (b)

(c)

(d)

Figure 2.1: Broadband Measurement System

(a) A schematic of the broadband measurement system with continuous frequency
coverage from 100 Hz to 40 GHz. (b) The red block shows the measurement equip-
ment, which includes a multimeter, an inductance-capacitance-resistance (LCR) me-
ter (100 Hz - 1 MHz), a radio frequency vector network analyzer (30 kHz to 6 GHz),
and a high frequency vector network analyzer (10 MHz to 40 GHz). Each measure-
ment instrument was routed through a series of switches to phase-maintaining flexible
coaxial cables at the front of the high frequency vector network analyzer. The cables,
labeled ‘Port 1’ (1) and ‘Port 2’ (2) in (a), were connected to a cryogenic measure-
ment system shown in blue (c). (d) Stainless steel semi-rigid coaxial cables connect
the room temperature measurement system to ground-signal-ground probes, which
allow us to measure planar device-under-test (DUT) in a vacuum. The DUT is ther-
mally grounded to a copper chuck that is temperature controlled by a cold finger,
which is cooled by an open-flow of cryogens (liquid helium or liquid nitrogen).

In Fig. 2.1, we show the measurement system (Fig. 2.1(b)) with the cryogenic

probe station (Fig. 2.1(c)). The flexible phase-maintaining coaxial cables were con-

nected to a pair of rigid coaxial cables that were routed through compression seals to
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the inside of the cryogenic probe station (Fig. 2.1(d)), which was maintained under

vacuum at a specific temperature. The temperature was controlled with an open-flow

of liquid helium and a pair of heaters that were embedded in a removable copper

chuck. The rigid coaxial cables were connected to a pair of ground-signal-ground

(g-s-g) air-coplanar wafer probes (Fig. 2.1(d)). The g-s-g probes allow us to perform

measurements of a device-under-test (DUT) of our choosing at a given temperature,

electric field, and frequency.

Before we perform any on-wafer measurements, the RF and HF vector network

analyzers were calibrated with coaxial calibration standards. The 2.4 mm female and

male 1-port coaxial calibration standards included a symmetric offset short circuit

reflect, a shunt offset open, a shunt offset low-band load, and a shunt seven-position

offset sliding load. Because the end of the phase-maintaining flexible coaxial cable at

‘Port 1’ was female and ‘Port 2’ was male, a thru was created by directly connecting

‘Port 1’ to ‘Port 2’. For the HF vector network analyzer, we used all of the coaxial

calibration standards. The RF vector network analyzer was corrected to the end of

‘Port 1’ and ‘Port 2 with the same calibration standards, except for these frequencies

we omitted the shunt seven-position sliding loads for both ports. Although the coaxial

calibration step could, in principle, be eliminated for the HF vector network analyzer

(because we can directly measure the internal switch terms with an additional sampler

[26]), we have found experimentally that it improved the phase noise at low frequency

for the on-wafer measurements made by this instrument. For the RF vector network

analyzer, the coaxial calibration was unavoidable, because we were unable to measure

the internal switch. Both the coaxial calibration for the RF and HF vector network

analyzers were verified with a 2.4 mm symmetric coaxial short circuit reflect with no

delay length, commonly called a flush or flat short. We repeat the coaxial calibration

steps until the error in the verification standard was less that±0.1 % at 40 GHz, which

typically corresponds to significantly less error at lower frequencies. The calibration
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for the LF LCR meter was performed on-wafer, and will be described in a following

section.

2.4 Planar Devices

Once the RF and HF measurement systems were calibrated, and ,therefore, corrected

to the end of the flexible phase-maintaining coaxial cables at ‘Port 1’ and ‘Port 2’,

we proceeded to measure the on-wafer planar devices. For these experiments, we

measured two types of planar devices: the interdigitated capacitor (IDC) and the

coplanar waveguide (CPW). The IDC is a planar lumped-element capacitor often

modeled by a lumped element π-network with an admittance matrix. IDCs were

used under the assumption that the electric field was position independent along

the length of the interdigitated fingers. For an IDC with only three fingers, this

requirement was equivalent to the statement that the guided wavelength was much

longer than the active length of the IDC. A CPW is a planar transmission line that

is modeled by a distributed circuit model.

2.4.1 Interdigitated Capacitors

In Fig. 2.2, we show a schematic of the IDCs used in these experiments. In Fig.

2.2(a), there are two sets of three 10 µm wide fiducial marks spaced 10 µm apart

on both sides of the IDC, which were fabricated as voids in the ground planes (g.p.).

The g-s-g probes were positioned via x-y-z micrometers beside the middle of the three

fiducial marks on either side of the device, lowered slowly into contact, and lowered

further to achieve 20 µm of over-travel (or skate) to the end of the third fiducial mark.

This ensured precise and repeatable measurements of each device.
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Interdigitated Capacitors (IDCs)

(a) (b)

Top View
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Reference Planes

Cross Section
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c c

Thin Film

Substrate

Figure 2.2: Interdigitated Capacitors

(a) We show an interdigitated capacitor (IDC) with an active length (`). The blue
dashed lines indicate the reference planes of the on-wafer calibrations. The red dashed
line is the cross section shown in (b). In (b), we show the cross section of an inter-
digitated capacitor. The electrodes (yellow) were deposited on a thin film (grey),
which is grown on a substrate (light red). The interdigitated finger widths (c) were
spaced by the gaps (g). The remaining dimensions, including the distance between
the interdigitated fingers and ground plane (g.p.) are not critical, because they were
many times the gap (g).

The on-wafer calibrations define the reference planes, shown as the blue dashed

lines in Fig. 2.2(a). The area in between the reference planes is the active area of the

IDC, and it is modeled as a series admittance, Ys, with Y-parameters (See App. A.2).

The active length (`) is the length that the interdigitated fingers overlap. The red

dashed line in Fig. 2.2(a) indicates the line over which the cross section, shown in Fig.

2.2(b), is taken. Figure 2.2(b) shows the cross section of the IDC. The IDC has three
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interdigitated fingers of width, c, spaced by the gaps, g. The remaining dimensions

were designed to be many multiples of the gap width and were not critical for these

experiments. For these experiments, the IDC finger width was c = 60.0 µm ± 0.5 µm,

the gap was g = 20.0 µm ± 0.5 µm, and the conductor thickness was 760 nm ±10

nm. The active lengths of the IDCs were ` = (0.100 mm, 0.325 mm, 0.875 mm, 1.835

mm, 2.9 mm) with an uncertainty comparable to uncertainty in the cross-sectional

dimensions.

We measured both the LF and RF response of each IDC in a single contact, and

repeated the process sequentially for all of the IDC devices. In the LF regime, the

LCR meter directly converts the impedance into an admittance, which was recorded

as a capacitance and loss tangent as a function of frequency. The LF measurements

could be converted into Ys as

Ys = tan(δLCR) · ωCLCR + iωCLCR, (2.1)

where the capacitance measured by the LCR meter is CLCR, the loss tangent of the

device measured by the LCR meter is tan(δLCR), and ω is the angular frequency. In

the RF regime, we measured the complex S-parameters as a function of frequency.

The corrected S-parameters of each device were converted into admittance parameters

(Y-parameters). The Y-matrix of an IDC can be written as

YIDC =

 Yg + Ys −Ys

−Ys Yg + Ys

 . (2.2)

Practically, we took the average of the off-diagonal elements of Eq. 2.2 as, Ys =

(Y21 + Y12)/2, to extract the series admittance. The representative lumped element

equivalent circuit model for an IDC is shown in Fig. 2.3, where Yg is the shunt

admittance and Ys is the series admittance.
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YgYg

Ys

Figure 2.3: Interdigitated Capacitor Equivalent Circuit Model

The equivalent circuit model of an interdigitated capacitor, commonly called a π-
network. The shunt admittance is labeled Yg and the series admittance is labeled
Ys.

Once we have obtained Ys for all the IDCs of varying active length ` = (0.100 mm,

0.325 mm, 0.875 mm, 1.835 mm, 2.9 mm) as a function of frequency, we extracted

the distributed capacitance and conductance per unit length of the device. This was

achieved by performing a linear fit as a function of ` at each measurement frequency

for <(Ys) and =(Ys)/ω. We can rewrite the series admittance as

Ys = Yo + ` · (G+ iωC), (2.3)

where C and G are the capacitance and conductance per unit length of the IDC and

Yo is a parasitic admittance that was irrelevant for our measurements. In this step,
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we also obtained the uncertainty in the slopes, ∆C and ∆G, which was later used

to estimate the uncertainty in the measurement. We then applied this approach to

extract the capacitance and conductance per unit length of the IDCs on the thin-

film test wafer (Ctot ± ∆Ctot and Gtot ± ∆Gtot) and companion substrate test wafer

(Csub ± ∆Csub and Gsub ± ∆Gsub). Finally, we took the difference to arrive at the

contribution of the film,

Cfilm = Ctot − Csub (2.4)

Gfilm = Gtot −Gsub (2.5)

tan(δfilm) =
Gfilm

ωCfilm
, (2.6)

where Cfilm is the contribution of the film to the capacitance per unit length, Gfilm

is the contribution of the film to conductance per unit length, and tan(δfilm) is the

loss tangent of the film. The uncertainty in the capacitance and conductance per unit

length of the film is given by,

∆Cfilm =
√

(∆Ctot)2 + (∆Csub)2

∆Gfilm =
√

(∆Gtot)2 + (∆Gsub)2, (2.7)

and the uncertainty in the film loss tangent is,

∆ tan(δfilm) =

√√√√ 1

(ωCfilm)2
· (∆Gfilm)2 +

(
Gfilm

(ωC2
film

)2

· (∆Cfilm)2. (2.8)

Eqs. 2.7, 2.8 are fully general for any frequency regime once we have obtained Ctot±

∆Ctot, Gtot ±∆Gtot, Csub ±∆Csub, and Gsub ±∆Gsub.
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2.4.2 Coplanar Waveguides

In Fig. 2.4, we show a CPW [27]. Figure 2.4(a) shows a top view of a CPW. The

CPWs used in these experiments have active lengths ` = (0.420 mm, 1.270 mm, 2.155

mm, 3.22 mm, 3.993 mm, 5.933 mm). The CPW consists of a center conductor of

width, c, spaced equidistantly about a pair of ground planes (g.p.) by a gap, g (See

Fig. 2.4(a)). On either side of the CPW, there were two sets of three fiducial marks.

The measurements were taken by g-s-g probes that were positioned beside the middle

of the three fiducial marks, lowered into contact, and then the probes were lowered

further such that the over-travel was 20 µm, or to the end of the third fiducial mark.

This set the reference planes of the measurements, which are indicated by the blue

dashed lines in Fig. 2.4(a). The red dashed line in Fig. 2.4(a) indicates the line along

which the cross section is taken, which is shown in Fig. 2.4(b). In Fig. 2.4(b), we

illustrate the cross-sectional geometry of a CPW on a thin-film test wafer.
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Coplanar Waveguides (CPWs)
Top View
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Figure 2.4: Coplanar Waveguides

(a) Shows a coplanar waveguide (CPW) with an active length (`). The blue dashed
lines indicate the reference planes of the on-wafer calibrations. The red dashed line
is the cross section shown in (b). In (b), we show the cross section of a coplanar
waveguide. The electrodes (yellow) were deposited on a thin film (grey), which was
grown on a substrate (light red). The center conductor (c) is centered about the
ground planes (g.p.) by a gap (g).

At fixed position in time and space, the electric field lines along the CPW struc-

ture, like that shown in Fig. 2.4(b), were configured such that the electric field lines

extended from the outer conductor to the center conductor (See Fig. 2.5). If the film

has a larger real part of the in-plane relative permittivity than the substrate (as in

Fig. 2.5), then the electric field lines will be more dense in the thin film than in the

substrate. This has the effect of increasing the distributed capacitance of the CPW.
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Substrate

Thin Film

Electric Field Lines

g.p. g.p.c

Figure 2.5: Electric Field Lines for a Coplanar Waveguide on a Thin Film

A schematic of the electric field lines in a coplanar waveguide at a fixed position in
space and time. The center conductor is labeled “c” and the ground planes are labeled
“g.p.”. The red dashed lines indicate that the ground planes, thin film, and substrate
continue outside the field of view.

As stated previously, a CPW is described by a distributed equivalent circuit model.

This is because a CPW is symmetric along the device length, which is not the case

for an IDC. The equivalent distributed circuit for a CPW is shown in Fig. 2.6. The

circuit consists of a distributed resistance (R), inductance (L), capacitance (C), and

conductance (G) per unit length. Intuitively, the C is due to stored charge between

the center conductor (c) and ground planes (g.p.). Likewise, the leakage, or the

ability to move charge from the center conductor to the outer conductor, is simply

described as a G in parallel with the C. L can be understood from the magnetic

field lines that loop around the center conductor and R is due to the resistive losses
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in the CPW conductors as the wave propagates down the transmission line. Both R

and L are frequency dependent, because as frequency increases the skin depth of the

metal decreases. The decrease in skin depth means the R is increasing with increasing

frequency. Also, as the skin depth decreases, the magnetic field lines penetrate the

conductors to a lesser extent, and L tends to a constant at sufficiently high frequency

that is purely due to the geometry of the conductors [28].

R L

C G

dx

Figure 2.6: Equivalent Distributed Circuit Model for a Coplanar Waveguide

The equivalent distributed circuit model for a coplanar waveguide, which includes a
distributed resistance (R), inductance (L), capacitance (C), and conductance (G).

A time varying voltage and current (an electromagnetic wave) will propagate down

a CPW with a propagation constant (γ) given as

γ =
√

(R + iωL)
√

(G+ iωC) (2.9)
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The characteristic impedance (Z) of the CPW is given by

Z =

√
(R + iωL)√
(G+ iωC)

. (2.10)

Eqs. 2.9 and 2.10 can be derived directly from Maxwell’s equations [29] or more easily

from the differential form of Kirchhoff’s laws, commonly called the Telegrapher’s

Equations. There are many approaches to writing down an expression that describes

how an electromagnetic wave propagates down a CPW; perhaps the most simple to

understand is the T-parameter formalism. The T-matrix (T ) for a transmission line

relative to the characteristic impedance Z is

T` =

 e−γ·` 0

0 eγ·`

 . (2.11)

Eq. 2.11 is modified on the left and the right hand sides by impedance transformers

when a measurement is corrected relative to some reference impedance [29].

Much like the IDC case, for dielectric thin-film test wafers (or materials where

the relative permeability (µ) is 1) the distributed parameters of interest are the C

and G. If one could measure both γ and Z with infinite accuracy, then the C and G

could be solved directly γ · Z = G + iωC . Although in practice we can measure γ

with high accuracy and precision with the multiline thru-reflect-line characterization

technique [30, 31], obtaining an accurate measurement Z is very challenging. The

calibration comparison approach [32] is an example of a technique that can be used

to approximate Z. This is discussed in Sec. 2.5.

In the technique employed here, we extracted C and G directly from from mea-

surements of γ with two very similar approaches. In the first approach, and the

one we consider the more accurate, we empirically measured the dc resistance of

the conductors along with the S-parameters for the CPWs of different lengths. We

then extracted the dc conductivity of the transmissions lines with a linear fit as a
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function of length, and with the known cross-sectional geometry of the CPW. We

then constructed a model of the CPW with the same cross-sectional dimensions of

the conductors and dielectric materials. We defined the conductor properties using

the dc measurements of the conductivity. We then ran a series of 2D finite element

simulations, sweeping the frequency while holding the geometry fixed. From these 2D

finite element simulations, we directly obtained Rsim and Lsim of the CPW, which for

a dielectric thin film in the quasi-static limit should be entirely due to the properties

and dimensions of the conductors. This enabled us to extract the C and G directly

from γ as

G+ iωC =
γ2

(Rsim + iωLsim)
. (2.12)

The second approach simply fits R and L with a shape-preserving interpolant, where

R and L were obtained from Z as derived in [32]. This technique was considerably

faster, but was less accurate, because the R and L can have unphysical frequency

dependence. In many instances, however, the deviation from the fit and simulation

was small enough that the difference between the two approaches was negligible. This

will be discussed in greater detail in Sec. 2.4.3. In the latter case, we obtained Rfit

and Lfit and modified Eq. 2.12, accordingly.

2.4.3 Propagation of Error for Coplanar Waveguides

There are only two sources of error in a measurement the S-parameters of a CPW:

the uncertainty in the complex S-parameters and uncertainty in the length of the

transmission line. In practice, it is challenging if not impossible to directly relate the

uncertainties in the S-parameters and line lengths analytically to the uncertainty in

the C andG. Fortunately StatistiCAL, software developed at the National Institute of

Standards and Technology to perform the multiline TRL algorithm, calculates a 95%
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confidence interval in the effective permittivity calculated from a covariance matrix

with the CPW S-parameter measurements [31]. Admittedly, this error was at best

an over-estimate of the actual uncertainty in the effective permittivity. Nonetheless,

it was useful to use in an effort to approximate the uncertainty in γ. We calculated

the uncertainty γ from the uncertainty in the effective permittivity obtained from

StatistiCAL as,

∆γ =

 ω

2c
√
<(ε)

<(∆ε) + i

 ω

2c
√
=(ε)

=(∆ε). (2.13)

Making a series of approximations and calculating the orders of magnitude (See App.

A.3), we obtained an approximate expression for the uncertainty in the C and G from

Eq. 2.13,

∆G+iω∆C ≈
(

2 ·
∣∣∣∣<( γ

R + iωL

)∣∣∣∣ · |∆γr|)+iω
(

2 ·
∣∣∣∣=( γ

R + iωL

)∣∣∣∣ · |∆γi|) , (2.14)

where the symbol < denotes the real part and = denotes the corresponding imaginary

part of a complex number.

2.5 On-wafer Metrology

The foundation of the entirety of this work was built on the premise that we were

able to perform accurate and precise on-wafer measurements of the planar devices.

In Sec. 2.3, we discussed the measurement system and the corresponding coaxial

calibrations, but in order to make accurate measurements of planar devices it was

essential to perform on-wafer calibrations.

We accomplished accurate on-wafer calibrations by use of a ‘calibration wafer’. In

Fig. 2.7, we show a photograph of a calibration wafer. We fabricated the calibration
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devices on a substrate that has a permittivity that was close to the permittivity of

the test wafer. When we study a thin film, we intentionally choose a substrate that

has a permittivity that is similar to the companion substrate test wafer, because most

thin films simply perturb the effective permittivity of the CPW. For the materials

discussed in Sec. 2.6 and Ch. 4, we chose to use LaAlO3 because the real part of the

in-plane relative permittivity was approximately K11 ≈ 24 with a loss tangent less

than tan(δ11) < 0.001 [33] over the parameter space of the measurement. The devices

on the calibration wafer were patterned on a 2 inch wafer with a two layer lithography

process called lift-off-resist, which is illustrated in Fig. A.2. The 2 inch wafer was

diced into 12mm× 12mm wafers. The conductors on the calibration wafer consisted

of a 10 nm Ti adhesion layer with a 750 nm thick Au electrode layer for a total

thickness of 760 nm. The cross-sectional geometry of the CPWs on the calibration

wafer were c = 60 µm ± 0.5 µm, g = 20 µm ± 0.5 µm, and g.p. = 200 µm ± 0.5

µm. The active lengths of the CPWs were ` = (0.420 mm, 1.270 mm, 2.155 mm, 3.22

mm, 3.993 mm, 5.933 mm), and were nominally identical to the CPWs on the test

wafers. The active lengths of the CPWs were carefully chosen to minimize the error

in the multiline thru-reflect-line calibration technique [30].
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Calibration Wafer

Figure 2.7: A Photograph of a Calibration Wafer

A photograph of a calibration wafer with devices fabricated on LaAlO3. The conduc-
tors were 750 nm of Au deposited on a 10 nm Ti adhesion layer. Each calibration wafer
includes a set of duplicate calibration standards in case a standard was destroyed in
the measurement process or were worn down due to repeated measurement.

One of the cornerstones of this project was the extraction, modeling, and removal

of the effects of the section semi-rigid coaxial cables and the g-s-g probes that lead

up to the device-under-test (See Fig. 2.1(d)). A formal discussion of the calibration

approach specifically developed during the course of this project can be found in Ref.

[34]. In lieu of a detailed description, we present a cursory discussion presenting

some of the crucial concepts in Ref. [34]. We start by considering the uncorrected S-

parameter measurement of an arbitrary planar device: If we convert the S-parameters

of our device into the T-parameter formalism (See App. A.2), then we can interpret

the measurements of the arbitrary devices as
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Mmeasured = T1 · (Mcorrected) · T2. (2.15)

In Eq. 2.15, the effects of the cables inside the probe station and the g-s-g probes

can be thought of as separate matrices: T1 for Port 1 and T2 for Port 2. The goal of

our on-wafer calibration was to extract T1 and T2, and thereby obtain the corrected

measurement of our arbitrary device,

Mcorrected = (T1)−1 · (Mmeasured) · (T2)−1, (2.16)

The matrices T1 and T2 are commonly termed ‘error boxes’ and can be obtained by

performing a series of measurements of well-understood devices on the calibration

wafer. If we could obtain T1 and T2 exactly, then the matrix Mcorrected would be

unaffected by the error boxes and hence the actual T-matrix of the device, Mactual.

The measurement procedure for the calibration wafer is shown in Fig. 2.8. The

devices on the calibration wafer included six CPWs (L1 = 0.420 mm, L2 = 1.270 mm,

L3 = 2.155 mm, L4 = 3.22 mm, L5 = 3.993 mm, L6 = 5.933 mm), a symmetric 0.210

mm offset short circuit reflect (S1), a 0.210 mm offset series resistor (Rs), a 0.210

mm offset series capacitor (Cs), and a 0.210 mm offset series open (OS). The LCR

meter measurements of the LF regime were corrected with the OS and L1 standards

(light grey shaded region in Fig. 2.8). In this measurement configuration, the OS and

L1 devices corresponded to a series open and a series short, because the LCR meter

measured the time dependent voltage between the center conductors of Port 1 and

Port 2. The vector-network analyzer measurements of the RF regime were corrected

with S-parameter measurements of Rs, L1, L6, and S1 (light red shaded region in

Fig. 2.8). The lumped element circuit parameters of the Rs calibration standard

were completely characterized following the procedure outlined in Refs. [34, 35]. We

measured L6 in the RF regime to directly extract the γ and Z from the S-parameter
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measurements, as described in Ref. [36], which allowed us to translate the reference

planes of the measurement (set at the center of L1 by the calibration) to the end of

the probe tips. The vector-network analyzer measurements of the HF regime were

corrected with Rs, Cs, S1, L1, L2, L3, L4, L5, and L6 (light blue shaded region in

Fig. 2.8). We used the multiline thru-reflect-line calibration technique [30, 32] in

combination with the series resistor calibration technique. Following the approach

discussed in Ref. [29], we transformed the obtained error boxes to 50 Ω with the

reference planes set at the end of the probe tips for the RF and HF regimes. The

CPW line lengths were designed to minimize the normalized standard deviation error

function as discussed in Ref. [30]. We minimized the error function in a custom

algorithm where we input the following information: the minimum CPW length (os-

tensibly limited by cross-talk between the g-s-g probes), the maximum CPW length

(limited by the size of the wafer), and the number of desired lines. We also input an

approximate propagation constant, where R, L, and C were obtained from 2D finite

element simulations and G was assumed to be zero. For this set of CPWs, L3 and L4

were also constrained to be consistent with the measurements in Ref. [4, 23–25, 34].
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Figure 2.8: Broadband Calibration Procedure

A schematic of the on-wafer calibration procedure for the low frequency (LF) (grey),
radio frequency (RF) (light red), and high frequency (HF) (light blue) regimes. The
LF (grey) regime was corrected on-wafer with a series open (OS) and a series short
(L1), which was also the thru for the RF and HF calibrations. The RF (light red)
regime was corrected on-wafer with the longest coplanar waveguide (L6), a series-
resistor (Rs), a symmetric short circuit reflect (S1), and a thru (L1). The HF regime
was corrected on-wafer with a set of coplanar waveguides (L2, L3, L4, L5, L6), a
thru (L1), a symmetric short circuit reflect (S1), a series capacitor (Cs), and a series
resistor (Rs).

After we performed the necessary measurements on the calibration wafer Fig.

2.9(a), the measurement reference impedance was set to 50 Ω by the method de-

scribed in Ref. [34] and the reference planes were at the end of the probe tips as

shown in Fig. 2.9(b). We subsequently measured the companion substrate test wafer

Fig. 2.9(c) and the thin-film test wafer Fig. 2.9(d). The devices fabricated on the

companion substrate test wafer and thin-film test wafer were also patterned with the
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lift-off-resist approach (See Fig. A.2). Once the photoresist was patterned, we af-

fixed each test wafer to a silicon wafer with a non-water based wax. The thin-film

test wafer and companion substrate test wafer were then loaded into a electron-beam

evaporation deposition system (See Fig. A.3) that maintained the samples at room

temperature during the deposition of the conductors. The electrode layer was fab-

ricated by depositing a 10 nm Ti adhesion layer followed by a 750 nm thick Au

conductor layer.
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(a) (b)
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Figure 2.9: Broadband Method for Thin Film Characterization

A schematic of the broadband method used to characterize a thin film. In (a), we
show the calibration wafer that was used to set the calibration reference planes to the
end of the probes tips (b). These calibrations were applied to a set of measurements
on a thin-film test wafer (d) and companion substrate test wafer (c).

In Fig. 2.10, we show an illustration of the substrate test wafer, which was ap-

proximately 10mm× 10mm in outer dimension. Our test wafer pattern only covers
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an area of 10mm× 5mm, because in addition to fabricating our own devices we typ-

ically also patterned and deposited conductors for experiments conducted at other

research facilities. For the experiments discussed in Sec. 2.6 and in Ch. 4, the devices

were fabricated on epitaxial thin films grown by MBE special substrates to achieve

in-plane biaxial tensile strain. The substrates (DyScO3(110) and GdScO3(110)) had

two beveled corners on one side to indicate the c-axis of the substrate. This was be-

cause the substrates have anisotropic in-plane permittivity tensor. It was, therefore,

essential that all the devices be aligned in the same way relative to the substrate.

Poor alignment resulted in an obvious disagreement between the real part of the

in-plane relative permittivity obtained from the CPW and IDC devices. This was

particularly challenging because the substrates have irregular thicknesses that varied

by much as 0.005 mm. In turn, this meant that the devices had to be aligned and

exposed manually rather than by an automated exposure tool, such as a wafer stepper

system. The devices on the test wafer included a set of CPWs (L1, L2, L3, L4, L5,

L6) and a symmetric 0.210 mm offset short circuit reflect that were also featured on

the calibration wafer (See Fig. 2.10). We have also included a set of IDCs that are

labeled I1, I2, I3, I4, and I5 in Fig. 2.10 and have active lengths ` = (0.100 mm,

0.325 mm, 0.875 mm, 1.835 mm, 2.900 mm), respectively. In addition to fabricating

these devices, we fabricated redundant I3 (` = 0.875 mm) and I4 (` = 1.835 mm)

IDC devices.
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Figure 2.10: Substrate Test Wafer

A schematic of the substrate test wafer. The substrate test wafer was approxi-
mately 10 mm × 10 mm. Our devices were fabricated in a 5 mm × 10 mm area.
The crystal axis of the substrate is indicated in the bottom left. For DyScO3(110)
and GdScO3(110), the devices were fabricated on the c-a plane.

The redundant IDCs, I3 (` = 0.875 mm) and I4 (` = 1.835 mm), shown in Fig. 2.11

(shaded grey) were used for LF temperature-dependent measurements and electric

field dependent measurements. The set of IDCs (I1, I2, I3, I4, and I5) in the light red

shaded region in Fig. 2.11 were used for the LF and RF measurements. We did not

use the same devices for the frequency-dependent measurements and the temperature-

dependent measurements, because the repeated contact of the temperature dependent

and electric field dependent measurements caused considerable wear on the electrical

contacts and could have affected the RF response of the devices. The L6 CPW in the

blue shaded region was used to characterize the γ and Z in RF regime, which was used
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to translate the reference planes of the calibration in the RF regime to position shown

in Fig. 2.2(a). The CPWs (L1, L2, L3, L4, L5, and L6) and symmetric 0.210 mm

offset short circuit reflect (Fig. 2.11 (light blue)) were measured in the HF regime.

Although in RF regime it is possible to obtain the distributed circuit parameters of

a CPW directly from corrected S-parameters, in the HF regime this approach breaks

down at frequencies where the phases of the corrected S-parameter measurements

cross zero.

L5L4

L1 S1L2L3

I1 I2

L6 *RFI3

I4 I5

I3 I4

RF/LFHF Electric Field
Temperature

Figure 2.11: Test Wafer Measurement Devices and Procedure

A schematic of the set of devices fabricated on a test wafer and a description of
the measurements. Temperature and electric field dependence were characterized by
measuring the interdigitated capacitors (I3, I4) in the grey shaded region. The inter-
digitated capacitors (I1, I2, I3, I4, I5) in the light red region were used to characterize
the low frequency (LF) and radio frequency (RF) dependence of the interdigitated
capacitors on the test wafer. We characterize the frequency dependence in the HF
regime with a set of coplanar waveguides (L2, L3, L4, L5, L6), a thru (L1), and
symmetric short circuit reflect (S1).
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We extracted the capacitance and conductance per unit length of the IDCs in the

LF and RF regimes of the test wafers following the approach discussed in Sec. 2.4.1.

In the HF regime, we performed multiline thru-reflect-line calibrations to obtain the

γ and Z . This was accomplished by first correcting the HF devices on the test wafer

(Fig. 2.11 (light blue)) to 50 Ω with the error boxes obtained from the calibration

wafer. This is typically called a first-tier calibration. We then performed a second-

tier multiline thru-reflect-line calibration on the corrected HF measurements of the

test wafer devices, which enabled us to extract γ with high precision over a broad

frequency range. We define a pair of second-tier error boxes X and Y as T1 and T2

obtained from corrected S-parameters measurements of a set of CPWs on a test wafer

relative to a known reference impedance. We translated X and Y to the probe tips on

the test wafer. If both calibrations were perfect and the measurement geometries were

identical, then X and Y would simply be impedance transformers, characterizing the

mismatch between the 50 Ω reference impedance and the Z of the CPW on the test

wafer.

Following this line of logic, we obtained an estimate for Z of the test wafer with

the technique discussed in Ref. [32],

Z = Zr

(
1 + Γ

1− Γ

)
, (2.17)

where Zr is the reference impedance (50 Ω) and the Γ is found to be,

Γ =

√
(X12 +X21)2√

4− (X12 +X21)2
. (2.18)

A similar expression to Eq. 2.18 can be derived from the right hand side error box, Y .

It should be noted that both X and Y included a small section of CPW transmission

line, e.g. the section used for contact between the fiducial marks in Fig. 2.4(a), and

that this term can have a small, and in some cases negligible, effect on the extracted
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impedance. We have found empirically that for our devices Z extracted using Eq. 2.17

displayed increased variation as a function of frequency between 1010 Hz and 1011Hz,

which is discussed in detail in Sec. 2.6. It was for this reason that we typically

modeled the conductors with 2D finite element simulation software or fit the R and

L obtained from γ (extracted from multiline thru-reflect-line) and Z (extracted from

Eq. 2.17), as discussed in Sec. 2.4.2. A simplified derivation of Eqs. 2.17 and 2.18

can be found in App. A.5.

2.6 Demonstration on Sr7Ti6O19/DyScO3(110) and DyScO3(110)

In the previous sections, we established in detail the measurement approach and data

analysis philosophy used to extract Cfilm, Gfilm and tan(δfilm) (Eqs. 2.4, 2.5, and

2.6) over the continuous frequency range of 100 Hz to 40 GHz. In this section, we

demonstrate this technique on a thin-film test wafer and a companion substrate test

wafer. The thin-film test wafer was 50 nm of Sr7Ti6O19 on approximately 1 mm thick

DyScO3(110), and the companion substrate test wafer was DyScO3(110).

In Fig. 2.12, we show the series capacitance
(
=(Ys)
ω

)
at 300 K from 1 MHz to

300 MHz (RF) for the IDCs of active lengths ` = (0.100 mm, 0.325 mm, 0.875 mm,

1.835 mm, 2.900 mm), as the cyan, dark green, dark yellow, red and blue solid lines,

respectively. It should be noted that this is measured data. The measurements in Fig.

2.12 are remarkably flat as a function of frequency, because we performed 3D finite

element simulations of each device as a function of frequency before fabricating the

devices to ensure that the distributed effects would not play a significant role over our

measurement frequency range. At each frequency point in Fig. 2.12, we performed

a linear fit as a function of length to extract the distributed capacitance (C) and

conductance (G) per unit length (Eq. 2.3). In this same step, we also extracted the

uncertainties, ∆C and ∆G. These measurements and analysis steps were repeated for

the Sr7Ti6O19/DyScO3(110) thin-film test wafer. After extracting the Cfilm, Gfilm,
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and their associated errors in the LF and RF regimes, we turned our attention to the

HF analysis of the Sr7Ti6O19/DyScO3(110) thin-film test wafer and the companion

substrate test wafer, DyScO3(110) .
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Figure 2.12: Series Capacitance for Interdigitated Capacitors (IDCs) on
DyScO3(110) (110)

The series capacitance at 300 K for a set of interdigitated capacitors (I1, I2, I3, I4,
I5) on DyScO3(110) of active lengths ` = (0.100 mm, 0.325 mm, 0.875 mm, 1.835
mm, 2.9 mm) for the radio frequency (RF) measurement regime.

In Fig. 2.13, we show the measured propagation constant (γ) for the CPW struc-

ture on the Sr7Ti6O19/DyScO3(110) thin-film test wafer (blue) and the DyScO3(110)

companion substrate test wafer (grey) at 300 K over the entire HF measurement

regime (45 MHz to 40 GHz). The imaginary part of the γ is scaled by the inverse of

the frequency (f−1) in GHz to reduce the frequency dependence, and it is shown as

the dashed lines. The corresponding axis for the imaginary part of the γ is shown on
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the right axis in Fig. 2.13. The real part of γ is shown as the solid lines, and their

corresponding axis is on the left. We extracted the γ for the companion substrate and

thin-film test wafers following the procedure outlined in Sec. 2.4.2 with the algorithm

derived in Ref. [30]. After obtaining the γ for the companion substrate and thin-film

test wafers, we extracted the characteristic impedance with Eq. 2.17.
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Figure 2.13: Propagation Constant for Coplanar Waveguides on
Sr7Ti6O19/DyScO3(110) and DyScO3(110)

The propagation constant (γ) at 300 K for the coplanar waveguides fabricated on a 50
nm thick film of Sr7Ti6O19 on 1 mm thick DyScO3(110) thin-film test wafer (blue) and
a 1 mm DyScO3(110) companion substrate test wafer (grey). γ was obtained directly
with the multiline thru-reflect-line measurement technique. The active lengths of the
coplanar waveguides were ` = (0.100 mm, 0.325 mm, 0.875 mm, 1.835 mm, 2.900
mm). The real part of γ for each test wafer is shown as the solid lines, and their
corresponding axis is on the left hand side. The imaginary parts of the γ for each
test wafer is scaled to the inverse of the frequency in GHz to reduce the frequency
dependence. They are shown as the dashed lines, and their corresponding axis is on
the right hand side.

Figure 2.14 shows the characteristic impedance (Z) for the CPW structure on the

Sr7Ti6O19/DyScO3(110) thin-film test wafer (blue) and the DyScO3(110) companion

substrate test wafer (grey) at 300 K over the entire HF measurement regime (45

MHz to 40 GHz). The imaginary part of the Z was scaled by the frequency (f )
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in GHz to reduce the frequency dependence, and it is shown as the dashed lines.

The corresponding axis for the imaginary part of the Z is shown on the right axis

in Fig. 2.13. The real part of γ is shown as the solid lines, and their corresponding

axis is on the left. From Fig. 2.14, it is clear that even though Eq. 2.17 is an

effective approach to obtain Z for a large portion of the HF regime, at high frequencies

(f > 1010) the imaginary part of Z becomes increasingly uncertain for the CPW

geometry explored here. We believe that this error could be due to the section of

CPW that was embedded in calibration below the g-s-g probes, which is discussed in

Ref. [32]. We can get a sense for where this error has the most significant effect by

taking the product γ ·Z and obtaining the resistance (R = <(γ ·Z)) and inductance

(L = =(γ · Z)/ω) per unit length.
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Figure 2.14: Impedance for Coplanar Waveguides on
Sr7Ti6O19/DyScO3(110) and DyScO3(110)

The characteristic impedance (Z) at 300 K for the coplanar waveguides fabricated on
a 50 nm thick film of Sr7Ti6O19 on 1 mm thick DyScO3(110) thin-film test wafer (blue)
and a 1 mm DyScO3(110) companion substrate test wafer (grey). Z was obtained
indirectly from the error box method. The active lengths of the coplanar waveguides
were ` = (0.100 mm, 0.325 mm, 0.875 mm, 1.835 mm, 2.900 mm). The real part
of Z for each test wafer is shown as the solid lines, and its corresponding axis is on
the left hand side. The imaginary parts of the Z for each test wafer is scaled to the
frequency in GHz to reduce the frequency dependence. It is shown as dashed lines,
and their corresponding axis is on the right hand side.

In Fig. 2.15, we show R as a function of frequency for the DyScO3(110) compan-

ion substrate test wafer as the solid colored lines at series of different measurement

temperatures: 60 K (blue), 120 K (red), 180 K (dark yellow), 240 K (dark green),

and 300 K (cyan). R increases with increasing frequency at fixed temperature, and

decreases with decreasing temperature at fixed frequency. This dependence is due to
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the fact R is proportional to 1
(σ·δ) over the HF regime, where δ is the skin depth and σ

is the conductivity of the conductors [28, 37]. As frequency increases δ decreases, the

area of the conductor that is transmitting the current also decreases, which causes

R to increase. Likewise, as temperature decreases, the σ increases, which causesR

to decrease. The solid black line at 300 K is the R that was obtained from the 2D

finite element simulations (Rsim). At 240 K, 180 K, 120 K, and 60 K, the R for each

temperature was fit with a shape-preserving interpolants with high smoothness. We

have found that the difference between the simulations and the fit was typically on

the order of the uncertainty in Rsim; however, the 2D finite element simulation is the

preferred approach to obtaining the Rsim and Lsim.

Although somewhat less intuitive, it is instructive to also see the effect of frequency

and temperature dependence on L. We show the inductance per unit length as a

function of frequency at variable temperature in Fig. 2.16 for the CPW structures on

DyScO3(110) : 60 K (blue), 120 K (red), 180 K (dark yellow), 240 K (dark green), and

300 K (cyan). One can see clearly in Fig. 2.16 that the 2D finite element simulations

at 300 K (cyan) strongly agree with the extracted inductance per unit length L. At

fixed temperature, the high frequency limit of L is a constant, which is inversely

proportional to a geometry factor (essentially the gap of the CPW) [37]. Thus all of

curves in Fig. 2.16 essentially asymptote to the same high frequency limit. At low

frequency, where the current distribution is uniform over the cross section, L again

limits to a constant, which is not intuitive in its form and can be found in Ref. [37].

Conductivity controls how rapidly the L transitions between these two limits, but

does not effect the limits themselves [37]. Again, we fit the remaining temperatures

(60 K (blue), 120 K (red), 180 K (dark yellow), 240 K (dark green)) with shape-

preserving interpolants with high smoothness. As was the case with the R, we have

found that the difference between the simulations and the fit was typically on the

order of the uncertainty in Lsim, however, again the 2D finite element simulation is
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Figure 2.15: Resistance Per Unit Length for a Coplanar Waveguide on DyScO3(110)

The resistance per unit length from 45 MHz to 40 GHz for the coplanar waveguides
fabricated on DyScO3(110) obtained from the characteristic impedance (Z) and the
propagation constant (γ) at 60 K (blue), 120 K (red), 180 K (dark yellow), 240 K
(dark green), 300 K (cyan). The black solid line at 300 K was obtained from 2D finite
element simulations and the remaining black solid lines are fits with shape-preserving
interpolants with high smoothness.
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the preferred approach. Having obtained expressions for the Rsim and Lsim at 300

K, we can now extract the C over the entire frequency regime for both ensembles of

IDCs and CPWs.
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Figure 2.16: Inductance Per Unit Length for a Coplanar Waveguide on DyScO3(110)

The inductance per unit length from 45 MHz to 40 GHz for the coplanar waveguides
fabricated on DyScO3(110) obtained from the characteristic impedance (Z) and the
propagation constant (γ) at 60 K (blue), 120 K (red), 180 K (dark yellow), 240 K
(dark green), 300 K (cyan). The black solid line at 300 K was obtained from 2D finite
element simulations and the remaining black solid lines are fits with shape-preserving
interpolants with high smoothness.

Following the approach laid out in Secs. 2.4.1 and 2.4.2, we have extracted the C

of the IDC and CPW geometry for the Sr7Ti6O19/DyScO3(110) thin-film test wafer

(blue) and the DyScO3(110) companion substrate test wafer (grey) at 300 K over

from 100 Hz to 40 GHz (Fig. 2.17). Recall that the cross-sectional geometries were
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different for the IDC compared to the CPW. It was, therefore, unsurprising that the

total C for the IDC and CPW geometries are different. The measurements of the IDC

devices cover a little over 6 decades of the frequency space, while the measurements of

the CPWs cover the remaining 3 decades. One can see that some distributed effects

are still evident in the C extracted from the ensemble of IDCs above 100 MHz. Some

of these errors can fortunately be subtracted out by taking the difference in the C to

obtain the contribution of the film (See Eq. 2.4).
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Figure 2.17: Capacitance Per Unit Length for
Sr7Ti6O19/DyScO3(110) and DyScO3(110)

The capacitance per unit length at 300 K for a set of coplanar waveguides (CPW)
and interdigitated capacitors (IDC) fabricated on a 50 nm thick film of Sr7Ti6O19 on
1 mm thick DyScO3(110) and a 1 mm DyScO3(110) companion substrate test wafer.
From 100 Hz to 300 MHz, the capacitance per unit length was obtained from a set
of interdigitated capacitors with active lengths ` = (0.100 mm, 0.325 mm, 0.875 mm,
1.835 mm, 2.9 mm). From 45 MHz to 40 GHz, the capacitance per unit length was
extracted from the propagation constant, where the resistance and inductance per
unit length were obtained from 2D finite element simulations of the conductors.

In Fig. 2.18, we show the change in capacitance per unit length at 300 K from the

ensemble of CPWs (red) and IDCs (blue) fabricated on the Sr7Ti6O19/DyScO3(110)

thin film test wafer and the DyScO3(110) companion substrate test wafer. This change

in capacitance is the contribution of the film, Cfilm (See Eq. 2.4). For geometries

employed here, we have designed Cfilm of the CPW to be close to Cfilm of the IDC,
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however, this is not a requisite for this technique to work. As we will discuss in the

following section, we only need Cfilm and knowledge of the conductor geometry to

map to permittivity via 2D finite element simulations.

2.7 Mapping to Complex In-plane Permittivity

Much like the capacitance of a dielectrically loaded parallel-plate capacitor can be

written in terms of the geometry and the permittivity of the dielectric, we can relate

the capacitance per unit length of the CPW and IDC geometry to the real part of

the in-plane permittivity of the dielectric. The function that relates the distributed

capacitance to the real part of the in-plane permittivity for a given device is called a

mapping function. There are a variety of approaches to obtaining the mapping func-

tion for the planar devices discussed in Sec. 2.4; one of the most popular techniques

is conformal mapping [21, 38]. Another more computationally rigorous approach is to

use 2D finite element simulations of the device geometry [4, 23, 24, 36, 39]. We obtain

the mapping functions discussed in this work with 2D finite element simulations.

We constructed the model of our device with the 2D finite element simulation

software where the cross-sectional geometry of the model was the measured cross-

sectional geometry of our devices (See Figs. 2.2(b) and2.4(b)). The model also

included the properties of the conductors (measured directly with dc measurements of

the CPWs). For substrates, we simply performed a parametric sweep of the real part

of the in-plane relative permittivity of the companion substrate test wafer (Ksub) and

at each permittivity value obtained the capacitance per unit length of the substrate

test wafer (Csub). The result was a simple mapping function that related Csub of a

given device to Ksub as

Ksub = f(Csub). (2.19)
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Figure 2.18: Change in Capacitance Per Unit Length for
Sr7Ti6O19/DyScO3(110) Relative to Devices on DyScO3(110)

The change in capacitance per unit length at 300 K for a set of coplanar waveg-
uides (CPW) and interdigitated capacitors (IDC) fabricated on a 50 nm thick film
of Sr7Ti6O19 on 1 mm thick DyScO3(110) with respect to the capacitance per unit
length of the same devices measured on a 1 mm DyScO3(110) companion substrate
test wafer. From 100 Hz to 300 MHz, the change in capacitance per unit length
obtained from a set of interdigitated capacitors with active lengths ` = (0.100 mm,
0.325 mm, 0.875 mm, 1.835 mm, 2.9 mm) is shown in blue. From 45 MHz to 40 GHz,
the change in capacitance per unit length extracted from the propagation constant,
where the resistance and inductance per unit length were obtained from 2D finite
element simulations of the conductors, is shown in red.
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Eq. 2.19 must be calculated for the IDC and CPW geometry, independently. If Csub

is constant as a function of frequency and large compared to the relative permittivity

of free space, then f(Csub) in Eq. 2.19 can often be approximated as a first order

polynomial. For thin-film test wafers, Eq. 2.19 must be modified to map from the

change in capacitance (Cfilm = Ctot − Csub) to the change in the real part of the

in-plane relative permittivity,

Kfilm −Ksub = f(Ctot − Csub)

= f(Cfilm), (2.20)

where Kfilm is the real part of the in-plane relative permittivity of the thin-film test

wafer. Procedurally, we first obtained Ksub from the measurements of the compan-

ion substrate test wafer. We then inserted the mean value of Ksub into our model

simulation parameters, and then performed a series of 2D finite element simulations

continuously varying Kfilm.

In Fig. 2.19, we show the mapping functions obtained from 402 2D finite el-

ement simulations. The y-axis of Fig. 2.19 is the change in the real part of the

in-plane relative permittivity (∆K11(in-plane)) or the left hand side of Eq. 2.20.

The change in capacitance, or Cfilm, is the x-axis in Fig. 2.19 and it is labeled

‘∆Capacitance’. The x-axis is shown on a logarithmic scale to more clearly show

the behavior at small changes in capacitance, which is relevant given the scale of the

measurements in Fig. 2.18. We show the IDC (blue dashed line with blue triangles)

and CPW (red solid line with red squares) mapping functions for our measurement

geometries. Each simulation set represents 201 thin film permittivity values loga-

rithmically spaced between the substrate permittivity (K11 ≈ 26) and the maximum

simulated permittivity of K11 = 2500. In practice, we fit the 2D finite element simu-
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lation results to a shape-preserving interpolant. Once we have obtained the mapping

functions, we can finally obtain the real part of the in-plane relative permittivity of

the Sr7Ti6O19/DyScO3(110) thin-film test wafer.
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Figure 2.19: Thin Film Mapping Functions for Interdigitated Capacitors
(IDC) and Coplanar Waveguides (CPW)

We show the mapping functions obtained from 2D finite element simulations of the
device geometry for the interdigitated capacitor (IDC) and coplanar
waveguide (CPW). The real part of the in-plane relative permittivity (K11) of the
film is obtained by adding the K11 of the substrate to the change in K11 for the film.
The mapping function for the IDC is shown as the blue dashed line and indicated at
selected points with red triangles. The corresponding mapping function for the CPW
is shown as the red solid line and indicated at selected points with red squares. The
curves shown are 201 thin film permittivity values logarithmically spaced between the
substrate permittivity (K11 ≈ 26) and the maximum simulated permittivity of K11

= 2500, for the IDC and CPW geometries, respectively.
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The real part of the in-plane relative permittivityK11 of the 50 nm thick Sr7Ti6O19(n =

6) thin film on 1 mm thick DyScO3(110) is shown from 100 Hz to 40 GHz in Fig.

2.20. The solid blue line from 100 Hz to 300 MHz in Fig. 2.20 is the K11 extracted

from the ensemble of IDCs with the approach discussed in Sec. 2.4.1. In this fre-

quency range, many of the systematic errors that were evident in Fig. 2.17 have

subtracted out. From 45 MHz to 40 GHz, we show K11 obtained from the CPW

technique as the red solid line (See Sec. 2.4.2). One can clearly see that there is very

good agreement between the IDC and CPW techniques and the different instrument

measurement ranges. Although it was essential to confirm that the data is consis-

tent in the overlap frequency range between the IDC and CPW approaches (45 MHz

to 300 MHz), we typically cut the HF data off at approximately 2 GHz, because it

obscured the frequency dependence. We have found that the intrinsic error around

1 GHz in the measurement instrument was less evident with larger values of Cfilm,

and that the uncertainty in the propagation constant was a maximum in this range.

For comparison purposes, the measurements presented in throughout this thesis were

approximately one to two orders of magnitude smaller than the work presented in

Refs. [2, 4, 23–25].
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Figure 2.20: Permittivity (K11) of Sr7Ti6O19/DyScO3(110)

The real part of the in-plane relative permittivity (K11) of the 50 nm thick Sr7Ti6O19

thin film on 1 mm thick DyScO3(110) is shown from 100 Hz to 40 GHz. From 100
Hz to 300 MHz, the real part of the in-plane relative permittivity (blue) is obtained
from interdigitated capacitors (IDC). From 45 MHz to 40 GHz, the real part of the
in-plane relative permittivity (red) is obtained from coplanar waveguides (CPW).

2.7.1 Propagation of Error for Complex Permittivity

Earlier in Sec. 2.7, we stated that the uncertainty in Cfilm andGfilm could be obtained

from a linear fit as a function of length. We then arrived at Eqs. 2.7 and 2.8, both

of which are actually general and can also be used for the CPW devices. Once we

have obtained the numeric uncertainty in Ctot, Csub, Gtot, and Gsub from Eq. 2.14,

we used Eqs. 2.7 and 2.8 to arrive at the numeric values for ∆Cfilm and ∆Gfilm. We

calculated the uncertainty in K11 as
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∆K11 ≈
√
m2 · (∆Cfilm)2, (2.21)

wherem is a linear approximation to the mapping function (Eq. 2.20). The derivation

of Eq. 2.21 can be found in App. A.6.

In Fig. 2.21, we show the data shown in Fig. 2.20 with the corresponding un-

certainties in both the measurement regimes. From 100 Hz to 300 MHz, it is clear

that the uncertainty in K11 for the IDC measurements was frequency independent. In

contrast, the high frequency uncertainty in the K11 extracted from the CPW devices

was much larger and had substantially more frequency dependence. This reflects

the inherent challenges associated with making measurements in gigahertz frequency

range rather than the inadequacy of the measurement geometry and technique. For

more accurate characterization at HF, we performed linear frequency measurements

over a smaller frequency range.
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Figure 2.21: Permittivity (K11) of Sr7Ti6O19/DyScO3(110) with Uncertainty

The real part of the in-plane relative permittivity (K11) of the 50 nm thick Sr7Ti6O19

thin film on 1 mm thick DyScO3(110) is shown from 100 Hz to 40 GHz. From 100 Hz
to 300 MHz, the real part of the in-plane relative permittivity (blue) is obtained from
interdigitated capacitors (IDC) with the uncertainty shown in dark grey. From 45
MHz to 40 GHz, the real part of the in-plane relative permittivity (red) is obtained
from coplanar waveguides (CPW) with the uncertainty shown in light grey.

In Fig. 2.22, we show the corresponding loss tangent (tan(δ11)) of the

Sr7Ti6O19/DyScO3(110) thin-film test wafer. The tan(δ11) of the Sr7Ti6O19/DyScO3(110)

thin-film test wafer is fairly constant over a very broad frequency range. Below 103

Hz, the loss tangent becomes uncertain due to the loss of phase sensitivity at such long

wavelengths for the IDCs. The decrease in resolution at 106 Hz is due to uncertainty

in the Cfilm, which is a consequence of the fact that magnitude of the S-parameter

measurements of the IDCs were near the sensitivity limits of the RF network ana-

lyzer. At low enough frequencies, γ tends to a real-valued number (See Eq. 2.9),
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which implies that phase cannot be used to distinguish CPWs of different lengths.

This explains the variability below 2 GHz in our measurements and dramatic increase

in the uncertainty (light grey). Although we neglect to show it here, we can obtain

the imaginary part of the permittivity by,

=(K11) = tan(δ11) · <(K11), (2.22)

and it has an uncertainty of written as

∆(=(K11)) =
√

(tan(δ11))2(∆(<(K11)))2 + (<(K11))2(∆ tan(δ11))2. (2.23)
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Figure 2.22: Loss Tangent of Sr7Ti6O19/DyScO3(110) with Uncertainty

The loss tangent of the 50 nm thick Sr7Ti6O19 thin film on 1 mm thick DyScO3(110)
is shown from 100 Hz to 40 GHz. From 100 Hz to 300 MHz, the real part of the
in-plane relative permittivity (blue) is obtained from interdigitated capacitors (IDC)
with the associated uncertainty in dark grey. From 45 MHz to 40 GHz, the real
part of the in-plane relative permittivity (red) is obtained from coplanar waveguides
(CPW) with the associated uncertainty in light grey.

2.8 Summary

In summary, we have described a complete measurement approach to make quan-

titative frequency-dependent measurements of the real part of the in-plane relative

permittivity of dielectric thin films from 100 Hz to 40 GHz. We discussed the mea-

surement systems used to acquire measurements of an ensemble of planar devices. We

described the modeling techniques and data extraction procedure for the planar inter-

digitated capacitors and coplanar waveguide devices measured in their specified fre-
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quency regimes. We detailed the on-wafer calibration techniques employed in the dif-

ferent frequency regimes and the approach used to extract the distributed capacitance

and conductance of the planar devices. We then demonstrated the broadband char-

acterization technique on a Sr7Ti6O19/DyScO3(110) test wafer and a DyScO3(110)

companion substrate test wafer. We found that the real part of the in-plane rel-

ative permittivity for Sr7Ti6O19/DyScO3(110) is K11 ≈ 560 ± 20 at 10 GHz and

K11 ≈ 590 ± 20 at 1 MHz, which indicates that the thin film shows little to no dis-

persion as a function of frequency. The loss tangent of the Sr7Ti6O19/DyScO3(110)

thin film was found to be tan(δ11) ≈ 0.01± .01 at 10 GHz and tan(δ11) ≈ 0.003± .001

at 1 MHz. The 10 GHz loss tangent results is indicative that the loss tangent of the

film is at or below the resolution of the measurement for this frequency range and

instrument settings.
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Chapter 3

Broadband Dielectric Spectroscopy of Ruddlesden-Popper

Srn+1TinO3n+1(n = 1, 2, 3) Thin Films

3.1 Abstract

We explore the frequency-dependent relative permittivity of Ruddlesden-Popper series

Srn+1TinO3n+1(n = 1, 2, 3) thin films as a function of temperature and dc electric

field. Interdigitated capacitors and coplanar waveguides were used to extract the

frequency response from 500 Hz to 40 GHz. At room temperature, the in-plane

relative permittivities (ε11) obtained for Srn+1TinO3n+1(n = 1, 2, 3) were 42±3, 54±

3, and 77± 2, respectively, and were independent of frequency. At low temperatures,

ε11 increases and electric field tunability develops in Sr4Ti3O10(n = 3).

3.2 Introduction

The Ruddlesden-Popper (RP) homologous series Srn+1TinO3n+1 is a unique set of ma-

terials whose dielectric properties have yet to be fully explored and have the potential

for far reaching applications, much like SrTiO3, the n =∞ member of this series [40].

Series members n = 1, 2, 3 were predicted to have fairly high relative permittivities

[41]. Although historically RP materials have been the focus of a variety of theoretical

[42–44] and experimental [45–48] research, until the recent successful growth of single-

phase RP thin films [49–57], detailed dielectric measurements of single-phase mate-

rials have been challenging [58]. The synthesis of stable, single-phase RP thin films

opens new possibilities for applications in multilayer hetero-structures and suggests
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experiments to explore the role of their unique crystal structures in ferroelectricity

[43].

The Srn+1TinO3n+1 RP series is of particular interest, because SrTiO3 is already

commonly used in a number of applications: a substrate for perovskite films, inte-

grated nonlinear compensation devices [59] and to enhance ferroelectricity [60]. When

strained, SrTiO3 can exhibit ferroelectricity even at room temperature and at mod-

est bias fields [1]. This increase in tunability unfortunately comes with a remarkable

increase in both the relative permittivity and loss, rendering strained SrTiO3 less

useful for high-frequency applications. The Srn+1TinO3n+1 RP series may provide a

new class of tunable materials which have decreased loss, yet still retain many of the

characteristics that make SrTiO3 so useful.

Typical radio frequency dielectric measurements focus on a single frequency [1]

or a small range of frequencies, even though frequency dependence carries important

information about disorder and relaxation mechanisms. Resonant techniques, such as

evanescent microwave microscopy, yield very accurate measurements of local material

properties, but are limited in their ability to extract broadband frequency informa-

tion [22, 61]. Consequently, lumped-element capacitors are often used, an example

of which are interdigitated capacitors (IDCs). Distributed effects, which are often

overlooked, can compromise results from such devices at high frequencies, where the

guided wavelength is comparable to the length of the device.

Here, we report quantitative measurements of in-plane relative permittivity ε11

for Srn+1TinO3n+1 thin films (n = 1, 2, 3) by means of an ultra-wideband approach

[23]. To obtain the high-frequency behavior of the RP thin-films and their compan-

ion substrate (001) (LaAlO3)0.3 − (SrAl0.5Ta0.5O3)0.7 (LSAT), we exploited copla-

nar waveguides (CPWs) rather than IDCs (which were only used for frequencies

below 300 MHz). By deliberately using distributed devices at high frequencies,

we have avoided errors arising from distributed effects in IDCs. Our single-phase
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(001) Srn+1TinO3n+1 thin-films were grown by molecular-beam epitaxy (MBE) on

0.5 mm thick (001) LSAT substrates with dimensions 10mm × 10mm and identi-

cal growth conditions to those of Ref. [1]. The 2θ x-ray diffraction results can be

found in App. A.7. Four-Circle x-ray diffraction measurements revealed that the

c-axis lattice constants of the 160 nm - 170 nm thick n = 1, 2, and 3 films were

12.57± 0.02Å, 20.42± 0.02Å, and 28.05± 0.02Å, respectively. The films were com-

mensurate within the experimental error (±0.0008Å). The combined CPW and IDC

measurements span 500 Hz to 40 GHz, almost eight decades in frequency.

3.3 In-plane Relative Permittivity Measurements

We fabricated CPWs and IDCs onto the RP thin films and a bare (001) LSAT,

substrate using standard lithographic techniques. The electrodes were made from Au

approximately 330 nm thick with a 20 nm titanium adhesion layer. The CPWs have

prescribed lengths, ` = {0.420 mm, 2.155 mm, 3.220 mm, 5.933 mm}, which improve

the measurement accuracy above 300 MHz [30]. Our IDCs also have different active

lengths ` = {0, 0.100 mm, 1.835 mm, 2.900 mm}, so the measured capacitance and

conductance could be fit as a function of length.

The CPW measurements were corrected using on-wafer planar standards pat-

terned on a LaAlO3(ε11 ≈ ε33 = 24.6 ± 0.6) [62, 63] substrate with identical cross

sectional geometries to the test devices. For frequencies below 1 MHz, we measured

the complex impedance of the IDCs using an impedance analyzer. Between 1 MHz

and 300 MHz, we measured the complex scattering parameters (S-parameters) of the

IDCs and from 300 MHz to 1 GHz using a radio frequency vector network analyzer

(VNA). At high frequencies, we measured S-parameters of CPWs with a microwave

VNA. We extracted the distributed circuit parameters of the bare substrate and thin

films for both IDCs and CPWs. After taking the difference between the distributed

capacitance of the thin film and substrate, we used 2D finite element simulations of
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the cross-sectional geometries of our devices to relate the capacitance difference to

the respective in-plane relative permittivity of the thin film.

Figure 3.1 shows ε11
1 for Srn+1TinO3n+1 (n = 1, 2, 3) thin films and explicitly

demonstrates that it is independent of frequency up to 40 GHz. Additionally, we

measured the in-plane relative permittivity of LSAT (ε11 = 23.1± 0.3) over the same

measurement frequency range and found it to be consistent with previous reports

[64]. We also found that the present RP materials had relatively low loss tangents,

significantly less than 0.04 (the sensitivity of our measurements at the time).

3.4 Temperature Dependence and Comparison with Theory

To further explore the dielectric properties of these materials as a function of tem-

perature, we employed a cryogenic probe station to perform on-wafer measurements

at variable temperature. In Fig. 3.2(a), we plot the temperature dependence of

ε11 at 1 MHz for these series members, which we find were consistent with previous

reports on the average permittivity in bulk ceramics [58]. The ε11 for n = 1, 2, 3

increases with decreasing temperature, and this temperature dependence increases

with n. The temperature dependence seen in Fig. 3.2(a) for n = 2 and 3 is similar

to that of SrTiO3 [65], and is likely due to the temperature dependence of the soft

mode [66]. In comparison, n = 1 shows relatively weak temperature dependence,

a feature that makes Sr2TiO4 attractive as an alternative high-speed, low-loss gate

dielectric. Figure 3.2(b) shows that even at 70 K the high-frequency dependence of

Sr4Ti3O10(n = 3) remains flat up to 40 GHz and shows no evidence of any relaxation

processes, which could be connected with defects or high lattice anharmonics.

Table 3.1 shows the ε11 averaged over the measurement frequency range for tem-

peratures 295 K, 70 K, and 25 K. Measured results were shown with the values
1We use the symbol ε11 in this chapter, as opposed to K11, to represent the real part of the

in-plane relative permittivity.
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Figure 3.1: Frequency Dependence of In-plane Relative Permittivity (ε11)
of Srn+1TinO3n+1 (n = 1, 2, 3) on
(001) (LaAlO3)0.3 − (SrAl0.5Ta0.5O3)0.7

The frequency dependence (500 Hz to 40 GHz) of the in-plane relative permit-
tivity (ε11) of Srn+1TinO3n+1 (n = 1, 2, 3) thin films on (001) (LaAlO3)0.3 −
(SrAl0.5Ta0.5O3)0.7 at room temperature (296 K).

63



Re
l. 

Pe
rm

. (
   

  )
 

11

(a)
Temperature [K]

(b)
Frequency [Hz]

108 109 1010 100 50 100 150 200
 

70 K 
250 K 

n = 31 MHz
n = 3

n = 2
n = 1

Figure 3.2: Temperature Dependence of the In-plane Relative Permittivity (ε11)
for Srn+1TinO3n+1 (n = 1, 2, 3) on
(001) (LaAlO3)0.3 − (SrAl0.5Ta0.5O3)0.7

(a) Temperature dependence of the in-plane relative permittivity (ε11) for
Srn+1TinO3n+1 (n = 1, 2, 3) on (001) (LaAlO3)0.3 − (SrAl0.5Ta0.5O3)0.7. The tem-
perature dependence was extracted from two interdigitated capacitors of lengths ` =
{0.1 mm, 2.9 mm}. (b) shows the high frequency dependence of Sr4Ti3O10(n = 3)
thin-film measured with coplanar waveguides at 70 K and 250 K.
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n = 1 n = 2 n = 3

295 K 42.1± 2.5 53.8± 2.9 77.2± 2.1
70 K 49.0± 4.5 61.2± 6.8 95.5± 4.5
30 K 47.5± 0.1 62.1± 0.1 98.1± 0.2

Theory (T = 0 K) 62 100 150

Table 3.1: ε11 for Srn+1TinO3n+1 (n = 1, 2, 3) at 295 K, 70 K, and 30 K

calculated using the first principles technique discussed below. The measured values

for 295 K were averaged over the frequency range of 500 Hz - 20 GHz. For 70 K,

the mean value is taken from 300 MHz to 20 GHz, and the 30 K result is averaged

from 1 kHz to 1 MHz. Experiments on bulk ceramics at room temperature measured

εaverage = 37.4, 57.9, 76.1 for n = 1, 2, 3 [45, 47].

First-principles density functional calculations using projector augmented wave

potentials were performed within the local density approximation as implemented in

vasp [67–70]. The wavefunctions were expanded in plane waves up to a kinetic energy

cutoff of 500 eV. Integrals over the Brillouiun zone were approximated by sums on a

6×6×6 Γ-centered k-point mesh. Phonon frequencies were calculated using the direct

method where each symmetry adapted mode was moved by approximately 0.01 . Born

effective charge tensors were calculated by finite differences of the polarization using

the modern theory of polarization [71] as implemented in vasp. All structures were

fully relaxed.

Interestingly, the three RP systems were found to have highly anisotropic permit-

tivity tensors; for (n = 1, 2, 3) , ε11= {62, 100, 150} and ε33= {18, 25, 34}, a zero

temperature result that was previously overlooked. Although the magnitude of ε11

is highly sensitive to constant biaxial strain for reasons previously discussed[43], the

relative change as a function of n is consistent with the presented measurements.

65



3.5 Low Temperature Tunability in Sr4Ti3O10(n = 3)

The distinct temperature dependence for Sr4Ti3O10(n = 3) in Fig. 2(b), although

not by itself a proof of soft mode temperature dependence, is often an indication

of tunability. We therefore, performed two independent tests using both IDCs and

CPWs to measure the dc electric field dependence for this test wafer. Electric field

bias was applied between the center conductor and outer conductor of a 5.933 mm

CPW, using a bias tee. Corresponding voltage-biased measurements on two IDCs,

`= {0.1 mm, 2.9 mm}, were accomplished using low frequency bias tees, where the

bias voltage was applied between the interdigitated fingers of the IDCs.

Figure 3.3 shows the measured relative change in phase ∆φ as a function of fre-

quency for a CPW (` = 5.933 mm) on the Sr4Ti3O10(n = 3) thin film. The measured

∆φ for this CPW at 30 K and 100 kV/cm corresponds to a change in film in-plane

relative permittivity of about 6%, which is consistent with the low-frequency biased

measurements. Both IDC and CPWmeasurements confirm that the Sr4Ti3O10(n = 3)

thin film can be tuned with modest dc electric fields at low temperatures. For n =

1 and 2, the tunability was less than 3%, which is approximately the uncertainty in

the measurement.

3.6 Summary

In summary, we have characterized the ε11 of the first three members of Srn+1TinO3n+1

RP Series using single-phase epitaxial thin films grown by MBE. The measured ε11

was consistent with the value obtained from theory. We have systematically explored

the dependence of ε11 on n, temperature, and dc electric field from 500 Hz to 40 GHz

by combining data from IDC and CPW devices. The consistency between theory

and experiment suggests that these dependencies were intrinsic to the Srn+1TinO3n+1

phases rather than inclusions of SrTiO3.
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Figure 3.3: Tunability of Sr4Ti3O10(n = 3)/LSAT(100) under
100 kV/cm at 30 K

The phase change ∆φ of a 5.933 mm coplanar transmission line biased at 100 kV/cm
relative to the unbiased line, on the Sr4Ti3O10(n = 3) thin film. The solid line shows
the predicted ∆φ, a 6% change in relative permittivity, based on the low frequency
response in the inset. The inset depicts the tunability of ε11 for Sr4Ti3O10(n = 3) at
1 MHz and 30 K, which was extracted from two interdigitated capacitors of lengths
` = {0.1 mm, 2.9 mm}.
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Chapter 4

Strained Ruddlesden-Popper Srn+1TinO3n+1 Thin Films

4.1 Abstract

Understanding the mechanisms for loss is one of central goals to designing new di-

electric materials for a wide array of frequency dependent applications. In 2004, J.

H. Haeni, et al. showed that SrTiO3(n =∞) on DyScO3(110) undergoes a ferroelec-

tric to paraelectric phase transition around room temperature [1]. Unfortunately,

these materials also showed significant loss at microwave frequencies (tan δ > .1). In

this study, we discuss the growth and characterization of Ruddlesden-Popper series

Srn+1TinO3n+1(n = 2, 3, 4, 5, 6) epitaxial thin-films grown on the rare-earth scan-

date substrates, DyScO3(110) and GdScO3(110), which correspond to biaxial ten-

sile strain of approximately 1% and 1.7%, respectively. The thin films were 50 nm

on DyScO3(110) and 25 nm thick on GdScO3(110), which ensured uniform strain

throughout the film. We characterized the thin films with seven optimally designed

coplanar waveguides from 45 MHz to 40 GHz and with a set of planar interdigitated

capacitors of varying active lengths from 100 Hz to 300 MHz. We then extracted

the in-plane complex permittivity from 100 Hz to 40 GHz for these thin films. Here,

we report the dependence of the critical temperature, tunability, and loss tangent

on series number and strain. We also examined the frequency dependent dielectric

properties of these thin films as a function of temperature, electric field, series number

and strain.
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4.2 Introduction

Many tunable ferroelectrics exhibit frequency dependence at gigahertz frequencies

[2, 5, 23–25]. This frequency dependence corresponds to an increase in the loss tangent

of the materials [72, 73]. For a variety of systems, frequency dependence has been

associated with conductivity, polarization domains [6], dipole relaxation [3], disorder

[25, 74], and at very high frequencies to phonon modes in the film [66]. This increase

in dielectric loss renders many thin-film systems less useful for practical applications

in the microwave regime. Despite the high losses in some thin film systems, a variety

of experimental techniques have been used to integrate thin films into lumped-element

microwave circuits on low-loss substrates to utilize the tunability of the film [13], while

minimizing the dielectric loss.

Typically, such devices are narrowband and still operate at frequencies on the

edge of where dielectric relaxation becomes significant [13]. Because many of these

systems are lossy at high frequencies, device applications have been forced to operate

at frequencies significantly less than the onset of the dielectric relaxation. A lower

operation frequency implies that the device size is inherently larger than what can

be achieved by working at high frequency. By increasing the operation frequency of

communication systems data could also be transferred at higher rates, which could

have important implications for broadband wireless technology. If one could engineer

a tunable dielectric with low loss well into the gigahertz regime, then this material

would enable a host of new technology, while simultaneously decreasing the size of the

devices and possibly the cost of production. Moreover, if one could understand the

mechanisms behind the decreased loss, then we could potentially design new materials

with improved characteristics for specific frequency dependent applications.

Ba1−xSrxTiO3, an example of a tunable ferroelectric, has been the subject of an

extensive amount of experimental and theoretical research exploring the effects various

dopants, strain, growth techniques, and layering. In Fig. 4.1, we show the frequency
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dependence of 400 nm thick Ba0.3Sr0.7TiO3 thin films on LaAlO3 explored in Ref.

[2]. Refs. [2, 75] are some of only a few experiments exploring the high frequency

characteristics of Ba1−xSrxTiO3, and the conclusions arrived at in these references are

very pertinent for many of the practical applications of tunable low-loss ferroelectrics.

Among these findings, Ref. [2] showed that even though Ba0.3Sr0.7TiO3 has low loss

at frequencies less than 100 MHz; the dispersion rapidly increases in the gigahertz

frequency regime. Refs. [2, 75] model this loss with a modified Cole-Cole function

and suggest that the dispersion can likely be attributed to coupling into the soft-mode

phonon frequency.

Figure 4.1: Broadband Frequency Dependence of the
Complex Relative Permittivity of Ba0.3Sr0.7TiO3 from Ref. [2]

From Ref. [2], the broadband complex permittivity of Ba0.3Sr0.7TiO3 from 10 MHz
to 45 GHz at 235 K. The real part of the relative in-plane permittivity (ε′r) are the
circles with a Cole-Cole fit as the solid line. The imaginary part of the relative in-plane
permittivity (ε′′r) are the squares with the corresponding imaginary part obtained from
a Cole-Cole fit shown as the solid line. The inset shows the temperature dependence
of the change in capacitance (∆C) as a function of temperature for an interdigitated
capacitor.

Aside from doping SrTiO3 with Ba (essentially replacing a percentage of the Sr

atoms with Ba atoms), when SrTiO3 is strained on DyScO3(110) the critical tem-

perature of the paraelectric-ferroelectric phase transition can be increased to room
70



temperature (Fig. 4.2(a)). This profound increase is impressive, because unstrained

SrTiO3 is an incipient ferroelectric [76]. Incipient ferroelectrics show a characteristic

peak in the relative permittivity with decreasing temperature, but the relative per-

mittivity saturates at low temperatures indicating that the material never transitions

into the ferroelectric state. In Fig. 4.2(b), J. H. Haeni, et al. showed that the loss

tangent (tan δ) of SrTiO3/DyScO3(110) develops a sharp peak near room tempera-

ture and they observed that the film exhibits a significant enhancement in electric

field dependence at the transition temperature, almost 80%. Interestingly, SrTiO3 is

a member of a family of materials called Ruddlesden-Poppers.
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(a) (b)

(c)

Figure 4.2: Strained SrTiO3/DyScO3(110)(n =∞) Shows Room Temperature
Ferroelectricity from Ref. [1]

From Ref. [1], a 50 nm thick film of strained SrTiO3/DyScO3(110)(n = ∞) showed
room temperature ferroelectricity while an unstrained SrTiO3(n = ∞) film on
(LaAlO3)0.3− (SrAl0.5Ta0.5O3)0.7 (LSAT(001)) showed no evidence of ferroelectricity.
(a) The temperature dependence of the real part of the in-plane relative permittivity
of a 50 nm thick film of SrTiO3/DyScO3(110)(n = ∞) from 100 K to 330 K at 10
GHz. (b) The loss tangent (tan(δ)) at 10 GHz as a function of temperature for the
SrTiO3/DyScO3(110)(n = ∞) film at 10 GHz. (c) The electric field tunability of
the SrTiO3/DyScO3(110)(n = ∞) film at 10 GHz and at room temperature. In (a),
(b), and (c) the results for the SrTiO3/LSAT(001)(n = ∞) film are also shown for
comparison.

4.3 Crystal Structure & Synthesis

A Ruddlesden-Popper (RP) series member is simply a perovskite-like material where

the chemical formula can be written as An+1BnO3n+1 [40]. For SrTiO3, the RP series

is Srn+1TinO3n+1, where A is Sr and B is Ti. For a cubic perovskite, like SrTiO3, the
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term A-site and B-site originated to refer to the position of the atom in the crystal

lattice. In this case, a Ti atom sits inside an O octahedra centered about Sr atoms

that can be thought of as positioned on the points of a cube. The Srn+1TinO3n+1 RP

series offers an interesting way to explore the role of crystal structure, the emergence

of ferroelectricity as a function series number, and as a means to understanding the

mechanisms of the losses seen in strained SrTiO3/DyScO3(110)(n =∞).

In Fig. 4.3, we show a 3D schematic of the crystal structure for Srn+1TinO3n+1

(n = 1, 2, 3) or Sr2TiO4(n = 1), Sr3Ti2O7(n = 2), and Sr4Ti3O10(n = 3). These

materials are grown by shutter-growth molecular beam expitaxy (MBE). A single

layer of Sr2TiO4(n = 1) is synthesized by depositing in succession SrO, TiO2, and

SrO. This pattern is repeated to specified film thickness. A detailed schematic of the

crystal growth is shown in App. A.8 in Fig. A.7. A far more intuitive picture of

Srn+1TinO3n+1 (n = 1, 2, 3) can be constructed by taking a 2D cross section of the

thin films (Fig. 4.4). In Fig. 4.4, we show a 2D cross section of n = 1, 2, and 3

(Sr2TiO4(n = 1), Sr3Ti2O7(n = 2), and Sr4Ti3O10(n = 3)). One can clearly see in

Fig. 4.4 that an RP thin film can be thought of as n perovskite layers followed by

another n perovskite layers that are offset by half the in-plane lattice constant. In

practice, this is achieved by depositing an extra SrO rocksalt layer every n perovskite

layers.
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n = 1

Sr2TiO4

n = 2

Sr3Ti2O7

n = 3

Sr4Ti3O10

O
Ti

Sr

Figure 4.3: Crystal Structure of Srn+1TinO3n+1(n = 1, 2, 3)
Ruddlesden-Popper Series

A 3D schematic of a single lattice of Srn+1TinO3n+1(n = 1, 2, 3), which are Sr2TiO4,
Sr3Ti2O7, and Sr4Ti3O10, respectively. The strontium (Sr) atoms are shown as the
green spheres, the oxygen (O) atoms are shown as the red spheres, and the titanium
(Ti) atoms are shown as the blue spheres. The Ti atom sits in the center of six oxygen
atoms arranged at the points of the blue octahedra.
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Substrate
n = 1

Sr2TiO4

n = 2

Sr3Ti2O7

Substrate

n = 3

Sr4Ti3O10

Figure 4.4: 2D Cross section of Srn+1TinO3n+1(n = 1, 2, 3)
Ruddlesden-Popper on a Substrate

A 2D cross section of Srn+1TinO3n+1 or Sr2TiO4(n = 1), Sr3Ti2O7(n = 2), and
Sr4Ti3O10(n = 3) on a substrate (grey). The strontium (Sr) atoms are shown as the
green spheres, the oxygen (O) atoms are shown as the red spheres, and the titanium
(Ti) atoms are shown as the blue spheres. The Ti atom sits in the center of six
oxygen atoms arranged at the points of the blue octahedra, which are shown as blue
diamonds in this plane.

In Fig. 4.5, we show X-Ray 2θ diffraction measurements of strained Srn+1TinO3n+1(n =

2, 3, 4, 5, 6) on DyScO3(110). The films were 50 nm thick, and were grown by MBE

on DyScO3(110) substrates that were approximately 1 mm thick [1, 4, 15, 49, 51, 53,

54, 77, 78]. We have used color to indicate series number, where n = 2, 3, 4, 5, and 6

are represented by cyan, dark green, dark yellow, red, and blue. A schematic of a thin

film on a substrate can be found in App. A.8 and is shown in Fig. A.6. The sharp

peaks in Fig. 4.5 at approximately 24◦, 45◦, and 73◦ are due to the DyScO3(110)
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substrate. If we examine Sr3Ti2O7(n = 2) (cyan) in Fig. 4.5, we see that there

are 2 peaks between each set of the peaks from the DyScO3(110) substrate. Further

examination of the data presented in Fig. 4.5 reveals that the number of peaks in

between the substrate peaks is equal to the series number. By itself X-Ray 2θ diffrac-

tion measurements are not sufficient to state definitively that the materials are single

phases of RP thin films; however, a variety of crystallographic measurements were

performed on each sample to verify that the films were homogeneously strained in the

out-of-plane direction and greater than 95% phase pure. We also grew two addition

sets of RP series numbers n = 2, 3, 4, 5, and 6 to ensure that our measurements were

consistent across samples sets. Throughout, this section we refer to these samples sets

as DyScO3#1, DyScO3#2, and DyScO3#3. Figure 4.5 are the X-Ray 2θ diffraction

measurements for the DyScO3#3 sample set, because it represents the most thor-

oughly studied sample set in this report. We also grew the same set of samples on

GdScO3(110), which strains the samples by approximately 1.7%. In general, we state

the the strain is approximately 1.0% on DyScO3(110) and 1.7% on GdScO3(110).

This is in fact not true. In reality, the strain is actually decreasing with increasing

series number. The in-plane lattice constant for n = 1 is 3.88 Å, n = 2 is 3.89 Å,

n = 3 is 3.90 Å, and as n increases, it limits to the in-plane lattice constant of SrTiO3

(3.91 Å). The in-plane lattice constant for DyScO3(110) is 3.94 and GdScO3(110) is

3.97. The deviation is approximately 0.5% for n = 1 and rapidly limits to the values

stated earlier as n increases.

We should also note that the films were meticulously grown by Mr. C.-H. Lee and

not by the author of this thesis. A thorough and thoughtful discussion of the growth

procedure and parameters can be found in Mr. Lee’s dissertation, but are beyond

the scope of this thesis. The growth of these materials is a formidable task as each

atomic layer must be deposited one at a time, and in succession to the required film

thickness [1, 4, 15, 49, 51, 53, 54, 77, 78].
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Figure 4.5: X-ray 2θ Diffraction of Strained
Srn+1TinO3n+1(n = 2, 3, 4, 5, 6) on DyScO3(110)

The X-ray 2θ diffraction of strained Srn+1TinO3n+1(n = 2, 3, 4, 5, 6) on DyScO3(110).
The films are 50 nm thick, and are grown by molecular beam epitaxy on DyScO3(110)
substrates that approximately 1 mm thick. We have used color to indicate series
number, where n = 2, 3, 4, 5, and 6 are represented by cyan, dark green, dark yellow,
red, and blue. Courtesy of C.-H. Lee.

77



25 nm of Srn+1TinO3n+1/GdScO3 (110)

2   (degrees)

In
te

n
si

ty
 (

a.
u

.)

n = 2

n = 3

n = 4

n = 5

n = 6

10 20 30 40 50 60 70

Figure 4.6: X-ray 2θ Diffraction of Strained
Srn+1TinO3n+1(n = 2, 3, 4, 5, 6) on GdScO3(110)

The X-ray 2θ diffraction of strained Srn+1TinO3n+1(n = 2, 3, 4, 5, 6) on
GdScO3(110). The films are 25 nm thick, and are grown by molecular beam epi-
taxy on GdScO3(110) substrates that approximately 1 mm thick. We have used color
to indicate series number, where n = 2, 3, 4, 5, and 6 are represented by cyan, dark
green, dark yellow, red, and blue. Courtesy of C.-H. Lee.
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4.4 Low Frequency Temperature Dependence

Perhaps one of the most common approach to both identify and understand a fer-

roelectric phase transitions in a material system is to explore the dependence of

the relative permittivity on temperature. We explored the temperature dependence

of real part of the in-plane relative permittivity for the 50 nm thick thin films of

Srn+1TinO3n+1(n = 2, 3, 4, 5, 6) on DyScO3(110) and a similar set of thin films on

GdScO3(110) by measuring at fixed variable temperature and sweeping frequency.

This is relevant, because the most common approach to determine the dependence of

the relative permittivity on temperature is to fix frequency and sweep temperature.

Although considerably less time consuming, we cannot sweep temperature, because

the g-s-g probes (and the manipulator arms) are thermally grounded to the cold finger

and they contract with decreasing temperature. Moreover, a considerable amount of

care must be taken to ensure that the system is in thermodynamic equilibrium when

sweeping temperature and holding the frequency fixed. In contrast, the frequency

at a low enough power can be varied without changing the thermodynamic state

of the system. Furthermore, for S-parameter measurements in the HF regime the

calibrations become invalid when the temperature is changed [34].

The Srn+1TinO3n+1(n = 2, 3, 4, 5, 6) films along with their companion substrates

and a LaAlO3 calibration wafer were affixed with silver paste to a custom-fabricated

copper chuck with two integrated thermometers and two heaters (Fig. 4.7). We

placed the samples in the cryogenic probe station, mechanically bolted the copper

chuck to a cold finger, and connected the the thermometers and heaters by a vacuum

feed-through to a temperature controller. Microwave g-s-g probes were attached to

stainless steel semi-rigid coaxial cables and temperature controlled probe mounts in-

side the cryogenic probe station (Sec. 2.3). The cyrogenic probe station was pumped

down for approximately 24 hours, or until the pressure was 200 µTorr. Once the cryo-

genic probe station was brought to vacuum, we cooled the samples with an open-flow
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of liquid helium without applying dc electric field (i.e. zero-field cooled). Once the

measurement system was zero-field cooled to the lowest measurement temperature

and stabilized, we corrected the LF LCR meter with a series open and a series short

on the LaAlO3 calibration test wafer following the approach discussed in Sec. 2.5.

We then confirmed the calibration by measuring an IDC on the LaAlO3 calibration

wafer to verify the frequency dependent capacitance and loss tangent correction of the

calibration. On each test wafer (including the companion substrate test wafer) and

at each temperature, we measured two interdigitated capacitors of different active

lengths with the LF LCR meter from 100 Hz to 1 MHz. This corresponded to fifteen

measurements per measurement temperature. After every 20 K, the LCR meter was

recalibrated in the LF regime, as this typically corresponded to 8 hours of virtually

uninterrupted measurement. The typical temperature interval was 5 K.
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Figure 4.7: A Schematic of the Measurement Layout
for Srn+1TinO3n+1/DyScO3(110)(n = 2, 3, 4, 5, 6)

A schematic of the measurement setup for 50 nm Srn+1TinO3n+1/DyScO3(110)(n =
2, 3, 4, 5, 6) thin-film test wafers, DyScO3(110)(DSO) companion substrate test
wafer, and the LaAlO3 calibration wafer (Cal.). The heaters, labeled ‘Heater 1’ and
‘Heater 2’, are used to uniformly heat the OFHC copper chuck. The test wafers and
calibration wafer are affixed to the copper chuck with silver paste. We controlled the
temperature with a external feedback loop that measured the temperature with one
of the two thermometers (‘Therm. 1’ and ‘Therm. 2’) and adjusted the output to
the heaters to keep the temperature fixed.

We show the temperature dependence of real part of the in-plane relative permit-

tivity (K11) as a function temperature in Fig. 4.8 for three different sample sets of

Srn+1TinO3n+1 thin films on DyScO3(110). In Fig. 4.8, the solid lines are the series

numbers n = 2, 3, 4, and 5 for the DyScO3#1 set, the dash-dotted lines are the series

numbers n = 4, and 5 for the DyScO3#2 set, and dashed lines are the series numbers
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n = 2, 3, 4, 5, and 6 for the DyScO3#3 set. We have assigned each series number (n)

a specific color: n = 2 is cyan, n = 3 is dark green, n = 4 is dark yellow, n = 5 is red,

and n = 6 is blue. The temperature increments varied between samples sets. For the

DyScO3#3 sample set, we performed measurements every 5 K from 15 K to 300 K.

One important feature of Fig. 4.8 is that the temperature dependence is consistent

between sample sets. For n = 2(solid cyan line) and n = 3(solid dark green line) in the

DyScO3#1 set, there is a noticeable kink at 150 K that is most likely due to a poor or

degraded calibration. For the DyScO3#3 set, series number n = 5 (dashed red line)

appears to be inconsistent with the other n = 5 samples, however, high frequency

measurements show a more consistent temperature dependence. Even though the

strain was actually decreasing with increasing series number, it is clear from Fig. 4.8

that as series number increased the temperature where the maximum in K11 occurred

increased. The temperature at which K11 was a maximum may be an indication of

a ferroelectric-paraelectric phase transition. For relaxor ferroelectrics, we define this

maximum as the Critical Temperature (Tc), and although we use this terminology

throughout this section, this temperature should more appropriately called Tmax.

The diffuseness of the peak in K11 is also interesting, because it is commonly found

in relaxor ferroelectrics [6]. As we alluded to earlier, we do not yet fully understand

these materials, but another classic hallmark of relaxor ferroelectrics is temperature

dependent dispersion where the Tc increases with increasing frequency.
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Figure 4.8: Comparison of K11(in-plane) for DyScO3 #1, #2, and #3 of
Srn+1TinO3n+1(n = 2, 3, 4, 5, 6) on DyScO3(110)

We show the temperature dependence of the real part of the in-plane relative per-
mittivity, K11(in-plane), for three groups of 50 nm thick thin films of Srn+1TinO3n+1

samples on DyScO3(110) at 1 MHz. Here, we have assigned each series number (n)
a specific color: n = 2 is cyan, n = 3 is dark green, n = 4 is dark yellow, n = 5 is
red, and n = 6 is blue. The DyScO3 #1 sample set is shown as the solid lines for
the series numbers, n = 2, 3, 4, and 5. The DyScO3 #2 sample set is shown as the
dash-dot lines for the series numbers, n =4, and 5. The interdigitated capacitors used
for the sample sets DyScO3 #1 and DyScO3 #2 had active lengths ` = (1.835 mm,
2.900 mm). The DyScO3 #3 sample set is shown as the dashed lines for the series
numbers, n = 2, 3, 4, 5, and 6. The interdigitated capacitors used for these films had
active lengths ` = (0.875 mm, 1.835 mm).

In a relaxor ferroelectric, a physical interpretation of the dispersion around the

ferroelectric instability, Tc, is that spontaneous dipoles form in the crystal lattice,

and they interact on some characteristic length scale to form dipolar regions. The

length scale over which interactions occur are influenced by a number of factors;
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however, the result is that polar nanoregions of a distribution of sizes forms in the

film. These polar nanoregions behave like small dipoles, where the characteristic time

necessary for the polar nanoregions needed to anti-align to the time dependent electric

field is dependent on the size of the of the polar nanoregion. In Fig. 4.9, we show

the frequency dependence of K11 as a function of temperature for the sample sets

labeled DyScO3#1 (a) and DyScO3#3 (b), where increasing line thickness indicates

increasing frequency. The series numbers (n) measured for the DyScO3#1 sample set

are n = 2 (cyan), n = 3 (dark green), n = 4 (dark yellow), and n = 5 (red). The

interdigitated capacitors used for the DyScO3#1 sample set had active lengths ` =

(1.835 mm, 2.900 mm) (See Fig. 4.9(a)). Likewise, in Fig. 4.9(b), the series numbers

(n) measured for the DyScO3#3 sample set are n = 2 (cyan), n = 3 (dark green),

n = 4 (dark yellow), n = 5 (red), and n = 6 (blue). The interdigitated capacitors

used for the DyScO3#3 set had active lengths ` = (0.875 mm, 1.835 mm). One can

see in Fig. 4.9 that frequency dependence developed below the maximum in K11 at

Tc, and significantly decreased at temperatures above Tc.
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Figure 4.9: Low Frequency Temperature Dependent Dispersion of K11(in-plane)
for Srn+1TinO3n+1/DyScO3(110) (n = 2, 3, 4, 5)
for DyScO3 #1 and DyScO3 #3

(a) We show the temperature dependence of the real part of the in-plane relative
permittivity, K11(in-plane), for the DyScO3 #1 sample set of 50 nm thick thin films
Srn+1TinO3n+1/DyScO3(110) (n = 2, 3, 4, 5) at 1 kHz, 10 kHz, 100 kHz, and 1 MHz,
where line thickness indicates frequency. The series numbers (n) measured for this
sample set are n = 2 (cyan), n = 3 (dark green), n = 4 (dark yellow), and n = 5
(red). The interdigitated capacitors used for this sample set had active lengths ` =
(1.835 mm, 2.900 mm). (b) We show the temperature dependence of the real part of
the in-plane relative permittivity, K11(in-plane), for the DyScO3 #3 sample set of 50
nm thick thin films Srn+1TinO3n+1/DyScO3(110) (n = 2, 3, 4, 5, 6) at 1 kHz, 10 kHz,
100 kHz, and 1 MHz, where line thickness indicates frequency. The interdigitated
capacitors used for this sample set had active lengths ` = (0.875 mm, 1.835 mm).

Strain is another important variable that we used to control the behavior of K11

for these materials. The soft-mode phonon frequency has been shown to decrease

with increased biaxial tensile strain for SrTiO3/DyScO3(110) [77]. By decreasing the

soft-mode phonon frequency, we increase the transition temperature at which the

polar nanoregion form. In Fig. 4.10, we show K11 as a function of temperature for

Srn+1TinO3n+1/DyScO3(110)(n = 2, 3, 4, 5) (solid lines) and Srn+1TinO3n+1/GdScO3(110)(n =

2, 3, 4, 5) (dashed lines) labeled DyScO3#1 and GdScO3#1. The Srn+1TinO3n+1/GdScO3(110)

(n = 2, 3, 4, 5) thin films are 25 nm thick under approximately 1.7% biaxial tensile
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strain and the Srn+1TinO3n+1/DyScO3(110) (n = 2, 3, 4, 5) thin films are 50 nm

thick under approximately 1% biaxial tensile strain. It is striking that while the Tc

of any given series number has been dramatically increased, the Tc still increased

monotonically with increasing series number. As with the samples on DyScO3(110),

we again examined K11 for the sample set on GdScO3(110) as function of tempera-

ture for fixed frequencies to explore how Tc evolved with increasing frequency and

the effect of strain.
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Figure 4.10: Comparison of K11(in-plane) for DyScO3 #1 of
Srn+1TinO3n+1(n = 2, 3, 4, 5)/DyScO3(110) to
GdScO3 #1 of Srn+1TinO3n+1(n = 2, 3, 4, 5)/GdScO3(110)

We show the effect of biaxial tensile strain on the temperature dependence of the real
part of the in-plane relative permittivity, K11(in-plane), at 1 MHz. For 50 nm thick
thin films of Srn+1TinO3n+1(n = 2, 3, 4, 5) samples on DyScO3(110) (DyScO3 #1)
the biaxial tensile strain is approximately 1%. For the 25 nm thick thin films of
Srn+1TinO3n+1(n = 2, 3, 4, 5) samples on GdScO3(110) (GdScO3 #1) the biaxial ten-
sile strain is approximately 1.7%. We have used color to indicate series number, where
n = 2, 3, 4, and 5 are represented by cyan, dark green, dark yellow, and red. The
DyScO3 #1 sample set is shown as the solid lines for the series numbers, n = 2, 3, 4,
and 5. The interdigitated capacitors used for the sample set DyScO3 #1 had active
lengths ` = (1.835 mm, 2.900 mm). The GdScO3 #1 sample set is shown as the dash-
dot lines for the series numbers, n = 2, 3, 4, and 5. The interdigitated capacitors
used for these films had active lengths ` = (0.875 mm, 1.835 mm).

In Fig. 4.11, we show the temperature dependence of K11 for 25 nm thick films

of Srn+1TinO3n+1/GdScO3(110)(n = 2, 3, 4, 5, 6) at 1 kHz, 10 k Hz, 100 kHz, and
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1 MHz, where the line thickness indicates the frequency. Note that n = 6 (blue)

was not shown in Fig. 4.10, because we were not able to reach the maximum in

K11 given the upper temperature limit of the probe station (T ≈ 350 K). There

are several features of interest in Fig. 4.10. First, in comparison to Fig. 4.8, K11

appears to be in general broader as function of temperature for the series members

explored on GdScO3(110). Second, the maximum value of K11 for the samples on

GdScO3(110) appeared to be unchanged or less than the values obtained for the

same series members on DyScO3(110). From the LST relation we know that the low

frequency limit for the permittivity can be written as a constant times the soft-mode

phonon frequency, hence this last observation is unexpected. One would expect that

as the soft-mode phonon decreased in frequency the static permittivity limit of K11

should have increased. Along this premise, one would have naively expected that as

series number increased, K11 at Tc would have also increased, and that it would have

limited to the behavior of SrTiO3/DyScO3(110)(n =∞) (See Fig. 4.2[1]).
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Figure 4.11: Low Frequency Temperature Dependent Dispersion of K11(in-plane)
for Srn+1TinO3n+1/GdScO3(110) (n = 2, 3, 4, 5, 6)
for GdScO3 #1

We show the temperature dependence of the real part of the in-plane relative per-
mittivity, K11(in-plane), for the GdScO3 #1 sample set of 25 nm thick thin films
Srn+1TinO3n+1/GdScO3(110) (n = 2, 3, 4, 5, 6) at 1 kHz, 10 kHz, 100 kHz, and 1
MHz, where line thickness indicates frequency. We have used color to indicated series
number, where n = 2, 3, 4, 5, and 6 are represented by cyan, dark green, dark yel-
low, red, and blue. The interdigitated capacitors used for this sample set had active
lengths ` = (0.875 mm, 1.835 mm).

In Fig. 4.12, we show the dependence of Tc as a function of series number (n)

at 1 MHz for Srn+1TinO3n+1 for the sample sets DyScO3 #1 (squares), DyScO3 #2

(triangles), DyScO3 #3 (circles), and GdScO3 #1 (stars). We have used color to

indicated series number, where n = 2, 3, 4, 5, 6, and ∞ are represented by cyan,

dark green, dark yellow, red, blue, and magenta, respectively. It is clear from
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Fig. 4.12 that as n increased Tc also increased, and trended toward the Tc of

SrTiO3/DyScO3(110)(n = ∞). This behavior seems to suggest that Tc as a func-

tion of n asymptotically increased as a positive monotonic function towards the Tc of

SrTiO3/DyScO3(110)(n =∞). We also note the strong agreement between the Tc of

a given series member for different DyScO3(110) sample sets, which impressive from

an experimental perspective. We also found from Fig. 4.12 that strain appeared to

shift the Tc almost uniformly up in temperature by approximately 60 K, except that

the Tc of n = 6 on GdScO3(110) was found to be greater than 335 K, which implied

a shift in Tc greater than 80 K.
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Figure 4.12: Critical Temperature as a Function of Series Number for
Srn+1TinO3n+1(n = 2, 3, 4, 5, 6, ∞) for samples on
DyScO3(110) and GdScO3(110)

We show the effect of strain and series number on the Critical Temperature (Tc)
obtained from low frequency fixed temperature dependent measurements of inter-
digitated capacitors at 1 MHz. The sample sets shown are DyScO3 #1 (squares),
DyScO3 #2 (triangles), DyScO3 #3 (circles), and GdScO3 #1 (stars). The measured
series numbers (n) include n = 2 (cyan), n = 3 (dark green), n = 4 (dark yellow),
n = 5 (red), n = 6 (blue), and n =∞ (magenta).

4.5 Low Frequency Electric Field Dependence

Another indicator of a relaxor ferroelectric is hysteresis in the electric field depen-

dence of K11 above Tc [6]. We explored the electric field dependence of K11 at 1

MHz by measuring two IDCs at fixed temperature and frequency as a function of

applied electric field. External low frequency bias tees were attached to the rigid
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coaxial cables outside the cyrogenic probe station shown in Fig. 2.1. The dc voltage

for these measurements were applied between the center conductors of Port 1 and

Port 2 (See Fig. 2.1). After the system was pumped down to approximately 200

µTorr, the samples were zero-field cooled to the measurement temperature. Once

the temperature was stabilized, the LCR meter was corrected with the series open

and series short fabricated on the LaAlO3 calibration wafer, following the approach

outlined in Sec. 2.5. We then confirmed the calibration by measuring an IDC on

the LaAlO3 calibration wafer to verify the frequency dependent capacitance and loss

tangent correction of the calibration.

At each measurement temperature, we measured two IDCs with different active

lengths. For the 50 nm Srn+1TinO3n+1/DyScO3(110)(n = 2, 3, 4, 5) films labeled

DyScO3 #3 in the Sec. 4.4, the IDCs had active lengths ` = (0.875 mm, 1.835

mm). In order to ensure that we did not destroy the samples in the process of the

measurement, we first manually stepped through the applied voltage on each test

wafer to verify that the samples did not show significant leakage, which can damage

the films. After we had established the maximum applied voltage, we measured both

IDCs on each test wafer, including the companion test wafer substrate.

For the DyScO3 #3 sample set, we performed a four quadrant electric sweep (0 to

Vmax, Vmax to −Vmax, −Vmax to Vmax, Vmax to 0) with 7.5 kV/cm steps to a maxi-

mum applied electric field of 75 kV/cm (or 150 V over a 20 µm gap). We show the elec-

tric field dependence of K11 at 1 MHz of Srn+1TinO3n+1/DyScO3(110) (n = 2, 3, 4, 5)

for DyScO3 #3 in Figs. 4.13, 4.14, 4.15, and 4.16 for n = 3, 4, 5, and 6, respectively.

We have used color to indicate the series number, where n = 3, 4, 5, and 6 are rep-

resented by dark green, dark yellow, red, and blue, respectively. For each sample, we

performed the electric field dependent experiments at T = 60 K, 120 K, 180 K, and 240 K

to explore how hysteresis and tunability developed as a function of temperature. The

Tc of n = 3, 4, 5, and 6 are at approximately T ≈ 60 K, 120 K, 180 K, and 240 K,
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respectively. In Figs. 4.13, 4.14, 4.15, and 4.16, it is interesting that both tunability

and hysteresis inK11 persist well above Tc for the 50 nm thick Srn+1TinO3n+1/DyScO3(110)

(n = 2, 3, 4, 5) thin films. This is especially evident in n = 6 (Fig. 4.16), where a

significant amount of hysteresis is apparent at 300 K despite the fact that these mea-

surements are approximately 60 K above the Tc. It is possible that the hysteresis

above Tc is due to the material being driven back into the ferroelectric state by the

application of the dc electric field. We can encapsulate some of the electric field

dependence by simply calculating the maximum change in K11 and dividing by the

maximum in K11, which we define as the %Tunability.
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Figure 4.13: Electric Field Dependence at 1 MHz of
Sr4Ti3O10/DyScO3(110) (n = 3)
at 60 K, 120 K, 180 K (Tc), and 300 K.

The electric field dependence of the real part of the in-plane relative permittivity
(K11(in-plane)) at 1 MHz of Sr4Ti3O10/DyScO3(110) (n = 3) at 30 K (top left), 60
K (Critical Temperature (Tc)) (top right), 120 K (bottom left), and 300 K (bottom
right). The maximum electric field was 75 kV/cm and was stepped by 7.5 kV/cm.
The interdigitated capacitors used for this measurement had active lengths ` = (0.875
mm, 1.835 mm).
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Figure 4.14: Electric Field Dependence at 1 MHz of
Sr5Ti4O13/DyScO3(110) (n = 4)
at 30 K, 60 K, 120 K (Tc), and 180 K.

The electric field dependence of the real part of the in-plane relative permittivity
(K11(in-plane)) at 1 MHz of Sr5Ti4O13/DyScO3(110) (n = 4) at 30 K (top left), 60
K (top right), 120 K (Critical Temperature (Tc)) (bottom left), and 180 K (bottom
right). The maximum electric field was 75 kV/cm and was stepped by 7.5 kV/cm.
The interdigitated capacitors used for this measurement had active lengths ` = (0.875
mm, 1.835 mm).
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Figure 4.15: Electric Field Dependence at 1 MHz of
Sr6Ti5O16/DyScO3(110) (n = 5)
at 60 K, 120 K, 180 K (Tc), and 300 K.

The electric field dependence of the real part of the in-plane relative permittivity
(K11(in-plane)) at 1 MHz of Sr6Ti5O16/DyScO3(110) (n = 5) at 60 K (top left), 120
K (top right), 180 K (Critical Temperature (Tc)) (bottom left), and 300 K (bottom
right). The maximum electric field was 75 kV/cm and was stepped by 7.5 kV/cm.
The interdigitated capacitors used for this measurement had active lengths ` = (0.875
mm, 1.835 mm).
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Figure 4.16: Electric Field Dependence at 1 MHz of
Sr7Ti6O19/DyScO3(110) (n = 6)
at 120 K, 180 K, 240 K (Tc), and 300 K.

The electric field dependence of the real part of the in-plane relative permittivity
(K11(in-plane)) at 1 MHz of Sr7Ti6O19/DyScO3(110) (n = 6) at 120 K (top left), 180
K (top right), 240 K (Critical Temperature (Tc)) (bottom left), and 300 K (bottom
right). The maximum electric field was 75 kV/cm and was stepped by 7.5 kV/cm.
The interdigitated capacitors used for this measurement had active lengths ` = (0.875
mm, 1.835 mm).

We calculated the %Tunability from the maximum value of K11 obtained after the

film had been poled to Vmax, which excludes the initial portion of the electric field

sweep from 0 to Vmax. Formally, the tunability of the thin films can be written as

%Tuning = 100×
(

1− K11(Vmax)

max(K11)

)
. (4.1)
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For a less conservative estimate of the %Tuning, K11 can be taken from the un-

poled state. In practice, we cannot recover this state by changing the electric field

once the material has been poled, therefore, we use max(K11) after this initial

sweep. We show the %Tuning of K11 as a function of temperature for the 50 nm

Srn+1TinO3n+1/DyScO3(110) (n = 2, 3, 4, 5, 6) in Fig. 4.17. We have used color to

indicated series number, where n = 2, 3, 4, 5, and 6 are represented by cyan, dark

green, dark yellow, red, and blue, respectively. As shown in Fig. 4.17, we found that

tunability persists above the Tc, and unsurprisingly, the temperature dependence of

the %Tuning appears to track the temperature dependence of K11. We also show the

temperature dependence of the DyScO3 #2 sample set for n = 4 (dark yellow) and

n = 5 (red) as dashed lines with triangles (Fig. 4.18). For these measurements, we

were able to apply a field of 100 kV/cm. This shows that with higher field were are

to achieve even greater tuning. During the measurement of the DyScO3 #2 sample

set, we also learned that too much applied field can induce dielectric breakdown and

the subsequent and irreparable destruction of the measurement devices.
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Figure 4.17: %Tuning of K11(in-plane) as a Function of Temperature for
Srn+1TinO3n+1/DyScO3(110)(n = 2, 3, 4, 5, 6) for the sample set
DyScO3 #3

The %Tuning of the real part of the in-plane relative permittivity (%Tun-
ing K11(in-plane)) as a function of temperature for 50 nm thick film of
Srn+1TinO3n+1/DyScO3(110)(n = 2, 3, 4, 5, 6, ) for sample set DyScO3 #3 at 1 MHz
at a maximum applied field of 75 kV/cm. We have used color to indicated series num-
ber, where n = 2, 3, 4, 5, and 6 are represented by cyan, dark green, dark yellow, red,
and blue, respectively.
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Figure 4.18: %Tuning of K11(in-plane) as a Function of Temperature for
Srn+1TinO3n+1/DyScO3(110)(n = 2, 3, 4, 5, 6, ) for sample sets
DyScO3 #2 andDyScO3 #3

The %Tuning of the real part of the in-plane relative permittivity (%Tun-
ing K11(in-plane)) as a function of temperature for 50 nm thick films of
Srn+1TinO3n+1/DyScO3(110)(n = 2, 3, 4, 5, 6, ) at 1 MHz at a maximum applied
field of 75 kV/cm and another set of measurements on 50 nm thick films of
Srn+1TinO3n+1/DyScO3(110)(n = 4, and 5) at 1 MHz at a maximum applied field
of 100 kV/cm. The samples sets shown are DyScO3 #2 (dashed lines with triangles)
and DyScO3 #3 (solid lines with circles). We have used color to indicated series num-
ber, where n = 2, 3, 4, 5, and 6 are represented by cyan, dark green, dark yellow,
red, and blue, respectively.

We then performed the similar series of electric field dependence measurements

at several temperatures for the 25 nm Srn+1TinO3n+1/GdScO3(110)(n = 2, 3, 4, 5, 6)

films labeled GdScO3 #1 in the Sec. 4.4. For these measurements, the IDCs had

active lengths ` = (0.875 mm, 1.835 mm) and the maximum applied electric field was
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50 kV/cm stepped by 5 kV/cm. The results are shown in Figs. 4.19, 4.20, 4.21, and

4.22. In these measurements, we performed the electric field dependent measurements

at each respective Tc for each film and at 300 K. From Figs. 4.19, 4.20, 4.21, and

4.22, we again see that hysteresis persists well above Tc of each film.

 Electric Field (kV/cm)

  K
11

(in
−

pl
an

e)
 a

t 1
 M

H
z

 Sr
3
Ti

2
O

7
 (n= 2)/GdScO

3
(110)

−50 0 50
115

120

125

130

135

 T = 300K

−50 0 50
180

190

200

210

220

230
 T = 60K (T

c
)

Figure 4.19: Electric Field Dependence at 1 MHz of Sr3Ti2O7/GdScO3(110) (n = 2)
at 60 K (Tc), and 300 K.

The electric field dependence of the real part of the in-plane relative permittivity
(K11(in-plane)) at 1 MHz of Sr3Ti2O7/GdScO3(110) (n = 2) at 60 K (Critical Tem-
perature (Tc)) (left), and 300 K (right). The maximum electric field was 50 kV/cm
and the electric field was stepped by 5 kV/cm. The interdigitated capacitors used for
this measurement had active lengths ` = (0.875 mm, 1.835 mm).
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Figure 4.20: Electric Field Dependence at 1 MHz of
Sr4Ti3O10/GdScO3(110) (n = 3) at 100 K (Tc), and 300 K.

The electric field dependence of the real part of the in-plane relative permittivity
(K11(in-plane)) at 1 MHz of Sr4Ti3O10/GdScO3(110) (n = 3) at 100 K (Critical Tem-
perature (Tc)) (left), and 300 K (right). The maximum electric field was 50 kV/cm
and the electric field was stepped by 5 kV/cm. The interdigitated capacitors used for
this measurement had active lengths ` = (0.875 mm, 1.835 mm).
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Figure 4.21: Electric Field Dependence at 1 MHz of
Sr5Ti4O13/GdScO3(110) (n = 4) at 215 K (Tc), and 300 K.

The electric field dependence of the real part of the in-plane relative permittivity
(K11(in-plane)) at 1 MHz of Sr5Ti4O13/GdScO3(110) (n = 4) at 215 K (Critical Tem-
perature (Tc)) (left), and 300 K (right). The maximum electric field was 50 kV/cm
and the electric field was stepped by 5 kV/cm. The interdigitated capacitors used for
this measurement had active lengths ` = (0.875 mm, 1.835 mm).
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Figure 4.22: Electric Field Dependence of K11(in-plane) at 1 MHz of
Sr6Ti5O16/GdScO3(110) (n = 5) at 265 K (Tc), and 300 K.

The electric field dependence of the real part of the in-plane relative permittivity
(K11(in-plane)) at 1 MHz of Sr6Ti5O16/GdScO3(110) (n = 5) at 265 K (Critical Tem-
perature (Tc)) (left), and 300 K (right). The maximum electric field was 50 kV/cm
and the electric field was stepped by 5 kV/cm. The interdigitated capacitors used for
this measurement had active lengths ` = (0.875 mm, 1.835 mm).

As we showed earlier, a central aspect of this study has been to explore the

role of series number and the limiting behavior as the material approaches pure

SrTiO3/DyScO3(110)(n = ∞). Although for practical applications the tunability

at 300 K is more relevant (See Fig. 4.23(b)), from perspective of trying to un-

derstand the underlying physics it is more instructive to examine the tuning as a

function of series number at Tc (Fig. 4.23(a)). In Fig. 4.23, we show the %Tun-

ing of K11 at 1 MHz calculated with Eq. 4.1 as a function of series number (n)

for the samples on the two substrates, DyScO3(110) and GdScO3(110). We mea-

sured the samples sets DyScO3 #2 (triangles) at 100 kV/cm, DyScO3 #3 (circles)
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at 75 kV/cm, and GdScO3 #1 (stars) at 50 kV/cm. The series numbers (n) mea-

sured are n = 2 (cyan), n = 3 (dark green), n = 4 (dark yellow), n = 5 (red),

and n = 6 (blue). For the samples sets on DyScO3(110), the approximate Criti-

cal Temperatures for n = 3, 4, 5, and 6 are T = 60 K, 120 K, 180 K, and 240 K,

respectively. For the sample set on GdScO3(110), the approximate Critical Temper-

atures for n = 2, 3, 4, and 5 are T = 60 K, 100 K, 215 K, and 265 K, respectively.

Figure 4.23(b) shows that there is no clear relationship between increased strain and

%Tuning of K11 at 1 MHz for a given n at Tc; however, the %Tuning at Tc appears

to increase and possibly stabilize with increasing n. The relationship with %Tuning

and n at 1 MHz clearly increases with increasing n at 300 K. We can attribute this

behavior to the distance away from Tc for a given n.
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Figure 4.23: %Tuning of K11(in-plane) as a Function of Series Number at Tc and 300
K for
Srn+1TinO3n+1(n = 2, 3, 4, 5, 6) for samples on
DyScO3(110) and GdScO3(110)

(a) The %Tuning of the real part of the in-plane relative permittivity (K11(in-plane))
Srn+1TinO3n+1(n = 2, 3, 4, 5, 6) at the respective Critical Temperatures of the dif-
ferent series numbers (n) for the different samples sets at 1 MHz. The samples
sets measured are DyScO3 #2 (triangles) at 100 kV/cm, DyScO3 #3 (circles) at 75
kV/cm, and GdScO3 #1 (stars) at 50 kV/cm. The series numbers (n) measured
are n = 2 (cyan), n = 3 (dark green), n = 4 (dark yellow), n = 5 (red), and
n = 6 (blue). For the samples sets on DyScO3(110), the approximate Critical Tem-
peratures for n = 3, 4, 5, and 6 are T = 60 K, 120 K, 180 K, and 240 K, respec-
tively. For the sample set on GdScO3(110), the approximate Critical Temperatures
for n = 2, 3, 4, and 5 are T = 60 K, 100 K, 215 K, and 265 K, respectively. (b) At
300 K and 1 MHz, the %Tuning of the real part of the in-plane relative permittivity
(K11(in-plane)) Srn+1TinO3n+1(n = 2, 3, 4, 5, 6) of the different series numbers on
samples sets DyScO3 #3 (circles) at 75 kV/cm, and GdScO3 #1 (stars) at 50 kV/cm.
The series numbers (n) measured are n = 2 (cyan), n = 3 (dark green), n = 4 (dark
yellow), n = 5 (red), and n = 6 (blue).

4.6 Broadband Frequency Dependence

Frequency dependence in the very high megahertz and gigahertz regimes is often

neglected for in-plane relative permittivity characterization of thin-film materials,

because it is very challenging and time-consuming [2]. Lumped-element devices, like
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IDCs, can be used at high frequencies, but in the gigahertz regime measurement arti-

facts from the microwave probes and instruments can affect the complex S-parameters

to yield artificial frequency dependence. Even after careful microwave on-wafer cal-

ibrations, IDCs will show distributed type behavior when the guided wavelength is

comparable to the length of the device. At such high frequencies, parasitic capaci-

tances can also influence the results without careful 2D finite element simulations and

extensive engineering.

As we discussed in Ch. 2, we have developed a very accurate measurement tech-

nique that overcomes many of the challenges associated with thin film dielectric

characterization from 100 Hz to 40 GHz, and in principle to 110 GHz. We used

a combination of instruments to cover such a broad frequency range (Fig. 2.1). We

performed measurements with an LF LCR meter, which covered the range from 100

Hz to 1 MHz. From 1 MHz to 300 MHz, we measured complex S-parameters with

an RF vector network analyzer. We also measured complex S-parameters with an

HF vector network analyzer from 45 MHz to 40 GHz. The vector network analyzers

were first corrected with coaxial calibration standards and then the calibrations were

verified with a pair of zero-delay length symmetric short circuit reflect standards (or

flush shorts). For more details about the measurement configuration setup, we refer

the reader to Ch. 2 and App. A.1.

After the measurement instruments were corrected to the end of the flexible phase-

maintaining coaxial cable (See Fig. 2.1), we performed a series of on-wafer measure-

ments to remove the effects of the g-s-g probes and the cables. The LF LCR meter

was corrected on-wafer with a planar series open and planar series short fabricated

on a LaAlO3 calibration wafer. The RF vector network analyzer was corrected to the

g-s-g probe tips with the series-resistor calibration technique [34, 35]. We corrected

the HF measurements following the multiline thru-reflect-line calibration technique

and series-resistor calibration technique [30, 31, 34]. For both LF and RF regimes,
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we measured a set of IDCs with active lengths ` = (0.100 mm, 0.325 mm, 0.875 mm,

1.835 mm, 2.900 mm) on each test wafer. In the HF regime, we measured a set of

CPWs with active lengths ` = (0.420 mm, 1.270 mm, 2.155 mm, 3.22 mm, 3.993

mm, 5.933 mm), a planar 0.210 mm offset symmetric short circuit reflect on each

test wafer. This series of measurements, including the on-wafer calibrations, were

performed at each measurement temperature presented in this section.

4.6.1 Samples on DyScO3(110)

Even though the Tc evolves as a function of n, it is useful to explore the properties of

the Srn+1TinO3n+1/DyScO3(110)(n = 2, 3, 4, 5, 6) at 300 K. In Fig. 4.24, we show

K11 for n = 2, 3, 4, 5, and 6 as the solid cyan, dark green, dark yellow, red and blue

lines, respectively. Aside from noting the clear progression with increasing n, it is

interesting that these materials seem to exhibit little to no frequency dependence at

300 K despite showing marked tunability at 1 MHz as shown in Fig. 4.23. This

is particularly surprising considering that for n = 6 (blue) these measurements are

approximately 60 K above Tc. Measurements of many other tunable ferroelectrics,

like Ba1−xSrxTiO3, with a comparable tunability Tc and K11 show dispersion in the

gigahertz regime and a power-law like frequency dependence at low frequencies [2].
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Figure 4.24: Frequency Dependence of K11(in-plane)
Srn+1TinO3n+1/DyScO3(110)(n = 2, 3, 4, 5, 6) at 300 K

At 300 K, the frequency dependence of the real part of the in-plane relative
permittivity (K11(in-plane)) from 100 Hz to 40 GHz for 50 nm thick films of
Srn+1TinO3n+1/DyScO3(110)(n = 2, 3, 4, 5, 6) from sample set DyScO3 #3. The
series number (n) measured are n = 2 (cyan), n = 3 (dark green), n = 4 (dark
yellow), n = 5 (red), and n = 6 (blue).

In the low frequency temperature dependent measurements in Sec. 4.4, we showed

that the temperature dependence of K11 was frequency dependent in a series of fig-

ures (Figs. 4.9, and 4.11). We stated that this behavior is often seen in relaxor

ferroelectrics and it is understood within the context of polar nanoregions that form

in the materials. We now take the same approach to the K11 measurement from 100

Hz to 40 GHz. Instead of a fine temperature spacing at just a few frequencies, we

performed our broadband characterization technique at a select set of temperatures
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(60 K, 120 K, 180 K, 240 K, and 300 K) over the full range of frequencies (100 Hz

to 40 GHz). We show the complex K11 from 100 Hz to 40 GHz for n = 3, 4, 5, and

6 at a variety of temperatures in Figs. 4.25, 4.26, 4.27, and 4.28. In Fig. 4.25(a),

we show the real part of K11 as a function of frequency at variable temperature for

n = 3. For this material, it is evident that frequency dependence develops above 1

GHz in the sample in the vicinity of 60 K (Tc), but there is no obvious dispersion

below 300 MHz for temperature above Tc. The frequency dependence, or increase in

dispersion, is even more obvious in 4.25(b), where we show the imaginary part of K11

as a function of frequency at variable temperature. In this figure, we see that the loss

appears to be a maximum at the 60 K. The trend in the real part of K11 is consistent

with the low frequency temperature dependent measurements shown in Fig. 4.9(b).

The imaginary part and real part are essentially a maximum at Tc for the measure-

ment temperatures and all the series numbers explored in these experiments and the

frequency dependence is qualitatively similar to that found in Refs. [2, 5, 75].
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Figure 4.25: Frequency Dependence of Complex K11(in-plane)
Sr4Ti3O10/DyScO3(110)(n = 3) at Variable Temperature

(a) The frequency dependence of the real part of the in-plane relative permittivity
(K11(in-plane)) from 100 Hz to 40 GHz at variable temperature for 50 nm thick film of
Sr4Ti3O10/DyScO3(110)(n = 3) from sample set DyScO3 #3. The temperatures (T)
measured are 300 K (cyan), 240 K (dark green), 180 K (dark yellow), 120 K (red), and
60 K (Critical Temperature (Tc)) (blue). (b) The frequency dependence of the imag-
inary part of the in-plane relative permittivity (Im(K11)(in-plane)) from 100 Hz to 40
GHz at variable temperature for 50 nm thick film of Sr4Ti3O10/DyScO3(110)(n = 3)
from sample set DyScO3 #3. The temperatures (T) measured are 300 K (cyan), 120
K (red), and 60 K (Critical Temperature (Tc)) (blue).
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Figure 4.26: Frequency Dependence of Complex K11(in-plane)
Sr5Ti4O13/DyScO3(110)(n = 4) at Variable Temperature

(a) The frequency dependence of the real part of the in-plane relative permittivity
(K11(in-plane)) from 100 Hz to 40 GHz at variable temperature for 50 nm thick film of
Sr5Ti4O13/DyScO3(110)(n = 4) from sample set DyScO3 #3. The temperatures (T)
measured are 300 K (cyan), 240 K (dark green), 180 K (dark yellow), 120 K (Critical
Temperature (Tc)) (red), and 60 K (blue). (b) The frequency dependence of the imag-
inary part of the in-plane relative permittivity (Im(K11)(in-plane)) from 100 Hz to 40
GHz at variable temperature for 50 nm thick film of Sr5Ti4O13/DyScO3(110)(n = 4)
from sample set DyScO3 #3. The temperatures (T) measured are 300 K (cyan), 120
K (Critical Temperature (Tc)) (red), and 60 K (blue).
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Figure 4.27: Frequency Dependence of Complex K11(in-plane)
Sr6Ti5O16/DyScO3(110)(n = 5) at Variable Temperature

(a) The frequency dependence of the real part of the in-plane relative permittivity
(K11(in-plane)) from 100 Hz to 40 GHz at variable temperature for 50 nm thick
film of Sr6Ti5O16/DyScO3(110)(n = 5) from sample set DyScO3 #3. The temper-
atures (T) measured are 300 K (cyan), 240 K (dark green), 180 K (Critical Tem-
perature (Tc)) (dark yellow), 120 K (red), and 60 K (blue). (b) The frequency
dependence of the imaginary part of the in-plane relative permittivity (Im(K11)(in-
plane)) from 100 Hz to 40 GHz at variable temperature for 50 nm thick film of
Sr6Ti5O16/DyScO3(110)(n = 5) from sample set DyScO3 #3. The temperatures (T)
measured are 300 K (cyan), 240 K (dark green), 180 K (Critical Temperature (Tc))
(dark yellow), and 120 K (red).
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Figure 4.28: Frequency Dependence of Complex K11(in-plane)
Sr7Ti6O19/DyScO3(110)(n = 6) at Variable Temperature

(a) The frequency dependence of the real part of the in-plane relative permittivity
(K11(in-plane)) from 100 Hz to 40 GHz at variable temperature for 50 nm thick film
of Sr7Ti6O19/DyScO3(110)(n = 6) from sample set DyScO3 #3. The temperatures
(T) measured are 300 K (cyan), 240 K (Critical Temperature (Tc)) (dark green), 180
K (dark yellow), 120 K (red), and 60 K (blue). (b) The frequency dependence of the
real part of the in-plane relative permittivity (Im(K11)(in-plane)) from 100 Hz to 40
GHz at variable temperature for 50 nm thick film of Sr7Ti6O19/DyScO3(110)(n = 6)
from sample set DyScO3 #3. The temperatures (T) measured are 300 K (cyan), 240
K (Critical Temperature (Tc)) (dark green), and 120 K (red).

In such a large data set, it is likely that some of the details have been missed;

however, there are some conspicuous features that persist through Figs. 4.25, 4.26,

4.27, and 4.28. Above Tc, all of series numbers measured show little to no dispersion in

the real part of K11. As we approach Tc, frequency dependence rapidly develops and

imaginary part of K11 increases. At and below Tc, the frequency dependence below

300 MHz of the real part of K11 decreases like a power-law, and correspondingly the

imaginary part is constant. In the gigahertz regime, at and below Tc a very weak

Debye-like relaxation takes over and gives rise to a sharper increase in the imaginary

part of K11. As a function of decreasing temperature, the slope of K11 below Tc as

a function of logarithmic frequency either decreases by a small amount or remains
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constant for frequencies below 300 MHz. This important observation will be addressed

in more detail in Ch. 5.

We can reduce the broadband frequency dependent complex K11 measurements

taken at different temperatures into slices at fixed frequency versus temperature to

see how frequency affects the temperature dependence of the complex K11. In Fig.

4.29 (a), we show the real part ofK11 at 1 MHz (dashed lines) and 10 GHz (solid lines)

for n = 3 (dark green, top left), n = 4 (dark yellow, top right), n = 5 (red, bottom

left), and n = 6 (blue, bottom right). In Fig. 4.29 (b), we show the imaginary part of

Im(K11) at 1 MHz (dashed lines), 10 GHz (solid lines), and 30 GHz (dotted lines) for

n = 3 (dark green, top left), n = 4 (dark yellow, top right), n = 5 (red, bottom left),

and n = 6 (blue, bottom right). The Tc that can be estimated from the broadband

measurements were in strong agreement to those obtained from the low frequency

measurements shown in Fig. 4.9. Moreover, the somewhat ambiguous Tc obtained

from the low frequency measurement of n = 5 in Fig. 4.9(b) (red lines) is strongly

supported by both imaginary part and real part of K11 broadband measurements

(Figs. 4.29). In Fig. 4.30, we show the respective loss tangent obtained from the

broadband measurement taken at 1 MHz (dashed lines), 10 GHz (solid lines), and 30

GHz (dotted lines) for n = 3 (dark green, top left), n = 4 (dark yellow, top right),

n = 5 (red, bottom left), and n = 6 (blue, bottom right).
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Figure 4.29: Temperature Dependence of Complex K11(in-plane)
Srn+1TinO3n+1/DyScO3(110)(n = 3, 4, 5, 6) at 1 MHz and 10 GHz

(a) The temperature dependence of the real part of the in-plane relative permittiv-
ity (K11(in-plane)) of 50 thick films of Srn+1TinO3n+1/DyScO3(110)(n = 3, 4, 5, 6)
at 1 MHz (dashed lines), 10 GHz (solid lines), and 30 GHz (dotted lines). The
series number (n) measured are n = 3 (dark green), n = 4 (dark yellow), n = 5
(red), and n = 6 (blue). (b) The temperature dependence of the imaginary
part of the in-plane relative permittivity (Im(K11(in-plane))) of 50 thick films of
Srn+1TinO3n+1/DyScO3(110)(n = 3, 4, 5, 6) at 1 MHz (dashed lines), 10 GHz (solid
lines), and 30 GHz (dotted lines). The series number (n) measured are n = 3 (dark
green), n = 4 (dark yellow), n = 5 (red), and n = 6 (blue).

116



 Temperature (K)

 ta
n(

δ 11
)(

in
−

pl
an

e)

 Sr
 n+1

Ti
 n

O
3 n+1

/DyScO
3
(110)

0 100 200 300

  n = 6

0 100 200 300
0

0.04

0.08

0.12

0.16
  n = 5

  n = 4

0

0.04

0.08

0.12

0.16  30 GHz
 10 GHz
 1 MHz

  n = 3

Figure 4.30: Temperature Dependence of tan(δ11)(in-plane)
Srn+1TinO3n+1/DyScO3(110)(n = 3, 4, 5, 6) at 1 MHz, 10 GHz, and 30 GHz

The temperature dependence of the in-plane loss tangent (tan(δ11)(in-plane)) of 50
thick films of Srn+1TinO3n+1/DyScO3(110)(n = 3, 4, 5, 6) at 1 MHz (dashed lines),
10 GHz (solid lines), and 30 GHz (dotted lines). The series number (n) measured are
n = 3 (dark green), n = 4 (dark yellow), n = 5 (red), and n = 6 (blue).

4.6.2 Samples on GdScO3(110)

We also performed a series of broadband dielectric spectroscopy measurements on 25

nm thick films of Srn+1TinO3n+1/GdScO3(110)(n = 2, 3, 4, 5, 6) at the 300 K. The

frequency dependence of K11 from 100 Hz to 40 GHz from sample set GdScO3 #1

is shown in Fig. 4.31. The series number (n) measured are n = 2 (cyan), n = 3

(dark green), n = 4 (dark yellow), n = 5 (red), and n = 6 (blue). Again, these

measurements are all performed at different temperature distances away from Tc, but
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they illustrate that even in such high strain these materials do not show significant

amounts of dispersion. For n = 2 (cyan) and n = 3 (dark green), we are sufficiently far

enough above Tc that materials are likely well into the paraelectric state. Both n = 4

(dark yellow) and n = 5 (red) are just above their respective transition temperatures

and show some slight frequency dependence, but still remain relatively flat into the

gigahertz regime. The discontinuity between the CPW and IDC data in n = 4 (dark

yellow) could be due to poor alignment devices relative to the c-axis of the thin film.

Series member n = 6 (blue) is still well below Tc; hence, the crystal lattice has begun

to harden, which results in a decreased in the K11.
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Figure 4.31: Frequency Dependence of K11(in-plane)
Srn+1TinO3n+1/GdScO3(110)(n = 2, 3, 4, 5, 6) at 300 K

At 300 K, the frequency dependence of the real part of the in-plane relative
permittivity (K11(in-plane)) from 100 Hz to 40 GHz for 25 nm thick films of
Srn+1TinO3n+1/GdScO3(110)(n = 2, 3, 4, 5, 6) from sample set GdScO3 #1. The
series number (n) measured are n = 2 (cyan), n = 3 (dark green), n = 4 (dark
yellow), n = 5 (red), and n = 6 (blue).

As we explored earlier with the DyScO3 samples, it is instructive to look at how

the frequency dependence evolves in the thin films as function of series number and

temperature. This also provides a comparison for understanding how strain has af-

fected the high frequency loss tangents of the materials. We performed a series

of broadband permittivity measurements at Tc of the complex K11 on the 25 nm

thick film of Srn+1TinO3n+1/GdScO3(110)(n = 4, 5) from sample set GdScO3 #1.

In Fig. 4.32, we show the broadband frequency response of the complex K11 from

119



100 Hz to 40 GHz at 300 K (cyan), and 220 K (Tc) (dark yellow) for 25 nm thick

film of Sr5Ti4O13/GdScO3(110)(n = 4) from sample set GdScO3 #1. In Fig. 4.33,

we show the broadband frequency response of the complex K11 from 100 Hz to

40 GHz at 300 K (cyan), and 265 K (Tc) (dark yellow) for 25 nm thick film of

Sr6Ti5O16/GdScO3(110)(n = 5) from sample set GdScO3 #1. In comparison with

their counterparts on DyScO3 in Figs. 4.26, and 4.27, the samples show comparable

loss at Tc, but significantly more loss at 300 K. If we compare two different series num-

bers with comparable transition temperatures, like Sr6Ti5O16/GdScO3(110)(n = 5)

to Sr7Ti6O19/DyScO3(110)(n = 6), the sample on DyScO3(110) has a smaller imagi-

nary part of K11 above Tc than the sample on GdScO3(110). For comparable series

number, the dispersion ofK11 at Tc for samples on GdScO3(110) appears to be greater

than the same series number at Tc on DyScO3(110). In summary, for practical appli-

cations this family of RP thin films appear to have lower loss and weaker dispersion

on DyScO3(110).
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Figure 4.32: Frequency Dependence of Complex K11(in-plane)
Sr5Ti4O13/GdScO3(110)(n = 4) at Variable Temperature

(a) The frequency dependence of the real part of the in-plane relative permittivity
(K11(in-plane)) from 100 Hz to 40 GHz at variable temperature for 25 nm thick film
of Sr5Ti4O13/GdScO3(110)(n = 4) from sample set GdScO3 #1. The temperatures
(T) measured are 300 K (cyan), and 220 K (Critical Temperature (Tc)) (dark yel-
low). (b) The frequency dependence of the imaginary part of the in-plane relative
permittivity (Im(K11)(in-plane)) from 100 Hz to 40 GHz at variable temperature for
25 nm thick film of Sr5Ti4O13/GdScO3(110)(n = 4) from sample set GdScO3 #1. The
temperatures (T) measured are 300 K (cyan), and 220 K (Critical Temperature (Tc))
(dark yellow).
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Figure 4.33: Frequency Dependence of Complex K11(in-plane)
Sr6Ti5O16/GdScO3(110)(n = 5) at Variable Temperature

(a) The frequency dependence of the real part of the in-plane relative permittivity
(K11(in-plane)) from 100 Hz to 40 GHz at variable temperature for 25 nm thick film of
Sr6Ti5O16/GdScO3(110)(n = 5) from sample set GdScO3 #1. The temperatures (T)
measured are 300 K (cyan), and 265 K (Critical Temperature (Tc)) (dark green). (b)
The frequency dependence of the imaginary part of the in-plane relative permittivity
(Im(K11)(in-plane)) from 100 Hz to 40 GHz at variable temperature for 25 nm thick
film of Sr6Ti5O16/GdScO3(110)(n = 5) from sample set GdScO3 #1. The tempera-
tures (T) measured are 300 K (cyan), and 265 K (Critical Temperature (Tc)) (dark
green).

4.6.3 Dependence on Series Number

We have shown empirically in the previous sections that complex K11 is dependent

on temperature, electric field, frequency, strain and series number. Reducing the

dimensionality of the data by taking a slice at a given n, temperature, frequency, or

electric field is dangerous, because we can misconstrue the dependence on a given

variable. At the conclusions of each section, we have attempted to encapsulate some

of the important information in a single figure or a set of figures to illustrate a crucial

point. The dependence on series number is not be overlooked. When we consider the

crystal structure of this RP series as we increase n the materials limit to SrTiO3. One
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would intuitively expect that if n had any effect on the electrodynamics of the system

that the behavior would approach the characteristics of SrTiO3 as n was increased.

Clearly, we have shown that this behavior is convoluted by the different transition

temperatures of the different series numbers. It is ,therefore, necessary to compare

the behavior at Tc as function of n as opposed to an arbitrary temperature that is

not scaled relative to Tc.

Earlier we cautioned that dependence on n should always be thought of in con-

text as relative to the Tc. Fortunately, for the films on DyScO3(110) we have three

sets of films all measured at 300 K. we used these measurements to understand the

variability between the different samples sets. In Sec. 4.4, we compared the differ-

ent sample sets on the same substrate at low frequencies. Local defects could also

affect the high frequency response, hence it is necessary to see if the high frequency

measurements of K11 for different series numbers are also consistent between sam-

ple sets. In Fig. 4.34, we show a comparison between K11 versus series number for

Srn+1TinO3n+1/DyScO3(110)(n = 2 − 6) for the three different groups DyScO3 #1

(squares), DyScO3 #2 (triangles), and DyScO3 #3 (circles). The vertical grey lines

are the estimates of the uncertainty in K11. We show two different frequencies 1 MHz

(Fig. 4.34(a)) and 10 GHz (Fig. 4.34(b)). It is clear from Fig. 4.34 that the K11

values were consistent between samples sets and at different frequencies. At Tc, we

can explore the limiting behavior of K11 as n is increased at selected fixed frequencies.
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Figure 4.34: A Comparison at 300 K of DyScO3 #1, DyScO3 #2, and DyScO3 #3,
of Frequency Dependence of K11(in-plane)
Srn+1TinO3n+1/DyScO3(110)(n = 3, 4, 5, 6) at 1 MHz and 10 GHz

We show a comparison of the real part of the in-plane relative permittivity (K11(in-
plane)) at 300 K for three sets of Srn+1TinO3n+1/DyScO3(110) (n = 2, 3, 4, 5, 6)
samples at 1 MHz and 10 GHz. The sample sets shown are DyScO3 #1 (squares),
DyScO3 #2 (triangles), and DyScO3 #3 (circles). The measured series numbers (n)
include n = 2 (cyan), n = 3 (dark green), n = 4 (dark yellow), n = 5 (red), and n = 6
(blue). The grey lines are error bars.

We show the dependence ofK11(Tc) at 1 MHz in Fig. 4.35(a) and at 10 GHz in Fig.

4.35(b) versus series number (n = 3, 4, 5, 6) for the sample sets DyScO3 #3 (circles),

and GdScO3 #1 (stars). The grey vertical lines are the estimated uncertainty in K11,

which are roughly the size of the points in Fig. 4.35(a). Figure 4.35 seems to show

that K11 at Tc is weakly dependent on n, which is consistent with the low frequency

measurements results. This is surprising for the reasons that will be discussed in

context of the Lyddane-Sachs-Teller (LST) relation [79]. One possible explanation is

that it may be necessary to cool the samples under applied dc electric field in order

to provide the necessary energy to align all of the polar nanoregions and clarify the

dependence of K11 on n at Tc [6]. For our measurement setup, it was not possible

to apply a dc electric field as we simultaneously changed the temperature of samples.
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This technique is referred to as field cooling. Our samples were zero-field cooled, which

means that the polar nanoregions were randomly oriented as the sample was brought

through Tc. Field cooling has been shown to sharpen the temperature dependence of

K11 for strained SrTiO3/DyScO3(110) [77].

Another possible explanation is that K11 is non-linearly dependent n at Tc. In

this case, for a specific n greater than n = 6, K11 at Tc dramatically increases as n

approaches n =∞. At this point, it is unclear which of these explanations is in fact

the correct answer. Referring back to Fig. 4.12, if the trend continued between n = 6

and n =∞, then one might naively suppose that for n > 6 the Tc would behave like

an increasing asymptotic function towards the Tc of n =∞. Given that there is only

60 K that separate n = 6 and n =∞, this would imply that the soft mode frequencies

would be close together for ∞ > n > 6. The soft mode frequency can be directly

related to K11 by the LST relation [79]. We can use the LST relation to write K11

as function that is linearly proportional to the square of the soft mode frequency. If

all of the other terms are approximately equal, then this would seem to suggest that

the maximum value of K11 would also behave like an increasing asymptotic function

towards the K11 of n = ∞. Further studies, like terahertz spectroscopy [47] or field

cooled capacitance measurements [77], would be needed to clarify this issue.
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Figure 4.35: A Comparison at Tc of DyScO3 #3, GdScO3 #1,
of Frequency Dependence of K11(in-plane)
Srn+1TinO3n+1/DyScO3(110)(n = 3, 4, 5, 6) at 1 MHz and 10 GHz

We show a comparison of the real part of the in-plane relative permittivity (K11(in-
plane)) at Tc for a sample set of Srn+1TinO3n+1/DyScO3(110) (n = 3, 4, 5, 6) and a
sample set Srn+1TinO3n+1/GdScO3(110) (n = 3, 4, 5) at 1 MHz and 10 GHz. The
sample sets shown are DyScO3 #3 (circles), and GdScO3 #1 (stars). The measured
series numbers (n) include n = 3 (dark green), n = 4 (dark yellow), n = 5 (red), and
n = 6 (blue). The grey lines are error bars.

4.7 High Frequency Electric Field Dependence & Figure of Merit

Another very interesting attribute that stands out in the previous sections is that

these materials show very low loss over almost the entire frequency range of the

measurements. As we discussed in Ch. 1, there are many important applications

for electric-field-tunable dielectrics. If a material does in fact show low loss and high

electric field tunability at high frequencies, then it could clarify our understanding of

the origins of loss in other dielectrics as well.

We characterized the high frequency electric field tunability by again performing

the high frequency characterization technique on the CPW structures as described in

Sec. 2.5. We first corrected the HF vector network analyzer with the coaxial calibra-
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tion standards, and verified the accuracy of the calibration with a set of zero-delay

length symmetric short circuit reflect standards. In this measurement configuration,

high frequency (4 GHz to 18 GHz) high voltage bias tees were affixed externally to

the stainless steel semi-rigid coaxial cables that were routed into the cryogenic probe

station through compression seals. The bias tees were connected to a voltage source

that allowed us to apply a bias voltage between the center conductor and the ground

planes of the CPWs. At zero applied field, we performed a series of measurements on

the LaAlO3 calibration wafer to correct the on-wafer S-parameter measurements to

the end of the g-s-g probe tips and remove most of the frequency dependent effects

of the bias tees. We then measured the CPW devices on the LaAlO3 calibration

wafer at the maximum applied voltage (Vmax = 100 kV/cm) to confirm that under

an applied field the propagation constant of the calibration wafer was identical to the

measurement at zero-field. This demonstrated that the S-parameter correction was

not electric field dependent for a known substrate.

Accurate broadband high frequency tunability measurements are very time con-

suming, hence we were only able to perform the measurements at zero applied field

and Vmax, which was limited by our bias tees. For each CPW on each test wafer,

we measured the S-parameters of a CPW at zero field. In the same contact, we

then applied the maximum field, Vmax, and made an additional measurement of the

S-parameters of a CPW. After measuring each CPW on a given test wafer, we mea-

sured the planar 0.210 mm offset symmetric short circuit reflect standard (labeled S1

in Fig. 2.10) at zero applied field. We cannot apply a field and measure S1, because

the planar reflect standard connects the center conductor to the ground plane. This

does not affect the propagation constant extracted from the multiline thru-reflect-line

technique, but it does contribute to an error in the error boxes.

Before we show the tunability of the thin film and the measured loss tangent, it is

useful to show that we obtained consistent results between the measurement frequency
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domains. In Fig. 4.36, we show K11 at 300 K of the Srn+1TinO3n+1/DyScO3(110)

for the series numbers n = 2, 3, 4, 5, and 6, which are represented by the cyan, dark

green, dark yellow, and red solid lines, respectively. Comparing Fig. 4.36 to Fig.

4.24, we see that K11 is consistent between the two measurements conducted months

apart over different frequency ranges. The slight discrepancy is in n = 6. For this

sample, we had to repeat the set of measurements, and had ,therefore, already poled

the sample, which caused a slight decrease in K11 relative to the measurements shown

in Fig. 4.24. After we extracted K11 at zero field and at 100 kV/cm, we calculated

the tunability from

%Tuning = 100×
(

1− K11(Vmax)

K11(0)

)
. (4.2)

This is differs from Eq. 4.1, and it is possible that this may have increased our

calculation of the %Tuning (for n 6= 6). We have omitted n = 2 from Fig. 4.37,

because it is close to zero. We can qualitatively check the results from Fig. 4.37

by comparing them to the measurements in Fig. 4.17. One should note that these

measurements are at different bias voltages, which was a limitation of the bias tees.

We note that n = 5 does not show as much tunability when compared to the 1 MHz

measurement. Aside from this inconsistency, the tunability of K11 for the other series

numbers was qualitatively similar to their low frequency counterparts.
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Figure 4.36: 4GHz to 18 GHz, Frequency Dependence of K11(in-plane)
Srn+1TinO3n+1/DyScO3(110)(n = 2, 3, 4, 5, 6) at 300 K

At 300 K, we show the frequency dependence of the real part of the in-plane rel-
ative permittivity (K11(in-plane)) from 4 Hz to 18 GHz for 50 nm thick films of
Srn+1TinO3n+1/DyScO3(110)(n = 2, 3, 4, 5, 6) from sample set DyScO3 #3. The se-
ries number (n) measured are n = 2 (cyan), n = 3 (dark green), n = 4 (dark yellow),
n = 5 (red), and n = 6 (blue).
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Figure 4.37: 4GHz to 18 GHz, Frequency Dependence of %Tuning K11(in-plane)
Srn+1TinO3n+1/DyScO3(110)(n = 2, 3, 4, 5, 6) at 300 K

At 300 K, we show the frequency dependence of the percent tuning of the real part
of the in-plane relative permittivity (%Tuning K11(in-plane)) from 4 GHz to 18 GHz
for 50 nm thick films of Srn+1TinO3n+1/DyScO3(110)(n = 3, 4, 5, 6) from sample set
DyScO3 #3. The series number (n) measured are n = 3 (dark green), n = 4 (dark
yellow), n = 5 (red), and n = 6 (blue).

We also used these measurements to obtain the high frequency in-plane loss tangent

(tan(δ11)) as a function of frequency, which is shown in Fig. 4.38. In Fig. 4.38, the

series numbers shown are n = 3 (dark green), n = 4 (dark yellow), n = 5 (red), and

n = 6 (blue). The grey thick line in the background is the approximate uncertainty

in tan(δ11) for the n = 6 (blue) as described in Sec. 2. The measured loss tangents

are very small and around the sensitivity limits of the measurement over a significant

portion of the frequency range from 5 GHz to 15 GHz (Fig. 4.38(a)). The down-turn
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below 5 GHz, as well as the sharp up-turn just above 15 GHz, was most likely due

to the bias tees. This was because bias tees was limited to operate in the 4 GHz

to 18 GHz frequency band. The small undulations around 10 GHz could be due to

frequency dependent errors in the calibration. The gradual increase as a function

of frequency may in fact be due to intrinsic effects, like coupling to the soft-mode

phonon [2], or possibly a decrease in the measurement resolution due to a decreased

signal-to-noise ratio of the S-parameters at high frequency. In the band around 6

GHz to 7 GHz (Fig. 4.38(b)), the uncertainty in the percent tuning as well as the

uncertainty in the loss tangents are a minimum. We estimated the figure of merit

in these regions, but given the measurement uncertainty it is difficult to accurately

place an upper bound on the figure of merit.
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Figure 4.38: 4GHz to 18 GHz, Frequency Dependence of tan(δ11)(in-plane)
Srn+1TinO3n+1/DyScO3(110)(n = 3, 4, 5, 6) at 300 K

(a) At 300 K, we show the frequency dependence of the in-plane loss tan-
gent (tan(δ11)(in-plane)) from 4 GHz to 18 GHz for 50 nm thick films of
Srn+1TinO3n+1/DyScO3(110)(n = 3, 4, 5, 6) from sample set DyScO3 #3. The se-
ries number (n) measured are n = 3 (dark green), n = 4 (dark yellow), n = 5 (red),
and n = 6 (blue). The grey line is the uncertainty in the in-plane loss tangent. (b)
We show of the in-plane loss tangent a close up from 5 GHz to 9 GHz.
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n = 3 n = 4 n = 5 n = 6

min FOM 1 50 40 60
median FOM 1 60 50 140
max FOM 2 190 90 300

lower bound FOM 1 40 30 60

Table 4.1: 6 GHz to 7 GHz, Figure of Merit Srn+1TinO3n+1/DyScO3(110)(n =
3, 4, 5, 6) at 300 K

There are several ways to calculate a figure of merit for electric field tunable

dielectrics. We prefer one that encapsulates information about the loss at zero field

and the maximum tunability of the film. For this reason, we have used the following

figure of merit,

Figure of Merit (FOM) =

(
1− K11(Vmax)

K11(0)

)
1

tan(δ11(0))

=
%Tuning

100
·Q11(0), (4.3)

where the in-plane quality factor at zero applied field is Q11(0) = (tan(δ11(0)))−1,

and the percent tuning was given in Eq. 4.21. We calculated the figure of merit as

a function of series number for the frequencies between 6 GHz and 7 GHz, and then

took the median as to not weight any outliers unfairly. In Fig. 4.39, we show the

figure of merit for n = 3 (dark green), n = 4 (dark yellow), n = 5 (red), and n = 6

(blue). The grey lines are not error bars for reasons that are discussed in App. A.12,

but are rather the minimum and maximum figure of merit calculated in this range.

The values for the figure of merit are presented in Table 4.1, where aside from n = 3

we have rounded the figures of merit to the nearest decade.

1The definition of figure of merit depends on the applied electric field bias.
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Figure 4.39: 6 GHz to 7 GHz, Figure of Merit
Srn+1TinO3n+1/DyScO3(110)(n = 3, 4, 5, 6) at 300 K

At 300 K, we show the figure of merit (FOM) taken as a median from 6 GHz to 7 GHz
for 50 nm thick films of Srn+1TinO3n+1/DyScO3(110)(n = 3, 4, 5, 6) from sample set
DyScO3 #1. The series number (n) measured are n = 3 (dark green), n = 4 (dark
yellow), n = 5 (red), and n = 6 (blue). The solid grey lines are the minimum and
maximum value of the figure of merit in this frequency range. The median values for
the figure of merit are 1, 60, 50, 140 for n = 3, 4, 5, and 6, respectively. The minimum
values for the figure of merit are 1, 50, 30, 60 for n = 3, 4, 5, and 6, respectively.
The maximum values for the figure of merit are 2, 190, 90, 300 for n = 3, 4, 5, and
6, respectively.

The median figures of merit in Fig. 4.39 correspond to loss tangents that range

from tan(δ11) = 0.003 (FOM(n = 3) = 40) to tan(δ11) = 0.004 (FOM(n = 5) = 50).

For n = 6, the loss tangent in the range from 6 GHz to 7 GHz was tan(δ11) = 0.003±

0.003, which would put an absolute lower bound of FOM = 60 on the figure of merit.

As we discussed in Sec. 2.4.3, the uncertainty in the loss tangent is an overestimate
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of the actual error. While we believe that we have improved the resolution of the

loss tangent with the approach discussed in Sec. 2.5, future experiments comparing

known loss tangents obtained from other techniques, such as split cylinder resonators

[19], would be necessary to quantify the accuracy and limitations of this technique.

Regardless of their actual value, the figures of merit for these materials are remarkably

high, and are perhaps among the highest ever reported in the regime between 6 GHz

and 7 GHz.

4.8 Summary

It is clear that through strain we have dramatically changed the the dielectric response

of the Srn+1TinO3n+1 Ruddlesden-Popper series. The unstrained Srn+1TinO3n+1

Ruddlesden-Popper series on LSAT(001) showed frequency dependence and temper-

ature dependence that was consistent with an incipient ferroelectric [4]. The temper-

ature dependence of these materials, on both DyScO3(110) (tensile strain, 1%) and

GdScO3(110) (tensile strain, 1.7%), systematically increases with increasing series

number. The same series numbers grown on GdScO3(110) were found to have tran-

sition temperatures by approximately 60 K higher than those on DyScO3(110). By

straining these films, we have increased the real part of the relative permittivity for

most of the films by nearly an order of magnitude at the transition temperature. All

of sets of strained Srn+1TinO3n+1 Ruddlesden-Popper series measured in these exper-

iments showed significantly greater electric field tunability when compared to their

unstrained counterparts in Ref. [4]. Despite the presence of a high permittivity, high

electric field tunability, and transition temperatures that in some cases were close to

room temperature, the materials exhibited little to no dispersion above the transition

temperature. Below the transition temperatures, the materials showed power-law like

dispersion, which has been seen in several relaxor ferroelectrics [5]. These materials

share many characteristics with relaxor ferroelectrics, yet their losses have remained
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near the threshold of the measurement well into the gigahertz frequency regime. This

is in direct contrast with strained SrTiO3/DyScO3(110), which had significant losses

even well above the transition temperature at 300 K [1]. We found that several of

these materials have figures of merit at least greater than 30 between 6 GHz to 7

GHz, which is remarkably high. For 50 nm thick Sr7Ti6O19 (n = 6), the loss tangent

in the range from 6 GHz to 7 GHz was 0.003±0.003 and it had a figure of merit of

140 with an absolute lower bound of 60, which is quite possibly one of the highest

figure of merit ever reported in this frequency range.
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Chapter 5

Conclusions

In summary, we have developed an accurate on-wafer technique to characterize the

quantitative in-plane complex relative permittivity of thin films and substrates from

100 Hz to 40 GHz, which is nearly nine decades in frequency. We have applied this

approach to the Srn+1TinO3n+1 Ruddlesden-Popper series for thin films grown by

molecular beam epitaxy [15, 53] as a function of series number (n). The films studied

were approximately 160 nm to 170 nm thick on (001) (LaAlO3)0.3−(SrAl0.5Ta0.5O3)0.7

(LSAT), 50 nm thick on DyScO3(110), and 25 nm thick on GdScO3(110), which

respectively correspond to a nominally relaxed film, a tensile strain of 1%, and tensile

strain of 1.7%. We characterized the behavior of all of the films as a function of

temperature, electric field, and frequency.

Despite the successful characterization of the Srn+1TinO3n+1 Ruddlesden-Popper

series thin films that have also pushed the measurement procedure to the current

limits of our technique, a considerable amount of work remains. Perhaps the most

conspicuous remaining challenge is the development of theory to explain why these

materials exhibit the properties that we presented in Ch. 4. In the last section of this

dissertation, we present a logical line of reasoning to explain some of the phenom-

ena that we reported in the previous sections. We also introduce a plausible model

that may be used to understand the frequency dependence at variable temperature.

Finally, we conclude by discussing a set of experiments that could be used to verify

some elements of the model. We note that we use the symbols ε and K for the relative

permittivity almost interchangeably in the following section.
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5.1 A Possible Explanation of Dielectric Behavior of the Srn+1TinO3n+1

Ruddlesden-Popper Series

Throughout the previous chapter we hinted that these materials show characteris-

tics that could be consistent with a relaxor ferroelectric. As we discussed in Ch.

1, frequency dependence carries with it important information that can be used to

understand the fundamental electrodynamics of a thin-film material system. In Refs.

[2, 75], it was shown that a modified Cole-Cole equation could be used to fit the high

frequency complex permittivity of Ba1−xSrxTiO3. In Ref. [25, 74], it was shown that

the frequency dependence could be used to understand the electrodynamics of the

distribution of relaxation times as a function of temperature for bismuth zinc niobate

pyrochlore dielectric thin films. The following argument combines these two ideas:

a distribution of domains and a relaxation that could be interpreted as due to the

soft-mode phonon.

What is the soft-mode phonon behavior? In Ref. [79], Lyddane et al. wrote an

expression for the static permittivity for a cubic lattice as the product of the phonon

modes,

εs
ε∞

=
N∏
j

(ωLOj)
2

(ωTOj)2
. (5.1)

Despite the approximations and crystal structure assumed in the derivation, Eq. 5.1

has been found to be a very good approximate description for many material sys-

tems. For not so obvious reasons, the lowest order transverse optical phonon has the

strongest temperature dependence [79]. The lowest order transverse optical phonon

is commonly referred to as the soft-mode phonon (ωTO1), because it decreases in fre-

quency as the crystal lattice ‘softens’ [6]. In a proper ferroelectric, as the temperature

approaches the Tc, a different crystal structure becomes energetically more favorable,

hence the atoms in the crystal distort to form a different structure; this corresponds
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to a phase transition [6]. In an improper ferroelectric, or relaxor ferroelectric, the

behavior is much more complicated. Although the crystal lattice still softens around

Tc, the crystal does not go through a structural phase transition [6]. Typically, in

a relaxor ferroelectrics Tc is interpreted as the temperature where the correlation

length between polar nanoregions diverge [6]. As we discussed to a limited extent

in Ch. 4, when the temperature decreases to Tc polar entities in the crystal lattice

interact locally to form polar nanoregions [6]. This causes an increase in the permit-

tivity as temperature decreases to Tc. For both a proper and relaxor ferroelectric,

the soft-mode phonon moves up in frequency as the crystal lattice hardens when the

temperature continues to decrease below Tc, which in turn causes the permittivity to

decrease. From Eq. 5.1, we can understand that some of the temperature dependence

of εs could be due to the temperature dependence of ωTO1.

If we approximate the other terms as a constant, then we can rewrite εs as inversely

proportional to ω2
TO1,

εs ≈
c · ε∞
ω2
TO1

, (5.2)

where the temperature independent phonons are lumped into the constant c. Quali-

tatively, we can approximate the behavior of ωTO1 around Tc like a quadratic function

with a minimum at Tc. In the absence of any polar domains or more complicated phe-

nomena, the real part of the complex permittivity of any material that is treated in

this way will have a peak in the permittivity at Tc due to the temperature-dependent

behavior of the soft-mode phonon. Moreover, if there were an asymmetry in the

quadratic-like temperature dependence of the soft-mode phonon, then that would

also give rise to an asymmetry in the temperature dependence of real part of the

permittivity. This could easily explain the peak and asymmetry in the permittivity

as a function of temperature as seen in Sec. 4.4, but it does not capture the frequency

dispersion as a function of temperature.
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For soft-mode driven dispersion, the permittivity will remain constant (See Fig.

1.2) until the measurement frequency approaches the soft-mode phonon frequency.

This would result in a Debye-like relaxation process that occurs at the relaxation

time of the soft-mode phonon, τTO1(= ω−1
TO1). The down turn at high frequency in

the real part of the relative in-plane permittivity (and the corresponding up turn in

the imaginary part) in Sec. 4.6 could be directly related to this behavior. If all the

polar entities in the thin film have the same dipole moments and do not interact, then

the frequency dependence can be described by the Cole-Cole equation,

ε̃ph(ω) = ε∞ +
∆ε1

1− (iωτ1)β1
. (5.3)

We have modified the Cole-Cole equation from Ch. 1 to include a polar increment

∆ε1 and a relaxation time τ1 that could be related to soft-mode phonon. We have

also included β1, which describes a Gaussian distribution of relaxation times around

τ1. As in Ch. 1, ε∞ is the high frequency limit of the permittivity function. For most

thin films this relaxation process only occurs in the terahertz, which begs a number

of questions: What is responsible for the relaxation mechanisms below Tc and why

does it vanish above Tc?

Thus far we have presented some plausible explanations for the high frequency

behavior of complex permittivity and the peak in the real part of the permittivity

at Tc, but there are several other observations that can be made from the results

presented in Ch. 4. Unfortunately, there are a variety of models for frequency-

dependent dispersion of relaxor ferroelectrics. Perhaps, the most intuitive way to set

up the problem is to point out some key observations.
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Behavior of K11

Behavior of K11 Below Tc

(1) Re(K11) decreases with increasing frequency like a power law at low frequency.

(2) Im(K11) is constant as a function of frequency at low frequency.

(3) Re(K11) gradually increases temperature increases.

(4) The dispersion in Re(K11) increases as temperature increases to

approach Tc.

(5) Tunability of Re(K11) with applied dc electric field increases as

temperature approaches Tc.

Behavior of K11 Around Tc

(6) Re(K11) shows the strongest dispersion.

(7) Hysteresis in Re(K11) with applied dc electric field is present.

Behavior of K11 Above Tc

(8) Re(K11) shows negligible (if any) dispersion as function of frequency.

(9) Re(K11) sharply decreases as temperature increases.

(10) Hysteresis in Re(K11) with applied dc electric field is present,

but tunability is decreased.

(11) Re(K11) shows negligible dispersion as function of frequency with

applied dc field.

Below Tc, most of these behaviors are consistent with a relaxor ferroelectric [6].

In these systems, we stated that the peak in the permittivity was interpreted as a

consequence of polar nanoregions. These polar nanoregions could be responsible for

(1) through (6). In Ref. [6], it was observed that for many relaxor ferroelectrics

the polar nanoregions act cooperatively to increase the permittivity to a value larger

than the static permittivity that can be obtained from the LST relation (Eq. 5.2).
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Although in principle the different relaxation mechanisms could be related, this would

suggest two contributions to the permittivity function

ε̃(ω) = ε̃ph(ω) + ε̃PNR(ω). (5.4)

The first term in Eq. 5.4, ε̃ph(ω), was discussed earlier. We now address the second

term in Eq. 5.4, ε̃PNR(ω). The polar nanoregions in a relaxor ferroelectric randomly

form in the crystal lattice with a distribution of sizes [5, 6]. This has also been seen in

disordered dielectrics like bismuth zinc niobate pyrochlore [25, 74]. From Ref. [5], we

know that if all of the polar nanoregions have equally strong dipole moments, then

ε̃PNR(ω) can be thought of as an infinite number of Debye relaxors with a uniform

distribution of relaxations between a lower bound relaxation time τb and an upper

bound relaxation time τa ,

ε̃PNR(ω) =
∆ε2

ln( τb
τa

)

∫ τa

τb

1

1− iωτ
d(ln τ). (5.5)

As in Ref. [5], we can evaluate Eq. 5.5 to find,

ε̃PNR(ω) =
∆ε2

ln( τb
τa

)

[
1

2
· ln

(
τ−2
b + ω2

τ−2
a + ω2

)
− i ·

(
arctan

(
τ−1
b

ω

)
− arctan

(
τ−1
a

ω

))]
.

(5.6)

Both τb and τa could be related to an intrinsic lower and upper bound size of the

polar nanoregions, respectively.

While it is certainly not obvious from the form of Eq. 5.6, the result is a fre-

quency dependence that is similar to that seen in Sec. 4.6. As in Refs. [25, 74],

typically the value of τb is so small that the arctan
(
τ−1
b

ω

)
⇒ 0 and τa is so large that

arctan
(
τ−1
b

ω

)
⇒ π

2
. The real part of the permittivity as a function of logarithmic

frequency of Eq. 5.6 essentially reduces to a linearly decreasing function between
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the lower bound relaxation time τb and the upper bound relaxation time τa. Above

τa (low frequency), all of the polar nanoregions contribute to the permittivity and

ε̃PNR(ω) limits to a static real permittivity. Below τb (high frequency), none of the

polar nanoregions contribute to the permittivity and ε̃PNR(ω) limits to zero. Here, we

have neglected the ε∞ term as it is already included in the ε̃ph(ω) part of the permit-

tivity function. In summary, we have two components to the permittivity function:

the first accounts for the sharp high-frequency dispersion that is more evident near Tc

(Eq. 5.4), and the second accounts for the power-law dispersion in the permittivity

below Tc (Eq. 5.6).

This second term could also contribute to the temperature dependence of the

complex permittivity below Tc. As the correlation length between polar nanoregion

diverges as the temperature is decreased to Tc, one might naively expect that when the

polar nanoregions first nucleate they occur with the smallest distribution of sizes (or

τb is at its closest to τa). This would lead to the sharpest frequency dependence at Tc

and significant hysteresis, as each polar nanoregion could be individually poled by the

dc applied electric field. Observation (5) is also consistent with a relaxor ferroelectric,

which exhibit thin hysteresis loops (or permittivity versus dc applied electric field)

[6]. This tunability in permittivity also decreases with decreasing temperature as the

crystal hardens [6].

Polarization measurements with applied ac current under a dc electric field could

be used to measure the remnant polarization as a function of temperature [77]. These

measurements would determine if remnant polarization remains above Tc, which is

another signature of a relaxor ferroelectric. We could confirm this behavior with

temperature-dependent optical second harmonic generation measurements on the

films [80]. A detailed review explaining temperature-dependent optical second har-

monic generation measurements can be found in Ref. [? ]. Moreover, we could directly

measure the temperature dependence of the soft-mode phonon frequency with trans-
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mission terahertz spectroscopy to understand the high frequency behavior and the

phase transition [47]. In fact, all of these measurements are currently underway, but

there are still many challenges to performing these measurement that are in large part

due to the thickness of the film. For many types of measurements the thickness of the

film plays a dominant role in determining the order of magnitude of the perturbation

on a given measurement parameter relative to the substrate. Although we did not

dwell on it, even the very robust dielectric measurements were very challenging; we

often measured changes in capacitance on the order of ten femtofarads. Efforts to

resolve the properties of the films by several of our collaborators are ongoing.

Following the previous arguments, it is clear that these polar nanoregions are a

crucial part of our model of this thin-film system. While it would be very useful

to directly perform scanning probe dielectric measurements to confirm the size of

the regions on a local scale, these measurements have their own set of challenges.

In Ch. 3, we reported the out-of-plane permittivity components for the unstrained

films as calculated by density functional theory [4, 41]. Along these same lines, it is

believed that the materials presented in Ch. 4 do not show significant enhancement

of the out-of-plane permittivity with increased strain. Intuitively, as the crystal is

stretched by biaxial tensile strain the dipole moment in the out-of-plane direction ac-

tually decreases because the lattice decreases in that dimension. Although additional

calculations would need to be done to estimate the out-of-plane permittivity for the

strained films, we believe that the largest component of the permittivity tensor is

in-plane. We remind the reader that the capacitive gap of the CPW and IDC de-

vices is 400 times the thickness of the 50 nm thick films, and extensive finite element

simulations support the claim that were are predominantly sensitive to the in-plane

component of the permittivity tensor for these devices.

All of these factors imply that any scanning probe technique (See for example Ref.

[81]) would need to be able to distinguish the in-plane component from the out-of-
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plane component in order to resolve the polar nanoregions. Furthermore, in order to

determine the distribution of domains accurately the measurements would need to be

perform as a function of temperature and over a scanning area that is large relative to

polar nanoregions, yet still retain a high enough resolution to measure individual polar

nanoregions. These conditions will present a formidable task to direct measurement

of polar nanoregions in the Srn+1TinO3n+1 Ruddlesden-Popper series thin films and

these measurements will also be difficult given the thickness of the films. Another

complication is that at this point these materials cannot be grown on a conducting

substrate to improve the field confinement of the scanning probe techniques, like

scanning evanescent microwave microscopy [61, 82]. Regardless, recent developments

in evanescent scanning probe microscopy may meet the challenges presented by this

material system and may provide a direct means to confirm the model for the polar

nanoregions [83]. Up to this point, if we were only describing the behavior at Tc

and below Tc, we could make a compelling case that these materials are relaxor

ferroelectrics. The savvy reader will immediately recognize that we have completely

avoided discussing the behavior above Tc.

Despite all of the rigorous measurements and extensive data analysis, we have yet

to formulate a definitive explanation about why these materials lack dispersion above

Tc. The hysteresis in the real part of the permittivity as a function of dc applied field

is consistent with a relaxor ferroelectric, but the lack of dispersion almost immediately

above Tc and under an applied field and at high frequencies is not consistent with

reports on Ba1−xSrxTiO3[2, 75]. One hypothesis is that the long range order of the

polar nanoregions is abruptly disrupted at Tc, perhaps by an interaction or lack

thereof with the interstitial SrO rocksalt layers. These interstitial rocksalt layers may

also have a ‘gettering effect’, where they absorb or give out oxygen atoms to sites

inside the crystal. Reducing the lattice defects in the perovskite layers could lead to a

sharpening of the soft-mode phonon, which can be modeled in Eq. 5.4 by increasing
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β toward one. A dramatic decrease in the correlation length, however, would also

rapidly decrease the permittivity (because the interaction between polar nanoregions

would vanish). This would also correspond to decreased tunability and the absence of

hysteresis in the permittivity with dc applied field, which clearly conflicts with (10).

Even though a rapidly decreasing correlation length seems convincing, it is not clear

that it is entirely consistent with our observations. Another possible explanation is

that above Tc all the polar nanoregions essentially collapse to the smallest possible

size (consistent with no dispersion) and these nanoregions behave like completely

independent dipoles (prevents long range order), which can be individually poled by

an electric field (provides hysteresis above Tc).

5.2 Summary

From our work on the Srn+1TinO3n+1 Ruddlesden-Popper series, it is also clear that

layering can be used to grow materials that could potentially be used to push appli-

cations higher in frequency and thereby decrease size, power consumption, and cost

of some electric-field-tunable dielectric components. Although the entirety of this

dissertation has focused on Srn+1TinO3n+1 Ruddlesden-Popper series thin films, we

have applied this approach to a variety of other material systems. Measurements of

the broadband dielectric spectroscopy of bismuth zinc niobate pyrochlore thin films

showed the effects of uniform distribution of relaxation times for a material that

was not a ferroelectric [25]. We also applied this technique to microfluidic measure-

ments of nanoliter volumes of fluids, including a demonstration on a known reference

fluid [36], bovine serum albumin and insulin, and varying concentrations of inorganic

nanoparticles. In addition to these thin-film systems, we used this technique for

the accurate broadband measurements of other thin-film systems, which enabled us

to accurately model self-heating effects, nonlinear ferroelectric response, and other

source of non-linearity as shown in Refs. [23, 24, 59, 84–87]. The in-plane dielectric
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characterization technique is based on a compact on-wafer calibration procedure [34]

that provided a means to perform calibrations over a wide range of frequencies (30

kHz to 40 GHz), and has been shown to be stable down to very low temperatures

(20 K) while occupying a very small area on the calibration wafer. The in-plane di-

electric characterization technique developed in this dissertation is ideal for studying

new films that cannot be grown on a bottom electrode and for direct measurement of

the broadband dielectric response of materials like magneto-electrics, nanostructured

thin films and materials, and in the future could be applied to magnetic thin films.
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Appendix A

Supplemental Information, Figures and Derivations

A.1 Instrument Settings

• The LF LCR meter (100 Hz - 1 MHz) is set to measure a capacitance and loss

tangent (MEAS SETUP > FUNC > Cp,D). The averages are set to 4 (MEAS

SETUP > AVG > 4), the integration times is set to long (MEAS SETUP > INT

> LONG), and the frequency is set to 1 MHz (MEAS SETUP>FREQ>1 MHz).

The correction type is set for a series short and series open: (MEAS SETUP >

CORRECTION > SHORT > ON) and (MEAS SETUP > CORRECTION >

OPEN > ON).

• The RF vector network analyzer (30 kHz - 6 GHz) is set to measure corrected

S-parameters. The IF bandwidth is 30 Hz, power is -10 dBm, number of points

is 201, frequency type is LOG.

• The HF vector network analyzer (45 MHz - 40 GHz) is set to measure corrected

S-parameters. The IF bandwidth is set 15 Hz, power is -10 dBm, number of

points is 401, frequency type is LOG, sweep type is stepped, and dwell time is

2 µs.
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A.2 S-parameters, Y-parameters, T-parameters

a1

a2b1

b2

Device
Under Test

s11

s12

s22

s21

Figure A.1: What are S-Parameters?

Scattering parameters (S-parameters) are complex power ratios of a signal. For trans-
mission from Port 2 to Port 1 (S21), the S-parameter is the ratio of the power received
(b2) to the power sourced (a1). For transmission from Port 1 to Port 2 (S12), the S-
parameter is the ratio of the power received (b1) to the power sourced (a2). For
reflection from Port 1 to Port 1 (S11), the S-parameter is the ratio of the power re-
ceived (b1) to the power sourced (a1). For reflection from Port 2 to Port 2 (S22), the
S-parameter is the ratio of the power received (b2) to the power sourced (a2).

Definition of S-parameters from power ratios.

S =

 b1
a1

b2
a1

b1
a2

b2
a2

 (A.1)

Conversion S-parameters to Y-parameters.
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Y =
(

1

Zr

)
1

((1 + S11)(1 + S22)− S12S21)
· (1− S11)(1 + S22) + S12S21 −2S12

−2S12 (1 + S11)(1− S22) + S12S21



Conversion S-parameters to T-Parameters.

T =
1

S21

 − det(S) S11

−S22 1

 (A.2)

A.3 Error Propagation for Coplanar Waveguides

In Sec. 2.4.3, we commented that the error in the fit made was negligible, in what

follows it will become evident that this is true for our measurements. For our math-

ematical convenience, we will redefine the propagation constant as

γ =
√

(R + iωL)
√

(G+ iωC)

=
√
A
√
B,

where A = R + iωL and B = G+ iωC. We can obtain the uncertainty in B,

(∆Br)
2 = 4 ·

(
<
(
γ

A

))2

(∆γr)
2 +

(
<
(
γ

A

))4

(∆Ar)
2 (A.3)

(∆Bi)
2 = 4 ·

(
=
(
γ

A

))2

(∆γi)
2 +

(
=
(
γ

A

))4

(∆Ai)
2 (A.4)

∆B = ∆Br + i ·∆Bi. (A.5)
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We have decomposed the uncertainty in B into the uncertainty in the real part (Eq.

A.3) and the uncertainty in the imaginary part (Eq. A.4 ). Renaming the variables,

although slightly confusing, significantly decreases the complexity of the math.

In practice, we would like to simplify Eqs. A.3 and A.4 to contain only information

we know. We can do this by calculating the order of magnitude for the different

components and neglecting the smallest terms. We can easily calculate the coefficient

( γ
A

)2,

(
γ

A

)2

=
(R + iωL)(G+ iωC)

(R + iωL)2
=

(G+ iωC)

(R + iωL)
= Z−2. (A.6)

Empirically, we can calculate Z−2 to find that it is always less than 1, and its order

of magnitude is always less than 10−3. This is not surprising. At low frequencies,

Z−2 ⇒ G
R

and G for these material is small and close to zero and R is finite. In

this regime, Z−2 has an order of magnitude no less than 10−3. At high frequencies,

Z−2 ⇒ C
L

, which has an order of magnitude no less than of 10−3. This is true for

both the real and imaginary parts. In Eqs. A.3 and A.4 , the terms proportional to

(∆A)2 are multiplied by Z−4, which is of an order of magnitude 10−6. We can not

immediately eliminate the terms proportional to (∆A)2, because we do not know the

order of magnitude (∆A)2.

We can estimate the order of magnitude of (∆A)2 in the following way by evalu-

ating the partial derivatives for the real and the imaginary parts,

(∆A)2 = (∆R)2 + i · (ω2.(∆L)2). (A.7)

Again, empirically, we know that the order of magnitude for the uncertainty in the

resistance, ∆R, is approximately 10, and the order of magnitude for the uncertainty

in the inductance, ∆L, is at most 10−10. Our highest measurement frequency is

approximately 1011, evaluating Eq. A.7 at the frequency limits reveals that it is
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always of the order of magnitude around 102. Therefore, the terms proportional to

(∆A)2 are of the order of magnitude 10−8. Now, we only need to obtain an order of

magnitude for (∆γ)2 and we can determine if any of the other terms are negligible.

We can calculate (∆γ)2 using the results from StatistiCAL, the calibration soft-

ware used to extract the propagation constant, and Eq. 2.13. We find that the order

of magnitude of (∆γ)2 is approximately 1 for both the real and imaginary parts,

hence, we find that Eqs. A.3 and A.4 reduce to,

(∆Br)
2 ≈ 4 ·

(
<
(
γ

A

))2

(∆γr)
2 (A.8)

(∆Bi)
2 ≈ 4 ·

(
=
(
γ

A

))2

(∆γi)
2. (A.9)
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A.4 Lift-Off-Resist Lithography and Deposition Process

(a) (d)

(b)

(c)

(e)

(f)

Clean Wafer

SubstrateLOR5A
SPR660-L 

Spin On Resists

Mask

Align Mask

Substrate

Substrate

Substrate

Substrate

Substrate Substrate

Substrate

Substrate

LOR5A
SPR660-L

LOR5A
SPR660-L

Develop

Deposit Conductors

Mask

Expose to UV

SPR660-L
LOR5A

SPR660-L
LOR5A

Au (750 nm)

Figure A.2: Lift-Off-Resist Lithography

We show a graphical representation of the lift-off-resist lithography process. (a) We
show a substrate (light red) that has been cleaned with acetone, and isopropanol.
(b) The wafer is dehydration baked at 150◦C for 2 minutes, and allowed to cool. We
spin on LOR5A lift-off-resist onto the wafers, such that the resist is three times the
thickness of the metallic deposition layer. The wafer is baked at 150◦C for 5 minutes
and allowed to cool. SPR660-L imaging resist is spun onto the substrate. The wafer
is baked at 90◦C for 1 minute and allowed to cool. (c) The substrate is aligned to a
mask. In this illustration, we have shown a contact aligner mask; however, we also
commonly use projection masks that do not come in contact with the photoresist.
(d) The photoresist and mask are exposed to ultraviolet radiation. The wafer is
post exposure baked at 110◦C for 1 minute and allowed to cool. (e) We develop the
photoresist in a base (MF-701) for 1 minute, and then rinse in deionized water for 30
seconds. We blow dry nitrogen onto the wafer to get rid of the water and then bake
the substrate for 10 seconds to be certain that no water is left on the substrate. (f)
The substrate is loaded into an automated electron-beam vapor deposition chamber
that deposits specific conductors to a desired thickness.
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Figure A.3: Electron-Beam Vapor Deposition System

We show a simple schematic of a electron-beam vapor deposition system. The sub-
strate (blue) was mounted to a rotating water-cooled chuck. A beam of electrons
coming off a filament hits a crucible where a target metal sits. The metal is heated
until it produces a vapor at a known deposition rate, which is measured with sensors
inside the chamber.

A.5 Characteristic Impedance from an Error Box

The T-matrix model for the error box given in Ref. [32] has the form,

X =
1√

1− Γ2


 1 Γ

Γ 1

+ (1 + Γ)
(
Y · Zr

2

) −1 −1

1 1


 , (A.10)

where Zr is the reference impedance, Y is the pad admittance (or the admittance

under the g-s-g probe), and
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Γ =
Z − Zr
Z + Zr

. (A.11)

In Eq. A.11, the characteristic impedance of the CPW is denoted by Z. If we take

the average of the off-diagonal components of X, we find,

β =
1

2
(X12 +X21)

=
Γ√

1− Γ2
. (A.12)

Note that in Eq. A.12 the terms proportional to Y completely cancel. We can solve

Eq. A.11 for Z,

Z = Zr

(
1 + Γ

1− Γ

)
. (A.13)

Then we can solve Eq. A.12 for Γ ,

Γ =

√
β√

1− β
(A.14)

Inserting Eq. A.14 into Eq. A.13, we arrive at

Z =
(X12 +X21)√

4− (X12 +X21)2
. (A.15)

A.6 Uncertainty in Permittivity

Over a small enough range, Eq. 2.20 can effectively be approximated as a line,

Kfilm = m · Cfilm +Ksub, (A.16)

where Kfilm is the real part of the in-plane relative permittivity of the thin film, Ksub

is the real part of the in-plane relative permittivity of the substrate, and m is the

slope of the linear approximation to the mapping function for the thin film. The

uncertainty in Kfilm is then given by,

(∆Kfilm)2 = m2 · (∆Cfilm)2 + (Cfilm)2(∆m)2, (A.17)
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m2 (∆m)2 (Cfilm)2 (∆Cfilm)2

Order of Magnitude 1013 1011 10−11 10−12

Table A.1: Order of Magnitude for K11 Uncertainty Analysis

where ∆m is the uncertainty in the slope. As in App. A.3, we can again look at the

order of magnitude for the different components in Eq. A.17.

Inserting the values from the Table A.1 in Eq. A.17, we find that (Cfilm)2(∆m)2

is an order of magnitude smaller than m2 · (∆Cfilm)2 and would result in a correction

less than 5%. We choose to neglect this term to obtain,

(∆Kfilm)2 ≈ m2 · (∆Cfilm)2. (A.18)

In practice, we have found that adding this term is typically a 1% correction to the

error.
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A.7 X-ray 2θ Diffraction of Unstrained Srn+1TinO3n+1(n = 1, 2, 3) on

LSAT(100)
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Figure A.4: X-ray 2θ Diffraction of Unstrained Srn+1TinO3n+1(n = 1, 2, 3) on
(001)LSAT

We show the X-ray 2θ diffraction of nominally unstrained Srn+1TinO3n+1(n =
1, 2, 3) on (001)LSAT. The red, black, and blue solid lines are for the n =
1, 2, and 3, respectively. The substrate peaks are indicated at approximately 2θ ≈
23◦(001), 46◦(002), and 69(003).
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A.8 Supplemental Figure for Crystal Synthesis

Tensile Strain
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Figure A.5: Explanation of Biaxial In-plane Tensile Strain

Tensile strain was achieved by growing the thin films on a substrate (grey) with an
in-plane lattice constant of the substrate that was larger than the in-plane lattice
constant of the thin film. The strontium (Sr) atoms are shown as the green spheres,
and the oxygen (O) atoms are shown as the red spheres. The Ti atom sits in the center
of six oxygen atoms arranged at the points of the blue octahedron. Here, we show
a SrTiO3(n = ∞) crystal on a substrate. The green arrows indicate the direction of
the strain, which is in-plane. This type of strain is commonly called biaxial in-plane
tensile strain.
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Figure A.6: Diagram of a Thin-Film on a Substrate

(a) We show a thin film (light red) on a substrate (grey). The b-axis is pointed down,
and the film is oriented in the c-a plane. The region over which the cross section
(b) is shown as the red dashed line. (b) We show the cross section of a thin film
(Sr3Ti2O7(n = 2)) on a substrate (grey).
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(n = 2)Sr3Ti2O7

Perovskite

Perovskite

Perovskite
TiO2
SrO

SrO
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Figure A.7: Using Layering to Create a Srn+1TinO3n+1(n = 2) Phases

A close-up of Sr3Ti2O7(n = 2) Ruddlesden-Popper phase. The strontium (Sr) atoms
are shown as the green spheres, and the oxygen (O) atoms are shown as the red
spheres. The Ti atom sits in the center of six oxygen atoms arranged at the points of
the blue octahedra. On the right, we show an interpretation of the crystal structure,
which can be thought of n = 2 perovskite layers terminated by a SrO rocksalt layer.
The series number (n) indicates the number of perovskite layers, which is spaced by
a rocksalt layer every n. The rocksalt causes the lattice to offset horizontally by
half the in-plane lattice constant, and the structure repeats the perovskite-rocksalt
pattern throughout the film. On the left, we show the growth technique used to create
the Ruddlesden-Popper phases.
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A.9 Supplemental Figures for Low Frequency Temperature Dependence
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Figure A.8: Low Frequency Temperature Dependent Dispersion of
Srn+1TinO3n+1/DyScO3(110) (n = 4, 5) for DyScO3 #2

We show the temperature dependence of the real part of the in-plane relative per-
mittivity, K11(in-plane), for the DyScO3 #2 sample set of 50 nm thick thin films
Srn+1TinO3n+1/DyScO3(110) (n = 4, 5) at 1 kHz, 10 kHz, 100 kHz, and 1 MHz,
where line thickness indicates frequency. The series number (n) measured for this set
was n = 4 (dark yellow), and n = 5 (red). The interdigitated capacitors used for this
sample set had active lengths ` = (1.835 mm, 2.900 mm).
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Figure A.9: Low Frequency Temperature Dependent Dispersion of
Sr3Ti2O7/GdScO3(110) for GdScO3 #1

We show the temperature dependence of the real part of the in-plane relative per-
mittivity, K11(in-plane), for 25 nm thick thin film Sr3Ti2O7/GdScO3(110) from
GdScO3 #1 at 10 kHz, 100 kHz, and 1 MHz, where line thickness indicates frequency.
The interdigitated capacitors used for this sample set had active lengths ` = (0.875
mm, 1.835 mm).
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A.10 Supplemental Figures for Low Frequency Electric Field Depen-

dence
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Figure A.10: Electric Field Dependence of K11(in-plane) at 1 MHz and Tc for
Srn+1TinO3n+1/DyScO3(110)(n = 2, 3, 4, 5, 6)

The electric field dependence of the real part of the in-plane relative permittivity
(K11(in-plane)) at 1 MHz at the Critical Temperatures (Tc) of 50 nm thick films of
Srn+1TinO3n+1/DyScO3(110)(n = 3, 4, 5, 6) for sample set DyScO3 #3. The max-
imum electric field was 75 kV/cm and was stepped by 7.5 kV/cm. The interdigi-
tated capacitors used for this measurement had active lengths ` = (0.875 mm, 1.835
mm). We measured the series numbers (n) n = 3 (dark green), n = 4 (dark yel-
low), n = 5 (red), and n = 6 (blue). The approximate Critical Temperatures of
n = 3, 4, 5, and 6 are T = 60 K, 120 K, 180 K, and 240 K, respectively.
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Figure A.11: Electric Field Dependence of K11(in-plane) at 1 MHz and 300 K for
Srn+1TinO3n+1/DyScO3(110)(n = 2, 3, 4, 5, 6)

The electric field dependence of the real part of the in-plane relative per-
mittivity (K11(in-plane)) at 1 MHz at the 300 K of 50 nm thick films of
Srn+1TinO3n+1/DyScO3(110)(n = 3, 4, 5, 6) for sample set DyScO3 #3. The max-
imum electric field was 75 kV/cm and was stepped by 7.5 kV/cm. The interdigitated
capacitors used for this measurement had active lengths ` = (0.875 mm, 1.835 mm).
We measured the series numbers (n) n = 2 (cyan), n = 3 (dark green), n = 4 (dark
yellow), n = 5 (red), and n = 6 (blue).
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Figure A.12: Electric Field Dependence of K11(in-plane) at 1 MHz and Tc for
Srn+1TinO3n+1/GdScO3(110)(n = 2, 3, 4, 5, 6)

The electric field dependence of the real part of the in-plane relative permittivity
(K11(in-plane)) at 1 MHz at the Critical Temperatures (Tc) of 25 nm thick films of
Srn+1TinO3n+1/GdScO3(110)(n = 2, 3, 4, 5) for sample set GdScO3 #1. The max-
imum electric field was 50 kV/cm and was stepped by 10 kV/cm. The interdigi-
tated capacitors used for this measurement had active lengths ` = (0.875 mm, 1.835
mm). The series numbers (n) measured are n = 2 (cyan), n = 3 (dark green),
n = 4 (dark yellow), and n = 5 (red). The approximate Critical Temperatures for
n = 2, 3, 4, and 5 are T = 60 K, 100 K, 215 K, and 265 K , respectively.
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Figure A.13: Electric Field Dependence of K11(in-plane) at 1 MHz and 300 K for
Srn+1TinO3n+1/GdScO3(110)(n = 2, 3, 4, 5, 6)

The electric field dependence of the real part of the in-plane relative per-
mittivity (K11(in-plane)) at 1 MHz at the 300 K of 25 nm thick films of
Srn+1TinO3n+1/GdScO3(110)(n = 2, 3, 4, 5, 6) for sample set GdScO3 #1. The max-
imum electric field was 75 kV/cm and was stepped by 7.5 kV/cm. The interdigitated
capacitors used for this measurement had active lengths ` = (0.875 mm, 1.835 mm).
We measured the series numbers (n) n = 2 (cyan), n = 3 (dark green), n = 4 (dark
yellow), n = 5 (red), and n = 6 (blue).
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A.11 Supplemental Figures for Broadband Frequency Dependence
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Figure A.14: Frequency Dependence of Im(K11)(in-plane)
Srn+1TinO3n+1/DyScO3(110)(n = 3, 4, 5, 6) at 300 K

The broadband frequency dependence of the imaginary part of the in-
plane relative permittivity (Im(K11)(in-plane)) of 50 nm thick films of
Srn+1TinO3n+1/DyScO3(110)(n = 3, 4, 5, 6) from 100 Hz to 40 GHz at 300 K. We
measured the series numbers (n) n = 3 (dark green), n = 4 (dark yellow), n = 5
(red), and n = 6 (blue).
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Figure A.15: Frequency Dependence of Im(K11)(in-plane)
Srn+1TinO3n+1/GdScO3(110)(n = 3, 4, 5, 6) at 300 K

The broadband frequency dependence of the imaginary part of the in-
plane relative permittivity (Im(K11)(in-plane)) of 25 nm thick films of
Srn+1TinO3n+1/GdScO3(110) (n = 3, 4, 5, 6) from 100 Hz to 40 GHz at 300 K. We
measured the series numbers (n) n = 3 (dark green), n = 4 (dark yellow), n = 5
(red), and n = 6 (blue).
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Figure A.16: Frequency Dependence of K11(in-plane)
Srn+1TinO3n+1/DyScO3(110)(n = 2, 3, 4, 5, 6) at 300 K

The broadband frequency dependence of the imaginary part of the in-
plane relative permittivity (Im(K11)(in-plane)) of 50 nm thick films of
Srn+1TinO3n+1/DyScO3(110)(n = 2, 3, 4, 5, 6) from 100 Hz to 40 GHz at 300 K.
We measured the series numbers (n) n = 2 (cyan), n = 3 (dark green), n = 4 (dark
yellow), n = 5 (red), and n = 6 (blue).
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Figure A.17: Frequency Dependence of K11(in-plane)
Srn+1TinO3n+1/DyScO3(110)(n = 2, 3, 4, 5, 6) at 300 K

The broadband frequency dependence of the imaginary part of the in-
plane relative permittivity (Im(K11)(in-plane)) of 50 nm thick films of
Srn+1TinO3n+1/DyScO3(110)(n = 2, 3, 4, 5, 6) from 100 Hz to 40 GHz at 300 K.
We measured the series numbers (n) n = 2 (cyan), n = 3 (dark green), n = 4 (dark
yellow), n = 5 (red), and n = 6 (blue).

A.12 Uncertainty in Figure of Merit

Why not just calculate the uncertainty in the figure of merit by propagating the error?

The uncertainty in the figure of merit is proportional to Q11(0), and is given by,

∆FOM = |Q11|
√

(
∆T
100

)2 + (
T

100
·Q11)2(∆ tan(δ11))2. (A.19)
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If Q11(0) is large, then the uncertainty in the figure of merit will also be very large.

We can show this by an order of magnitude calculation.

Q11 ∆T T ∆ tan(δ11)

Order of Magnitude 103 100 102 10−3

∆FOM ≈ 103
√

10−4 + (100 · 103)2(10−3)2 = 103 (A.20)

Recall, that the figure of merit it is bounded by Q11(0) and here we have shown that

the uncertainty in the figure of merit is the same order of magnitude as the figure of

merit. This implies that the uncertainty will always be large relative to the figure of

merit. It is for this reason that we do not calculate the uncertainty in the figure of

merit.
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