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Abstract

The ever increasing use of wireless devices has caused a need for devices that can

operate over a range of frequencies and conditions. This can be accomplished by

using tunable circuits that utilize a tunable dielectric material. This work proposes a

new optically tunable dielectric material that consists of a transparent polymer mixed

with particles of cadmium sulfide, which are photoconductive.

A resonant characterization apparatus was developed to measure the microwave

properties of optically sensitive films deposited on glass cover slips. The apparatus

was a modification of the characterization apparatus known as the split-post dielectric
resonator.

A potential method to simulate the properties of a heterogeneous material is
presented. The validity of the simulations were confirmed by comparing them to

Bruggeman's effective medium theory and percolation theory.

The characterization apparatus developed in this work was used to measure the

complex permittivity of the polymer-cadmium sulfide films. The shift in dielectric

constant of the films with illumination was at least 9%. The dielectric loss tangent

of the materials also increased by up to 0.085, from 0.063 to 0.148.

The optically tunable dielectric material shows a shift in dielectric constant that

may make it comparable with ferroelectric materials. The opportunity exists to in-

crease the change in the dielectric constant and decrease the change in the dielectric
loss tangent with further optimization.
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Chapter 1

Introduction

1.1 Tunable Materials and Modern Communica-

tions

The use of wireless devices has increased drastically over the last decade. This

increased use has caused a need for more efficient devices with increased functionality.

Many of these devices must function over a range of frequencies and conditions,

which can be achieved using two different techniques. The device can be designed to

function over a range of frequencies and conditions, such as a broadband amplifier.

Alternatively the device can be designed to be tunable, such as a narrowband amplifier
whose center frequency can be shifted. Designing a circuit to operate over a range of
frequencies usually comes at the cost of performance. However, if the circuit is made

tunable, it can usually be designed to function with increased efficiency.
A wide variety of techniques have been utilized in order to make devices tun-

able [ . - ] . Some of the more common techniques are electrical and mechanical
tuning. Electrically tunable devices can complicate the device design and decrease

performance due to the need for DC bias networks. The mechanically tunable devices

1
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have a relatively short lifespan or require maintenance. Another option is to tune op-

tically. The optical tuning signal is applied without the need of the DC bias networks

used in electrically tunable devices. Also, the optical tuning can be achieved without

the need of moving parts that are used in mechanically tunable circuits. Additionally,

optical tuning has the benefit that the control signal is isolated from the microwave

signal being processed. In other words, the strength of the microwave should have

relatively little effect on the properties of the optically tunable material. Optically

tunable microwave circuits have been demonstrated previously [ , ] , however a
material with an optically tunable dielectric constant has not yet been reported.

1.2 Objectives of the Thesis

The primary overall objective of this work is to demonstrate that the dielec-

tric constant of a material can be made optically tunable by combining an optically

transparent polymer with photoconductive particles. In order to achieve this goal

two specific goals are pursued. The first is to develop an apparatus to accurately

characterize the microwave properties of the optically sensitive material. The second

is to determine a possible method to predict the properties of an optically sensitive
material.

1.3 Thesis Outline

Chapter 2 describes the dielectric properties of materials, photoconduction, and

tunable circuits and materials. Chapter 3 comprises of the theoretical and numerical

approaches used to describe the optically tunable dielectric material. Chapter 4 is
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concerned with microwave material characterization and the theory needed to under-

stand the techniques used within this work. Chapter 5 discusses in detail the design

and verification of the microwave material characterization apparatus used for this

work. Chapter 6 gives results from measuring the properties of the proposed optically

tunable material. Chapter 7 discusses the results obtained in Chapter 6. Chapter 8

gives a brief summary of the work done and gives direction for future work in the

area of optically tunable dielectric materials.



Chapter 2

Material Properties

2.1 Introduction

There are a few properties of materials that are important to understand for this

work. First, it is important to understand what factors affect the complex permittiv-

ity of a material. A material's effective permittivity can be increased by incorporating

conductive constituents into the material. Thus by adding a material with variable

conductivity one can create a composite material that has a variable permittivity.

If a material is photoconductive, its conductivity can be changed under optical illu-

mination. The property of photoconductivity is explained following a discussion of

permittivity. The chapter is concluded with a discussion on current tunable circuits

and ferroelectric materials, which have an electrically variable dielectric constant.

2.2 Permittivity

Permittivity is a measure of a material's ability to reduce the total electric field
inside the bulk of the material. This reduction of the electric field inside the material

is accomplished by the displacement of charges that align with the electric field. This

4



effect is known as electric polarization. When a homogeneous isotropic material has

an electric field E applied to it the electric flux D is given by Equation (2.1) [ ]. The
parameter P is the electric polarization of the material, and cq is the permittivity of

free space.

D = €0Ê + P (2.1)

If one assumes that the medium is also linear, then the electric polarization is related

to the applied field by the following equation [ ] :

P = eoXE (2.2)

where, ? is the electric susceptibility of the material and is given by the following
equation [']:

X = - (2-3)

where, a is the average electronic polarizability of the material and N is the number

of particles per unit volume. The complex permittivity of a material is represented

by the following equation:

e = e0(6'r-je';) = e'-je" (2.4)

The real part of the equation e' is related to the electric susceptibility of the material

by e'r — 1 + ?, while the imaginary part e" accounts for the dielectric loss tangent in
the medium. If the material has a conductivity s then the complex permittivity is
given by:

e = e0(er-je';-j— ) (2.5)



6

For a conductive material the loss tangent is given by:

tanS = <Ì^ (2.6)

The permittivity of a material is directly related to the electric polarization of

a material. Thus in order to understand what affects permittivity, it is important

to understand the different forms of polarization. The permittivity of a material
can be increased when small volume fractions of a metallic material are added to an

insulating material. This effect can be described by effective medium theories.

2.2.1 Electric Polarization

There are several different types of dielectric polarization. In order to understand

each type of polarization, it is easiest to discuss the basic factors that affect the po-

larizability of a material. If the reader wishes to gain a more in-depth understanding

of dielectric properties, then some excellent textbooks are: Dielectric Phenomena In

Solids [ ], Electrical Properties of Polymers [ ], and Electrical Properties of Mate-
rials [ ]. The following material is condensed from Dielectric Phenomena in Solids,
which is the most comprehensive of the three texts.

The permittivity of any type of homogeneous material is related to the average

polarizability of all the particles in the material by the following equation:

e ,_ Na.
er = - = (1 + — ) (2.7)

where,

er is the relative permittivity

e is the permittivity
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co is the permittivity of free space

N is the density of molecules per unit volume

a is the average polarizability of the material

There are three types of polarization when dealing with electric fields much lower

than inter-atomic fields (inter-atomic fields can be of the order of 1011 Vm-1, while
externally applied fields rarely exceed 108 Vm"1 [ ]), and for materials with negligi-
ble conductivity. The three types of polarization are electronic (ae) , atomic (a¿), and

orientational polarization (a0). When the conductivity of the material is no longer

negligible, space charge polarization (ay, which is broken into interfacial and hopping

polarization) becomes important. Under special conditions some materials exhibit a

type of polarization known as spontaneous polarization (as). The total polarizability
of the material a combines all five contributions:

a = ae + ai + a0 + ad + as (2.8)

All types of polarization take a finite amount of time for the polarization to occur

and each type of polarization has a force counteracting it. This means that each type

of polarization will be frequency dependent and will have some loss. Figure 2.1 shows

each type of polarization and the associated relaxation time.

The following sections discuss the different types of polarization. The discussion

is only meant to give an idea of how each of the polarization mechanisms work.
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Figure 2.1: Relaxation time of each type of polarization [ ]

Electronic Polarization

Electronic polarizability depends mainly upon the number of electrons in the out-

ermost shells of the atoms that make up the material. The elements with full outer

shells such as the noble gases have electronic polarizabilities lower than any other
element. While the elements with single valence electrons have the highest polariz-
abilities. When calculating electronic polarization only the contribution of the outer-

most electrons are calculated because inner electrons provide negligible contributions.
The electronic polarizability is effectively a measure of the displacement of the outer

electron cloud when an electric field is applied. The easiest way to explain electronic

polarizability is in terms of classical physics. The results obtained using classical
approaches are very similar to the results obtained using quantum mechanics [ ].
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In order to give an idea of the factors that affect electronic polarizability, the po-

larizability of a monoatomic gas is discussed. Calculating the polarizability assuming

Bohr's model where electrons revolve around atoms in a circular orbit yields Equation

(2.9) for the electronic polarizability.

me(u]Q — ?2) + jßua* = ^ ? .2 ^ ¦ ,*.. (2-9)
where:

Z is the number of electrons (typically the number in the outer shell of the atom)
q is the charge of an electron
me is the mass of the electron

Uq is the natural frequency of the atom

ß is the damping coefficient which represents the imaginary part of the permit-

tivity

In the case that molecules are made up of more than one atom, the geometric

shape will play an important role on ae. The orientation of the molecule in reference

to the applied field will cause the polarizability of that molecule to change greatly.

___ ? ^S\ y
Ì -fr. W \ ¦ \ , 1 /

Major Axis
/ ,' ~ ·* \ , Uli s

t~:~-'

y<^yy^Jy "Sov/ (,/' „M
'^^llzz^' ^J> /X --" U1 \

^ -4
F

(a) (b) (e)

Figure 2.2: (a) Molecule orientated parallel to field; (b) molecule orientated per-
pendicular to field; (c) molecule randomly orientated [ ]
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When the molecule is oriented parallel to the applied field as shown in Figure

2.2(a) the polarizability of the material is given by:

2ûea,/ = e—=— (2.10)

where:

ab is the distance between the two atoms

ae is the polarizability of a single atom

R is the average orbital distance of the valence electrons

When the molecule is oriented parallel to the applied field, the polarizability of the
two atom molecule is more than double the polarizability of the single atom. When

the molecule is oriented perpendicular to the applied field as shown in Figure 2.2(b),
the polarizability is given by:

<*± = -t=- (2.11)1 + 2(RVOb)3 V '

For the molecule being perpendicular to the field the polarizability is less the
twice the polarizability of the single atom.

If the molecule is oriented in a random orientation as shown in Figure 2.2(c) then
the polarizability will be between the values of perpendicular and parallel orientation.
The equations given are a rough approximation because the complications of molec-
ular interactions have been ignored. The time required for electronic polarization
is about 10" 15 s, which means that electronic polarization is important right up to



optical frequencies.

11

Atomic Polarization

A material that is composed of polyatomic molecules will have atomic polarization

if there is a charge difference across the molecule. Consider a two atom molecule

such as NaCl. The sodium atom gives up one electron to the chloride atom 78% of

the time, which makes the chloride atom negatively charged and the sodium atom

positively charged. When an electric field is applied to this molecule, it will either

expand or contract. This expansion or contraction of the molecule is known as atomic

polarization. This type of polarization has a relaxation time of about 1O-13 seconds.

The atomic polarizability of a material with no inter-molecular interactions is:

a. = Wt (2 12)

where,

Z is the number of electrons donated to the negative ion (eg. Z=I for NaCl
molecule)

q is the charge of an electron

MT is the effective mass of the molecule

Uq is the natural oscillation frequency

ß is the damping coefficient.

The equations for electronic and atomic polarizations are similar. This is because

the electronic polarizability is the displacement of an electron cloud, while atomic

polarizability is the displacement of the atoms in a molecule.
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Orientational Polarization

Orientational polarization can only occur in materials that possess permanent
dipoles and have net dipole moment such as the molecule shown in Figure 2.3(b).
The molecule shown in Figure 2.3(a) has no permanent dipole moment and will not
contribute to orientational polarization.

O C

\fi \¿

y\

tía

No permanent
dipole moment

(a)
H — O — H

Ceniroid of ·.,. l ¿* -L—- Centrofd of
¦*· charges f*^î*^\ - charges

,v'T--*— *?=1C:

? *h pe'T3"ent
diioie rrcrent

(b)

Figure 2.3: Example of molecule without (a) and with (b) a permanent dipole
moment [.]

Since orientation polarization requires the movement of the entire molecule, it
means that a significant amount of energy is required and the process is heavily tem-
perature dependent. Orientational polarization decreases as temperature increases,
because thermal agitation will tend to help put the molecules back into a random
orientation. Since both atomic and electronic polarization are relatively temperature
independent, the temperature can be varied to isolate the effects of orientation po-
larization. Many materials show a drastic change in permittivity when going from
solid to liquid state because molecules cannot move easily in a solid. This type of
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polarization falls off rapidly in the GHz region so it has very little application at
microwave frequencies.

Space Charge Polarization

Space charge polarization is a form of electric polarization, but it is associated

primarily with mobile charges (electrons, holes, and ions). This type of polarization
is only of importance once a material has a high density of free charge carriers.
Space charge polarization occurs in materials that trap charge carriers in the bulk or
at interfaces. Hopping polarization is a form of space charge polarization whereby
charge carriers overcome a potential barrier and get trapped in a localized state. The

probability of surmounting a potential barrier can be increased when an electric field

is applied. Thus the applied field can cause a net displacement of charge which acts
as a form of polarization. Interfacial polarization is another form of space charge
polarization, and is very likely to occur in a materials made up of small conducting
particles in an insulating host. Calculating the electric polarization using the theory of
space charge polarization is a daunting task. Fortunately, there are numerous effective

medium theories which deal with such heterogeneous mixtures and some of them are

discussed in the next section. In order to give a better description of interfacial
polarization, a relatively simple example of two dielectric materials between parallel
metal plates as shown in Figure 2.4 is discussed. Material 1 has a conductivity U1,
permittivity C1, and thickness CZ1. Material 2 has a conductivity s2, permittivity e2,
and thickness di
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Figure 2.4: Parallel metal plate capacitor with two different conductive dielectrics

The following equation can be used to describe the effective permittivity (ee//) and
conductivity (aeff) [ ].

T\ =
s?

(2.13)

T2 =
£2^0

s2
(2.14)

eo
ei^2 + tïdi
aid2 + s2(?? (2.15)

eeff =
s1s2?

e0 ?s?^2 + s2^?
t\ + T2 + ? TiT2T - t

I +?2t2_2 (2.16)

s«// =
s^?? 1 — U2TiT2 + CJ2T1T + W2T2T

(2.17)?s??2 + s2??) 1 + a;2t2
Equation 2.15 describes the time required for interfacial polarization to occur.

This equation shows that the frequency range in which this effect is significant is
dependent on the permittivity, conductivity, and size of the materials. It should be
noted that as conductivity increases the value of t will decrease, which means that
interfacial polarization can have a much smaller relaxation time than what was shown

in Figure 2.1. The much smaller relaxation time means that interfacial polarization



15

is significant right up to and including microwave frequencies.

Spontaneous Polarization

Spontaneous polarization is an effect that is associated with ferroelectric materials.

Ferroelectric materials generally have a high dielectric constant and the permittivity is
heavily dependent upon temperature and electric field [ ]. For a material to exhibit
ferroelectric effects it must be crystalline in structure. The crystal is made up of
unit cells and each of these cells will be electrically non-polar when the temperature
is above the Currie temperature (Tc). When the ferroelectric material is above Tc
the material is in the paraelectric state. When the temperature of the ferroelectric

material goes below Tc then the crystal goes from a non-polar to polar structure and

the material is in the ferroelectric state. Each unit cell will carry an electric dipole
moment when the temperature is below Tc and will spontaneously align parallel to
the dipole moment of the neighboring cells. The chain reaction that occurs is referred

to as spontaneous polarization. The process of cells aligning with each other will

eventually stop and each section of cells locally aligned with each other is referred

to as a domain. Other domains will form throughout the material and be aligned
randomly as long as no electric field is applied. When an electric field is applied,
the domains will align in the direction of the field, and once the field is removed the

polarization will remain. Since the domains do not randomize upon removal of the

electric field the relation of polarization to the electric field will form a hysteresis
loop [ ]. As the temperature of the material increases the hysteresis loop will be less
pronounced as shown in Figure 2.5
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(a) (b) (e)

Figure 2.5: Effect of electric field on polarization of a ferroelectric material (a)T <C
Tc, (b)T < Tc, and (c)T > Tc [ ]

Ferroelectric materials are generally not used in the ferroelectric state because the

dielectric loss tangent is too high. The dependence of the complex permittivity of a
ferroelectric material on temperature is shown in Figure 2.6.

Ferroelectric
state

Paraelectric
state

Temperature

Figure 2.6: Temperature dependence of complex permittivity of a ferroelectric ma-
terial Í 1

The dielectric constant of a ferroelectric material in the paraelectric state is de-
pendent upon the electric field applied. The application of the electric field will cause
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the dielectric constant of the material to decrease [ ].

2.2.2 Permittivity of Composite Materials

There have been many theories that attempt to describe the bulk electrical prop-
erties of a heterogeneous material based upon the electrical properties and volume

loadings of the constituents. There is a significant amount of literature on effective

medium theories [ , ]. This section describes the effective medium theory devel-
oped by Bruggeman [ ]. Bruggeman's theory breaks down once the metal particle
volume filler fraction is too high. Once the volume fraction of filler is high enough
the best way to describe the material properties is to use a theory that accounts
for the inter-particle interaction such as that developed by McLachlan [ , ]. This
theory has more complexity than that developed by Bruggeman and requires data
measurements in order to determine some of the variables. The theory developed

by McLachlan will not be discussed further, and percolation theory will be used in-
stead [ , ]. Percolation theory will not allow for the effective permittivity to be
calculated directly, however it will allow for one to estimate the effect of adding cer-
tain amounts and types of particles to a composite. Furthermore, this theory can be
used to determine at what volume filler fraction large changes in effective permittivity
will occur.

Bruggeman Theory

Bruggeman's theory is a popular one due to its simplicity [ ]. It will not give
extremely accurate results, but it is useful for gaining understanding of what to expect
from heterogeneous mixtures. The Bruggeman theory makes a few assumptions:

• Particle fillers are small when compared to the wavelength of the electromag-
netic field imposed upon the material.
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• Inclusions do not interact with each other electrically.

• All inclusions are statistically similar in size and shape.

• AU particles are distributed randomly.

• The volume average polarizability is zero.

This theory breaks down when volume loadings come close to the percolation thresh-

old. The percolation threshold is the point at which the volume filler fraction be-

comes high enough that inter-particle interaction cannot be ignored. Although there

are many drawbacks to this theory it has one excellent virtue, its simplicity. The

Bruggeman equation for spherical inclusions is:

VFF £l ~ys + (1 - VFF) t2 ~ £eff = 0 (2.18)

where:

VFF is the volume fraction of the conducting filler

ei is the permittivity of the filler material

É2 is the permittivity of the matrix material

eeff is the effective permittivity to be calculated using Equation (2.18)

Percolation Theory

Percolation theory is an important tool when analyzing disordered composite

materials. Introduction to Percolation Theory [ ] gives a good description on per-
colation theory for any reader that is interested in having a greater understanding.
Percolation theory is primarily concerned with what is known as the percolation
threshold.
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Assume a square lattice representing a 2-D resistor network that is large enough
that the boundary effects can be ignored. The edges of each square represent a node.
The grid shown in Figure 2.7(a) shows a small section of the square lattice. Now each
square is randomly filled with a resistor to each interface as shown in Figure 2.7(b)
with a given probability. A cluster is defined as a group of touching filled squares.
The clusters are circled in Figure 2.7(c).

Wr-HWl WHHWV WHHW.

W-HW,

Wr-HW WHHW

~V¥hÎ-WH

WHHWt

(a) Section of empty grid (b) Randomly filled grid (c) Clusters circled

Figure 2.7: Section of 2-D resistor network

In Figure 2.7(c), the clusters circled are ones that the edges touch and are called
'nearest neighbor'. A cluster formed of edge and corner touching squares is called
'next nearest neighbor'. The percolation threshold is the fill probability at which
one cluster forms a continuous network throughout the entire material as shown in

Figure 2.8. This means that there will be a conduction path connecting all edges of
the square lattice for the 2-D resistor network.
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Figure 2.8: Example of percolation with a square lattice when each space is filled
randomly with a probability of 60% [' ]

If one randomly disperses a conducting filler particle in an insulating material
some interesting material properties occur near the percolation threshold. Close to

the percolation threshold, the real and imaginary part of the permittivity increase
rapidly, making the percolation threshold an important point. Percolation theory
is not going to give a precise solution as to what material properties one should
expect. Rather it will give an idea of what volume filler fraction is necessary to
achieve a rapid change in complex permittivity. There are many factors that can
affect the percolation threshold. Two such factors are the size and shape of particles
as shown below. Figures 2.9 and 2.10 below use particles made of a metal with
conductivity of 105 S/cm. The metal is coated with a shell that is 200 nm thick
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and has a conductivity of 10 S/cm. The particles are embedded in an insulator with

a conductivity of 3 ? IO-17. Figure 2.9 suggests that particles with a large axial
ratios will have a low percolation threshold. Figure 2.10 suggests that the smaller

the particle, lower the percolation threshold. This means that small particles with a

large axial ratio should have the lowest percolation threshold.
35

-?- 30

? 25

d 10

100

Figure 2.9: Effect of ellipsoidal axial ratio (M) of filler particle on percolation
threshold. [ ]

400 600
Rínm

1000

Figure 2.10: Effect of particle size (R is radius) of filler particle on percolation
threshold [ ]
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Photoconduction is an effect whereby a material absorbs high energy electromag-

netic waves (eg. light) and as a result the conductivity of the material increases.
Some texts that cover photoconductivity are: Principles of Electronic Materials and

Devices [ ] and Dielectric Phenomena in Solids [ }. Unless otherwise referenced the
material presented below is condensed from Principles of Electronic Materials and

Devices [ ]. The conductivity of a material is given by the following equation:

a = q(N^e + Nhßh) (2.19)

where:

q is the charge of an Electron

Ne is the number of electrons per unit volume

Nh is the number of holes per unit volume

µe is the electron mobility

µp is the hole mobility

From the above equation one can see that there are two ways to change the conduc-

tivity of a material. The first way is to change the carrier mobility. However this is a

property of the material which means the material itself must be changed. The other

way is to change the concentration of charge carriers, which can be accomplished via

illumination of some materials. The equation that gives the change in conductivity
of a material upon illumination is:

hct

where:
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/ is the intensity of the light

? is the quantum efficiency

? is the wavelength of the incident light
rr is the recombination time

h is Plank's constant

c is the speed of light
t is the thickness of the material

Quantum efficiency is the number of electron-hole pairs generated per absorbed
photon. The recombination time is the average lifetime of an electron-hole pair.
Recombination time can be effected by the intensity of light, the temperature of the
material, the size of particles, the number of crystal defects in the particles, and
numerous other factors [ ¦]. For the purposes of this work there is no need to discuss
recombination further.

2.4 Tunability

Tunable microwave circuits have been realized by using materials with adjustable
properties or by using a microwave switch to change the state of the circuit. These

techniques are usually employed in one or more of the circuits that achieve tunability
by: change of impedance; change of wave propagation properties of a structure; or
change of the path the microwave signal follows.

Changing the impedance is usually achieved with lumped components such as
tunable capacitors (varactors) and tunable inductors. Varactors can be made in three

ways. The first way is using a semiconductor material and creating a device that has
an electrically variable depletion area [ , ] . Another method is to use a ferroelectric
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material in a capacitor [ , ]. The last method is to use a microelectromechanical
system (MEMS) to create a varactor [ ]. Tunable inductors can be made by using
switches to change the configuration of the inductor [ ] .

The wave propagation properties in a microwave structure can be dynamically

changed by using materials with tunable permittivity or tunable permeability as the

substrate or applying it as an overlay to the structure. Magnetically tunable filters [ ]
and phase shifters [ ] have been realized by using magnetically tunable materials.

Switches are utilized in microwave circuits that do not require continuous tun-

ing and can function acceptably with discrete tuning points. Switches are generally

realized in one of the following three ways: transistor based switch; MEMS based

switch [ .:]; or photoconductive switch [.;'.;].
Optical control of semiconductor devices has been investigated and is reviewed

in Optical Control of Microwave Semiconductor Devices [:¦']. This paper discusses
optical control of microwave amplifiers, oscillators, switches, and mixers. Optical con-

trol is achieved by generating charge carriers in the semiconductor material, or by an

indirect means such as using a photodetector to covert the optical signal to an electri-

cal signal. A paper entitled Tunable Micrwoave Load Based On Biased Photoinduced

Plamsa in Silicon [ ] discusses optically tuning a quarter-wave resonator by using a
photoconductive semiconductor material. In this paper the resonant frequency of the

quarter-wave resonator is shifted by 60% by illuminating the end of the resonator to

change the effective capacitance and resistance of the resonator.

Ferroelectric materials are the most commonly used material reported in the lit-

erature that possess a tunable dielectric constant. Since this work proposes a new

optically tunable dielectric material, the properties of ferroelectric materials are dis-

cussed further for the purpose of comparison.



25

2.4.1 Ferroelectric Materials

Ferroelectric materials have considerable potential in tunable microwave circuits

[ ]. All the ferroelectric materials discussed are used in the paraelectric state rather
than the ferroelectric state. Much of the work has been done at low frequencies (be-
low 1 GHz), however some work investigates the materials at microwave frequencies
and it is that work that is discussed. Some ferroelectric materials that have been

characterized are summarized in Table 2.1. The material summarized in Table 2.1 is

not close to comprehensive, it is only a small selection of materials with reasonable

performance that have been characterized at microwave frequencies.

Table 2.1: Comparison of ferroelectric materials

Material

@0V

Tunability

%

Tan¿

@0V

Range Tan<5 Frequency

GHz

Voltage

MV/m

PbSrTiO3 1575 35 0.1 10

SrTiO3 6000 85 0.19 0.11-0.19 10

BaSrTiO3 [ ] 1622 22 0.03 7.7 0.81

From the data presented above it can be seen that some of the materials have

good characteristics. However, it does not give a good idea of how these materials

respond over a frequency range or at different bias fields. The typical dependence of

a ferroelectric material on frequency and bias field is shown in Figure 2.11.
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Figure 2.11: Typical response of ferroelectric materials [ ]

The dielectric constant and dielectric loss tangent of another material is shown in

Figure 2.12.
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(a) Dependence of dielectric constant on bias (b) Dependence of dielectric loss tangent on
field bias field

Figure 2.12: Properties of SrTiO3 at 10GHz [ 1

From Figures 2.11 and 2.12 it can be seen that the dielectric constant and the

dielectric loss tangent are highest with zero bias, which is typical behaviour of ferro-

electric materials in the paraelectric phase. The dielectric constant of most of these
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materials decreases with frequency, while the dielectric loss tangent increases with

frequency. Also, the tunability of the ferroelectric materials usually decreases with

frequency. There is relatively little data on the temperature stability of ferroelectric

materials at microwave frequencies, however data taken at IMHz as shown in Figure

2.13 can at least provide an approximation.
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1000
c

I
e
d

f
S

e (Rm on PvSi)
t (flm on LAO)
lang (Hm on PVSi)
tañí (firn on LAO)

0.06 «

120 0.00
75 125 175 225 275 325 375 425

Temperature (K)

Figure 2.13: Dielectric constant and loss tangent of Pb0.3Sr0. 7TiO3 films at IMHz
[]

When a ferroelectric material is used in a capacitor, the properties of the capacitor

can change drastically with temperature as shown in Figure 2.11. Once the temper-
ature becomes low enough the material is in the ferroelectric state and the effects of

the hysteresis loop can be seen.
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Figure 2.14: Temperature and bias dependence of ferroelectric capacitors at 10GHz
(a) 120K (b)200K (c)275K (d)300K [ ]
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2.5 Summary

This chapter began by discussing the complex permittivity of materials. There

are many different properties that affect the permittivity of materials, and these

properties are called polarization. There are five types of polarization: electronic,

atomic, orientational, space charge, and spontaneous. Electronic polarization is as-

sociated with the displacement of electrons with an applied electric field. Atomic

polarization deals with the displacement of atoms with an applied electric field. Ori-

entational polarization is the movement of polar molecules when an electric field is

applied. Spontaneous polarization only occurs in a special class of materials known

as ferroelectric materials. These materials show a large change in permittivity with

an applied electric field. Space charge polarization is the movement of free charge

carriers with an applied electric field. Space charge polarization is of importance in

this work because it describes what is happening when metallic particles are added
to a non-conductive material.

Next, effective medium theories and percolation theory were discussed. Effective

medium theories describe the dielectric properties of heterogeneous mixtures, usually

consisting of a non-conductive host with conductive constituents. The addition of

metallic particles in a non-conductive host increases the effective dielectric constant

and dielectric loss tangent of the material. Most effective medium theories do not

account for inter-particle interactions and break down once the volume fill fraction

of metallic particles exceeds a certain percentage. At this point percolation theory
is used to describe the material. Percolation theory identifies that volume fill frac-

tion of metallic particles at which the effective electrical material properties change
drastically.

Next, the effect known as photoconduction was presented. Photoconduction is an
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effect whereby the conductivity of a material increases when illuminated with high

energy electromagnetic waves (optical frequencies).

Finally, the chapter is concluded with a discussion on tunable circuits. Circuits

that are tunable using mechanical, electrical, and magnetic methods have been made.

Electrically tunable circuits have been created using ferroelectric materials in the

paraelectric state. Overall ferroelectric materials have potential in tunable microwave

circuits. They demonstrate appreciable tunability, low enough dielectric loss tangent,

and the need for high bias fields can be overcome by using the material in varactors.

However, the issue of temperature stability may cause issues for their use in some

applications.



Chapter 3

Optically Tunable Dielectric Material

Analysis

3.1 Introduction

Ferroelectric materials have some drawbacks for use as tunable dielectric materi-

als. The effect that ferroelectric materials utilize is heavily temperature dependant.
Ferroelectric materials need to be crystalline in structure which makes them more ex-

pensive and difficult to use. Since ferroelectric materials are tuned electrically, there
are limitations on the field strength of the microwave signals and where and how they
can be used.

A new optically tunable dielectric material is proposed. This material uses a
composite consisting of photoconductive spheres dispersed in an insulating polymer.
Using effective medium theory discussed earlier it can be seen that changing the
conductivity of the spheres can change the effective permittivity of the material. This
new material does not suffer from many of the problems that affect the performance
of ferroelectric materials. Unlike ferroelectric materials this method does not depend
upon an effect that is heavily temperature dependant. Changes in temperature will

30
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have an effect on the photoconductivity of the spheres, however photoconductivity is

not strongly sensitive to changes in temperature. Since the tuning of the material is

done optically it means that there is an inherent isolation between the tuning signal
and the microwave signal. The processing involved for this material is simplistic by

comparison to the processing needed for ferroelectric materials, making it a cheaper
alternative.

This chapter demonstrates the effects of adding conductive particles to a non-

conductive host material, and is done using theoretical information and simulations.

The following section uses properties of materials and effective medium theory to

demonstrate the effect of adding a photoconductive material to a non-conductive

host material. In the next section, simulations run using a numerical electromagnetic

solver are compared to theoretical results.

3.2 Theoretical Observations

This section begins by discussing the properties of CdS and the level of con-

ductivity expected given a specific level of optical illumination. Next, Bruggeman's

effective medium theory is used to show the effects of mixing conductive particles with

a non-conductive matrix. After showing material properties using Bruggeman's the-

ory, percolation theory is used to demonstrate the effect of large volume fill fractions

of the photoconductive particle.

CdS is used because it has been studied previously at Carleton University and
shows promise for optical tuning [ ] . The particles of CdS that will be employed are
approximated as spherical and have an average diameter of 1 µ??.

The properties of bulk CdS are as follows:

µ? = 160 cm2/Vs [ ]
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Uh = 15 cm2/Vs [ }
e(0) = 8.5[ ..]
e(oo) = 5.26 [ ]
t is 22.3 ßs to 57.4 µß [ ]
Bandgap is 2.4eV [ ]

The bandgap of CdS is 2AeV, which means that wavelengths shorter than
520nm will be absorbed and create a single electron-hole pair. There are a number

of assumptions that will be made when calculating the photoconductivity of the
material. These assumptions are: the material is uniformly illuminated; the minority
carrier lifetime of the material is not affected by strong illumination; all spheres
dispersed in the material get illuminated equally or the charge diffuses to them all
equally. The last assumptions are: the power of the light source is 0.0002171 W/mm2;
the minority carrier lifetime is 22.3 µß; and the volume fill fraction of photoconduc-
tive particles is 72 %. Then the change in conductivity upon illumination can be
calculated using the Equation (3.1).

?s = hctVFF (3-1}

?s = 9.855/m (3.2)

This shows that a conductivity of approximately lOS/m can be expected and it
should be possible to achieve conductivities of 100S/m by using a different material
or a higher intensity light source. The conductivity range of 0.01S/m to 100S/m will
be used for calculations and simulations. It will be assumed that the polymer used
as a host for the CdS has a dielectric constant of 3 and a dielectric loss tangent of
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0.001. Using Bruggeman's theory the effects of the real and imaginary parts of the

permittivity for the filler and host can be investigated. The default values for the filler

material are a dielectric constant of 8.5 and a conductivity of lOS/m, while those for

the host material are a dielectric constant of 3 and a dielectric loss tangent of 0.001.

Furthermore, if the volume fill fraction is not specified it is 10%. All the following

results are for a frequency of 8 GHz. In order to see the effects of each parameter,

they are swept independently of the other values and the results are shown in Figures
3.1-3.3.

— -0.01 VW"" 0.05VFF—— 0.1 VFF| |— -0.01 VFF 0.05 VFF^- OVVITI

0.08 H

Loss

20 40 60 80 100

Conductivity Filler (S/m)

0.04

20 40 60 80

Conductivity Filler (S/m)

(a) Dielectric constant (b) Dielectric loss tangent

Figure 3.1: Effect of the conductivity of the filler on e'efj and dielectric loss tangent
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Figure 3.3: Effect of the dielectric constant of the host on e'eff and dielectric loss
tangent

Bruggeman's theory does not account well for large volume fill fractions of metallic

inclusions, and this is where percolation theory is useful. Percolation theory predicts
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that as the volume fill fraction of the filler particle comes close to the percolation

threshold, there will be a large change in both the real and imaginary parts of the

permittivity. The next section demonstrates that simulations can be used to predict

properties of composite materials.

3.3 Numerical Analysis

This section demonstrates that a numerical electromagnetic solver (HFSS in this

case) can be used to predict material properties. Using computational electromag-

netics to predict the properties of composite materials is not new [ ]. This section
is presented to familiarize the reader with a potential approach for developing opti-

cally tunable materials. This is done by performing simulations of composite mate-

rials and comparing them to theoretical models. Simulations are run to compare to

Bruggeman's theory, and to demonstrate the simulations can predict the percolation
threshold.

The free space setup discussed in Section 4.2 was constructed in HFSS and a

representation is shown in Figure 3.4. The setup consisted of a long rectangular prism

(10 µt? ? 10 µt? and 6 mm in length) filled with vacuum, and the MUT was in the

center (10 µt? thick). Two sides have a perfect electric conductor and two sides have

a perfect magnetic conductor assigned as the boundary conditions. The electric field

was excited so that it was normal to the perfect electric conductors and tangential to

the perfect magnetic conductors. The boundary conditions and excitation allowed for

a plane wave incident upon a laterally infinite material to be simulated. To confirm

this setup functioned as expected, simulations with the MUT having different electric

and magnetic properties were run. Then the theory described in Section 1.2 was used

to extract the properties of the material simulated by using the s-parameters. The
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electric and magnetic properties of the material extracted matched the properties of

the material simulated, thus confirming the simulation could be relied upon.

>
Perfect Electrical Conductor

Perfect Magnetic Conductor

Material Under Test

jM

Figure 3.4: Setup used to simulate heterogeneous materials (Top and bottom has
perfect magnetic boundary condition, while sides have perfect electric conductor
boundary condition)

The next step was to simulate a heterogeneous material. In order to compare

this material to Bruggeman's theory a material with spheres dispersed in it was

simulated. Unfortunately, simulating spheres in HFSS was impractical. This was due

to the fact that meshing a sphere in a rectangular coordinate system required too

many elements. For this reason the sphere was approximated as a cube with a square

frustum on each face as shown in Figure 3.5. The cube was made to fit within a

sphere with a diameter of 1 µt?. The approximation of the sphere shown in Figure

3.5 was aligned so that the top of each frustum would be in contact with any of the
adjacent sphere approximations.
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Figure 3.5: Shape used to approximate a sphere

The heterogeneous material was represented by the 10 µp? cube broken into smaller
1 µp? cubes. Each cube was then randomly (the random function is Matlab was used)
filled with the shape given in Figure 3.5 to give the desired volume fill fraction. A

material filled with a volume fill fraction of 5% is shown in Figure 3.6.

!

Figure 3.6: Material with a 5% volume fill fraction
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This method of representing the material had a few potential problems. Most of

these problems related to decreased accuracy of the simulation results. Firstly, the
small size of the sample being simulated may lead to variations in the permittivity of
the material extracted. For this reason, three separate simulations were run for each

configuration. This decreases the chance of getting erroneous results by confirming
that the specific arrangement of particles was not causing the results.

All of the following simulations and data are simulated or calculated at 8 GHz.

The first set of simulations ran was to confirm that simulation results matched

what Bruggeman's theory predicts. The results from simulating the effects of the

conductivity and volume fill fraction of the filler are shown in Table 3.1. The data

presented in Table 3.1 had two subsets of simulations performed; each simulation

used different surface areas for the top of the square frustum. Setup 1 used a frustum
with the top having a surface area of 0.01 µt?2, while setup 2 had a surface area of
0.0001 µt?2. The results from setup 2 are compared graphically to Bruggeman's the-
ory in Figures 3.7 and 3.8. The effects of the dielectric constant and the conductivity
of the filler are shown in Table 3.2 and in Figures 3.9 and 3.10. The effects of the

dielectric constant of the host and conductivity of the filler are shown in Table 3.3

and in Figures 3.11 and 3.12. The simulation performed to get the data shown in
Tables 3.3 and 3.2 used square frustums with a top surface area of 0.0001 µt?2.
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Table 3.1: Effect of conductivity and volume fill fraction of the filler on e'eff and
dielectric loss tangent (The properties of the host matrix are e'r = 3, tanS =
0.001)

VFF(%) I Conductivity (SIm) Setup! . Setup!, tand Setup: . <0 Seinp2 . tanf> Bniggeuian . e„ Brtiggemaii, tau)
1 0.001 3.040 0.001 3.038 0.001 3.034 0.001

1.000 3.041 0.004 3.039 0.004 3.036 0.004
10.000 3.036 0.014 3.082 0.013 3.075 0.010

100.000 3.132 0.007 3.117 0.005 3.093 0.002
0.001 3.185 0.001 3.176 0.001 3.176 0.001
1.000 3.191 0.016 3.182 0.016 3.183 0.015

10.000 3.408 0.061 3.392 0.056 3.396 0.050
100.000 3.678 0.038 3.568 0.026 3.527 0.009

10 0.001 3.372 0.001 3.355 0.001 3.365 0.001
10 1 3.384 0.031 3.367 0.029 3.377 0.030
10 10 3.822 0.119 3.796 0.107 3.837 0.114
10 100 4.499 0.109 4.203 0.068 4.275 0.023

Table 3.2: Effect of t'r and conductivity of the filler on e'e^ and dielectric loss tangent
(The properties of the host matrix are e'r — 3, tañó = 0.001)

Conductivity (S/m) e 'Fill ~eff tail S Bruggeman,e^.' Bniggeman ,tand
0.01 2.90 0.0018 2.89 0.0019
0.01 52 3.95 0.0010 3.98 0.0010
0.01 100 4.10 0.0010 4.10 0.0010
10 3.82 0.1350 3.86 0.1475
10 52 4.01 0.0295 4.01 0.0242
10 100 4.11 0.0132 4.11 0.0092

100 4.20 0.0690 4.28 0.0229
100 52 4.22 0.0606 4.26 0.0213
100 100 4.25 0.0554 4.25 0.0185

Table 3.3: Effect of dielectric constant of host and conductivity of filler on e'ejf and
dielectric loss tangent (The properties of the host matrix are e'T = 3, tanô =
0.001)

Conductivity (S/m) e 'Host tail d Bruggemcm, e^ ' Bniggeman , tand
0.01 2.34 0.0012 2.35 0.0020
0.01 12 11.64 0.0011 11.62 0.0005
0.01 20 18.67 0.0011 18.6 0.0003
10 2.61 0.0901 2.66 0.0916
10 12 12.71 0.1478 12.71 0.1509
10 20 19.77 0.1344 19.7"; 0.1373
100 2.f 0.0849 2.85 0.0161
100
100

12
20

16.22
26.38

0.0805
0.1084

16.7
26.94

0.0804
0.1194
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O 0.01 VFF simulated
¦t- 0,05 VFF simulated
O 0.1 VFF simulated
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Conductivity Filler (S/m)

Figure 3.7: Effect of conductivity and volume fill fraction of filler on e'e** (The
properties of the host matrix are e'r = 3, tanS = 0.001)
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0 01 VFF simulated
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S 004
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Figure 3.8: Effect of conductivity and volume fill fraction of filler on dielectric loss
tangent (The properties of the host matrix are e'r = 3, tane = 0.001)
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Figure 3.9: Effect of e'r and conductivity filler on e'eff (The properties of the host
matrix are e'r = 3, tanS = 0.001)
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Figure 3.10: Effect of e'r and conductivity filler on dielectric loss tangent (The
properties of the host matrix are e'r — 3, tanô = 0.001)



42

----- DOI S/m
10 S/m
100 S/m
0 01 S/m simulated
10 S/m simulated
100 S/m simulated

B 10 12 14
Dielectric constant of host

Figure 3.11: Effect of dielectric constant of host and conductivity of filler on
e^(The properties of the host matrix are e'r = 3, tanô = 0.001)
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Figure 3.12: Effect of dielectric constant of host and conductivity of filler on dielec-
tric loss tangent (The properties of the host matrix are e'r = 3, tanô = 0.001)
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From the results presented in the above tables one can see that the results from

simulation match rather closely with what Bruggeman's theory predicts. The data

presented in Table 3.1 shows that as contact between filler particles decreases the di-

electric loss tangent and effective dielectric constant also decreases. This result makes

sense because this polarization is caused by the movement of charge. Differences in

dielectric loss tangent can be attributed to the fact Bruggeman's theory uses spheres

with much less contact area than the shapes used in simulations.

The next set of simulations was to confirm the simulations yielded the results

predicted by percolation theory. The effect of volume fill fraction and conductivity

on e'eff and dielectric loss tangent is shown in Figures 3.13-3.16. The simulations use
the same filler particle and configuration as the previous set of simulations. There

are three points for each volume fill fraction because each point represents a different

material, with a unique distribution of particles.

i

I
I

.1'
m

m

o
0 S 10 15 20 25

VFF (%)

Figure 3.13: Dependence of e'eff on volume filler fraction (filler particles have a
conductivity of 1000S/m)

Q
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MB ¦¦ B i

VFF (%)

Figure 3.14: Dependence of dielectric loss tangent on volume filler fraction (filler
particles have a conductivity of 1000S/m)

.0> 2.0CD

Q

VFF (%)

Figure 3.15: Dependence of e'eff on volume filler fraction (filler particles have a
conductivity of lOS/m)
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Figure 3.16: Dependence of dielectric loss tangent on volume filler fraction (filler
particles have a conductivity of lOS/m)

The simulations using filler particles with a conductivity of 1000 S/m gives a
percolation threshold around 10-15% (identified by point at which effective permit-

tivity changes rapidly). Figure 2.10 gives a percolation threshold of around 12% for

particles that have a conductivity of 107 S/m, a 200 nm thick shell with a conduc-
tivity of 1000 S/m, and a diameter of 1 µp?. The similarity between the two results

demonstrates that the simulation is most likely giving the appropriate results with

high volume filler fractions. The results from Figures 3.15 and 3.16 show that large

changes in t'e^ and dielectric loss tangent do not occur at the percolation threshold
if the filler particles have a low conductivity. It is interesting to note that there is less

variation between simulations when the conductivity of the filler particles is lower.
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Numerical electromagnetic solvers are appropriate for predicting the properties of

composite materials. The results predicted by both Bruggeman's and percolation the-

ory matched relatively closely with the results obtained via simulation. This means

that numerical electromagnetic solvers are a useful tool for designing heterogeneous

materials consisting of an insulating matrix with conductive fillers. Furthermore, nu-

merical electromagnetic solvers should allow for more complex material to be modeled

than is possible using analytical routes.



Chapter 4

Microwave Material Characterization

Theory

4.1 Introduction

Microwave material characterization is a well established field. There is a signif-
icant amount of literature about different techniques for measuring the microwave
properties of material. One excellent book on material characterization is Microwave

Electronics: Measurement and Materials Characterization [ .]. There have been nu-
merous review papers published discussing specific techniques and their advantages

and disadvantages [¦¦¦ , ]. Microwave material characterization techniques can be
broken into two categories, resonant and non-resonant techniques.

Resonant techniques generally measure a material's electrical properties by mea-
suring the resonant frequency and unloaded quality factor of a resonant structure

with and without the material under test. Then the material properties can be ex-
tracted from the shift in resonance frequency and the change in quality factor. This
method yields the most accurate results, but material properties can usually only be
measured at a single frequency point.
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Non-resonant methods generally determine material properties via reflection-
transmission measurements. Non-resonant methods are less sensitive than resonant

methods, but relatively broadband measurements of material properties can be made.

The first topic to be discussed is the free space transmission-reflection material

characterization method. Next, the theory behind resonant perturbation measure-

ment techniques is discussed. Perturbation theory is followed by a brief discussion on

dielectric resonators. Next, split post dielectric resonators and single post dielectric
resonators are discussed. Lastly, the method to extract the unloaded quality factor
of a device using a vector network analyzer is presented.

4.2 Free Space Transmission-Reflection

Free space measurement techniques have several advantages [.]. Some mea-
surement apparatus generate higher-order modes at the air-dielectric interface when

measuring composite materials with inhomogeneities, and this can cause errors in the

measurements. However, the free space transmission-reflection technique does not

suffer from this problem. Another advantage is that free space measurements are

contactless. This allows for nondestructive measurements and removes many possible

sources of error. Measuring materials that require extreme conditions (eg. super-
conductors, plasma and liquid metals.) becomes much easier since the measurement
apparatus does not need to have contact with the material. Materials do not need to

be machined to fit the test apparatus which eliminates some sources of error.

The setup for measuring material properties using a free space transmission-
reflection setup is shown in Figure 4.1. This measurement setup assumes that the

sample is infinite in size laterally and has a linearly polarized plane wave normally
incident. The parameters used in in order to determine the permittivity (er) and
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permeability(µG) of the sample are as follows:

Sn is the input reflection coefficient

S21 is the forward transmission coefficient

7 is the propagation constant of the wave

? is the wavelength of the wave

G is the reflection coefficient at the air-sample interface
T is the transmission coefficient

Incident wave

»n

Sample ?eG µ?)

Sr,

cl

Figure 4.1: Diagram of planar sample [ ]

7o A0 (4.1)

The following equations can be used to extract the material properties of the sample

_ -Sn — S2i + 1
2S11 (4.2)

r = ? ± Vk2 - 1 (4.3)
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T= S^ + S^~T (44)I -{Su + S21)T ^?)

In(IfT)
d

where d is the thickness of the planar sample

7 ?-G

7= -?2 (4·5)

7o \1 + G (4.6)

--um
4.3 Resonant Perturbation Theory

A resonant perturbation method determines material properties by measuring the
change in resonant frequency and change in quality factor when the material under

test is added to the resonant cavity. Cavity perturbation methods have a high level of

accuracy and sensitivity which makes them perfect for measuring thin film samples.

There are three types of cavity perturbations: cavity-shape, wall-impedance, and

material perturbation. The type that is discussed here is material perturbation.

Small-object perturbation is a method for material characterization whereby a
small part of the original material gets replaced by a new material with unknown

electrical properties as shown in Figure 4.2. The full derivation of the equations from

Maxwell's equations is unnecessary here and if the reader would like to go through the
full derivation it can be found in Microwave Electronics: Measurement and Materials

Characterization \ 1.
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Figure 4.2: Small-object material perturbation, (a) Original material in cavity and
(b) Perturbed cavity [ ]

Permittivity measurements are of concern here, so the equations for determining

complex permittivity will be discussed and the equations for determining complex

permeability will be ignored. Consider a resonant cavity construct with perfectly

conducting walls that enclose a surface S, and has a volume V. There are four as-

sumptions made when Equation (4.8) was derived. First, the material originally in

the cavity is lossless. Second, the sample is homogeneous and occupies an extremely

small volume of the cavity. Third, the distribution of the electromagnetic field outside

the sample does not change. Fourth, the material inside the cavity is free space. The

cavity perturbation equation is:

Ut2-(J1 ftr-l\ JfJy3E1-E2W (4.8)V 2 y JJJVc\E^dV
where,

U1 is the angular resonant frequency of the empty cavity

?2 is the angular resonant frequency of the cavity with the material under test

er is the permittivity of the material under test

Vc is the volume of the cavity

Vs is the volume of the sample

E1 is the electric field in the cavity
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E2 is the electric field in the material under test

The resonant frequency of a resonant cavity is given by a complex angular
frequency as shown in Equation (4.9). The quality factor of the resonator is given by
Equation (4.10).

? = ?t + jbJi (4.9)

If one assumes that ?t\ « ?t2, luì -C wr, and Q1 » 1 then:

(4.10)

LO2-Ul (LOr2-LOri)+ J(LOi2-LOn)
LOl LOrI (!+«) (4.11)

LO2 -LOi

LOl
/2-/?? ./ 1

+ 3 i-i/i J J V 2Q2 2Q1
where,

Qi is the unloaded quality factor of the empty cavity

Q2 is the unloaded quality factor of the cavity with the sample

2Qi (4.12)

Lo2-LOi ( Î2 - h\ , . / 1 1+ J"? \ fi J V 2Q2 2Q1

Combining Equations (4.8) and (4.13) gives:

(4.13)

72-/?? .( 1
+ J 1 \ fer-l\ IIIVs Ei -E2dV/i )+J\2Q2 2Qi) { 2 J JJf IE1I*2dV (4.14)



Equation 4.14 can be rewritten as Equations (4.15), (4. IG), and (4.17).
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2 ( tl_Jl ) = « - I)C (4.15)

1

Qi <c (4.16)

C = IJL E1 ¦ E2dV
SIL· \Ei\2dV (4.17)

4.4 Dielectric Resonators

Since the discovery of materials with relatively high permittivity, temperature

stability and low dielectric loss tangent, dielectric resonators have become commonly

used in all sorts of microwave circuits. The type of dielectric resonator of importance

here is the cylindrical disk dielectric resonator. The first resonant mode of a cylindrical

dielectric resonator is the TE01S mode and can be seen in Figure 4.3.

/ \? DR

H

\ '""" / 0,
CAVlTYlSiDEj CAVITY ?????

Figure 4.3: TEqu mode of a dielectric puck resonator [ ]

There are a few important parameters when dealing with dielectric resonators.

The dielectric constant and the quality factor of the dielectric resonator are the two

obvious parameters. The quality factor is simply 1/tanô, where tanô is the dielectric

loss tangent of the ceramic used to make the dielectric resonator. The temperature
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coefficient of a dielectric resonator is a measure of the shift in resonant frequency
with temperature. This includes the temperature coefficient of the dielectric and the

thermal expansion of the dielectric [ ]. The TE015 resonant frequency of an isolated
cylindrical dielectric resonator is approximated by the following equation [ ]:

MGHz) « ,8·553 (4.18)
where:

Dr is the resonator diameter in inches

Lr is the resonator length in inches

er is the resonator dielectric constant

The above equation will only give an approximate value of the resonant fre-

quency. In order to obtain more accurate results a numerical electromagnetic solver
needs to be utilized. The effects of metallic and dielectric materials in close proximity
are shown in Figure 4.4. This can be used to tune the dielectric resonator up to
±20%, however it is suggested to not tune the resonant frequency more than ±5%
so as to not degrade the unloaded Q and temperature coefficient [ ].
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Figure 4.4: Effects of metallic wall and dielectric material on resonant frequency [ ]

The last issue that needs to be discussed is coupling to the dielectric resonator. A

few coupling methods are shown in Figure 4.5. Figure 4.5(a) shows magnetic coupling
via a conductive wire loop. Figure 4.5(b) shows magnetic coupling to a microstrip
line. Figure 4.5(c) shows magnetic coupling to a straight section of wire.

D.R. ^ ^

I— i

(a) {b}

Figure 4.5: Excitation of dielectric resonators

The external quality factor is heavily dependent upon how one couples to the
dielectric resonator. The external quality factor of the side coupled resonator shown
in Figure 4.5(a) will decrease as d decreases. While the external quality factor of
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the microstrip coupled resonators shown in Figures 4.5(b) and 4.5(c) will decrease as
the dielectric resonator approaches the substrate vertically. For the radially coupled
resonator the Q will decrease with increasing angle and will be at a maximum when

the length of the line is close to a quarter wavelength in the substrate [ ].

4.5 Split-Post Dielectric Resonator (SPDR)
SPDRs (shown in Figure 4.6) have become rather popular recently. This is because

advances in numerical electromagnetic simulation software has allowed for more com-

plex structures to be designed and utilized. This means that the structure can now

be designed to suit the material needs not the other way around. The SPDR was de-

veloped specifically to measure laminar dielectrics and has proven ideal for measuring
thin-film materials [ ]. Currently the SPDR is considered one of the most accurate
techniques for measuring complex permittivity. The uncertainty in measurement of
the real part of the permittivity is approximately 0.3%. Samples with appropriate
thickness can have the dielectric loss tangent resolved to approximately 2 ? IO-5. The
Q-factor of the apparatus can be measured with an accuracy of 1% [ ']. The biggest
contributing factor to uncertainty using this technique comes from uncertainty in the
thickness of the material under test [ ] .
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Figure 4.6: Cross section of an SPDR

The permittivity of the material under test is given by:

e'=l + /o — /i
tf0Ke(e'T,t) (4.19)

where

t is the thickness of the sample

/o is the resonant frequency of the empty fixture

/i is the resonant frequency of the fixture with the material

Kt is a fitting constant with the value obtained via simulation

The dielectric loss tangent of the material is determined from the following
equation:

tanb = (Q 1 - Qa'tuJ/p, (4.20)

where, Qapparatus is the unloaded quality factor of the apparatus without the material

under test, Q is the unloaded quality factor of the apparatus with the material under

test, and pes is:
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Pe3 = KK1(C^t) (4.21)

where, K1 is determined using an electromagnetic simulator.

4.6 Single-Post Dielectric Resonator(SiPDR)
The single post dielectric resonator (shown in Figure 4.7) is almost the same

structure as the SPDR, but was developed to characterize very lossy materials. This

technique is intended to measure the conductivity or dielectric loss tangent of a ma-

terial and cannot measure the real part of the permittivity. This technique follows

the same perturbation theory as the SPDR, however the sample under test is placed

in an area with a relatively small electric flux density. By placing the sample in this

area the resonant frequency and quality factor will be influenced much less by the

sample. The desired placement of the sample holder is in an area of low enough elec-
tric flux density that the dielectric constant of the material will have negligible effect
on the resonant frequency and quality factor of the cavity. In this placement the

quality factor will only be affected by the dielectric loss tangent of the sample, and

the resonant frequency will only shift if the sample has a high enough conductivity
(or an extremely high dielectric loss tangent).

2ß.ßß

9.50
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marni
4.25 ;
1.20 lì

??????? 8,."4.4J /

Hita ceiMhrthe film

4.3 trun

s%~24.555 ¦ ílielectric substrate

Figure 4.7: Cross section of SiPDR [ ]
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4.7 Unloaded Q Measurements Using a Vector

Network Analyzer

There are times when one requires the unloaded quality factor of a resonant circuit.

Unfortunately such a parameter cannot be measured directly using a vector network

analyzer. Fortunately, a paper entitled Q-Factor Measurement with Network Analyzer

[ ] was published. An example of a measurement made using a VNA is shown in
Figure 4.8 with all the variables used in the following equations labeled. The circle

seen on the Smith chart is what the frequency response of a resonant circuit looks
like.

S"

^
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Figure 4.8: Input reflection coefficient of a resonant circuit with swept frequency [ ]



60

The coupling coefficient is given by the following equation:

K-éi (4·22)
where, d is the diameter of the circle shown in Figure 4.8. The loaded quality factor
of the circuit is given by Equation 4.23

Ql ~ T^V (4·23)Ji — h

where,

/l is the loaded resonant frequency of the circuit

/i and /2 are the upper and lower 3dB frequencies from resonance, respectively
The unloaded quality factor is then given by:

Qo = Ql(I + ?) (4.24)

4.8 Summary

This chapter presented the theory behind the material characterization techniques
used in this work. The chapter began by presenting the theory used to extract material
properties for a free-space transmission-reflection techniques. Next, the theory known
as perturbation was discussed. This theory is the basis for the technique used in this
work to measure the microwave properties of materials. Next, an overview of dielectric
resonators was given. Following the discussion on dielectric resonators, two material
characterization apparatus that use dielectric resonators were discussed. These two
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measurement apparatus are the basis for the microwave material characterization

apparatus developed for this work. Finally, the chapter concluded with a discussion

on how to extract the unloaded quality factor of a circuit using a vector network
analyzer.



Chapter 5

Novel Open Single Post Dielectric

Resonator (OSiPDR)

5.1 Introduction

There are a vast number of characterization techniques that have been developed

over the years. Each characterization technique has certain strengths and weaknesses.

In order to choose an appropriate characterization method it is important to know ex-

actly what type of material needs to be characterized. The characterization apparatus
for this work must meet these requirements:

• be able to characterize a film deposited on a substrate with a thickness between

1 - ???µp?;

• does not need to be able to characterize magnetic materials;

• must be able to characterize very lossy materials;

• must be able to apply light to samples;

• measurements must be easily repeatable;
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• preferably a contactless and non-destructive method;

• measure materials with an isotropic dielectric constant;

• measure materials with a dielectric constant between 2 and 100.

Resonant characterization techniques are the most sensitive techniques and can

measure thin-film materials with relative ease and accuracy. Light can be applied to

the sample by using a technique that does not require the resonant cavity to be fully

enclosed. Dielectric resonators (DR) contain the majority of the electric field inside

the DR, which means that an apparatus that utilizes a DR would be appropriate and

should not radiate much, if any, of the energy. Recently, there has been interest in

the SPDR because it is the most accurate apparatus to characterize the microwave

properties of thin film materials. The SPDR uses DRs above and below the sample

which is not useful for this work. If the top DR is removed and the metal cavity is

extended in height, the resonant cavity should function very similar to the SPDR.

However, there will be reduced sensitivity because more of the electric field will be

contained within the single DR. This structure has the advantage that a second sample

holder can be added further above the dielectric resonator. This second position has

significantly less electric flux density which means that the resonant frequency (/0)
and unloaded quality factor (Q0) are less sensitive to the properties of the sample.

The real part of the permittivity cannot be measured when the sample is in the

top position, however the loss tangent of lossy materials can be easily measured. A

schematic representation of the proposed measurement apparatus is shown in Figure
5.1.
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Sample
Pacements

DR Support

Figure 5.1: Cross section of OSiPDR (All components are cylindrical).

The first issue discussed is the design of the cavity. This section discusses the

determination of initial parameters, the simplification of the simulation setup, and
the optimization of the cavity. The next section discusses how one extracts material

properties using the OSiPDR. Next, issues that may affect the accuracy of measure-

ments are discussed. After discussing accuracy, the tuning and verification of the

fabricated cavity is presented.

5.2 Design of Cavity

5.2.1 Determination of Cavity Specifications

Resonant structures can only measure material properties at a single frequency

point, which means that point must be chosen with care. There are many factors

that must be accounted for when choosing a frequency point.

As measurement frequency decreases the necessary size of the resonant cavity

increases which means the sample size increases. A larger sample size requires a

larger substrate to put the sample on. The larger the substrate has to be laterally, the

thicker the substrate must be so as not be too fragile. A thicker substrate contributes

more to losses in the resonant cavity, which decreases the sensitivity of the cavity for

measuring the dielectric loss of a material. It is possible to purchase substrates that
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have excellent dielectric properties. Unfortunately, these tend to be more expensive

making it impractical if a large number of samples need to be characterized. There

is one cheap alternative that should work well. Glass cover slips that are used for

microscopy are a good option. They are relatively thin and cheap. The largest size

that can be found are 25mm in diameter. Some of the material can be costly, so it is

ideal to use a higher frequency for measurements which would require less material.

However, once sizes get too small the precision required to fabricate the measurement

apparatus becomes prohibitive. Also, the higher in frequency one goes the more

difficult it is to find a dielectric resonator with a reasonable quality factor. All these

reasons leaves a frequency around 8GHz as a good choice.

The materials obtained for the design of the OSiPDR are as follows:

• D8371-0265-119 DR from Trans Tech

• D4-0236-092 DR Support from Trans Tech

• RG405 conformable coax cable

• Loctite 409 adhesive

• 25mm Bélico Brand round cover slips (Corning 0211 alkali zinc borosilicate

glass)

The electrical properties of the DR, DR support, adhesive, and cover slips are given
in Table 5.1.
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Table 5.1: Properties of dielectric resonator and support

Component Tañí Frequency (GHz)

Dielectric Resonator 0.000167 35.5 ± 1

DR Support 0.0002 4.5

Loctite 409 0.02 2.3 0.00001

Corning 0211 Glass 0.0046 6.7 0.001

Since the microwave properties of the Corning 0211 glass cannot be found, the

low frequency properties are used. The dielectric constant and loss tangent of the
cover slips can be measured later.

5.2.2 Simulation Setup and Simplification

The simulations in this work were performed using Ansoft High Frequency Struc-

ture Simulator (HFSS). The simulator can perform three types of simulation, and

the two simulation types used in this work were: driven modal, and eigenmode. The

driven modal simulation calculates the s-parameters based upon each mode of ex-

citation, while the eigenmode simulation determines the resonant frequencies of a
structure.

The cavity was designed to resonate in the TE0U mode, and was optimized for

the /0 and Q0 . The frequency in which the resonant cavity resonates at was of little

importance during design as long as it was close to 8 GHz. If the Q0 of the resonant

cavity was too low it would have been more difficult to measure the loss of low-loss

materials. Therefore, the Q0 of the cavity was optimized during design.
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Before simulation could be done a few initial parameters of the resonant cavity
were determined. A basic rule of thumb is that the Q0 of the resonant cavity will be
lower the closer the metal walls are to the DR. Since the cover slips were 25 mm in
diameter, the diameter of the cavity must be smaller than 25 mm, this made 20 mm
for the diameter as a good starting point. The height of the metal cavity was chosen
to be 15 mm, which provided enough space for at least one DR support, one DR, and
both sample holders. An indent 0.2 mm deep was placed in the center of the resonant

cavity because it made it easier to place the DR support in the right position. The
diameter and height of the DR was 6.73 mm and 3.02 mm respectively. The diameter
and height of the DR support was 5.99 mm and 2.34 mm respectively.

The majority of the simulations performed were eigenmode simulations because

the /0 and Q0 of the cavity were readily available. Also, the eigenmode simulation
allowed for the complexity of the simulated structure to be simplified. The first
issue to be addressed was speeding up simulation time. This was done by using
a few key properties of the structure and the resonant mode of interest. The first

simulations done were for a comparison between two different structures. The first

structure consisted of the full resonant structure as shown in Figure 5.2(a). The
second structure used perfect electric conductors (PEC) on the boundary where it
was 'sliced' from the structure, and is shown Figure 5.2(b). The PEC boundary
effectively mirrored the rest of the structure for modes in which the electric field

was normal to the PEC. Since the ??0?d mode was the only mode of interest this
was appropriate. The PEC boundary allowed modes to exist that were not real and

it prevented other modes from appearing in simulation. However, these erroneous
modes and the missing modes did not have a significant effect on the accuracy of the
/0 and Q0 of the first mode. The /0 and Q0 for the full cavity were 7.97577GHz and
5977.8 respectively. The /0 and Q0 of the slice of the cavity were 7.90076GHz and
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5811.96 respectively. The variation in /0 was 0.94%, and the variation in the quality
factor was 2.77%.
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(a) Full cavity (b) Slice of cavity

Figure 5.2: Models of resonant cavity

The electric field distribution in both simulations was examined to further confirm

that the two simulations gave relatively similar results. The electric field distributions

are shown in Figures 5.3 and 5.4, and it can be seen that the excited mode was the

TEoxs mode.
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(a) Magnitude representation of electric (b) Magnitude representation of

fields in full cavity electric fields in slice of cavity

Figure 5.3: Magnitude of electric field in full cavity
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Figure 5.4: Vector representation of electric fields in full cavity

5.2.3 Sizing of Cavity

From this point in the design, the Q0 of the cavity was optimized. This was because

the /o could not have much of an effect on the accuracy of the measurements, while a

small Q0 would have decreased the accuracy of the loss measurements. The first issue

to be addressed was how many dielectric supports should be used. The Q0 of the

cavity with one, two, and three supports is shown in Figure 5.5. From the following
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figure one can see that using more than two supports would have had a minimal effect

on increasing the Q0 of the cavity.

U 5600

5400h

5200 h

Number of Supports

Figure 5.5: Dependence of the Q of resonator on distance DR is from base of cavity

Next, the resonant cavity was simulated with different diameters and the results

are shown in Figure 5.6. One can see that choosing 10 mm for the radius of the cavity

is appropriate and increasing the radius further would have had a minimal effect on

the Qo of the cavity.

° 4000

5 6 7
Cavity Radius (mm)

Figure 5.6: Dependence of Q of cavity on diameter of cavity

The height of the cavity was simulated next, and the Q0 of the cavity versus height

is shows in Figure 5.7. It can be seen that increasing the height of the cavity above
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14 mm or 15 mm would have negligible effect on the Qo of the cavity. However, since
the top of the cavity was to be removed for all of the measurements it was preferable
to choose a cavity height that was in excess of 15 mm. Therefore, a height of 19.8
mm was chosen.

5900 I 1 1 1 1 1 F 1 1 , ,
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5700

>

5 5600
o
s

5500

5400

530O1 1 1 1 1 ' 1 1 1 1 110 11 12 13 14 15 16 17 18 19 20
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Figure 5.7: Dependence of Q of cavity on cavity height

With the dimensions of the cavity determined, the next step was to determine the

positions of the sample holders. The first sample holder was placed just above the DR
because this position had the greatest sensitivity. The height of the sample holder was
chosen to be 1.5 mm because this allowed room for multiple samples to be stacked if
needed. The next sample holder was placed in a position that was insensitive to the

dielectric constant of the sample. The position was chosen to be where the electric

field was significantly decreased, but still strong enough to be sensitive to the loss of
the sample. The position of the sample was chosen to be 3 mm above the top of the
first sample holder. Figure 5.8 demonstrates that the permittivity of the sample will
have relatively little effect on the properties of cavity. While, Figure 5.9 shows that
the conductivity of the sample will affect both the /0 and Q0 of the cavity
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Figure 5.8: Properties of cavity when a material with a dielectric constant varying
from 2 to 100 and a dielectric loss of 0.001 is placed in the top holder

0 100 200300*00500600700800900 1000
Conductivity (Sfm)

U 3000

0 100 200 300 400 500 600 700
Conductivity (S/m)

(a) fr of cavity (b) Q of cavity

Figure 5.9: Properties of cavity when a material with conductivity varying from
0.00lS/m to 1000S/m, dielectric constant of 3, and dielectric loss tangent of
0.001 is placed in the top holder

The next step in designing the cavity was to design the coupling circuit. A coupling

loop was chosen as the best method to apply a microwave signal to the cavity. The

loop couples easily to the TEou mode because the magnetic field of the loop and the

TE0U mode overlap. The radius of the loop was tuned in order to obtain critical

coupling to the DR, which allowed the loaded Q to be equal to the Q0. In practice
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this was not be the case and the unloaded Q was extracted in the way described in

Section 4.7. The coax cable chosen was a conformable RG405 coax with the following
properties: inner conductor diameter of 0.51 mm; the polytetraflouroethylene (PTFE)
dielectric diameter was 1.68 mm; and the outer conductor had a diameter of 2.16 mm.

The conformable cable was chosen because it was the easiest to work with, and the

size of the coax was chosen to be as large as was practical. Next, the full structure

was constructed in HFSS and is shown in Figure 5.10. A modal simulation was run

on the structure with the radius of the coupling loop varying from 1 mm to 3 mm. A

radius of 1 mm was determined to give an external Q close enough to the Q0 of the

structure simulated previously.
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Figure 5.10: Complete resonant cavity simulated in HFSS

To confirm the resonator was able to measure thin samples a few eigenmode

simulations were performed with a 10 µp? thick sample on a glass cover slip (low
frequency values were used). The dielectric constant of the sample was swept from
2-100 with a dielectric loss of 0.001. Next, a simulation of a 10 µp? thick sample on
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a glass cover slip that had a dielectric loss ranging from 0.001 to 0.1 and a dielectric

constant of 3 was simulated. Figures 5.11 and 5.12 shows that the /0 was only

dependent upon the dielectric constant of the sample and that the shift in /0 was in

the MHz region which was measurable. The Q0 of the cavity was dependent upon

the dielectric constant and the dielectric loss as expected.

5 7 855

10 20 30 40 50 60 70 T0 90 100
Dielectric Constant of MUT

10 2030405060708090 100
Dielectric Constant of MUT

(a) fr of cavity (b) Q of cavity-

Figure 5.11: Dependence of cavity properties on dielectric constant of a 10 µp? thick
sample
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Loss Tangent of MUT

(a) fr of cavity (b) Q of cavity

Figure 5.12: Dependence of cavity properties on dielectric loss of a 10 µp? thick
sample
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5.3 Material Property Extraction

This section describes the methodology used to extract the material properties.
The same technique can be applied to extract the material properties in either of
the sample holder positions. However, the real part of the permittivity cannot be
determined when the material is placed in the top holder position. Since there were
no medium-high loss samples measured, only the procedure to measure low-medium
loss samples is discussed.

The procedure to measure the complex permittivity of a sample is as follows:

1. Measure the properties (/0 and Q0) of the empty cavity at all the conditions
the sample will be measured.

2. Measure the properties of the cavity with the sample at all the desired condi-
tions.

3. Determine the shift in /0 the sample caused.

4. Simulate the empty cavity.

5. Simulate the cavity with a geometrically identical sample as that measured
previously. Set the loss of the sample low and simulate the sample with a range
of dielectric constants.

6. Using linear interpolation, determine what dielectric constant in simulation

gives the same shift in f0 measured.

7. Use Equation (4.15) to determine the filling factor C.

8. If the Q0 of the cavity is less than 5249, then remove the loss due to humidity
from the measured Q0 value.
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9. Use the C value calculated, Equation (4.16), the Q0 of the empty cavity, and
the Q0 of the cavity with the sample to determine the imaginary part of the

permittivity.

Measuring the sample on a substrate is almost the same as measuring just the sample.

The only difference is that any time that the empty cavity is measured or simulated,

the cavity with the substrate is measured or simulated.

5.4 Accuracy

There are many factors that can have an effect on the accuracy of the measured

material properties. This section will discuss some of the parameters that affect the

accuracy of the measurement of e'r. The loss of the materials measured in this work is
of minimal importance to support the thesis goals. For this reason the uncertainty in

the loss measurements is not discussed. Three different cases are discussed that may

have an effect on the accuracy of measurements. The first case is if the measured

and simulated /0 of the cavity differ. The second case is if the variations in substrate

properties are ignored. The last case is for uncertainty in the thickness of the MUT.

If the measured and simulated /0 of the cavity differ, there will be an increase in the

uncertainty of the dielectric constant of the MUT. However, the added uncertainty is

minimal. The cavity was simulated with two different values for the DR(35 and 35.27)

and two different thicknesses for the glass cover slip(130 µp? and 160 µp?). Next, the

same simulations were performed with the addition of a 10 µp? thick material and

the dielectric constant of the material was swept from 4-8. Using these results, the

shift in /0 was graphed and proved to be almost identical for all simulations.

Assuming all the glass cover slips have exactly the same properties in simulation

(thickness and permittivity) affects the accuracy of properties of the MUT. The results
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from simulating for the shift in /0 with different glass substrates is shown in Figure
5.13. This demonstrates that even relatively large differences between glass cover
slips will have a minimal effect on the accuracy of e'r measurements.
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Figure 5.13: Effect of variances in the properties of the glass substrates on the shift
in /0 caused by the MUT

Uncertainty in the thickness of the MUT will cause uncertainty in the measure-
ment of e'r, and is shown in Figure 5.14 by the differences in /0.
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Figure 5.14: Effect of uncertainty in thickness of MUT

The SPDR is very similar to the material characterization apparatus describes

in this work. For the SPDR the main source of uncertainty when measuring the

dielectric constant of materials is the uncertainty in thickness of the MUT and is

given by Equation 5.1 below [ ].

M = 2^i (5.1)

The uncertainty in the thickness of the MUT is the largest contributor to the



79

uncertainty in e'r, however by accurately measuring the material thickness the un-
certainty in the measurement of material properties can be controlled. Knowing the

absolute permittivity would be useful, but it is not absolutely necessary for this work.
It is expected that the effective dielectric constant of the material will increase upon

illumination. This leads to the question of how accurate is this relative shift upon
illumination. All the figures have graphs that are linear and almost parallel to each

other. This suggests that the relative change in the e'r upon illumination is more
accurate than the absolute value of e'r.

5.5 Tuning and Verification of Cavity

The brass cavity for the OSiPDR was fabricated at the Carleton University Sci-
ence Technology Centre. After all the components of the OSiPDR were assembled it

was necessary to test the apparatus. The apparatus is shown in Figures 5.15 and 5.16.

Following initial tests of the apparatus, the properties of the DR used in simulation

were adjusted in order to ensure the measured and simulated results matched. Next,

the empty cavity was analyzed at different temperatures and with or without illumi-

nation. Finally, the properties of the glass cover slips that were used, were measured

and compared with the low frequency values.

*

i"

Figure 5.15: Full measurement apparatus (diameter of apparatus is 35 mm)
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Figure 5.16: Parts of Measurement apparatus

5.5.1 Adjustment of Simulation Parameters

The components used in the OSiPDR had uncertainty in their properties. This
made it necessary to match some of the simulation parameters to the measured results.
The resonant cavity was measured with an Agilent 8720ES vector network analyzer
(VNA) calibrated with an Agilent 85052D 3.5 mm economy calibration kit. The
OSiPDR was connected to the VNA and the /0 and Q0 were extracted using the
theory given in section 4.7. Using the value of the /0 the dielectric constant of
the DR in the simulation was adjusted until the f0 matched the measured /Q. The
dielectric constant of the DR was determined to be 35.27, which fits within the range
of uncertainty provided by the manufacturer of 35.5 ± 1. The Q0 of the cavity was
a slightly more difficult parameter to match with the simulated results. This was
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because the measured Q0 is affected by variations in humidity, which could not be

kept constant with the setup used. This meant that the most accurate Q0 was the

highest Q0 measured, and this was the value used. The highest Q0 measured was

5249, this gave the loss tangent of the DR to be 0.000185. These changes did not

make the simulation match the experimental results perfectly because it was assumed

all the differences were due to the DR. However, this was the best assumption that

could be made because variations in the DR had the greatest effect on properties of

the cavity.

5.5.2 Analysis of Empty Cavity

One of the initial measurements made on the cavity was to confirm that having

the cavity open to the air had little effect on performance. These measurements

were made with the cavity connected to the VNA (12.5KHz frequency step size) and
the results (/0 and Q0 which were obtained from reflection measurements) with and
without the lid are shown in Table 5.2. These results show that the /0 and the Q0

decrease with the lid off. The change was small and resulted in minimal decrease in

the accuracy of measurements.

Table 5.2: Characteristics of cavity with and without the lid

Lid On
Y
Y
Y
N
N
N

fo (GHz)
7.9202375000
7.9202125000
7.9202500000
7.9201250000
7.9201250000
7.9201250000

Qo
5168
5168
5195
5122
5136
5161

Next, understanding how the resonant cavity responds to changes in temperature,

humidity, and light was important so that measurements are interpreted properly.
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The setup shown in Figure 5.17 was used to characterize the empty cavity.

Optical Souice

Computer

Light Tube

VNA

Temperature
Cha m bei

OSiPDR

Figure 5.17: Setup used to measure properties of OSiPDR

Initially measurements were to be made at lower temperatures, however as the

temperature was lowered the Q0 of the OSiPDR decreased significantly. When the

cavity was inspected, condensed water was seen on the OSiPDR. This meant that

measurements below room temperature would yield poor results and were not made.

The procedure for measuring the empty cavity was as follows:

1. Set temperature of the chamber to 300C

2. Once 300C is reached, wait for at least 5 minutes before making measurements

3. Measure s-parameters of cavity without light

4. Measure s-parameters of cavity with light

5. Repeat the previous two steps at least two more times

6. Repeat above steps at 400C and 500C

The results from measuring the empty cavity are shown in Table 5.3
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Table 5.3: Characteristics of empty cavity

Temperature 0C Light On fa (GHz) O.
30 N 7.9201125000 5014.28
30 7.9201625000 5064.64
30 7.9201375000 5059.48
30 7.9201500000 5045.47
30 7.9201375000 5018.20
30 7.9201750000 5062.75
30 7.9201375000 5055.94
30 7.9201750000 5059.86
40 7.9202750000 5004.12
40 7.9202625000 5001.25
40 7.9202750000 5001 .51
40 7.9202625000 5017.36
40 7.9202875000 4999.74
40 7.9202875000 4983.65
50 7.9203375000 4932.07
50 7.9203625000 4912.61
50 7.9203500000 4911.86
50 7.9203375000 4928.09
50 7.9203375000 4927.43
50 7.9203500000 4926.56

From the data presented above one can see that the /0 of the cavity increased as
the temperature increased. The increase in resonant frequency meant that the dielec-
tric constant of the DR decreased with an increase in temperature. Furthermore, one
can see that the Q0 of the cavity decreased with an increase in temperature, which
meant the loss of the DR increases with temperature. These results match theory on
the dielectric properties of materials. The theory states that increasing temperature
usually increases the disorder in the material which prevents dipole moments from
staying aligned with the applied electric field, and thus increases the dielectric loss

tangent and decreased the dielectric constant. The light did not seem to affect the

properties of the OSiPDR significantly, which meant that the light was not heating up
the DR. From Table 5.3 one can see there was a variation in /0 at each temperature
point. The variation in /0 could be due to measurement error and uncertainty in
temperature. The value of Q0 was not stable at any of the temperature points. This
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could be due to measurement error, uncertainty in temperature, and changes in hu-

midity. The results presented in Table 5.3 support that the OSiPDR was functioning

as expected.

5.5.3 OSiPDR with Glass Substrates

The next step was to confirm material properties could be extracted using the

OSiPDR. To accomplish this two different sets of measurements were made on glass

substrates. One set of measurements was made on all the glass cover slips before any

material was deposited. This set was made at room temperature and with a step size

between frequency points of 187.5 kHz. The second set of measurements was made

using the same setup and measurement procedure as that used to measure the empty

cavity (resolution of 6.25 kHz for /0 measurements).
The results from measuring the glass substrates before samples were deposited is

shown in Table 5.4. The results from measuring the glass cover slips over a range of

temperature and with and without light are shown in Tables 5.5-5.7. To determine

the shift in /0 for the results in Table 5.4 the /0 for the empty cavity listed in the

Table 5.4 was used. To determine the shift in /0 for Tables 5.5-5.7 the /0 values of

the empty cavity shown in Table 5.3 were used. More specifically, the value of f0

used for determining the shift in /0 was the first value recorded at each temperature

without light. The decrease in the Q0 with temperature was not accounted for at

each temperature point. Instead the Q0 value of 5249 was used for the empty cavity

and the effects of humidity were calculated out using the results from Table 5.3. The

results presented in Tables 5.4-5.7 are also shown in Figures 5.18-5.21. The error bars

(thin lines) in Figures 5.18-5.21 represent the glass cover slips going from 160 µp?

to 130 µp?. The glass substrates that had the optically tunable dielectric material

deposited on them were labeled al-a20 (not all were used), and the additional glass
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cover slips were labeled S1-S3.

Table 5.4: Characteristics of substrates before material depositing (t is the thickness
of the glass)

Sample fo (GHz) t/, G=130µ/? e/, /=?60µ>? fand . T=IiO µ m tan<> . T= 160 µ m
Empty Cavity 7.9201 S73920 4S48

a1 7.8933749760 3231 7.2 6.1 0.013 0.013
a2 7.8935623680 3374 7.1 6.1 0.012 0.011
a3 ¡7.8935623680 3375 7.1 6.1 0.012 0.011
a4 7.8930001920 3361 7.3 6.2 0.011 0.011
a5 7.8935623680 3229 7.1 6.1 0.013 0.013
a6 .8926248960 3207 7.4 6.2 0.013 0.013
a7 7.8933749760 3355 7.2 6.1 0.012 0.011
a8 7.8931875840 3350 7.2 6.1 0.012 0.011
a9 7.8931875840 3363 7.2 6.1 0.012 0.011

a10 7.8937497600 3385 7.1 6.0 0.011 0.011
a11 7.8931875840 3365 7.2 6.1 0.011 0.011
a12 7.8918748160 3198 7.5 6.4 0.013 0.013
a13 7.8933749760 3368 7.2 6.1 0.012 0.011
a14 7.8935623680 3373 7.1 6.1 0.012 0.011
a15 7.8933749760 3372 7.2 6.1 0.011 0.011
a16 7.8930001920, 3366 7.3 6.2 0.011 0.011
a17 7.8930001920! 3369 7.3 6.2 0.011 0.011
a18 7.8930001920 3358 7.3 6.2 0.011 0.011
a19 17.8930001920 3224 7.3 6.2 0.013 0.013
a20 7.8931875840 3366 7.2 6.1 0.011 0.011

Table 5.5: Characteristics glass cover slip Sl (t is the thickness of the glass)
Temp 0C Light So (GHz) e/, ?=130µ») er ' , /=160 µ m tan d , /=130 µ ? tanè , /=160 µ ni

30 7.8909125000 3422 7.7 6.5 0.011 0.011
30 7.8909250000 3430 7.7 6.5 0.011 0.011
30 7.8909250000 3421 7.7 6.5 0.011 0.011
30 7.8909250000 3420 7.7 6.5 0.011 0.011
30 7.8909250000 3420 7.7 6.5 0.011 0.011
30 7.8909250000 3420 7.7 6.5 0.011 0.011
40 '.8909250000 3380 6.6 0.011 0.011
40
40

!7.8909250000 3388 7.8
7.8909250000 3388 7.8

6.6
6.6

0.011
0.011

0.011
0.011

40 7.8909375000! 3388 7.8 6.6 0.011 0.011
40 7.8909250000 3387 6.6 0.011 0.011
40 7.8909500000 3378 7.8 6.6 0.011 0.011
50 7.8909250000 3327 6.6 0.012 0.012
50 7.8909250000 3325 7.8 6.6 0.012 0.012
50 7.8909250000 3324 7.8 6.6 0.012 0.012
50 7.8909375000 3316 6.6 0.012 0.012
50 7.8909375000 3315 6.6 0.012 0.012
50 7.8909250000 3314 7.8 6.6 0.012 0.012
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Table 5.6: Characteristics glass cover slip S2 (t is the thickness of the glass)
[Temp 0C Light ./»(GHz) €.', T= 130 µ m e,', r= 160 µ m taño . t- 130p j taño . r- 160 µ m

30 '.8927000000 3452 7.3 6.2 0.011 0.011
30 7.8927000000 3443 7.3 6.2 0.011 0.011
30 7.8927000000 3462 7.3 6.2 0.011 0.011
30 7.8927125000 3452 7.3 6.2 0.011 0.011
30 7.8927125000 3452 7.3 6.2 0.011 0.011
30 7.8927125000 3462 7.3 6.2 0.011 0.011
40 7.8927250000 3432 7.4 6.2 0.011 0.011
40 7.8927375000 3440 7.3 6.2 0.011 0.011
40 7.8927375000 3430 7.3 6.2 0.011 0.011
40 7.8927375000 3430 7.3 6.2 0.011 0.011
40 7.8927375000 3430 7.3 6.2 0.011 0.011
40 7.8927375000 3429 7.3 6.2 0.011 0.011
50 7.8927250000 3367 7.4 6.2 0.012 0.012
50 7.8927250000 3356 7.4 6.2 0.012 0.012
50 7.8927250000 3355 7.4 6.2 0.012 0.012
50 ¡7.8927375000 3365 7.4 6.2 0.012 0.012
50 7.8927250000 3364 7.4 6.2 0.012 0.012
50 7.8927250000 3355 7.4 6.2 0.012 0.012

Table 5.7: Characteristics glass cover slip S3 (t is the thickness of the glass)
|Temp 0C Light .to (GHz) e.', t= 130 µ m e/, ?=160µ?? taiid . r= 130 µ ?; tan ó -160 µ m

30 7.8927250000 3548 7.3 6.2 0.010 0.010
30 7.8933000000 3536 7.2 6.1 0.011 0.010
30 7.8933000000 3536 7.2 6.1 0.011 0.010
30 7.8933000000 3536 7.2 6.1 0.011 0.010
30 7.8933125000 3535 7.2 6.1 0.011 0.010
30 7.8933000000 3535 7.2 6.1 0.011 0.010
40 7.8932875000 3482 7.2 6.1 0.011 0.011
40 7.8932750000 3469 7.2 6.1 0.011 0.011
40 7.8932750000 3477 7.2 6.1 0.011 0.011
40 7.8932750000 3479 7.2 6.1 0.011 0.011
40 7.8932875000 3477 7.2 6.1 0.011 0.011
40 7.8932875000 3475 7.2 6.1 0.011 0.011
50 7.8932625000 3424 7.2 6.1 0.012 0.011
50 7.8932750000 3412 6.1 0.012 0.011
50 ?7.8932875000 3411 7.2 6.1 0.012 0.011
50 !7.8932875000 3412 7.2 6.1 0.012 0.011
50 7.8932875000 3411 7.2 6.1 0.012 0.011
50 7.8932875000 3401 7.2 6.1 0.012 0.012
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Figure 5.18: Dielectric constant of substrates before material is deposited on them
(i = 160 µt?)
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Figure 5.21: Dielectric loss of glass cover slips (t = 160 µp?)

The thickness of the glass cover slips could not be measured to a higher degree of

accuracy than the manufacturer provided. For this reason all the data are analyzed

for the thickness of the cover slips being between 130 — 160 µp?. The results show that

the dielectric constants of the glass is between 6.1 and 7.8. However, this range in
dielectric constants can be minimized further. From Tables 5.4-5.7 one can see that

the range from 6.5-7.1 are the only dielectric constant that overlap for all samples. It
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is not expected that the dielectric constant of the glass is higher than the value given
by the manufacturer at 1 MHz of 6.7. Also, the loss tangent of the glass is greater
than the 0.0046 measured at 1 MHz. An increase in loss is usually accompanied
by a decrease in the dielectric constant. For these reasons the dielectric constant

of the glass should be between 6.5 and 6.7. These results show that the cavity can
measure the properties of materials, however large uncertainty in thickness causes
large uncertainty in dielectric constant.

The results in Tables 5.5-5.7 demonstrate that the application of light to the glass
cover slips had no effect on the dielectric constant. Figure 5.20 shows an increase in
temperature caused a slight increase in the dielectric constant of the glass cover slips.
This result is accompanied by an increase in dielectric loss. However, this increase in
loss appears to be the same amount as measured for the empty cavity in Table 5.3.
The increase in the dielectric constant of the glass cover slips could potentially be
problematic and must be accounted for when material properties of samples placed
on the glass are measured.

5.6 Conclusions

The material characterization apparatus designed and tested in this chapter func-
tioned within expectations. The properties of the fabricated resonant cavity were very
similar to the simulated results, and simulation values only required minor adjust-
ment. The OSiPDR allowed for the properties of the glass cover slips to be measured,
and the results matched with the expected values. There are many possible sources of
error when measuring the properties of material using the resonant cavity. However,
with proper precautions the uncertainty in the measurement of material properties
can be minimized.



Chapter 6

Experimental Material Characterization

6.1 Introduction

This chapter presents the results from measuring the properties of polymers con-
taining photoconductive particles. The first section discusses the preparation of the

materials that were measured. The next section presents the measurements performed

to extract the microwave properties of the materials. The last section presents the
optical transmission measurements of the materials.

6.2 Material Preparation

The materials were prepared by Professor Steven McGarry and will not be dis-

cussed in depth, only a brief overview is given. There were four different films made:

polymer; polymer and dopant; polymer, CdS, and dopant; and polymer and CdS. The
four different samples were made because of the process used to make the polymer
and doped CdS samples. First the dopant (20 mg of CuCl2) was mixed with the
polymer and solvent (4 g, 20% 3571 dielectric polymer from DuPont). Next, the CdS
was added to the mixture and this mixture was left for some time to allow the copper

90
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to diffuse into the CdS. The volume fill fraction of the CdS was 72%. Each of the

four different samples were deposited using a screen printing process onto glass cover
slips. Then the samples were cured on a hotplate at 14O0C for at least 30 minutes.

The polymer-CdS samples are shown in Figure 6.1.

I

Figure 6.1: Glass cover slips with polymer-CdS deposited (scratch on leftmost one
was made when measuring thickness)

Each of the samples were labeled using a diamond tipped scribe. The first sample
of each type of material deposited (a3, a6, a9, and al2) had more imperfections than
the second and third samples of each type. For this reason the results obtained from

those samples are more suspect than other measurements.

The thickness of the samples were measured using a stylus profilometer Dektak.

Measuring the polymer and polymer-dopant samples proved difficult due to the fact
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they were thinner than expected. The measurements yielded a thickness of 1.5—2 µt?.
However, this result was suspect because it was difficult to obtain in a repeatable
manner and the samples were much thinner than expected. The polymer and polymer-
dopant samples were measured with the OSiPDR and the shift in resonant frequency
was within the resolution of the measurement. This would have only happened if the
samples were thinner than 1.5 µt?. The results from the polymer and polymer-dopant
samples are not shown because the materials were too thin to be measured. This was

not a limitation of the OSiPDR, it was because the glass cover slips, upon which the
samples were deposited, were originally measured with a resolution of 187.5 kHz. The

shift in /0 for the samples were around 60 kHz. Measurements with a resolution of

12.5 kHz (smallest resolution) should have been made and would have allowed valid
results to be extracted. The samples with CdS were measured to have a thickness of

9 — 11 µt?. These looked to have a rough surface and some visible gaps, which means
the thickness measurements are suspect for these samples as well.

6.3 Microwave Material Property Characteriza-
tion

The setup shown in Figure 5.17 was used to measure the microwave properties of
the films. The light source used was an Oriel quartz tungsten lamp (bulb 6333), and
the spectrum of the light is shown in Figure 6.2. The optical power that was applied
to the OSiPDR was measured to be 0.22W, and was measured with a Coherent

1D100 thermopile sensor connected to a Coherent Lasermate ID power meter.
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Figure 6.2: Spectrum of the lamp used (curve for 6333 is the bulb used) [ ]

The procedure for measuring each sample was as follows:

1. Place sample in characterization apparatus

2. Set temperature of the temperature chamber to 30°C

3. Leave at 3O0C for at least 5 minutes before making measurements

4. Measure s-parameters of cavity without light

5. Measure s-parameters of cavity with light

6. Repeat the previous two steps two more times

7. Repeat measurements at 400C and 500C

The results from measuring the polymer and doped CdS are shown in Tables

6.1-6.3. The results from measuring the polymer and CdS are shown in Tables 6.4-

6.6. The order the measurements were made differs from how they are shown below.
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The results are arranged with the three measurement without light then three mea-

surements with light for each temperature point. The first dark measurement at

each temperature point represents the first measurement made, while the first mea-

surement with light at each temperature point represents the second measurements

made. The delay between measurements at each temperature point was less than

10 seconds. Only the raw data are presented below, the data will be analyzed and
discussed further in Chapter 7.

Table 6.1: Results from measuring sample a9 (polymer and doped CdS)

Temp 0C Light /„ (GHz) O. e/, r=9 µ m e/ , r=ll µ m tan ò i o µ m tana , r= li µ m
30 7.8923000000 3276 3.7 3.4 0.048 0.046
30 7.8922625000 3213 3.8 3.5 0.065 0.063
30 7.8922625000 3222 3.8 3.5 0.063 0.061
30 7.8921000000 2996 4.4 4.0 0.121 0.118
30 7.8921000000 2995 4.4 4.0 0.122 0.118
30 7.8921000000 2994 4.4 4.0 0.122 0.118
40 7.8922625000 3244 3.3 3.1 0.064 0.062
40 7.8922375000 3190 3.4 3.2 0.081 0.078
40 7.8922250000 3179 3.4 3.2 0.084 0.081
40 7.8920750000 2987 3.9 3.6 0.137 0.133
40 7.8920750000 2985 3.9 3.6 0.138 0.134
40 7.8920750000 2976 3.9 3.6 0.141 0.137
50 7.8922625000 3186 3.0 2.9 0.088 0.086
50 7.8922250000 3125 3.2 3.0 0.108 0.105
50 .8922250000 3115 3.2 3.0 0.112 0.109
50 7.8920875000 2931 3.7 3.4 0.166 0.161
50 .8920750000 2921 3.7 3.4 0.168 0.163
50 7.8920625000 2919 3.8 3.5 0.167 0.162
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Table 6.2: Results from measuring sample alO (polymer and doped CdS)

I Temp 0C Light fo (GHz) er ', ?=9µ?? e ' , f=ll µ m tanè , ?=9µ?? tanè , t=ll µ m
30 7.8924250000 3309 5.3 4.7 0.033 0.032
30 .8924000000 3260 5.3 4.8 0.043 0.042
30 7.8924000000 3269 5.3 4.8 0.041 0.040
30 .8922750000 3094 5.8 5.1 0.076 0.074
30 7.8922750000 3086 5.8 5.1 0.078 0.076
30 7.8922750000 3087 5.8 5.1 0.078 0.076
40 7.8923625000 3248 4.9 4.4 0.049 0.048
40 7.8923625000 3238 4.9 4.4 0.052 0.050
40 7.8923625000 3237 4.9 4.4 0.052 0.051
40 7.8922375000 3069 5.3 4.8 0.088 0.086
40 7.8922375000 3068 5.3 4.8 0.089 0.086
40 7.8922375000 3060 5.3 4.8 0.091 0.088
50 .8924000000 3228 4.5 4.1 0.058 0.056
50 7.8923750000 3190 4.6 4.2 0.067 0.065
50 7.8923750000 3179 4.6 4.2 0.070 0.068
50 7.8922500000 3032 5.1 4.6 0.102 0.100
50 7.8922500000 3021 5.1 4.6 0.105 0.102
50 7.8922500000 3022 5.1 4.6 0.105 0.102

Table 6.3: Results from measuring sample all (polymer and doped CdS)

I Temp 0C Light f0 (GHz) Q0 € ', ?=9µ?? <r/, r=ll µ m tan. S , ?=9µ?? tand , r= 1 1 µ m
30 7.8924125000 3334 3.3 3.1 0.034 0.033
30 .8923750000 3288 3.4 3.2 0.047 0.046
30 7.8923750000 3277 3.4 3.2 0.051 0.050
30 7.8922500000 3105 3.9 3.6 0.099 0.096
30 7.8922500000 3111 3.9 3.6 0.097 0.094
30 7.8922500000 3110 3.9 3.6 0.098 0.095
40 7.8923875000 3270 2.8 2.7 0.061 0.060
40 7.8923750000 3232 2.9 2.8 0.075 0.073
40 .8923750000 3231 2.9 2.8 0.076 0.074
40 7.8922375000 3073 3.4 3.2 0.123 0.120
40 7.8922375000 3063 3.4 3.2 0.127 0.123
40 7.8922500000 3062 3.3 3.1 0.129 0.125
50 7.8924000000 3227 2.6 2.5 0.084 0.082
50 7.8923750000 3180 2.7 2.6 0.101 0.099
50 7.8923750000 3188 2.7 2.6 0.097 0.096
50 7.8922500000 3031 3.1 2.9 0.148 0.144
50 7.8922500000 3023 3.1 2.9 0.152 0.148
50 7.8922500000 3029 3.1 2.9 0.149 0.145
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Table 6.4: Results from measuring sample al2 (polymer and undoped CdS)

I Temp 0C Light fo (GHz) Q0 e ', ?—9 µ m e ' , t=ì\ µ m tan ó , t =9 µ?? tant) , f=ll µ m
30 7.8905750000 3169 5.2 4.6 0.024 0.023
30 7.8904750000 3039 5.5 4.9 0.054 0.052
30 7.8904750000 3015 5.5 4.9 0.060 0.058
30 .8903250000 2843 6.0 5.4 0.097 0.095
30 7.8903250000 2832 6.0 5.4 0.100 0.098
30 7.8903125000 2831 6.1 5.4 0.100 0.097
40 7.8905375000 3115 4.7 4.3 0.040 0.039
40 7.8904500000 2987 5.0 4.5 0.072 0.070
40 7.8904375000 2982 5.1 4.6 0.073 0.071
40 7.8902875000 2812 5.6 5.0 0.113 0.110
40 7.8902875000 2803 5.6 5.0 0.116 0.113
40 7.8902875000 2795 5.6 5.0 0.118 0.115
50 G.8905375000 3055 4.5 4.1 0.059 0.058
50 7.8904500000 2955 4.8 4.3 0.085 0.083
50 7.8904375000 2934 4.9 4.4 0.090 0.088
50 7.8902750000 2768 5.4 4.9 0.130 0.126
50 7.8902750000 2759 5.4 4.9 0.132 0.129
50 7.8902750000 2758 5.4 4.9 0.133 0.129

Table 6.5: Results from measuring sample al3 (polymer and undoped CdS)

I Temp 0C Light JO (GHz) Qo €r' , ?=9µ?? e/, f=l 1 µ m tana , G=9µ»; tañí) , f=ll µ m
30 7.8924750000 3228 3.8 3.5 0.063 0.061
30 .8923875000 3094 4.1 3.7 0.100 0.097
30 7.8923750000 3089 4.1 3.8 0.100 0.097
30 7.8922500000 2903 4.5 4.1 0.148 0.144
30 7.8922375000 2893 4.6 4.2 0.151 0.146
30 7.8922250000 2891 4.6 4.2 0.150 0.146
40 7.8924625000 3167 3.2 3.0 0.093 0.091
40 7.8923875000 3068 3.5 3.3 0.122 0.119
40 7.8923750000 3055 3.5 3.3 0.126 0.122
40 7.8922375000 2874 4.0 3.7 0.176 0.171
40 7.8922375000 2872 4.0 3.7 0.176 0.171
40 7.8922375000 2871 4.0 3.7 0.177 0.172
50 7.8924750000 3134 3.0 2.8 0.112 0.109
50 7.8923875000 3024 3.3 3.1 0.145 0.141
50 7.8923875000 3015 3.3 3.1 0.149 0.145
50 7.8922500000 2843 3.8 3.5 0.198 0.192
50 7.8922375000 2840 3.8 3.5 0.197 0.192
50 7.8922375000 2832 3.8 3.5 0.201 0.195
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Table 6.6: Results from measuring sample al4 (polymer and undoped CdS)

Temp 0C Light Z0(GHz) Qo €r' , ?=9µ?? e ' , t=ll µ?? tand , ?=9µ?? tanô , f=l i µ m
30 7.8924125000 3171 4.6 4.2 0.069 0.067
30 7.8923625000 3109 4.8 4.3 0.083 0.081
30 7.8923625000 3106 4.8 4.3 0.084 0.082
30 7.8922375000 2937 5.3 4.7 0.123 0.119
30 7.8922250000 2943 5.3 4.7 0.120 0.117
30 .8922250000 2943 5.3 4.7 0.120 0.117
40 7.8924250000 3184 4.0 3.7 0.074 0.072
40 7.8923625000 3092 4.2 3.9 0.098 0.095
40 7.8923500000 3087 4.3 3.9 0.099 0.096
40 7.8922375000 2920 4.7 4.2 0.141 0.137
40 7.8922500000 2918 4.6 4.2 0.143 0.139
40 7.8922125000 2917 4.8 4.3 0.140 0.136
50 7.8924500000 3151 3.4 0.090 0.088
50 7.8923750000 3055 4.0 3.7 0.116 0.112
50 7.8923750000 3035 4.0 3.7 0.122 0.119
50 7.8922375000 2892 4.5 4.1 0.156 0.152
50 7.8922375000 2882 4.5 4.1 0.159 0.155
50 7.8922375000 2874 4.5 4.1 0.162 0.157

6.4 Optical Material Property Characterization

Transmission measurements were made on all the samples using the setup rep-

resented by Figure 6.3. The first measurements made were of the glass cover slips

used. The optical transmission characteristics of the cover slips were measured at

wavelengths from 400-800 nm and gave a 90% transmission across the entire band.

These results match the light transmittance data given for the corning 0211 glass
cover slips [ ], which confirms that the setup is functioning properly.

Optical Source- *-'¦ Monochromator

Computer

Lens Optical Power
Meter

Figure 6.3: Setup used to measure optical transmission
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The transmittance of the materials were measured and the results are shown in

Figures 6.4 and 6.5.

550 BOO 660

Wavelength (nm)

Figure 6.4: Optical transmittance of polymer and doped CdS
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Figure 6.5: Optical transmittance of polymer and undoped CdS

6.5 Summary

This chapter presented the results from measuring the microwave and optical

properties of the polymer-CdS films. The results are further analyzed and discussed

in the next chapter.



Chapter 7

Analysis and Discussion of Findings

7.1 Introduction

An optically tunable material is possible and may be practical for use in tun-

able microwave circuits. The data presented in this thesis demonstrates a material

that shows an increase in the effective dielectric constant upon illumination. The

remainder of this chapter discusses possible issues and the results.

7.2 Optical Properties of Films

The optical properties of the films must be investigated further since the results

shown in Figures 6.4 and 6.5 fall short of expectations. However, some analysis of

the results can be performed.

The optical transmission measurements show an increase in transmission around

520 nm as expected. However, the amount of transmitted light above 520 nm was

much lower than the expected value between 40-80% transmitted [ , ], and could
be due to many reasons. The method used does not allow for the reflected light to be

measured. Also, for the transmission measurements the detector was far enough back

100
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from the sample that most of the scattered light may not be recorded. It is likely that
the spherical inclusions scattered much of the light, thus preventing it from reaching
the detector.

7.3 Expected Dielectric Constant

The dielectric constant of the polymer-CdS composite was expected to be around

6.6. This is because 72% of the material consisted of CdS which has an e'r of 8.5 and
mixture rules [ ] predict that the dielectric constant of the composite material to be
around 6.6. This is assuming that the polymer has a dielectric constant of 3 and the

CdS is not conductive. This value is higher than the value measured.

The measured value could be lower for many reasons, such as:

• Shape of CdS particles not perfectly spherical

• Volume fill fraction of CdS lower than 72%

• Dielectric constant of polymer lower than 3

• Air gaps and voids in samples not accounted for

• Inaccuracies in thickness measurements or films are not uniform

The dielectric constants of the films measured should have been much closer to

6.6. In order to determine why the measured values are so much lower, the thickness

of the films must be known to a higher degree of accuracy and the prevalence of air
gaps must be eliminated, minimized, or accounted for. The thickness measurements

are suspect because the dielectric values for all samples should have overlapped if the
thickness of the materials was between 9—11 µp?. However, the possibility that some
samples have larger or more air gaps than others cannot be ignored. Since there is
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a high uncertainty in the thickness of the films, only the relative shift in dielectric

constant can be relied upon.

7.4 Permittivity Changes with Optical Illumina-

tion

The complex permittivity of all the samples increased when illuminated as shown

in Figures 7.1 and 7.2. From Figures 7.3 and 7.4, one can see that all the samples had a

larger increase in the dielectric constant and dielectric loss tangent upon illumination

the first time. For Figures 7.3 and 7.4, change 1 represents the first change in dielectric

constant or dielectric loss tangent with optical illumination at a specific temperature

point, while change 2 and 3 represent subsequent changes in materials properties with

optical illumination at the same temperature point. This suggests that the material

takes more than 10 seconds to return to steady state after illumination. For this reason

only the first measurement with and without illumination at each temperature point

is analyzed. Since the properties of the glass cover slips were only measured at 3O0C,

only the measurements at that temperature point will be analyzed for changes in the

complex permittivity of the materials.
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Figure 7.1: Effect of illumination on the dielectric constant of all samples at 3O0C
(t = 11 µp?. Error bars represent ? = 9 µp? samples )
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Figure 7.2: Effect of illumination on the dielectric loss tangent of all samples at
300C (t = 11 µp?. Error bars represent t = 9 µp? samples )
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Figure 7.4: Change in dielectric loss tangent with illumination

The undoped samples (al2-al4) showed a larger change in dielectric constant and
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dielectric loss tangent than the doped samples (a9-all). The undoped samples had

a change in dielectric constant between 12-21%, while the doped samples showed a

change between 9-19%. The undoped samples showed an increase in dielectric loss

tangent between 0.05-0.09, while the doped samples showed and increase between

0.04-0.07. It is possible that these values are off by up to 15 percent due to uncer-

tainty in the thickness measurements of the films. However, uncertainty in thickness

measurements does not change the fact that the complex permittivity of the materials
increased with illumination.

The increase in dielectric constant could not be predicted with much accuracy for

this work. This was due to the fact that the electrical transport and electron-hole-pair

lifetimes for the material are not known, therefore the bulk properties of CdS must be

assumed. The optical transmission measurements do not give an accurate indication

of how much of the light is absorbed at each wavelength. The optical power of the

light source is not known versus wavelength with much accuracy, only the optical

power spectrum of the lamp provided by the manufacturer can be used. However,

the calculation performed in Section 3.2 shows that if all the power were absorbed

then the conductivity of the particles would increase by 10 S/m. It is likely that only

a tenth of the optical power or less is being absorbed. However, even this level of

absorption is expected to cause an increase in dielectric constant.

7.5 Temperature Effects

One possible source of changes in dielectric constant that must be addressed is

a increase in temperature due to illumination. It is unlikely that the light source

provided enough power to cause an increase in temperature high enough to increase

the dielectric constant of any of the materials. However, even if the light source
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heated up the samples, the dark dielectric constant of the films decreased with in-

creasing temperature as shown in Figure 7.5, and the dark dielectric loss tangent of

the films increased with increasing temperature as shown Figure 7.6. This demon-
strates that temperature increases would not increase the effective dielectric constant

of the materials.
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Figure 7.5: Dielectric constant of samples at different temperatures without illumi-
nation
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Figure 7.6: Dielectric loss tangent of samples at different temperatures without
illumination

The change in the effective dielectric constant and the effective dielectric loss

tangent with optical illumination at different temperature points is shown in Figures

7.7 and 7.8. This shows that temperature has no significant effect on changes in

the dielectric constant and the dielectric loss tangent of the materials with optical
illumination.
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7.6 Appropriateness of an Effective Dielectric

Constant

The effective dielectric constant of the material cannot be considered isotropic.
The orientation of the electric field of the measurement apparatus allows for an ef-
fective dielectric constant to be used because the electric field was tangential to the
sample. However, if the electric field was normal to the sample, then the sample
would be too thin to use an effective dielectric constant due to surface effects [ , ' ¦].

Using an effective dielectric constant for the whole material when the electric field

is orientated parallel to the sample may not be appropriate either. If the conductivity
of all the particles is the same when illuminated then an effective dielectric constant

for the entire material is appropriate. However, if the conductivity is a function of
depth from the surface, then the effective dielectric constant would also have to be a

function of depth. This issue needs to be explored further.

7.7 Comparison to Ferroelectric Materials

The dielectric tunability of the materials presented in this work is nearly the same
as that demonstrated for some ferroelectric materials, but is lower than the best

values reported. The materials presented in this work were not optimized. Simula-
tions from Section 3.3 suggest that materials could be created that have tunability
of 26%, and possibly greater. The materials presented in the previous chapter had
higher dielectric loss than is practical, however simulations also suggest this can be
lowered well below that of most ferroelectric materials by limiting inter-particle con-
tact. Overall, optically tunable dielectric materials have the potential to be a viable
tunable material.
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7.8 Simulating the Composite Material

Unfortunately the measured results cannot be directly compared to simulations.

The volume fill fraction of cadmium sulfide particles was 72%, which is higher than
the maximum of 50% volume fill fraction that can be simulated. This is because

simulations assume all the particles are the same size (1 µt?), while the CdS parti-

cles are a range of sizes, which allows more volume to be filled. Also, the electrical

properties properties of both the polymer and CdS are not known with enough ac-

curacy. The films must be more uniform and the prominence of voids and gaps must

be known. For all these reasons attempting to simulate the material measured was

not appropriate.



Chapter 8

Conclusions and Recommendations

8.1 Summary of Work

The thesis presented an analytical and numerical basis for proposing a novel opti-

cally tunable dielectric material. The anyalytical basis was based on Bruggeman's ef-

fective medium approximation and percolation theory. Bruggeman's effective medium

approximation predicts that adding conductive spherical particles causes the effective

dielectric constant to increase as more particles are added. However, this approxi-

mation breaks down once a large enough volume of particles is added. At this point,

what is known as percolation theory becomes useful to estimate the effect of adding

more conductive particles. This theory shows that once a sufficient volume of con-

ductive particles is added to the material, adding more particles will cause a rapid

increase in the effective dielectric constant of the material. Analytical approaches

are limited and a more robust method must be used for analyzing composite materi-

als. A numerical approach using HFSS was presented and the results compared well
with that predicted by Bruggeman's effective medium approximation and percolation

theory.

Next, a novel microwave material characterization apparatus designed specifically

111
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for measuring the material properties of an optically tunable dielectric material was

presented. This apparatus was based on a material characterization apparatus known

as the split post dielectric resonator. The apparatus was able to accurately measure

the microwave properties of films and substrate materials. The material characteriza-

tion apparatus has a removable lid in order to allow light to be applied to the samples

being measured.

Finally, the thesis was concluded with the presentation and discussion of the

results from measuring a novel optically tunable dielectric material. Two similar

materials deposited on glass cover slipes were measured using the microwave material

characterization apparatus developed in this work. Both materials were made of 72%

by volume of CdS and a transparent polymer. One of the samples used CdS doped
with copper, while the other sample was undoped. Both types of materials showed an

increase in the effective dielectric constant and effective dielectric loss tangent with

optical illumination. Measuring the effective dielectric constant of the materials in the

dark over a range of temperatures showed that the changes were not due to thermal

effects. The materials showed tunabilities of at least 9%, however the dielectric loss

tangent of the material was as high as 0.148 for some of the samples.

8.2 Further Work

This thesis demonstrates that there is much more work to do in the area of op-

tically tunable dielectrics. Firstly, the method presented to predict the properties

of materials must be developed further. Materials with filler particles with different
shapes, sizes, and orientations must be modeled in simulations. Then the materials

must be fabricated and measured. The materials must be made of constituents with

known properties to allow for proper comparison.
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Once the effective properties of materials can be simulated effectively, photocon-

ductive particles must be designed using simulation. In simulation the effect of parti-

cle size and shape can be investigated. Also, the effect of adding a shell to the particle

to minimize inter-particle interactions can be investigated. Once the desired proper-

ties of the particle are known, real materials can be determined and the particles can
be made.

The optical properties of the films must also be investigated. It is necessary to

know how light interacts with the photoconductive particles. How much light is

being reflected, transmitted, and absorbed must be known. Furthermore, the use

of a shell on the photoconductive particles in order to decrease reflections must be

investigated. Lastly, the effect of polarized and unpolarized light on the material

must be investigated.

The material characterization apparatus could benefit from additional work. Ef-

fects of humidity/temperature must be eliminated or accounted for. An exhaustive

accuracy analysis on the cavity would also be beneficial. Also, an apparatus to de-

termine the response time of the material must be designed.

There is much more work to do on the materials proposed in this work. They

appear to be a viable approach to making optically tunable microwave devices.
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