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ABSTRACT
The demand for higher computing speeds and electronics miniaturization has
made it necessary to investigate thin film dielectric materials that exhibit low loss at high
frequencies. The measurement of dielectric properties using conventional methods
generally is capable of providing accurate results up to approximately 1 GHz for thin film
materials. The probe of the measuring instrument and contact resistance interfere with the
acquisition of accurate high-frequency data. Indirect methods have been proposed and
promise improved high frequency characterization of dielectric materials. My research
will concentrate on further developing novel methods for accurately characterizing
dielectric thin film materials at high frequencies (1 GHz to 26 GHz). Titanium dioxide
will be used because of its high dielectric constant (up to 170).
In this research the characterization of high k thin films will be investigated using
the high k material titania (TiO2) on a fused quartz substrate. The study of titania on
fused quartz is a logical low-cost method of establishing reproducible methods for high k
microwave thin film characterization. The characterization techniques for thin films
developed in this research will include use of the ring resonator, split-cavity resonator
(dielectrometer) and coplanar transmission line. This paper investigates techniques not
only to measure titania thin films, but most high k dielectric materials. Limitations to this
technique will be described in detail in this paper.
In this research, refinements to techniques for characterizing thin films are
proposed that accurately determine relative permittivity and dielectric loss. Conventional
techniques can suffer from high frequency effects and compromise accuracy. As the
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frequency of characterization enters the GHz range, refinements are necessary for
accurate measurements.
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Chapter 1
Introduction

Problem Statement and Motivation

Importance of Thin Film Dielectric Materials
Over the past 40 years, the electronics industry has been continuously producing
devices which have greater performance while at the same time being produced in a
smaller size. Electronic devices are also required to operate at higher frequencies. For
example, microprocessors now have clock speeds exceeding 3 GHz and continue to
increase.
Most electronic devices contain a material classified as a dielectric. Dielectric
materials provide insulation for metal signal paths, energy storage for capacitors and are
important in many other electronic devices. One parameter used to characterize a
dielectric material is called the relative dielectric permittivity (k or εr). For dielectrics
used as insulators, a low k value is desirable. For dielectrics used in capacitors, a high k
value provides greater performance and allows for a greater degree of miniaturization.
In order to miniaturize electronic devices, dielectric materials have become
thinner. Thin film materials are being investigated with higher k values to provide greater
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miniaturization. This paper is concerned with characterization of high k thin film
dielectric materials.

New Thin Film Materials
SiO2 (silicon dioxide) is a material that has many applications in the
semiconductor industry. The modest value of SiO2 dielectric constant of 3.9 allows the
material to be used as either an insulator or a dielectric material. SiO2 is easily produced
by the thermal oxidation of silicon or other similarly simple means. In order to increase
the density of integrated circuit devices, the SiO2 dielectric has been used in thicknesses
down to 0.8 nm (12 Å). This represents a layer of only three atoms thick. There are
simply not enough atoms to allow for further device reduction while using SiO2 as the
dielectric material. Silicon dioxide is reaching its performance limit [1]. A dielectric with
a higher k value will allow for a thicker layer with the same performance characteristics
[2]. Table 1-1 illustrates possible replacements for SiO2. Titania (TiO2) has a k value of
80 which is the highest k value listed [3]. For this research, titania was selected for its
high k value.
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Table 1-1: Relevant Properties of High-k Dielectric Candidates. (After Robertson [3])

Intel has been actively researching materials to replace SiO2 used for transistor
gate oxides. Figure 1-1 illustrates that using a high k dielectric will result in a higher gate
capacitance value which increases transistor switching speeds. Another benefit of the
high k dielectric layer is less leakage current which lowers power dissipation [2].
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Figure 1-1: Advantages of high-k dielectric over SiO2 dielectric. (After Chou [2])
The two broad categories of electronic devices are integrated circuit technology and
wireless technology. Integrated circuit (IC) technology includes devices such as
microprocessors and solid state memory. Wireless technology includes devices such as
cell phones and other microwave communication devices.

IC Applications (Microprocessor)
For IC applications, high k dielectrics are defined as those with a dielectric
constant greater than that of silicon nitride (i.e., > k = 7). High-k dielectric materials are
being investigated for use in three mainstream IC applications: 1) as a gate dielectric-
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material to replace SiO2 in advanced MOSFET structures; 2) as a dielectric-material in
the capacitor structures of dynamic RAMs (DRAMs); and 3) as a dielectric in the
capacitor structure of non-volatile ferroelectric random access memories (FRAMs) [4].

Microwave Applications (Wireless)
The popularity of cell phones and wireless networks has created a demand for
increased performance of microwave devices. These devices operate at 2.4 GHz and
higher. The Federal Communications Commission (FCC), in 2001, allocated a bandwidth
of 7 GHz between 57 and 64 GHz for wireless communications. See Figure 1-2 [5]. A
major aspect of this frequency allocation is that the spectrum is unlicensed. Normally, an
expensive license is required to operate at a particular microwave frequency. Research is
now underway to create applications for this new opportunity for wireless
communications. Microwave devices will have to be designed to operate at this high
frequency. Electronic materials, including thin film dielectrics, will need to be
characterized at higher frequencies.
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Figure 1-2: Federal Communications Commission (FCC) non-licensed bands and typical
applications. (after [5])

Challenges in High Frequency Characterization
High frequency, high k thin film characterization is important for the development
of new high frequency devices and integrated circuits. The characterization of new
dielectric materials is important in their acceptance by the semiconductor industry. The
primary characterization parameters include the dielectric constant value (k) and the loss
tangent (tan δ).
The most common technique for characterizing a high k thin film for low
frequencies is to fabricate a capacitor structure on the film. An LCR meter is then used to
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measure capacitance and the loss tangent (tan δ). The relative dielectric constant can then
be determined from geometrical dimensions and the measured value of capacitance.
For higher frequency measurements (>1 MHz), a network analyzer can be used.
In this method, a test structure is constructed with the dielectric material. Resonant or
transmission line measurements are then used to extract dielectric film characteristics.
Higher frequencies require the use of special techniques to take into account effects not
usually significant at lower frequencies. For example, conductor loss is usually not
considered for low frequency measurements. Also, special consideration for thin films is
necessary. Bulk dielectric properties and thin film properties may not be the same [6].
More details will be explained about high frequency measurements in the next section.

Scientific Approach
There are two basic techniques that can be used for high frequency dielectric
characterization: resonant and broadband techniques. The resonant technique tends to be
more accurate. Both methods can be used with conductive structures. Conductive
structures limit the characterization of high Q thin films (limit of 200) because of the
effect of the conductor losses. Figure 1-3 shows the frequency ranges suited to the
different techniques [7] [8].
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Test Equipment for Dielectric Characterization
Microwave Network Analyzer
RF LCR Meter
Precision LCR Meter
1 kHz

10 kHz

100 kHz

1 MHz

10 MHz

100 MHz

1 GHz

10 GHz

100 GHz

Measurement Techniques for Dielectric Characterization
Split Cavity (Discrete Frequency)
Resonant Post (Discrete Frequency)
Resonant Transmission Line (Discrete Frequency)
Stripline Transmission (Broadband)
Coplanar Waveguide Transmission (Broadband)

Figure 1-3: Frequency ranges for resonant and broadband measurement techniques (After
Agilent and Furman [7] [8])
One high frequency thin film characterization technique uses microstrip
transmission line measurements to determine the relative permittivity of low k thin films
[9]. This method uses measurements of the complex microstrip propagation constant and
the characteristic impedance to determine relative permittivity. The test structure is
shown in Figure 1-4.
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Figure 1-4: Test structure for measuring thin films. (After Janezic [9])
The transmission line method has the disadvantage of requiring the deposition of
the thin film material on a specially fabricated substrate. Also, the dielectric loss tangent
of the dielectric could not be separated from the losses of the transmission line. A similar
technique is described in [10]. In another high frequency characterization method, both
the dielectric constant and loss tangent are determined for a thin film BST (Barium
Strontium Titanate) material up to a frequency of 10 GHz. The test structure is shown in
Figure 1-5. This technique also has the disadvantage of complex test structure fabrication.
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Figure 1-5: Thin film characterization technique. (Diagram after Zhang [10])
Using a cavity perturbation technique a 90µm film of mylar is characterized in the
11-15 GHz range [11]. Figure 1-6 illustrates the test structure used for this technique.
This technique has the disadvantage of requiring the thin film to have enough mechanical
strength to be inserted in the cavity.
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Figure 1-6: Thin dielectric characterization using cavity perturbation technique. (After
Thomas [11])
My research will concentrate on developing novel methods for accurately
characterizing dielectric high k thin film materials at high frequencies (1 GHz to 26
GHz). In particular, titania (titanium dioxide) deposited on a fused quartz substrate will
be characterized. E-beam evaporation and reactive RF sputtering is used to deposit the
titania on the fused quartz substrate. Annealing is used to increase the dielectric constant
of the titania. A split cavity resonator technique is used to characterize the thin film.
Coplanar structures are also used to characterize the thin film.
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Organization of Thesis
Chapter 2 presents background needed for the research topics covered in the
subsequent chapters. The information covers microwave measurements and the dielectric
property of materials. Information is presented on the measurement techniques used in
the characterization of dielectric materials and specifically high-k thin film materials. The
limitations of each technique are presented.
Chapter 3 reports on the selection of sample materials and the preparation of
samples required for the high k thin film measurements proposed in Chapters 4 and 5.
The morphology of titanium dioxide used as the high k thin film is discussed. Electronbeam evaporation and sputtering methods are described for the deposition of titanium
dioxide high k thin films. The annealing process is described for achieving a crystalline
film. X-ray diffraction analysis of the samples is presented for insight into how well the
samples are crystallized.
In Chapter 4, the split cavity method is described as a possible method for
measuring high k thin films. Measurement and analysis for a thin film of titania are
presented.
Chapter 5 describes a method for thin film characterization using coplanar
waveguide structures. A simple phase angle measurement in a coplanar transmission line
allows the determination of the effective dielectric constant of a multilayer substrate
consisting of titania thin film deposited on a fused quartz substrate. The conformal
mapping technique is then used to extract the dielectric constant of the titania thin film. A
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comparison is made of the titania thin film measurement from the split cavity and
coplanar techniques.
In Chapter 6, a summary of the thesis is presented as well as areas of future work.
Extension of the titania thin film measurement techniques to high k thin films in general
is given. Ranges for k value, loss and thickness are provided to define the range of
usefulness for the high k thin film characterization techniques.
Appendix A describes the off technique for applying coplanar waveguide
structures. The parameters used in the processing of samples using e-beam evaporation
and RF magnetron sputtering are presented in Appendix B.
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Chapter 2
Background
The primary material used in this paper is titania (TiO2), also known as titanium
dioxide. The crystal structure and properties of this material is presented first in this
chapter. The definition and use for dielectric materials is presented next. Common
measurement techniques for dielectric materials are then presented for both low and high
frequencies. Challenges in the high frequency characterization of high k thin film
dielectric materials are then discussed.

Material Structure
The atomic arrangement of a material has a large influence on the electrical
properties of the material. Atoms of materials can form into ordered structures called
crystals. Crystal structures have many types. The type of crystal structure for a particular
material depends on factors such as pressure and temperature during formation.

Crystal Structure of Titania
The most common of the three crystal structures of titania (TiO2) is rutile. Other
crystalline phases of titania are anatase and brookite. The brookite phase is rare. The
coordination pattern of each crystal phase is VI-III, but the Ti-O6 octahedra share
different numbers of edges. Each titanium atom is in an octahedron of six oxygens and
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each oxygen atom is within a triangle of three titanium atoms [1]. The crystal structures
anatase and rutile are shown in Figure 2-1 [2].

A.

B.

Figure 2-1: Crystal structures of A) anatase and B) rutile. (after reference [2])
The dielectric constant is the highest for the rutile crystal phase of titania. This
value has been reported to have a nominal value of 85. The preferred growth of rutile is
in the c direction. The morphology of rutile is described as “needlelike”. The mineral
rutile is shown in Figure 2-2 [3][4]. Anatase tends to form at temperatures above 200°C,
especially in the presence of oxygen. Anatase will convert to rutile at temperatures above
800°C [5]. More details about the formation of anatase and rutile will be provided in the
next chapter on sample preparation.
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A.

B.

Figure 2-2: Mineral Rutile, A) Schematic and B) Specimen (After references [3] [4] )

Structure of Fused Quartz (Fused Silica)
Vitreous silica is the generic term used to describe all types of silica glass. Silica
glass is also called as fused quartz or as fused silica. When naturally occurring crystalline
silica (sand or rock) is melted, the material is simply called fused quartz. If silicon
dioxide is synthetically derived, the material is referred to as synthetic fused silica [6].
This material will be called fused quartz for the remainder of this paper.
Fused quartz is amorphous. It does not contain crystal structure. At high
temperatures, it can convert to crystal phases such as cristobalite (above 1150°C).

Dielectric Property
The ability to support an electrostatic field in a dielectric material is specified by a
parameter called dielectric constant. Dielectric loss is caused by the dielectric material
dissipating energy heat and is an important property of a dielectric material. The lower
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the dielectric loss, the more effective is a dielectric material. Substances with a low
dielectric constant include a perfect vacuum, dry air, and most pure, dry gases such as
helium and nitrogen. Materials with moderate dielectric constants include ceramics,
distilled water, paper, mica, polyethylene, and glass. Metal oxides, in general, have high
dielectric constants [7].

Dielectric Materials
Dielectric materials are used in a variety of electronics devices as insulators and
for the storage of electric energy in capacitors. Examples of dielectric materials include
porcelain (ceramic), mica, glass, plastics, and the oxides of various metals. A vacuum is
an exceptionally efficient dielectric.
An important use of dielectric materials for electronics is in the construction of
capacitors. The multilayer ceramic capacitor (MLCC) is produced in tremendous
quantities to support the demand for consumer electronics such as computers, automotive
electronics and cell phones. Dielectric materials are also used in wiring for insulation.
Teflon is a common material used in coaxial cable used to transmit television signals. In
integrated circuit technology, dielectric materials are used in the construction of CMOS
(Complementary Metal Oxide Semiconductor) circuits. There are many other uses of
dielectric materials.
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Dielectric Constant
The dielectric constant is used to determine the amount of electrostatic energy that
can be stored in a dielectric material when a given voltage is applied to it. The
mechanism of energy storage is the polarization of atoms or molecules in the dielectric
material in response to the applied electric field, E . In dielectric materials, an applied
electric field causes polarization and creates electric dipole moments, P , that augment
the total displacement flux, D . The formula relating E , Pe and D in free space is shown
in Equation 2.1.
D = ε 0 E + Pe ,

Equation 2.1

Where ε0 is the permittivity of free space, 8.854 x 10-12 F/m. The electric polarization
Pe is related to the applied electrostatic field, E by Equation 2.2.

Pe = ε 0 χ e E ,

Equation 2.2

Where E is called the electric susceptibility, which may be complex.
Equation 2.3 and Equation 2.4 combine to form Equation 2.5.
D = ε 0 E + Pe = ε 0 (1 + χ e )E = ε E ,

where

Equation 2.5

ε = ε 0 (1 + χ e ) = ε '− jε ' '

is defined as the complex permittivity of the dielectric material. The imaginary part of ε
represents the loss in the dielectric due to damping of the oscillating dipole moments
(heat). In electrical measurement the loss is usually expressed as Equation 2.6.
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loss = tan (δ ) =

ε ''
ε'

Equation 2.6

The loss is related to the quality factor, Q, of a resonant system. The Q is calculated from
measurements of the resonant frequency and the half power frequencies as shown in
Equation 2.7.
tan (δ ) =

f − f1
1
,
= 2
Q
fR

Equation 2.7

where fR is the resonant frequency and f1 and f2 are the half power frequencies.
The dielectric constant of a material is also more conveniently described as the
relative dielectric constant shown in Equation 2.8.

εr =

ε
,
ε0

Equation 2.8

where ε0 is the permittivity of free space, 8.854 x 10-12 F/m [8]. Another symbol used for
the relative dielectric constant is k. Both symbols k and εr are used interchangeably for
the relative dielectric constant. In addition, permittivity and dielectric constant have the
same meaning and are used interchangeably.
In summary, for practical dielectric constant measurements, the relative dielectric
constant, εr, is measured in addition to the Q factor. From these quantities the complex
permittivity, ε = ε 0 (1 + χ e ) = ε '− jε ' ' is determined.
The contributions to the dielectric constant can be separated into three parts as
shown in Figure 2-3. The electronic contribution is maintained for the highest frequencies
and is due to the displacement of the electronic shell around the atomic nucleus. The
displacement of charged ions with respect to other ions creates what is called the ionic
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contribution. The third contribution to a material’s dielectric constant is due to dipolar
polarizability arising from molecules with a permanent electric dipole moment. The final
effect is at the lowest frequency and occurs in heterogeneous materials arising from the
accumulation of charge at structural interfaces.

Figure 2-3: The dielectric constant is dictated by four components; electronic, ionic,
dipolar and interfacial contributions. (After Principles of Electrical Engineering Materials
and Devices [9])

High-k thin films operating at high frequency have the dielectric constant mainly
due to ionic and electronic contributions. Materials with high values of dielectric constant
generally have a higher atomic number Z, since there are more electrons to respond to an
external electric field. For example silicon, Si, has an atomic number of 14. Titanium, Ti,
has an atomic number of 22. SiO2 has a dielectric constant of 3.9 and TiO2 has a
dielectric constant of 80.
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Measurement of Complex Permittivity

The frequency of dielectric measurements is important in determining the type of
measurement equipment to be used. There are three basic types instruments used for
dielectric measurements: LCR (Inductance Capacitance Resistance) meter, RF IV (Radio
Frequency Current Voltage) meter and VNA (Vector Network Analyzer). The frequency
ranges that these instruments can be used are shown in Figure 2-4 [10][11]. The LCR
meter can measure frequencies up to 10 MHz with a wide device impedance range of 10-3
to 108 ohms. The RF IV meter can be used for frequencies up to 2 GHz, but only for
impedances up to 103 ohms. For frequencies above 45 MHz, the network analyzer is
commonly used. Advanced network analyzers can operate as high as 110 GHz. At high
frequencies, the sample impedance needs to be approximately 50 ohms to match the
impedance of the measuring instrument. The closer the impedance match, the less signal
reflections and higher throughput.
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Test Equipment for Dielectric Characterization
Microwave Network Analyzer
RF LCR Meter
Precision LCR Meter
1 kHz

10 kHz

100 kHz

1 MHz

10 MHz

100 MHz

1 GHz

10 GHz

100 GHz

Measurement Techniques for Dielectric Characterization
Split Cavity (Discrete Frequency)
Resonant Post (Discrete Frequency)
Resonant Transmission Line (Discrete Frequency)
Stripline Transmission (Broadband)
Coplanar Waveguide Transmission (Broadband)

Figure 2-4: Frequency ranges for resonant and broadband measurement techniques
(After Agilent and Furman [10] [11]) .

Low Frequency (less than 10 MHz)

For frequencies less than 10 Mhz, the typical method for measuring the dielectric
constant is to apply capacitor plates on each side of the dielectric material as shown in
Figure 2-5. The capacitance can be measured with an LCR meter at frequencies up to
about 10 MHz. This is the upper limit for most LCR meters. The formula for capacitance
is then used to determine the relative dielectric constant εr as shown in Equation 2.9.
C=

ε rε 0 A
t

,

Equation 2.9

where ε0 is the permittivity of free space, 8.854 x 10-12 F/m, A is the area of one of the
equally sized capacitor plates and t is the thickness of the dielectric. Another value that is
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given by the LCR meter is the value of ε’’. This is the imaginary portion of the complex
dielectric constant and is used to determine the dielectric loss. Dielectric loss is calculated
using Equation 2.10.

tan (δ ) =

ε ''
ε'

Equation 2.10

LCR Meter
Capacitor plate
Dielectric material

Figure 2-5: Dielectric constant measurement using capacitance measurement.
The loss tangent, tan δ, is sometimes directly provided by the measuring
instrument. The value is commonly called the dissipation factor, D. To measure
properties of thin films at higher frequencies, other techniques are required.
For some dielectric samples another measurement technique is sometimes
employed. This technique only requires the top of the dielectric to be patterned with
capacitors with the bottom side completely metalized for a ground plane. Multiple metal
disks are metalized on top of the dielectric material as shown in Figure 2-6. The
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capacitance measured is a parallel combination of two of the capacitors. The values of
two parallel capacitors are combined using Equation 2.11. If the capacitors are equal in
value, then the individual capacitor value is simply twice the total measured
capacitance, CT = 2 ⋅ C .
CT =

1
1
1
+
C1 C 2

Equation 2.11

LCR Meter
Capacitor disk
Dielectric material
Ground plane

Figure 2-6: Second technique for dielectric constant measurement.

Impedance matching at 50 ohms can be critical for frequencies approaching 10
MHz. The closer the sample impedance is to 50 ohms, the better the performance of the
LCR meter. The sample dimensions will depend on the dielectric constant and thickness
and may limit the frequency of characterization. Capacitor impedance is given by
Equation 2.12.
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XC =

1
2πfC

Equation 2.12

For the LCR capacitor characterization method, the 50 ohm impedance
requirement at high frequencies causes the capacitor to be too small for a normal
measurement. The impedance of a capacitor is given in Equation 2.13.
XC =

1
,
2πfC

Equation 2.13

where f is frequency in Hz and C is capacitance in Farads. For impedance matching, the
XC value needs to be 50 ohms. The solution of Equation 2.13 for capacitance, using f = 1
MHz and 50 ohms for the value of XC is given by Equation 2.14.
C=

1
= 3.18 x10 −9 F = 3180 pF
6
2π 1x10 ⋅ 50

(

)

Equation 2.14

The steps to calculate the radius of the capacitors required for an impedance of 50
ohms, a dielectric thickness of t = 1 µm and a relative dielectric constant of εr = 80 is
shown by Equation 2.15.
A=

Ct

ε rε 0

=

3.18 x10 −9 ⋅ 1x10 −6
= 4.5mm 2
−12
80 ⋅ 8.854 x10

Equation 2.15

The diameter of the required capacitor is given by Equation 2.16. If the required
capacitor diameter is too small, it becomes too difficult to probe with the LCR meter. A
technique discussed in the high frequency section uses a very small capacitor with a
network analyzer to measure dielectric properties at high frequency. The graph in
Figure 2-7 shows how capacitor diameter decreases as frequency increases in order to
maintain a 50 ohm impedance match.
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d=

4A

π

=

4(4.5)

π

= 2.4mm

Equation 2.16

Capacitor Diameter vs. Frequency

Capacitor Diameter (mm)

3.0
2.5
t = 0.2 micron
t = 0.4 micron
t = 0.6 micron
t = 0.8 micron
t =1.0 micron

2.0
1.5
1.0
0.5
0.0
1

10

100

1000

f (MHz)

Figure 2-7: Capacitor diameter versus frequency. For a 50 ohm impedance match,
capacitor diameter becomes smaller as frequency increases. For thin films (less than 1
micron), it becomes impractical to measure impedance with an LCR meter for
frequencies above 10 MHz.

High Frequency (greater than 10 MHz)

This LCR technique for measuring dielectric constant is accurate for frequencies
up to about 10 MHz as long as accurate measurements of the film thickness and capacitor
area are known.
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Dielectric materials in bulk form have a variety of techniques available for
measurement of complex dielectric permittivity. A number of the techniques are listed in
Figure 2-8 [12].

Figure 2-8: Various techniques for the characterization of dielectric materials. (After
Baker-Jarvis [12])

Above 10 MHz the signal wavelengths are roughly the same order of magnitude
as the sample dimensions. When this occurs, it cannot be assumed that the electric field
intensity is uniform throughout the sample. For example, a 1 GHz signal traveling in a
material with a dielectric constant, εr = 80, has a wavelength of 34 mm as given by
Equation 2.17. The samples in this research are fabricated on a 1” by 1” substrate. Since
the wavelength is roughly the same order magnitude as the sample size, high frequency
measurement techniques are required.

λ=

c
f εr

=

(1x10

3 x10 8 m / s
9

cycles / s

)(

80

) = 34mm / cycle

Equation 2.17

High frequency measurements take into account impedance matching to reduce signal
reflections. Network analyzers have a characteristic impedance of 50 ohms. In order to
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minimize measurement losses, the characteristic impedance of the sample being
measured should also be 50 ohms. The techniques discussed in the following sections all
require a sample characteristic impedance of 50 ohms.
The network analyzer uses scattering parameters with reflection, transmission and
resonant techniques for the determination of device parameters. Microstrip and coplanar
devices that can be tested with the network analyzer are shown in Figure 2-9 [13]. The
electric field in microstrip and coplanar devices travels in the dielectric and the air. A
combination of the relative dielectric constant of air (εr = 1) and the relative dielectric
constant of the dielectric (εr > 1) defines what is called the effective relative dielectric
constant, εeff.
The effective relative dielectric constant of a microstrip line is approximated by
the Wheeler formula shown in Equation 2.18 [8]. This formula assumes a quasi-TEM
mode of electromagnetic field approximation.

ε eff =

εr +1 εr −1
2

+

2

1
1 + 12h

Equation 2.18
W

Figure 2-9: Coplanar and microstrip structures. (After Gupta [13])
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The coplanar transmission line also assumes a quasi-TEM mode of
electromagnetic field propagation for the solution of relative effective dielectric constant
and characteristic impedance. The conformal mapping techniques provide closed-form
expressions with a high degree of accuracy. The effective dielectric constant is given by
the following formula Equation 2.19.

ε eff = 1 + q(ε r − 1) ,

Equation 2.19

where εr is the relative dielectric constant of the dielectric and q is called the filling
factor, given by Equation 2.20.

q=

1 K (k 2 ) K ' (k1 )
2 K ' (k 2 ) K (k1 )

Equation 2.20

where the K expressions are complete elliptic integrals of the first kind along with the
complement, K’. The arguments for the K expressions are given by Equation 2.21 and
Equation 2.22 [13].

k1 =

k2 =

a
S
=
b S + 2W

Equation 2.21

( 2h )
sinh (πb )
2h

Equation 2.22

sinh πa

Approximations to the complete elliptic integral provide closed-form expressions
that can be used to analyze coplanar designs. Equation 2.23 and Equation 2.24 provide
computational accuracy better than 10-8 [14]. In these equations m = k2 and m1 = 1 - k2.
−1

2
3
4
⎧⎪ ⎡ m
⎤ ⎫⎪
K (k )
⎛m⎞
⎛m⎞
⎛m⎞
= −π ⎨ln ⎢ + 8⎜ ⎟ + 84⎜ ⎟ + 992⎜ ⎟ + ⋅ ⋅ ⋅⎥ ⎬ ,
K ' (k )
⎝ 16 ⎠
⎝ 16 ⎠
⎪⎩ ⎣⎢16 ⎝ 16 ⎠
⎦⎥ ⎪⎭

Equation 2.23
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for 0 < k < 1

2

2
3
4
⎤ ⎫⎪
K (k ) − 1 ⎧⎪ ⎡ m1
⎛ m1 ⎞
⎛ m1 ⎞
⎛ m1 ⎞
=
+
+
ln
8
84
992
+
+
⋅
⋅
⋅
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎥⎬ ,
⎨ ⎢
K ' (k ) π ⎪ ⎢⎣ 16
16 ⎠
16 ⎠
16 ⎠
⎝
⎝
⎝
⎥⎦ ⎪⎭
⎩

for 1 > k > 1

Equation 2.24

2

The coplanar structure will be used for characterization of high k thin films in this
research. Chapter 5 covers the details of this technique.

Broadband Measurement Techniques

Broadband measuring techniques, with the network analyzer, refer to methods for
testing at a wide range of frequencies. In both microstrip and coplanar transmission line
structures the phase shift of a signal can be used to determine the effective dielectric
constant, εeff. The attenuation of the test signal can be used to determine the dielectric
loss, tan (δ). Capacitor structures can also be used at higher frequencies.

Transmission Line Method
The phase velocity of a signal in a medium other than a vacuum is determined
from the relative dielectric constant, εr. On a network analyzer, the phase shift versus
frequency can be displayed, (S21 Phase). From this display, the locations of the phase
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shifts can be used to determine the effective relative dielectric constant, εeff. Wavelength
and εeff are related by Equation 2.25

λg =

c
f ε eff

,

Equation 2.25

Where λg is the guided wavelength, f is frequency in Hz and c is the speed of light, 3x108
m/s.
A typical display of the phase angle and magnitude versus frequency for a
transmission line (microstrip or coplanar) is shown in Figure 2-10. Every half
wavelength, λ/2, the phase of a signal on a transmission line shifts by 180° or π radians.
The first 180° phase change in Figure 2-10 represents a distance of a half of a
wavelength, λg/2. The next 180° phase change occurs at a distance of λg and so on. The
formula for phase angle is shown in Equation 2.26.

φ = β ⋅ A = ε eff k 0 A ,

Equation 2.26

2πf
is the wave number of a plane wave in free space and A is the length
c
represented by the phase shift.
where k 0 =
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Figure 2-10: Network analyzer display of the phase angle across a transmission line
(microstrip or coplanar)
Solving Equation 2.27 for εeff results in Equation 2.28.

φ = β ⋅ A = ε eff k 0 A
ε eff

2
2
⎛ φ ⎞
⎛ cφ ⎞ ’
⎟⎟ = ⎜⎜
⎟⎟
= ⎜⎜
⎝ 2πfA ⎠
⎝ k0A ⎠

Equation 2.28

In Figure 2-10 , the total length of the transmission line is 19 mm. The calculation of the
effective relative dielectric constant for a 19 mm transmission line is shown by
Equation 2.29. The value of the relative dielectric constant, εr, is calculated from
equations for microstrip or coplanar depending on the type of circuit measured. The
coplanar formulas (conformal mapping technique) are described in Chapter 5.
2

2

ε eff

⎛
⎞
⎛ cφ ⎞
3 x10 8 π
⎟⎟ = 3.64
⎟⎟ = ⎜⎜
= ⎜⎜
9
⎝ 2πfA ⎠
⎝ 2π 4.14 x10 (0.019 ) ⎠

(

)

Equation 2.29
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High Frequency Capacitor Method
A technique that can characterize thin films up to approximately 5 GHz is shown
in Figure 2-11 [15]. The S11 scattering parameter is used to determine dielectric constant
and loss.

Figure 2-11: RF measurement diagram for dielectric constant and loss measurements up
to 10 GHz. (After Zhengxiang [15])

Resonant Measurements Techniques

Another technique for characterizing thin film dielectric materials at high
frequencies uses resonant circuits and devices. This technique includes use of the split
cavity resonator as well as the resonant ring circuit.
The split cavity resonator is made up of a hollow conducting cylinder that is cut in
half. The dielectric material is inserted between the halves of the cylinder as shown in
Figure 2-12 [12]. The dielectric material modifies the TE01 mode of resonance. The value
of the TE01 frequency and bandwidth is used to determine the complex permittivity.
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Additional details on this method applied to high frequency high k thin film
characterization is provided in Chapter 4 of this paper.

Figure 2-12: Split cavity resonator. (After Baker-Jarvis [12] )
Ring resonator circuits are shown in Figure 2-13. Standing waves are established
in the ring according the average diameter of the ring. When the input signal frequency is
a multiple of the average circumference of the ring, the output signal is at a maximum.
From the measurement of the resonant frequency, the mode and the bandwidth, the
effective dielectric and loss tangent can be determined. A limitation of this method for
determining loss tangent is separating the contributions of loss of the dielectric, the
conductor and radiation losses. The conductor losses can be limited by using a sufficient
thickness of conductor.
The ring resonator technique is deferred for future research. Additional details on
the use of the coplanar ring structure for the measurement of high k thin films is
presented in chapter 6.
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A.

B.

Figure 2-13: Microstrip (A) and coplanar ring (B) resonator circuits.

Challenges of Measuring Thin Films at Microwave Frequencies

The challenges in measuring high k dielectric thin films at high frequencies
include isolating the measurement results to only the thin film, measurement errors and
skin depth effects. More details will be provided in Chapters 4 and 5 of this paper.

Conductive Structures – Skin Depth

Skin depth is the degree that electron conduction takes place in a conductive
layer. Conductor loss will be significant if the conductive layer is not thick enough. A
conductor placed on a dielectric substrate needs to be thicker than the skin depth or
conductor losses will be significant.
Most electronic devices today are manufactured so that the conductive layer is
thicker than required so that there is no loss due to skin depth issues. In this manner,
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conductor losses are kept to a minimum. As devices become miniaturized, thinner
conductive films will become necessary. A more thorough study of the effect of skin
depth is needed. Measurement system effects at higher frequencies include the effect of
the measuring probe. Stray capacitance and inductance have a significant effect at
frequencies above 1 GHz. For high frequency measurements, special high frequency
probes are required.

Conclusion

The structure of titania and the fused quartz were presented in order to provide
understanding of the thin film and substrate material to be used in this research.
Dielectric materials and definition of the dielectric constant was discussed. Techniques
for the measurement of the dielectric constant were detailed in this chapter. The aspects
of low and high frequency measurements were established. The 50 ohm impedance
match at frequencies above 1 MHz is critical for dielectric characterization as well as the
understanding of skin depth effects. The two techniques used for characterizing dielectric
materials are broadband and resonance. Devices used for measuring broadband and
resonance can be constructed using microstrip and coplanar structures. Coplanar has the
advantage of requiring metallization on one surface only. The split cavity technique is
also used for the resonant technique of characterizing dielectric materials. Now with
better understanding of the background material necessary for thin film characterization,
this paper will now proceed into the preparation of measurement samples.
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Chapter 3
Sample Preparation

This chapter describes methods for depositing and characterizing titania on a
fused quartz substrate. The evaporation of titania is first discussed using an electronbeam evaporator. The film morphology for both room temperature and heated substrate
evaporation are described. The second titania deposition method used is reactive
sputtering. The annealing of the thin film to achieve a higher value of dielectric constant
through crystallization is discussed. Metallization required for the coplanar structures is
applied by both the lift-off and screen printing methods.

Materials Selection

Substrate choice

Fused quartz was chosen as a substrate material for the deposition of thin film
titania. Fused quartz is well characterized. The nominal dielectric constant of fused quartz
is 3.78. The low dielectric constant will allow more accurate characterization of a high k
thin film applied to the fused quartz. The type of fused quartz used is GE Type 124. See
Table 3-1 for the fused quartz specifications [1].
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Table 3-1: GE Type 124 Fused Quartz Specifications (After GE Quartz [1])
Property
Electrical Resistance
Dielectric Loss Factor
Dielectric Constant
Specific Resistivity
Dissipation Factor (tan δ)
Thermal Expansion Coefficient

Value
0.7 x 10 ohm-cm at 350°C
Less than 0.0004 at 20°C, 1 MHz
3.78 at 20°C, 1 MHz*
l018 ohm/cm3 at 20°C
Less than 0.0001 at 20°C. 1 MHz
5.5 x 10-7 cm/cm/°C (20-320°C)
9

* The reported value of the dielectric constant is 3.75, but measurements of the dielectric constant resulted
in a value of 3.78.

Fused quartz has a low thermal expansion coefficient of 5.5 x 10-7 cm/cm/°C. The
low thermal expansion is an important factor in annealing, since it will affect film stress.
The dissipation factor (tan δ) is less than 4 x 10-4. The Q factor (1/ tan δ) is over 2,500.
The high Q factor will limit the loss in electrical measurements.
The size of the substrate is determined from the requirements of the equipment to
be used in this research. The split cavity device has a 0.8” diameter cavity. A 1” x 1”
sample size is adequate for the split cavity technique. A 1” x 1” sample size is also
adequate for characterization methods such as X-Ray diffraction and scanning electron
microscope (SEM) imaging. Therefore, a substrate size of 1” x 1” allows for a variety of
measurement techniques. For the coplanar waveguide technique, a 3” quartz wafer
provided the best sample size. This sample size could also be measured in the split cavity
resonator.
For the characterization methods proposed, a thinner substrate will result in a
greater change in the dielectric characterization parameters after the coating of titania is
applied. In addition, a low dielectric constant, with respect to the dielectric constant of
the film, will allow better characterization of the film. More information about
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characterizing high k thin films on fused quartz is presented in Chapter 4 (Thin Film
Characterization with the Split Cavity Resonator) and Chapter 5 (Thin Film
Characterization with Coplanar Structures). The thinnest fused quartz substrate available
is 0.2 mm. If the substrate is any thinner, handling would be very difficult without
damaging the sample. Samples were also prepared on fused quartz with thicknesses of 1
mm and 0.5 mm to establish processing parameters. One disadvantage of the thinner
substrates is that the split cavity resonator technique exhibits greater variability for
thinner substrates. To determine the variability, three quartz substrates with different
thickness were measured five times each and the results analyzed for mean value and
standard deviation. The results of the variability are provided in Table 3-2. For a
measurement of the quartz substrate only, this variation is within acceptable measurement
error. For the characterization of a thin film titania on the quartz substrate, the variation
causes significant error. These results will be used in Chapter 4 to explain the variability
in the characterization of titania in the split cavity resonator.
Table 3-2: Variation of Split Resonator Technique Based on Substrate Thickness
Resonant Frequency
Dielectric Constant
Thickness
Sample
Average St Dev Range +/-% Average St Dev Range +/-%
(mm)

90

0.22

19.368 0.0034

0.009 0.052

3.783 0.0121 0.0320 0.959

8

0.52

18.253 0.0017

0.004 0.028

3.817 0.0025 0.0025 0.198

309

1.009

16.728 0.0007

0.002 0.013

3.767 0.0007 0.0020 0.056

The graphical results of the variability are shown in Figure 3-1. The percent
tolerance is calculated based on three standard deviations from the mean value. The
thinnest substrate (0.22 mm) has nearly a +/- 1% variability for measurements made on
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the same substrate. The thickest substrate (1.009 mm) has less a +/- 0.06 % variation.
Although the thicker substrate has the least amount error, the thinner substrate will allow
a greater change in dielectric characteristics after the substrate is coated. A comparison of
thin and thick coated substrates reveals that a substrate thickness of 0.2 mm causes the
least amount of error.

% Tolerance vs. Substrate Thickness
1.2

% Tolerance

1
0.8
% Tolerance, Fr
% Tolerance, k

0.6
0.4
0.2
0
0

0.05

0.1

0.15

Substrate Thickness (mm)

Figure 3-1: Variation of Split Resonator Technique Based on Substrate Thickness

Choice of High k Thin Film

Titania (titanium dioxide, TiO2) is chosen for its high relative dielectric constant,
εr or k, value. Remembering from Chapter 2, another term used for dielectric constant is
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permittivity. Titania is also an important dielectric material being considered for the
replacement of silicon dioxide in certain applications. Titania in rutile phase has a
nominal dielectric constant of 80 [2]. A large difference in dielectric constant between a
substrate and a thin film will make thin film measurements using the split cavity and
coplanar techniques possible. Furman [3] describes a method for characterizing silicon
nitride on a fused quartz substrate. The limitation of the technique depends on the relative
values of the dielectric constant and loss for the thin film and the substrate. The large
dielectric constant of titania should be high enough to extract from a fused quartz
substrate which has a dielectric constant of 3.78 depending on the thickness of the
substrate and thin film titania. In addition, the lattice parameters for fused quartz and
titania provide a close match which will produce a minimal interfacial layer. Dissimilar
materials with a large lattice mismatch tend to produce larger interfacial layers to
minimize the stress between the layers.

Thin Film Morphology

Film morphology describes the arrangement of atoms in a material. Crystallinity
is an ordered arrangement of atoms. A material that does not exhibit crystallinity is
described as being amorphous. Materials that possess short range crystallinity are called
polycrystalline. The polycrystalline areas are called grains and vary in size depending on
processing parameters such as temperature and pressure. Grain size is an important
feature that can significantly affect the mechanical and electrical properties of a material.
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X-ray diffraction is one method used to identify crystallinity in a material. X-ray
diffraction will be described in greater detail in this chapter.

Crystal Phases

The most common of the three crystal phases of titania (TiO2) is rutile (tetragonal
with a = 0.4594 nm and c = 0.2958 nm). Other crystalline phases of titania are anatase
(tetragonal with a = 0.3785 nm and c = 0.9514 nm) and brookite (orthorhombic with a =
0.9184 nm, b = 0.5447 nm and c = 0.5145 nm). The brookite phase is rare. In this
research, the rutile and anatase phases as well as amorphous titania are investigated. Each
titanium atom is in an octahedron of six oxygens and each oxygen is within a triangle of
three titanium atoms [4]. The crystal structures anatase and rutile are shown in Figure 3-2
[5].

A.

B.

Figure 3-2: Crystal structure of A. Anatase and B. Rutile. (After reference [5])
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The anatase phase is stable and develops at temperatures below 800°C. At higher
temperatures, T > 800°C, anatase is transformed into the rutile phase [6]. The dielectric
constant is the highest for the rutile crystal phase of titania [7]. Thin film titania has been
reported to have permittivity values ranging from 40 to 86. The variability is attributed to
the presence of a low permittivity interfacial layer and the type of crystalline phase
present [2].
It is known that the growth morphology, the crystalline structure and the
stoichiometry of TiO2 films are sensitive to deposition conditions. Parameters, such as
oxygen partial pressure, substrate type, substrate temperature and evaporation rate affect
the thin film quality [8]. The section on Film Deposition will further elaborate on the
effects of film deposition conditions.

Film Crystallinity

In general, the more crystallinity that a dielectric material contains, the higher the
permittivity of the material. The dielectric property depends on the density of dipoles
formed by the applied electric field. Higher crystallinity usually results in a higher
density of dipoles providing a higher dielectric constant.
In order to achieve a highest value of dielectric constant for titania, either the
substrate needs to be heated during deposition, or annealing is performed. The challenge
in annealing is maintaining film quality. With the large difference in thermal expansion
coefficient between the fused quartz substrate and the titania thin film, it is difficult to
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anneal without causing thermal stress cracks. More about annealing is covered later in
this chapter.

X-Ray Diffraction

X-Ray diffraction is used to determine the type of crystallinity in the titania thin
film. The X-Ray diffraction equipment used in this research to measure thin film
crystallinity is shown in Figure 3-3 [9]. The type of measurement used is called grazing
angle diffraction. Grazing angle diffraction is used whenever there is a need to analyze
only the surface of a sample, such as in the analysis of thin films. With normal
diffraction, there is generally a very large peak contributed by the sample substrate (often
silicon). The intensity of this peak is often so high that it obscures the important peaks of
the film. With grazing angle diffraction, the x-ray tube is fixed at a low angle while the
detector scans across the area of interest. Because the source is positioned at a very low
angle relative to the surface of the sample, (2 degrees), the x-rays “graze” the surface
rather than penetrate into the sample. For this measurement, only the film diffracts, and
not the substrate underneath [10].
The image in Figure 3-4 shows a grazing angle X-Ray diffraction pattern which
indicates the presence of mainly rutile and a small amount of anatase crystal phases.
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Figure 3-3: “Scintag3” X-ray diffraction tool used to measure thin film crystallinity.
Located at the PSU Materials Research Laboratory. (After Wonderling [9].)

The sample consists of a thin film (0.25 microns) of titania evaporated onto a
fused quartz substrate. The sample was then annealed at 1100° C for 30 minutes to
crystallize the film. The colored lines indicated the presence of particular types of
crystalline compounds. In Figure 3-4, the blue lines indicate the diffraction pattern for
anatase. The red lines indicate the diffraction pattern for rutile. The height of the colored
lines represents the relative intensity of the diffraction pattern at a particular angle. The
diffraction peaks are slightly shifted due to the grazing angle geometry of the process.
The reference lines are from a powdered sample database. A powdered sample has the
nanocrystalline particles in random orientation. The measurement indicates a preferential
crystal orientation in the 101 plane, since the measured peaks of the other crystal planes
are lower than the reference lines. This result is to be expected for a thin film since some
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degree of preferential crystal growth is common for evaporated and sputtered films.
Anatase crystallinity will result in a permittivity value less than rutile crystallinity.

(101)
Anatase

(110)
Rutile

(211)

(103) (004) (112)
(101)
(200)
(111)

(105)

(211)
(220)
(213)

(200) (210)

Figure 3-4: X-ray diffraction pattern for titania thin film deposited on fused quartz
substrate. The titania on this sample was deposited on a 0.5 mm thick 1” x 1” fused
quartz substrate using e-beam evaporation at room temperature. Sample annealed for 30
minutes at 400° C. The measurement indicates a preferential crystal orientation in the 101
plane.

Crystal Growth

The growth of rutile has a preferred growth in the c direction [11]. A thin film of
amorphous titania, when heated above 900° C, will form grains of dense rutile crystallites
similar to Figure 3-5 [12].
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Figure 3-5: FESEM micrograph of dense rutile crystallites (After Varghese [12])
A film of titania deposited at room temperature is expected to have a smooth
microstructure, since temperatures above 250°C are necessary for crystal growth. It is
possible that a nanocrystalline structure exists in titania films deposited at room
temperature. X-ray diffraction may show that these films are amorphous, but the films
could have crystallite sizes too small to appear crystalline by x-ray diffraction [13].
In general, the crystal plane with the highest atomic density exhibits the lowest
surface free energy. This crystal plane favors a subsequent preferential growth.
Preferential crystal growth is also strongly influenced by the synthesis parameters or
lattice mismatch between the film and substrate [14]. The deposition of titania on quartz
will result in a lattice mismatch as shown in Figure 3-6 [15]. A film has the tendency to
grow by reducing the overall film energy. This is accomplished by minimizing the strain
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energy due to lattice mismatch. In other words, the titanium dioxide film molecules will
be oriented in order to produce minimal lattice mismatch [14].

(a)

(b)

Figure 3-6: Crystal structure (100 plane) of (a) fused quartz ( a = 4.913 Å and c = 5.405
Å) and (b) rutile ( a = 4.594 Å and c = 2.958 Å) (After reference [15])

The lattice parameters for quartz are a = 4.913 Å and c = 5.405 Å. Silicon is blue
and oxygen is yellow. The most common of the three crystal phases of titania (TiO2) is
rutile (tetragonal with a = 0.4594 nm and c = 0.2958 nm) [4].

Film Deposition

The two methods for film deposition are used to deposit titania are e-beam
evaporation and reactive sputtering.
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E-Beam Evaporation

E-beam evaporation uses a magnetically guided electron plasma (hence the name
“e-beam”) to melt a crucible containing the evaporating material. Titanium dioxide can
be deposited on substrate materials using pellets of sintered titanium dioxide.
The advantage of e-beam evaporation for the deposition of thin films is that the
substrate material is not subject to damage. The substrate is isolated from the e-beam
plasma. A disadvantage of e-beam evaporation is that it is a high temperature process and
could cause thermal stress in the thin film. The evaporator used is shown in Figure 3-7.
The evaporator was manufactured by Semicore Equipment, Inc.

Figure 3-7: SemiCore e-beam evaporator.
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The e-beam evaporator permits multiple methods for heated substrate film
deposition. The Semicore e-beam evaporator has quartz heaters which will heat the entire
chamber including the samples. Another method is to use a substrate heater. This method
does not require heating the entire chamber and is less time consuming. Both methods are
used in this research and the comparison of these methods is given.
X-ray diffraction of the evaporated film indicates that the titania is amorphous.
The x-ray diffraction pattern is shown in Figure 3-8.
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Figure 3-8: X-ray diffraction data of titania thin film evaporated on fused silica using
grazing angle. No crystallinity of the thin film is indicated. Room temperature
evaporation of titania produces an amorphous film.

Sputtering

Sputtering uses ion bombardment to for mass transfer of atoms from the target
material to the substrate. Argon gas is used as the source of the ions. The sputtering tool
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used for this research is shown in Figure 3-9. This sputtering tool is made by Kurt Lesker
and contains three sources each with a separate plasma gun.

Figure 3-9: Sputter tool.
In the sputtering process, the substrate is exposed to the plasma and the ions in the
plasma can cause pitting of the substrate surface. Sputtering is also a low-temperature
process which may lead to less film stress. The sputtering process also can produce films
that are more dense (less porosity) resulting in high permittivity values for the titanium
dioxide.
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Discussion

In summary, fused quartz is an ideal substrate material. As in Figure 3-10, fused
quartz (shown as SiO2) has one of the lowest dielectric constants [16]. The temperature
coefficient of permittivity for fused quartz is also very low. Titania (shown as TiO2) has a
large k value (εr) which will work well for the proposed characterization techniques as
described above.

Figure 3-10: Temperature coefficient of permittivity vs. relative permittivity (after
Harrop [16]).

Both methods of deposition are used and compared in this research. Evaporation
is likely to produce films with less substrate damage, but the films may exhibit greater
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film stress and porosity. Sputtering is likely to produce films with a higher k value with
less film stress, but may result in substrate damage. Analysis of the samples produced
with each method should reveal the optimum method for the deposition of titania on
fused quartz.

Annealing

For depositing titania on fused quartz, it is important to consider the thermal stress
that may be created on the thin film. Different thermal expansion coefficients will cause
thermal stress when the sample is cooled or heated. The thermal expansion coefficient for
fused quartz is 5.5 x 10-7 cm/cm/°C [17]. The thermal expansion coefficient for titania
(rutile phase) is 7.14 x 10-6 cm/cm/°C [18]. Titania has a TCE over twelve times higher
than the TCE of fused quartz. This large difference indicates the sample will undergo
considerable thermal film stress. An annealing study shown later in this chapter revealed
that the titania could not be crystallized on fused quartz without the film cracking.
Annealing of the sample after the deposition of the titania is will increase the
crystallinity of the film, even in the presence of film cracking. After evaporating or
sputtering at room temperature, the titania thin film is amorphous as shown in the x-ray
diffraction image in Figure 3-8.
Another concern in annealing is that the fused quartz substrate could experience
devitrification at temperatures above 1000° C. The result of devitrification is that the
quartz undergoes a transition to cristobalite. If this occurs, the electrical properties will
also change. The dielectric constant is measured for each sample before applying the thin
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film and annealing. It is critical that this dielectric constant does not change. The
determination of thin film properties is based on the knowledge of the substrate
properties before the film is applied [17].

Other Substrate Materials

Alternate substrate materials are shown in Table 3-3 [19].
Table 3-3: Alternate Substrate Materials
Material

Relative Permittivity

Alumina

9.9

Rutile

170, parallel to optical
axis
86, perpendicular to
optical axis
14 to 110

Anatase
Dupont 951
Coorstek
Superstrate 996

7.8
9.9

Lattice
Thermal Coefficient of
Constants
Expansion
( µm/m-°C)
8.1
a = 4.7591 Å
c =12.9894 Å
3.97
a = 4.5937 Å
c = 2.9618 Å

10.2
5.8
8.2

a = 3.785 Å
c = 9.514 Å
N/A
N/A

Time/Temperature Process for Annealing

To produce the desired crystallinity while minimizing film stress, a sufficiently
long heating and cooling cycle is necessary in the annealing process of the titania film.
Titania crystallizes in the rutile phase at around 850° C [2]. Figure 3-11 shows the
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temperature cycle used to anneal the samples. The annealing was performed in a
Lindberg high temperature furnace with a Micristar controller.

Anneal Temperature Graph
1200
1000
T (° C)

800
600
400
200
0
0

50

100

150

200

250

300

t (minutes)

Figure 3-11: Annealing process for titania thin film. A 60 minute rise in temperature and
long cooling time will minimize stress.
The crystallinity data for the annealed evaporated titania sample is shown in
Figure 3-12 . This sample was annealed in normal oxygen for 30 minutes at 1100° C. See
annealing conditions in Figure 3-11. Another sample x-ray diffraction results after
annealing for 30 minutes at 1100° C in shown in Figure 3-14 . A sample annealed at 800°
C is shown in Figure 3-13 .
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Figure 3-12: X-ray diffraction pattern of sample annealed at 1100° C without added
oxygen. Only rutile phase present.
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Figure 3-13: X-ray diffraction pattern of sample after 800° C anneal. Only anatase crystal
phase present.
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Figure 3-14: X-ray diffraction pattern of sample annealed at 1100° C with added oxygen.
Both anatase and rutile crystal phases present.
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An anneal study was performed to produce additional data on the effects of
temperature and crystallinity. To further understand the annealing of titania on fused
quartz, a study was performed at increasing annealing temperatures. See Table 3-4
Table 3-4: Anneal Study Data
Temperature (°C)
Comments
100 (as deposited)
amorphous
400
anatase
800
rutile
1100
rutile (anatase also formed with added oxygen)

Normal Oxygen

The samples were annealed in normal oxygen atmosphere and then tested for
crystallinity. The rutile phase formed under these conditions. To determine if adding
oxygen would increase crystallinity, one sample was annealed at 1100° C with a pure
flow of oxygen for 30 minutes. X-ray analysis indicated that anatase as well as rutile was
formed as shown in Figure 3-15 . Since anatase has a lower dielectric constant (reference)
than rutile, this result was not desirable. Therefore, annealing of the sample was
performed in normal oxygen atmosphere.
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Figure 3-15: X-ray diffraction of sample annealed at 1100° C using added oxygen.
Sample shows both anatase and rutile crystal phase.

Heated Evaporation (planetary)

A heated substrate holder was used to evaporate titania on a heated fused quartz
substrate. The thermal film stress produced cracked and peeling films as shown in
Figure 3-16
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Figure 3-16: Cracked and delaminated film due the thermal expansion coefficient
mismatch between fused quartz and titanium dioxide. The film was deposited using ebeam evaporation at a substrate temperature of 300° C. The film was then annealed at
1100° C for 30 minutes.

Anneal

SEM images of the annealed sample are shown in Figure 3-17. The titania thin
film (1.1µm) was deposited with e-beam evaporation. Cracking along grain boundaries is
due to film stress during the annealing process.
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A)

B)

Figure 3-17: SEM images of titania thin film (1.1µm) deposited with e-beam evaporation.
A) Surface of titania thin film. The black edge of the image indicates the broken edge of
the sample required to mount the sample on the SEM mounting surface. Layered
morphology is apparent. B) Higher magnification of titania thin film is shown. Cracking
along grain boundaries due to film

Annealing Discussion

Evaporation of titania on a heated substrate did not offer any advantages over
annealing after unheated evaporation. It was determined that since the permittivity of the
“as deposited” titania had a permittivity in the range of 20 to 50, it was not necessary to
perform an annealing step for increased permittivity.

Optical Images of Thermal Stress

Optical microscope images of titania thin film are shown in Figure 3-18. The
titania thin film (1.1µm) was deposited with e-beam evaporation and annealed at 1100
°C. In the first image, two crystalline phases are evident. The darker areas are anastase
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and the lighter phases are rutile as determined by x-ray diffraction. In the second image,
higher magnification of titania thin film is shown. Cracking along grain boundaries due to
film stress is illustrated. Both anatase and rutile phase are again visible.

A)

B)

Figure 3-18: Optical images of titania thin film (1.1µm) deposited with e-beam
evaporation and annealed at 1100 °C. A) Surface of titania thin film. Two crystalline
phases are evident. The darker areas are anastase and the lighter phases are rutile as
determined by x-ray diffraction. B) Higher magnification of titania thin film is shown.
Cracking along grain boundaries due to film stress is illustrated. Both anatase and rutile
phase are again illustrated.

Interfacial Layer

It has been reported that an interfacial layer can form between a thin film titania
and a substrate material [20]. This layer is very thin, about 20 nm [21]. The interfacial
layer should not be significant for films greater than 0.5 µm (500 nm) thick. Analysis of
measurement results will examine the possible effects of an interfacial layer later in this
thesis. In Figure 3-19 an SEM image illustrates the edge of a sample with a 1.10 µm layer
of titania. The fused quartz substrate is on the right. The dark line in between the titania
layer and substrate is an air gap due to delamination of the film. An interfacial layer
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would appear as a lighter area between the titania thin film and the substrate. No
interfacial layer is visible at this magnification.

Figure 3-19: SEM image of edge of sample showing a 1.10 µm layer of titania. The fused
quartz substrate is on the right. The dark line in between the titania layer and substrate is
an air gap due to delamination of the film. An interfacial layer would appear as a lighter
area between the titania thin film and the substrate. No interfacial layer is visible at this
magnification.

Conclusion

The deposition of titania was described with e-beam evaporation and reactive
sputtering. The e-beam evaporator is preferred because of the higher deposition rate and
less damage to the sample. It was determined that titanium dioxide is very difficult to
anneal on fused quartz without cracking due the thermal stress. Substrates that have a
closer thermal coefficient of expansion include alumina and Dupont 951. These
substrates may be more beneficial if annealing of titania is necessary.
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Chapter 4
Thin Film Characterization with the Split Cavity Resonator

The split cavity resonator is one method that can be used to characterize high k
(εr) thin films. The split cavity resonator normally is used to measure a single dielectric
material. In order to measure thin high k dielectric films a few microns or less in
thickness, the film is applied to a low k substrate. The low k substrate is carefully
characterized before the film is applied so that the thickness, εr value and loss (tan δ) of
the substrate are known. The composite dielectric material is then measured in the split
cavity resonator. The value of the composite dielectric constant and composite loss are
measured. The film characteristics, εr value and loss (tan δ), are then extracted from these
measurements.
It is important that the permittivity value of the substrate be as low as possible
with respect to the thin film. This will allow for greater precision in the determination of
thin film permittivity. It is also important for the substrate to have a low tan δ value so
that the tan δ of the film can be precisely determined.
A material that satisfies both substrate requirements of a low permittivity value
and low loss value is fused quartz. Electrical characteristics of the fused quartz substrate
material are shown in Table 4-1 [1].
It is necessary for the thin film to have a high permittivity value and low loss.
Titanium dioxide is the material that satisfies these requirements. Electrical properties of
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titanium dioxide are shown in Table 4-2 . Guidelines and limitations for this process will
be detailed in this chapter.
Table 4-1: Electrical Properties of Fused Quartz (after GE Quartz [1])
Property
Electrical Resistance
Dielectric Loss Factor (tan δ)
Relative Dielectric Constant (k or εr)
Thermal Expansion Coefficient

Value
0.7 x 10 ohm-cm at 350°C
Less than 0.0004 at 20°C, 1 MHz
3.78 at 20°C, 1 MHz
5.5 x 10-7 cm/cm °C (20-320°C)
9

Table 4-2: Electrical Properties of Titanium Dioxide (after MatWeb [2])
Property
Electrical Resistance
Dielectric Loss Factor (tan δ)
Relative Dielectric Constant (k or εr)
Thermal Expansion Coefficient

Value
1 x 10 ohm-cm
Less than 0.0005 at 20°C, 1 MHz
85 at 20°C, 1 MHz
80 x 10-7 cm/cm °C (20-320°C)
13

Split Cavity Resonator Overview

The split cavity resonator is shown in Figure 4-1 [4]. The split cavity resonator
used in this research is a Dielectrometer Model RMD-C-080 and was manufactured by
GDK Industries (Serial #50). The cavity has diameter, a, of 0.8005 inches and a halflength, L, of 0.3206 inches.
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Figure 4-1: GDK Industries Dielectrometer Model RMD-C-080. The cavity has diameter
of 0.8005 inches and a half-length of 0.3206 inches.

The dielectric material in the split cavity resonator modifies the TE01 mode of
resonance. The value of the TE01 frequency and bandwidth is used to determine the
complex permittivity and loss tangent [4].

Electric Field Distribution

A schematic diagram of the split cavity resonator is shown in Figure 4-2. The
magnitude of the electric field as a function of sample thickness is shown in Figure 4-3.
The thicker the sample, the greater the magnitude of the electric field and the fringing
fields outside the cavity diameter. The magnitude of the electric field as a function of
sample relative permittivity is shown in Figure 4-4. A higher sample relative permittivity
also increases the magnitude of the electric field and the fringing fields. The fringing
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fields (outside the cavity radius) are only significant for thick samples (greater than 3
mm) with high relative permittivity values (greater than 10). The split cavity used in this
research has a cavity radius of 0.8 mm. The relative permittivities of the samples used in
this research are approximately 4 with a thickness ranging from 0.16 mm to 1.05 mm.
The one inch by one inch samples used in this research have sufficient size for the
assumption of an infinite sample to be valid [3].

Figure 4-2: TE01 Split Cavity Resonator (After Kent [4])
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Figure 4-3: Electric field distribution as a function of sample thickness (after Janezic [3]).

Figure 4-4: Electric field distribution as a function of sample relative permittivity (after
Janezic [3]).
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In the split cavity resonator, only the TE modes are supported. The TE modes
observed in the split cavity resonator with a dielectric material inserted are TE111, TE211,
TE011,,… [4]. A typical network analyzer display is shown in Figure 4-5 [5]. The TE011
mode of a circular waveguide cavity has a higher Q value than the dominant mode of the
cavity, TE111. The TE011 mode is used for the split cavity resonator characterization
method since the frequency resolution is higher. A magnified view of the TE011 peak is
shown in Figure 4-6 .
An illustration of how modes can be visualized in a cylindrical cavity resonator is
shown in Figure 4-7 [6].

Figure 4-5: Modes in a split cavity resonator (after Furman [5]).
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Figure 4-6: A magnified view of the TE011 mode. (after Janezic [3]).

Figure 4-7: TE011 and TE012 modes in a cylindrical cavity resonator (after Pozar [6])
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Uncertainties (variation) in the measurement of dielectric constant can be
predicted by the Root Sum-of-Squares (RSS) technique shown in Equation 4.1 [7] [8].
1

2
2
2
2
2
⎡⎛ ∂ε
⎞ ⎛ ∂ε
⎞ ⎛ ∂ε
⎞ ⎛ ∂ε
⎞ ⎤
∆ε r = ⎢⎜ ∆h ⎟ + ⎜ ∆L ⎟ + ⎜⎜
∆f r ⎟⎟ + ⎜ ∆a ⎟ ⎥ ,
⎠ ⎝ ∂f r
⎢⎣⎝ ∂h ⎠ ⎝ ∂L
⎠ ⎝ ∂a ⎠ ⎥⎦

Equation 4.1

Where h is the sample thickness, L is the cavity length, fr is the resonant
frequency and a is the cavity radius. The data in Table 4-3 shows the most significant
sources of error are the cylinder radius and the sample thickness. The data is for a sample
with a relative permittivity value of 20.67. In this research, it was found that the variation
in relative permittivity for an uncoated sample of quartz measured in the GDK split
cavity resonator is less than 0.1%.
Table 4-3: Contributions to the Error in Relative Permittivity for the Split Cavity
Resonator (after Janezic [3])
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Multilayer Dielectric Material in Split Cavity Resonator

A high k thin film applied to a fused quartz substrate will cause a increase from
the substrate-only conditions in the split cavity resonator. From these changes, the
characteristics of the thin film can be extracted.
The split cavity resonator orients the electric field parallel to the sample.
Therefore the film and substrate are in parallel electrically. The portion of the TE field in
the film depends on the volume fraction of the film with respect to the total dielectric
thickness. Since the electric fields are in parallel electrically, the composite relative
dielectric permittivity is distributed according to Equation 4.2.

ε t = Vs ε s + V f ε f ,

Equation 4.2

where εt is the composite relative permittivity of the film, Vs is the volume fraction of the
substrate, εs is the relative permittivity of the substrate, Vf is the volume fraction of the
film and εf is the relative permittivity of the film.
Since the areas of the film and substrate are the same, the ratio of the film
thickness to the total thickness provides the volume fraction of the film. The ratio of the
substrate thickness to the total thickness provides the volume fraction of the substrate.
The calculation of volume fractions are shown in Equation 4.3 and Equation 4.4.
Vf =

Vs =

t film
t total

t substrate
t total

Equation 4.3

Equation 4.4
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where Vf is the volume fraction of the film, Vs is the volume fraction of the substrate, tfilm
is the thickness of the film, tsubstrate is the thickness of the substrate and ttotal is the
thickness of the composite dielectric material.

The total loss is given by the expression in Equation 4.5 [5].

tan δ t =

Vs ε s tan δ s + V f ε f tan δ f
Vs ε s + V f ε f

,

Equation 4.5

where tan δt is the total loss of the coated sample, Vs is the volume fraction of the
substrate, εs is the relative permittivity of the substrate, tan δs is the loss of the substrate
Vf is the volume fraction of the film, εf is the relative permittivity of the film and tan δf is
the loss of the film.

Threshold values for k and Q

The ability to extract thin film properties from a composite measurement depend
on certain parameters. The first parameter that will be considered is the variability of the
split cavity resonator. Since the volume fraction of the thin film is very small, even a
small variation in the split cavity resonator can significantly impact the accuracy of thin
film characterization. The data in Table 4-4 is from ten quartz samples that were
measured in the split cavity resonator five times each. A very small error is shown for the
uncoated quartz samples.
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Table 4-4: Variation in Split Cavity Resonator Measurements for Uncoated Substrates.
Each sample measured five times.
Uncoated Thickness Avg εr St Dev εr
%
Sample
(cm)
Quartz Quartz Error
401
0.059900
3.767
0.002
0.05
402
0.062600
3.777
0.002
0.04
403
0.056500
3.772
0.002
0.04
404
0.062100
3.784
0.000
0.01
405
0.058600
3.770
0.003
0.09
406
0.060400
3.785
0.002
0.04
407
0.057400
3.776
0.002
0.04
408
0.063700
3.778
0.000
0.01
409
0.056000
3.774
0.001
0.03
410
0.062400
3.774
0.003
0.07

The amount of variation presents a severe accuracy problem for measuring thin
dielectric materials. The small variation in dielectric constant value contributes to a large
variation in the extracted thin film dielectric constant values. The variation in thin film εr
values is shown in Table 4-5. The extracted εr values for the thin film titania within the
same batch show significant variation.
Table 4-5: Variation in Split Cavity Resonator Measurements for Coated Substrates.
Each sample measured five times.
Coated Thickness
TiO2
Avg εr St Dev εr
%
Sample
(cm)
Thick
TiO2
TiO2
Error
401 0.059934 3.40E-07 18.2
6.3
34.48
402 0.062634 3.40E-07 22.2
4.5
20.33
403 0.056534 3.40E-07 19.1
4.0
20.82
404 0.062134 3.40E-07 25.2
2.1
8.26
405 0.058634 3.40E-07 20.2
4.8
23.68
406 0.060434 3.40E-07 22.4
9.5
42.54
407 0.057434 3.40E-07 28.7
2.6
8.94
408 0.063734 3.40E-07 23.0
3.9
16.88
409 0.056340 3.40E-07 27.3
5.4
19.85
410 0.062434 3.40E-07 28.1
2.5
8.76
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It was determined that another contribution to the variation in the titania εr value
is variation in the thickness of the coated substrate. When measuring the thickness of the
uncoated substrate, it was found that the thickness varied as much as 35 microns as
shown in Table 4-6. The quartz substrate thickness variation causes a significant variation
in titania εr value.
Table 4-6: Variation of Quartz Substrate Thickness, 1” by 1” Sample
Sample
#
401
402
403
404
405
406
407
408
409
410

Min
(mm)
0.585
0.610
0.554
0.615
0.565
0.593
0.566
0.627
0.549
0.617

Max Difference
(mm)
(mm)
0.604
0.019
0.633
0.023
0.567
0.013
0.619
0.004
0.600
0.035
0.613
0.020
0.580
0.014
0.642
0.015
0.565
0.016
0.627
0.010

The measurement data for 0.2 mm, 0.5 mm and 1.0 mm thick fused quartz
substrates are shown in Table 4-7. Thicker substrates have less variation in the split
cavity measurement technique. The 1.0 mm substrates show a standard deviation value of
0.01 for dielectric constant measurements. The 0.5 mm substrates show a standard
deviation value of 0.025. The 0.2 mm substrates show a standard deviation value of
0.050. The 1.0 mm substrate measurements also show less variation in loss and Q value.
Similar dielectric constant values are reported in other publications [8].
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Table 4-7: Variation in Split Cavity Resonator Measurements for Uncoated Substrates

Thickness Avg εr St Dev εr
0.2 mm
3.786
0.050
0.5 mm
3.765
0.025
1.0 mm
3.772
0.010

Average
tan δ
Average St Dev
-3
(x 10 )
Q
Q
0.506
1978
313
0.219
4562
277
0.175
5713
169

Another illustration of the variation of the split cavity resonator permittivity
measurement is shown in Figure 4-8. The probability distribution function (pdf) is shown
for three substrate thicknesses. As shown in the figure, the variation decreases for a
thicker substrate. A graph of the variation of the split cavity resonator Q value
measurements is shown in Figure 4-9. The Q values not only have less variation for
thicker substrate values, but indicate a higher Q value. The higher Q value is likely due to
the increase in dielectric volume with respect to surface area and losses due to surface
effects decrease. One possible cause of increased loss is water absorption on the surface
of the fused quartz substrate.
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PDF of Split Cavity Permittivity Measurements
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Figure 4-8: Variation in split cavity resonator permittivity measurements.
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PDF of Split Cavity Q Measurements
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Figure 4-9: Variation in split cavity resonator Q measurements.
In order to minimize the variation in the split cavity measurements, multiple
measurements of the uncoated substrate material were performed. The average of these
measurements will approach the actual k value. Multiple measurements are also made for
the coated substrates and an average calculated. The data for five measurements for each
of three samples is shown in Table 4-8 .
Table 4-8: Decrease in split cavity measurement using averaging.
Coated Thickness
Sample
(cm)
k1
k2
k3
k4
k5
#88
0.0214
3.791 3.784 3.789 3.790 3.793
#89
0.0185
3.786 3.792 3.792 3.784 3.790
#90
0.0220
3.775 3.782 3.772 3.778 3.785

Avg εr St Dev εr
3.788
0.003
3.790
0.004
3.776
0.005
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Another factor to consider in using the split cavity resonator technique for thin
film measurements is the permittivity value of the film. If the permittivity of the film is
not large enough, the film will not cause enough change in the electric field distribution
to allow accurate determination of the film permittivity value. The higher the permittivity
value of the film, the more the electric field is confined to the film. The proportion of the
electric field in the thin film also increases with film thickness. A general guideline for
the measurement of titania thin film on fused quartz is shown in Figure 4-10.

TiO2 Thickness vs. Quartz Substrate
Thickness

TiO2 Thickness
(Angstroms)

6000
εr of TiO2 thin
film can be
determined
accurately

5000
4000
3000

εr of TiO2 thin
film cannot be
determined
accurately

2000
1000
0
0

0.2

0.4

0.6

0.8

1

Quartz Thickness (mm)

Figure 4-10: General guideline for the measurement of titania thin film on fused quartz.
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Thin Film on Fused Quartz Analysis

Titanium dioxide was evaporated at various thicknesses on fused quartz substrates
and then measured with the split cavity resonator. Three thicknesses of substrates were
used for this study, 0.2 mm, 0.5 mm and 1.0 mm.

Measurement Results

The split cavity measurement data for the uncoated and coated fused quartz
substrates is shown in Table 4-9. The value of relative permittivity (εr) for increases for
the coated fused quartz substrates since the permittivity of titania should be greater than
20. Crystalline forms of titania (rutile) can have εr values in excess of 100. The film
evaporated at room temperature is shown to be amorphous with x-ray diffraction
analysis. Amorphous films have a lower εr value than crystalline films in general. Also,
the porosity of the film can cause a lower εr value.
Table 4-9: Split Cavity Measurement Data for Uncoated and Coated Fused Quartz
Substrates.
Quartz
Bare
TiO2
Thickness Quartz Thickness Total
Sample
(m)
k
(m)
k
#88
2.14E-04
3.783 1.00E-07 3.812
#89
1.85E-04
3.805 1.00E-07 3.822
#90
2.20E-04
3.767 1.00E-07 3.801
#91
2.38E-04
3.770 1.00E-07 3.782
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In order to extract the k value of the film, an accurate measurement of the film
thickness is needed. It is important to use an extra substrate with a shadow mask so that
an accurate film thickness can be determined. The shadow mask used to for thickness
measurements is shown in Figure 4-11. A profilometer was used to obtain the film
thickness. Film uniformity is important for achieving an accurate film thickness
measurement. In the e-beam evaporator, a planetary sample holder rotating during
evaporation helped ensure a more uniform deposition of film. An example of the
profilometer measurement is shown in Figure 4-12. The lower value represents the
surface of the substrate masked off during evaporation. The upper values represent the
surface of the titania film. The roughness of the film is shown by the profilometer results.
An average value is used for the thickness of the film.

Figure 4-11: Example of shadow mask used for profilometer measurements.
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Figure 4-12: Profilometer measurement showing film thickness of 1401 Angstroms.
The extracted relative permittivity values for titania are shown in Table 4-10. The
average titania film permittivity value is 33.01. This value is lower than the expected
value. A thickness error could cause this lower value. A 3 µm error in the overall
thickness of the substrate will cause the extracted permittivity of the titania film to
change to 60.98. A 3 µm error is possible with the thickness gage used in this experiment.
Table 4-10: Extracted Thin Film Permittivity, Loss and Q Values
Description
Avg εr St Dev εr Avg Tan δ St Dev Tan δ Avg Q St Dev Q
Uncoated
3.796
0.0038
0.0004
0.00001
2508
65
Coated (3400Å) 3.816
0.0015
0.0021
0.00094
523
146
Titiania Film
33.01*
2.26
0.3140
0.20585
3.90
1.37
* A 3 µm error in thickness causes the titania film k value to change to 60.98!
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Conclusion

The split cavity resonator has accuracy problems when characterizing high k thin
film dielectric materials. In order to achieve useable results, very careful thickness
measurements of the film and substrate are necessary. An error of just a few microns in
the substrate thickness will result in a significant change in the value of the thin film
permittivity value. It is also important to obtain a uniform film thickness. In addition, the
substrate should be as flat as possible. The averaging of at least five measurements is
necessary for both the substrate and coated substrate split cavity resonator measurements.
It is critical to determine if the film and the substrate being measured meet the
requirements for an accurate measurement as presented in Figure 4-10. For sub-micron
thin film measurements, the split cavity resonator method has limited use because of
large amounts of error in characterization parameters.
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Chapter 5
Thin Film Characterization with Coplanar Structures

Coplanar structures can be used to analyze a thin film deposited on a substrate
material. The coplanar structure used is a simple coplanar waveguide (CPW)
transmission line. A vector network analyzer, equipped with coplanar probes from
Cascade Microtech, is used to measure phase shift and attenuation. With the phase shift
measurement, relative dielectric constant of the film is determined. The loss of the thin
film theoretically can be determined from the attenuation measurement if the loss of the
conductor is known. In practice, it is very difficult to obtain a conductor loss value, so
thin film loss could not be determined from the attenuation measurement. The analysis of
multilayer dielectric material under a coplanar waveguide will be shown in this chapter. It
will be shown how the permittivity value of the thin film can be extracted from the
effective relative permittivity value of the CPW with the knowledge of the permittivity
value of the substrate material and thickness of both the film and the substrate.

Cascade Probe Station

The coplanar measurements were performed with a cascade probe station with
high frequency ACP GSG 1250 and ACP GSG 150 probes. An HP 8510 vector network
analyzer was connected to the high frequency probes. The Cascade Microtech probe
station is shown in Figure 5-1.
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The probe consisted of a ground, signal, ground configuration. The spacing from
ground to signal was 1250 µm or 150 µm depending on which probe as used. The
delicate nature of the probe required careful handling. The probes are shown in
Figure 5-2.

Figure 5-1: Cascade Microtech Probe Station and Agilent 8510 Network Analyzer
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Figure 5-2: Cascade Microtech ACP GSG 150 probes.

Calibration of Coplanar Probes

A calibration procedure was performed using WinCal, an automatic calibration
program from Cascade Microtech, Inc. The LRRM (Line-Reflect-Reflect-Match)
calibration procedure along with the appropriate calibration standard was used.

CPW Transmission Line

Microstrip transmission lines have been used for characterizing thick films with
comparable results to the split cavity resonator [1]. CPW transmission lines have been
used to characterize BST (Barium Strontium Titanate) thin films. The BST films ranged
in thickness from 1000 to 2350 Angstroms. The cross section of the CPW is shown in
Figure 5-3 [2]. In the research from reference [2], not only was the BST thin film
characterized, but also the interfacial layer between the BST film and the substrate. The
characterization of the interfacial layer was accomplished by simultaneously fabricating a
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capacitive structure to obtain the average effective dielectric constant from a C-V
(Capacitance-Voltage) measurement. Since the CPW measurement produced the
effective dielectric constant of only the BST film, it was possible to extract the effective
dielectric constant of the interfacial layer. It was found that the interfacial layer cause a
decrease in the composite dielectric material. The largest effect was for the thinner BST
film. The thicker BST film has less of a decrease in the composite dielectric constant. A
similar structure will be used to characterize thin film titania.

Figure 5-3: CPW transmission line used to characterize BST thin film. (After Lue [2])
Another method using transmission lines avoids the calibration procedure for the
network analyzer [3].
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Multilayer Dielectric Coplanar Transmission Line

Theory

The coplanar waveguide (CPW) is shown in Figure 5-4 [4]. The center strip is the
signal conductor and the strips on either side are the signal grounds. This figure also
show a multilayer dielectric material specified by the thicknesses h3, h4 and h5. Since the
width of the ground strips are fixed, this structure is referred to as a fixed-width coplanar
waveguide (FWCPW). For practical considerations, as long as the width of the ground
strips are at least five times the width of the center conductor, the CPW can be analyzed
as if the ground strips were infinite in width [5]. This assumption simplifies the analysis
of the CPW.

Figure 5-4: Coplanar waveguide (CPW) (after Chen [4])
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The electric field distribution computed using finite element analysis is shown in
Figure 5-5 [6]. In this figure it can be seen that the higher dielectric constant material has
more concentrated electric field lines.

Figure 5-5: Electric field distribution using finite element method (FEM). (After Carlsson
[6] )

For a CPW with a multilayer dielectric material, conformal mapping techniques
can be used to determine the characteristic impedance, Z0, the effective dielectric
permittivity, εeff, and the dielectric loss, tan δ. The multilayer CPW structure is shown in
Figure 5-6 [7]. The first step in analyzing a CPW is to determine the k values used in the
complete elliptic integral function. The k0 value is calculated in Equation 5.3. The k1 and
k2 values are calculated in Equation 5.2 .and Equation 5.1.
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Figure 5-6: Multilayer CPW (after Gevorgian [7])

⎛ πg
k 2 ≈ exp⎜⎜ −
⎝ 2h2

⎞
⎟⎟
⎠

Equation 5.1

⎛ πs ⎞
⎟
sinh ⎜⎜
2h1 ⎟⎠
⎝
k1 =
⎛ π (s + g ) ⎞
⎟⎟
sinh ⎜⎜
⎝ 2h1 ⎠

k0 =

Equation 5.2

s
s+g

Equation 5.3

Once the k values are calculated, the “filling factors” indicated by q1 and q2 are
determined by Equation 5.4.

( )

1 K (k1 ) K k 0'
;
q1 =
2 K k1' K (k 0 )

( )

( )

1 K (k1 ) K k 0'
q2 =
2 K k1' K (k 0 )

( )

Equation 5.4

The effective dielectric constant is calculated using Equation 5.5.

ε eff = 1 + q1 (ε 1 − 1) + q 2 (ε 2 − ε 1 )
The characteristic impedance is calculated using Equation 5.6.

Equation 5.5
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Z0 =

( )

30π K k 0'
ε eff K (k 0 )

Equation 5.6

The loss, tanδ, of the composite dielectric is given by Equation 5.7 [8]

ε eff tan δ eff = q1ε r1 tan δ 1 + q 2 ε r 2 tan δ 2

Equation 5.7

The loss of the substrate is very low and can be neglected. Therefore the loss
tangent of the thin film is given by Equation 5.8.

tan δ 2 =

ε eff tan δ eff
q2ε r 2

Equation 5.8

The effective dielectric constant of the thin film can be found by rearranging
Equation 5.5 as shown in Equation 5.9 . The dielectric constant of the substrate is known
and the effective permittivity of the composite dielectric, εeff, is measured, so the only
unknown in the equation is the permittivity of the thin film, ε2.

ε2 =

ε eff − 1 − q1 (ε 1 − 1) + q 2 ε 2
q2

Equation 5.9

CPW Dimensions

In order to calculate a 50 Ω impedance for the CPW for the network analyzer
measurement, specific values of the CPW gap width and conductor strip are required.
One characteristic of the coplanar structure is that there are infinite combinations of
signal and ground strip width which provide the 50 Ω impedance match. The
measurement setup to be used consisted of a Cascade Probe Station with 1250 micron
pitch GSG probes. The first attempt in designing the coplanar structure did not result in
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expected measurements. A gap of 0.1 mm and a signal width of 2 mm were used. These
dimensions provide a characteristic impedance of 76.3 Ω. This is not an exact 50 Ω
impedance match, but with the screen printing fabrication method to be used, the
minimum feature size is 0.1 mm. Also, the 1250 micron pitch (2.5 mm from ground to
ground) of the probes limited the maximum signal line width to approximately 2 mm.
Increasing the signal line width or decreasing the gap width will decrease the
characteristic impedance of the CPW. In order to drop the impedance to 50 ohms, the
signal strip would have been too wide for the probe. It was not expected that the
impedance mismatch would greatly affect the signal throughput.

Transmission Line Calculator

To simplify analysis of the effective dielectric constant, a transmission line
calculator program was used [9]. The program interface is shown in Figure 5-7 . This
figure shows the impedance calculation for a gap of 50 microns and a signal width of 100
microns.
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Figure 5-7: Transmission line calculator program showing results from a CPW gap of 0.1
mm and a signal width of 2 mm. (after reference [9])

Simulated and Measured Results

Simulated Results - Uncoated Quartz

CST Microwave Studio from CST (Computer Simulation Technology) was used
to predict CPW results. The simulated results for S21 phase for the gap of 50 µm and a
signal line width of 100 µm is shown in Figure 5-8 .
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Figure 5-8: S21 Simulated data for a CPW with g = 50 µm and s = 100 µm. Sample
consists of a 0.5 mm fused quartz substrate with 0.25 µm of aluminum metallization.
Using the S21 phase data, the relative effective permittivity can be calculated
using Equation 5.10.
2

ε eff

⎛ cφ ⎞
⎟⎟ ,
= ⎜⎜
⎝ 360 fA ⎠

Equation 5.10

where c is the speed of light in free space, φ is the phase shift in degrees, f is the
frequency in Hertz and l is the length in meters. The calculated relative dielectric
constant for the simulated data is shown in Table 5-1 .The results show a very low error
except for frequencies below 10 GHz. The deviation below a frequency of 10 GHz is due
to skin depth effects. The metal CPW coating is only 0.25 microns. The skin depth at 1
GHz is 2.6 µm.
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Table 5-1: Effective Relative Dielectric Constant Calculated from Simulated S21 Phase
Shift
Phase
f
Length
εreff
εreff
%
%
Degrees
(Hz)
(m)
Meas Calc Error
εr
Error*
-179.6 3.737E+09 2.54E-02 2.483 2.400
3.5
3.945
4.4
-539.2 1.132E+10 2.54E-02 2.441 2.400
1.7
3.861
2.1
-899.4 1.889E+10 2.54E-02 2.436 2.400
1.5
3.851
1.9
-1259.0 2.642E+10 2.54E-02 2.441 2.400
1.7
3.862
2.2
*based on the expected substrate relative permittivity value of 3.78

Measured Results - Uncoated Quartz

The CPW transmission line is designed in an “S” shape to increase the length over
a straight line. The CPW transmission line pattern is shown in Figure 5-9. The gap width
is 50 µm and the signal line width is 100 µm. The measured S21 phase data is shown in
Figure 5-10.

Figure 5-9: CPW transmission line in serpentine shape for increased length.
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Figure 5-10: Measured S21 phase data for the CPW transmission line.
The effective dielectric constant calculated from the measured S21 phase data is
shown in Table 5-2. The measured relative dielectric constant value is very close to the
expected value for fused quartz of 3.78 except at frequencies below 10 GHz. As
explained in the simulated results, the deviation below a frequency of 10 GHz is due to
skin depth effects.
Table 5-2: Effective Relative Dielectric Constant Calculated from Measured S21 Phase Data
Phase
f
Length
εreff
εreff
(Degrees)
(Hz)
(m)
meas calc % Error
180
1.57E+09 5.65E-02 2.870 2.400
19.6
540
4.94E+09 5.65E-02 2.597 2.400
8.2
900
8.31E+09 5.65E-02 2.547 2.400
6.1
1260
1.18E+10 5.65E-02 2.498 2.400
4.1
1620
1.51E+10 5.65E-02 2.492 2.400
3.9
1980
1.86E+10 5.65E-02 2.471 2.400
3.0
2340
2.19E+10 5.65E-02 2.472 2.400
3.0
2700
2.53E+10 5.65E-02 2.472 2.400
3.0
*based on the expected substrate relative permittivity value of 3.78

εr
% Error*
4.713
24.7
4.171
10.4
4.072
7.7
3.974
5.1
3.964
4.9
3.923
3.8
3.924
3.8
3.924
3.8
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Simulated Results - Titania Coated Quartz

Next, a simulation was performed for a CPW on a quartz substrate coated with
3400 Angstroms of titania. The simulated results for S21 phase for a gap of 50 µm and a
signal line width of 100 µm is shown in Figure 5-8 .
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Figure 5-11: S21 Simulated data for a CPW with g = 50 µm and s = 100 µm. Sample
consists of a 0.5 mm fused quartz substrate coated with 3400 Angstroms of titania and
0.25 µm of aluminum metallization.
The calculated relative dielectric constant for the simulated data is shown in
Table 5-1 .The results show a very low error up to a frequency of 26 GHz. The relative
permittivity of the titania film is calculated from the simulation phase angle results.
Table 5-3: Effective Relative Dielectric Constant Calculated from Simulated S21 Phase
Shift
Phase
f
Length
εreff
εreff
%
Degrees
(Hz)
(m)
Meas Calc Error εr film
-179.1 3.657E+09 2.54E-02 2.578 2.575
0.1 50.767
-539.6 1.110E+10 2.54E-02 2.539 2.575
-1.4 41.304
-899.8 1.855E+10 2.54E-02 2.529 2.575
-1.8 39.010
-1259.7 2.597E+10 2.54E-02 2.529 2.575
-1.8 38.909
*based on the expected substrate relative permittivity value of 3.78
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Measured Results - Titania Coated Quartz

The uncoated quartz CPW transmission line measurements indicated that this
method produces accurate relative permittivity values. Next, titania was applied to the
quartz substrates in order to obtain the relative permittivity value of the titania film.
Titania was evaporated on quartz with a thickness of 3400 Angstroms. The S21 phase
data is shown in Figure 5-12.
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Figure 5-12: S21 phase measurement data for a CPW transmission line fabricated on a
titania coated substrate.
The calculated relative effective dielectric constant for the titania thin film applied
to the fused quartz substrate is shown in Table 5-4. The deviation of the data below 10
GHz is due to skin depth effects. The thickness of the aluminum was 0.25 µm. The skin
depth for aluminum at 10 GHz is 0.81 µm. This causes the effective relative dielectric
constant to calculate higher. This also caused an apparent high relative dielectric constant
value for the titanium dioxide film.
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Table 5-4: Relative Dielectric Constant of Titania Thin Film Calculated from Measured
S21 Phase Data
Phase
(Degrees)
176
540
894
1256
1619
1974
2337
2697

f
(Hz)
1.50E+09
4.81E+09
8.05E+09
1.14E+10
1.47E+10
1.79E+10
2.12E+10
2.45E+10

n
1
2
3
4
5
6
7
8

Length
εreff εreff
(m)
meas calc % Error εr film
5.65E-02 3.00 2.62
14.6
151.7
5.65E-02 2.74 2.62
4.8
90.0
5.65E-02 2.68 2.62
2.5
75.9
5.65E-02 2.66 2.62
1.6
69.9
5.65E-02 2.65 2.62
1.2
67.4
5.65E-02 2.64 2.62
1.0
66.1
5.65E-02 2.64 2.62
0.8
65.1
5.65E-02 2.63 2.62
0.4
62.8

Discussion of Results

A graph of effective relative permittivity for titania coated fused quartz is shown
in Figure 5-13. Calculated, measured and simulated values are shown. The measured data
includes samples with 1700 Angstroms and 2500 Angstroms of aluminum metallization.
The high values of relative effective permittivity at frequencies below 10 GHz appear to
be related to conductor thickness. Since the skin depth of Aluminum is 0.81 µm at
10 GHz, the current density at the metal/dielectric interface is significant. It is likely that
the high current density near the high k dielectric is causing the higher value of relative
effective dielectric constant. It is expected that a thicker metal coating, greater than 1 µm,
will result in a more constant value of relative effective permittivity even at lower
frequencies.
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Figure 5-13: A graph of effective relative permittivity for titania coated fused quartz is
shown. The measured data includes samples with 1700 Angstroms and 2500 Angstroms
of aluminum metallization. This simulated results use a 4000 Angstrom aluminum
metallization. The high values of relative effective permittivity at frequencies below 10
GHz appear to be related to conductor thickness.

Conclusion

The coplanar waveguide technique for measuring the relative permittivity of thin
film titania provides accurate results. It is important to have accurate thickness
measurements for both the quartz substrate and titania thin film. In addition, an accurate
value for the quartz substrate permittivity is necessary. Because of the difficulty in
determining conductor loss, the coplanar waveguide technique could not extract the value
of titania thin film loss.
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Chapter 6
Conclusion and Future Work

Conclusion

This section includes outcomes for the sample preparation methods. Also
summarized are the split cavity resonator and coplanar transmission line characterization
methods for titania thin films.

Sample Preparation

The two methods for depositing titanium dioxide on a low k substrate were ebeam evaporation and reactive sputtering. Both methods are acceptable means for the
deposition of titanium dioxide.
The advantage of evaporation is there is less substrate damage due to the nature of
the process. A disadvantage is the requirement of lower vacuum pressure requires more
time for sample preparation.
The reactive sputtering method produced films with lower porosity and slightly
higher k values. The nature of ion bombardment in the sputtering process tends to create
more substrate damage. One advantage of reactive sputtering is that a high level of
vacuum is not required, which decreased the time required for sample preparation.
The two methods used to apply coplanar waveguide structures were lift-off and
screen printing. The lift-off technique resulted in the highest resolution. The thickness
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required of the conductor resulted in a long metallization process. Ultimately, the lift-off
process is the best metallization technique.
The screen printing method is as faster method than the lift-off technique for
metallization once the screen is produced. The resolution of the lines is not as good as
with lift off. The conductor loss was greater for the screen printing method, especially for
frequencies about 10 GHz. The higher loss is likely due to the larger grain sizes and
rougher edges on the coplanar structures. The screen printing method is acceptable as
long as the resolution is adequate and conductor losses do not prevent a measurable
output signal.

Titania Thin Film Measurements using a Split Cavity Resonator

The split cavity resonator method for characterizing titania thin films had the
advantage of simple sample preparation. No metallization of the sample is required. It is
important that the uncoated substrate is characterized with this method. It was determined
that substrates less than 0.5 mm in thickness introduced a significant level of
measurement variation. Overall, the split cavity method is not effective in characterizing
titania thin films.

Titania Thin Film Measurements using a Coplanar Waveguide

The coplanar waveguide was found to produce an accurate broadband method for
determining the relative dielectric constant of titania thin film. Accurate knowledge of the
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titania thin film thickness and quartz substrate thickness are important for producing
accurate results. Metal thickness above the skin depth is also necessary for characterizing
the titania thin film over a wide frequency range. Overall, the coplanar waveguide
method is preferred over the split cavity resonator method for titania thin film
characterization.

Comparison of Characterization Techniques

The results for the relative permittivity of thin film titania for the three methods
used in this research are presented in Table 6-1. The error values are calculated from
multiple measurements and have a value of one standard deviation. A graph of the
relative permittivity values with error bars is shown in Figure 6-1 . The capacitance
method resulted in an expected value for the relative permittivity of titania, but a large
variation was observed for frequencies up to 100 KHz resulting in a larger error value.
The split cavity technique also produced a large amount of variation, mainly due to
variation in the substrate thickness. The CPW technique produced the least amount of
measurement error.
Table 6-1: Comparison of Relative Permittivity Values for Three Characterization
Methods
Method
εr Error
Comments
Capacitance 41.2 ±19
Aluminum oxide layer can affect value
Split Cavity 32.4 ±20
A 3 µm thickness error increases k value to 60.98!
CPW
62.8 ±2
Most accurate value
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Figure 6-1: Comparison of relative permittivity values of titania for three measurement
techniques with error bars included.

Future Work

Additional research determined from this study includes a variety of topics. The
research areas involve further study into the effects of metallization of CPW structures,
additional coplanar waveguide structures, characterization of different combinations of
substrates and thin films, study into substrate materials compatible with crystallizing the
thin film, the characterization of new types of thin films and more accurate thickness
determination methods.
The metallization of CPW structures affects the attenuation of the S21 signal.
Further study into the conductor loss in CPW structures is important to more accurately
determine dielectric thin film loss. One method to reduce metallization time is to use a
thin seed layer of metal and grow the remaining metal thickness with electroless plating
or electroplating. These metallization techniques should be investigated.
The coplanar ring resonator is a structure that could be used to characterize thin
film titania. The S21 resonant peaks can be used to extract relative permittivity of the thin
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film and also possibly the dielectric loss value. Other coplanar structure that use different
values for gap width and signal line width may be able to characterize titania films in the
order of a few hundred angstroms.
The coplanar waveguide technique should be applied to other combinations of
high k thin films and substrates. After a careful study, guidelines should be developed to
assist with characterizing various combinations of substrates and thin films.
In the case where the high k thin film needs to be annealed to produce a
crystalline phase, TCE compatible films and substrates should be investigated. One of the
difficulties encountered in this research was the thin film stress resulting from a large
difference in the thermal expansion coefficients of the thin film and substrate. Other
substrate materials such as silicon carbine and other ceramics can be used to study their
effect on film stress. The largest effect of film stress occurs when the sample is annealed
or the sample holder is heated during deposition to produce crystallized films. In most
situations, a crystallized thin film is important for improved performance of the thin film.
The accuracy of the film thickness measurement is very important for correct
dielectric characterization. Methods should be developed for more accurate film
thickness measurement. Ellipsometry may be a more accurate thickness measurement
technique than the surface profilometry technique used in this research.
One new development in materials science is the creation of structured thin films.
These films exhibit unique properties based on their structure. The thin film
characterization techniques presented in this paper could be used to characterize the
structured thin films
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Appendix A
Lift Off Technique for CPW Patterning

Lift off is a technique for that can be used for patterning CPW (Coplanar
Waveguide) structures. In this research, a laser-writer was used to expose the photoresist
so that a lithography hard mask was not necessary. The combination of lift off and directwrite lithography is very efficient for making research samples. The first step is to define
the geometry of the CPW for the lithography process.

Mask Design Process

The geometry for the CPW mask design was performed using a combination of a
Microsoft Excel spreadsheet and AutoDesk AutoCAD. The Excel spreadsheet facilitated
the creation of vertice points for the CPW designs. Once the vertice points are
determined, an AutoCAD “script” file is created. The “script” command in AutoCAD is
used to make the CPW drawing.

AutoCAD Script File

In AutoCAD, a “script” file can be created which contains AutoCAD commands.
AutoCAD then uses this file to draw objects. The laser writer lithography process
requires that all objects in a DXF input file be closed poly lines. A poly line in AutoCAD
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is defined as a set of lines joined at vertices. A poly line can be open or closed.
Figure A-1 shows an example of an open and closed poly line.

A)

B)

Figure A-1: Example of A) an open poly line and B) a closed polyline
The command to make a poly line in AutoCAD is “pline.” The information in
Figure A-2 shows the Excel spreadsheet used to facilitate the creation of vertice points
and the resulting script file. The origin for the drawing is set to x = 0 and y = 0. The gap
required for the CPW is actually a rectangle, which satisfies the laser-writer requirement
for closed poly lines. The width of the rectangle is set to the gap requirement for the
CPW. The separation of the rectangles is set to the signal line width requirement for the
CPW. The four small vertical rectangles are included in the design so that the CPW
probes can be separated by a known distance. The large thin vertical rectangles on the left
and right are included to isolate the signal metallization from the ground metallization.
The size of the pattern was trimmed to 15.4 mm x 15.4 mm to create the required 5mm
boarder for the DWL 66 laser writer.
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The script file was created by first pasting the Excel data into Word. The resulting
table in Word was then converted to text separated by commas. The rest of the formatting
for the script file was performed manually. The Word file is then saved as text. The
filename must have a “.scr” file extension. The file was renamed with a “.scr” file
extension with the “copy” command from the DOS command prompt. In AutoCAD,
before the script file is executed, it was determined that zooming in by a factor of 10,000
provides the best results. After zooming by 10,000, the script command is entered. The
script file name is typed in when prompted. Zooming to “Extents” in AutoCAD results in
a drawing similar to Figure A-3. The script file shown only produces one coplanar
transmission line. In AutoCAD the objects were duplicated to create the three coplanar
transmission lines as shown in Figure A-3.

x
pline

y
0
30
30
0
0

14.9
14.9
14.95
14.95
14.9

0
30
30
0
0
A)

15.1
15.1
15.05
15.05
15.1

pline 0,14.9
30,14.9
30,14.95
0,14.95
0,14.9
pline 0,15.1
30,15.1
30,15.05
0,15.05
0,15.1
B)

Figure A-2: A) Excel spreadsheet and B) AutoCAD Script file used to create a coplanar
transmission line with length = 30 mm, gap = 50 µm and signal width = 100 µm.
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Figure A-3: Coplanar transmission lines created with AutoCAD script file. Each line is
actually a rectangle, which satisfies the laser-writer requirement for closed poly lines. The
width of the rectangle is set to the gap requirement for the coplanar waveguide. The
separation of the rectangles is set to the signal line width requirement for the coplanar
waveguide. Vertical rectangles are included in the design so that the CPW probes can be
separated by a known distance. The actual size of the pattern was trimmed to 15.4 mm x
15.4 mm to create the required 5mm boarder for the DWL 66 laser writer.
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Creating a DXF File and Importing into the Laser Writer System

Once the design is finalized and all objects are closed poly lines, a DXF file is
created. The “DXFOUT” command is used in AutoCAD to create the DXF file. The DXF
file was then be imported into the DWL 66 laser writer software. A positive photoresist is
used in the photolithography. Since it is desired that only the photoresist in the gaps of
the CPW remain, an inverted image will be written by the laser writer. In a positive
photoresist, “what shows goes.” An inverted image exposure will cause the photoresist to
be removed in all the areas except the CPW gaps during developing. Before converting
the DXF file, the option to create an inverted design is selected. After the design is
prepared, the next step is to expose a properly prepared sample which has a coating of
both lift off resist (LOR) and positive photoresist.

Lift Off Resist and Photoresist

LOR (Lift Off Resist) is the main component in the lift off process. The LOR
works in conjunction with a photosensitive resist. The photoresist used in this research
was Shipley 3012. The LOR was MicroChem’s 10B. The various types of LOR
chemicals are used to obtain certain thickness. It is necessary to have 1.2 to 1.3 times the
thickness of the metal coating for the LOR thickness. In this research, a 1 micron metal
thickness was desired. The MicroChem 10B LOR is capable of a 1.2 micron thickness. A
chart to determine the spinner RPM for a certain thickness is shown in Figure A-4. To
obtain an LOR thickness of 1.2 microns, a spinner speed of 2000 RPM was used with the
LOR 10B resist. The LOR was then baked for 10 minutes at 180 °C using a hot plate.
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Next, Shipley 3012 photoresist was spun on at 4000 RPM and baked for 1 minute at 110
°C. The steps in the lift off process are shown in Figure A-5 [1].

Figure A-4: Spinner speed versus thickness for MicroChem LOR B series resists (after
MicroChem [1]).
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Figure A-5: Lift off resist process (after MicroChem [1]).

Exposing Photoresist and Developing

After the LOR and photoresist is properly spun on and baked on the substrate,
exposure was performed by the laser writer. The substrate was loaded on the vacuum
chuck and aligned. The 10 mm laser head was used which provided 2 mm of resolution
[2]. A “dose” of 1000 and an exposure of 90% was used as parameters for the laser
writer. A 1” by 1” substrate took approximately 15 minutes to expose.
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The exposed photoresist was developed in CD-26 developer for 2 1/2 minutes. A
Tencor Alpha Step 2000 profilometer was used to verify the gap and signal line widths
before metallization.

Metallization and Lift Off

Evaporation or sputtering can be used to apply metal. The combination of LOR
(MicroChem 10B) and photoresist (Shipley 3012) creates an undercut in the metal which
allows a solvent (Remover PG) to remove the unwanted metal areas.

Metallization

For metallization, the SemiCore e-beam evaporator was used to deposit
aluminum. A thickness of 2500 Angstroms was deposited as a seed thickness for
electroless plating and also allowed for the immediate testing of the CPW structure.

Metal Lift Off

To perform the metal lift off, Remover PG from MicroChem was used. The
sample was soaked in the PG Remover at room temperature for five minutes. A sonic
agitator was also used to assist in the lift off. Acetone, isopropanol and dionized water for
cleaning and rinsing completed the process.
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Electroless Plating

Evaporation or sputtering are generally not efficient for depositing a thick (over
0.5 micron) metal coating. A more efficient method is to deposit a seed layer of metal
with evaporation or sputtering. Then electroless plating can be used to grow the desired
metal thickness.
In electroless plating, a bias voltage is not needed on the metal to be coated. An
electroless nickel kit was used from Caswell Plating, Inc [3]. For aluminum plating, it is
first necessary to remove the aluminum oxide layer. The kit from Caswell Plating, Inc.
includes a Zincate solution which removes the aluminum oxide layer and coats the
aluminum with a thin layer of zinc. Then the electroless nickel solution is heated to a
temperature just below boiling and the sample is immersed. Electroless nickel plates at a
rate of approximately 40 µm per hour. The skin depth for aluminum is 2.6 µm at 1 GHz.
An electroless coating of 3 µm is sufficient to minimize conductor loss due to skin depth.
An immersion time of 4 minutes produce a total thickness of approximately 3 mm. The
thickness was verified on a step profilometer.
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Appendix B
Evaporation of Titania

Introduction

E-beam evaporation was the primary technique used in this research to deposit
titania thin films. The first task was to create a process recipe so that the titania
evaporation process could be made repeatable. The first issue encountered was the large
amount of outgassing from the titania source material as it was heated by the electron
beam. The power of the e-beam had to be increased slowly so that the high vacuum
pumps could maintain the required pressure. The second issue was preparing the titania
source pellets for use in the crucible liner. It was determined that crushing the titania into
pieces smaller than a diameter of 5 mm produced the best results.

Evaporator Specifications

The evaporator model is a SemiCore with an 8KV e-beam. The crucible indexer
holds six crucible liners. The evaporator is also equipped with a quartz heater.

Sample and Source Loading

The samples are loaded onto a planetary holder which spins and rotates during
evaporation to ensure uniform film thickness.
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Evaporation Recipe

The pre-evaporation process recipe used for the evaporation of titania is shown in
Figure B-1. The e-beam evaporator is gradually adjusted up to the deposition parameters.
During this process, the source material in the crucible is heated. The initial out gassing
occurs at this time. After this pre-evaporation process is complete, the evaporator
controller is placed into manual mode. With careful monitoring, the e-beam power is
slowly adjusted, while keeping the pressure under 5 x 10-5 Torr. Above this pressure, an
interlock in the SemiCore controller would shut down the process.

Pre-evaporation Recipe
e-Beam % vs. Time
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Figure B-1: Process recipe used for titania e-beam evaporation. The e-beam evaporator is
gradually adjusted up to the deposition parameters. During this process, the source
material in the crucible is heated. The initial out gassing occurs at this time.
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Evaporation Data

The deposition rate of a typical evaporation process is shown in Figure B-2 . The
e -beam power percentage is slowly increased, allowing the high vacuum evaporator
pumps to keep up with the out gassing of the source titania. The drop at 120 minutes is
due to the controller resetting due to a program limit.

Evaporation
e-Beam % vs. Time
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Figure B-2: The e-beam power percentage is slowly increased, allowing the high vacuum
evaporator pumps to keep up with the out gassing of the source titania. The drop at 120
minutes is due to the controller resetting due to a program limit.
The e-beam evaporation thickness deposited as a function of time is shown in
Figure B-3 . As the e-beam power is increased, the rate of evaporate increases. The actual
thickness measured is 12000 Angstroms. The crystal thickness monitor was not calibrated
for the evaporation of titania.
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Figure B-3: Film thickness versus time is plotted in this graph. As the e-beam power is
increased, the rate of evaporate increases. The actual thickness measured is 12000
Angstroms. The crystal thickness monitor was not calibrated for the evaporation of
titania.
A graph of deposition rate versus time is shown in Figure B-4. The deposition rate
increased due to the increase in e-beam power percentage. The drop at 120 minutes is due
to the controller resetting due to a program limit
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Figure B-4: Graph of deposition rate versus time. The deposition rate increased due to the
increase in e-beam power percentage. The drop at 120 minutes is due to the controller
resetting due to a program limit.
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