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Abstract

In recent years, barium strontium titanate (abbreviated as BST) thin films have
attracted extensive research interest because their relative permittivity can be tuned by
the application of an external bias field and can be used in agile microwave devices.
In this work, Bag 7Sr03Tip9503 and BagsSrgsTiO4 thin films prepared by the sol-gel

and magnetron sputtering methods have been studied.

X-ray diffraction (XRD) and atomic force microscopy (AFM) observations
revealed that the films were well crystallized with uniform thickness. Coplanar
electrodes were then deposited by magnetron sputtering and patterned by standard

photolithography and wet chemical etching techniques.

The processing-structure-property relationship of BST thin film-based
interdigital capacitors was investigated and compared with the conventional parallel
plate capacitors and consistent results have been obtained. The films annealed at
higher temperature possessed larger relative permittivity and the relative permittivity
was also found to be dependent on the film thickness. The films prepared under

optimized conditions exhibited good dielectric properties at microwave frequencies.

To find the properties of BST thin films with interdigital capacitors structure at

high frequency, a simple measurement technique has been developed to remove the
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parasitic capacitance. Several technical issues in the characterization of interdigital

capacitors are discussed.

The diélectric tunability of BST thin films in interdigital capacitors was
characterized. Under a 20 MV/m electric field, the tunability of BST on LAO
substrate was found to be about 31%. Many processing factors were found to have
influences on the tunability of the films. The felative permittivity and tunability of

BST exhibited a strong dependence on film thickness.

BST film-based microwave devices, such as resonators and phase shifters were
prepared and tested. The performance of ring resonator with different structures
(substrates and film thicknesses) were investigated and studied with the aid of a
commercial simulation software IE3D. Also, a BST thin film-based phase shifter
under d¢ bias has been developed and preliminary measurement results have been

obtained.
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Acronyms
XRD X-ray diffraction
AFM Atomic force microscopy
PLD Pulsed laser ablation deposition
CvD Chemical vapour deposition
CSD Chemical solution deposition
PVD Physical vapour deposition
RF Radio frequency
PSPD Position-sensitive photodetector
ISS Impedance standard substrates
DUT Device under test
RTP Rapid thermal processor
VLF Very low frequency
LF Low frequency
MF Medium frequency
HF High frequency
VHF Very high frequency
UHF Ultra high frequency
SHF Super high frequency
EHF Extra high frequency
IR Infrared
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Chapter 1

Introduction

1.1 Background and motivation

Barium strontium titanate (Ba,Sr,.«TiO;, abbreviated as BST) is a solid solution
of barium titanate (BaTiO;) and strontium titanate (StrTiO;). BST ceramics have
been studied and used in ceramic capacitors for several decades. [1-13] BST thin
films have also attracted extensive research interest particularly in recent years
because of their potential applications in tunable microwave devices [1-6] for
wireless communications. The explosion in wireless communication has fueled and

is fueling the study and development of BST thin films and devices.

The most important feature of BST thin films is that, in certain BST
compositions, their dielectric property is very sensitive to the presence of external
electric field, a characteristics called “dielectric tunability”. This tunability is an
intrinsic property of BST and can be observed in BST at frequencies up to the
microwave regime. Because of this feature, capacitive devices using BST thin films
can be conveniently “tuned” by changing the applied dc bias voltage. For example,
the centre frequency of a BST filter can be shifted by simply changing the dc bias

voltage. Comparing with conventional technology which uses several filters with
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fixed-frequency components, the use of BST tunable filters can lower the cost.
Naturally the thin film technology is also critically important because it provides a
higher level of integration and miniaturization than that can be achieved with

discrete components,

Although it is known that BST thin films are well suited for tunable microwave
circuit, the successful deployment of the devices in commercial systems still requires
a better understanding of the mechanisms that govern their microwave properties in
order to improve the device performance. It is equally important to develop test
procedures and device configurations to provide accurate information about the film

properties at high frequencies.

This thesis focusses on the development and the microwave characterization of

BST thin films and BST-based devices such as resonators and phase shifters.

1.2 Methodology

BST thin films were mainly prepared by two techniques: the radio frequency
magnetron sputtering and sol gel methods. The phase and orientation of the films
were characterized by X-ray diffraction (XRD) and the morphology was measured

using atomic force microscopy (AFM). Standard microelectronic fabrication

CHENG YIN LAI 1-2
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techniques including photolithography and chemical etching were used to define the

electrode patterns for the samples and devices under test.

In this study, the compositions of the BST thin film used were Bag sSrsTiO;3
and Bag;8rg3Tig9s03. Both BagsSrosTiO; and BagsSrg3Tig.9s0;5 thin films have
paraelectric phase at room temperature. Bag sSro sTiO; thin film was suitable for high
frequency applications because of its outstanding dielectric properties [3-5]. On the
other hand, the relative permittivity of Bag7Srp3Tig9sO3 thin film showed‘ little
dependence on the magnitude of external ac field (obtained from dielectric tests on
parallel plate capacitors). This feature [14] is important for the investigation of the
processing-structure-property relationship of BST thin film-based interdigital
capacitor (details are given in Chapter 4). Because a strong ac field dependence of

the relative permittivity in the film will increase the complexity in the dielectric

tests.

The samples for microwave measurements have two different configurations: 1)
conventional parallel plate capacitor and 2) coplanar capacitor. The major part of
work in this thesis rested on the second structure because most microwave devices
have coplanar structures. Interdigital electrodes are important electrode forms,
Devices with other electrode pattems such as ring resonators and phase shifters have

also been fabricated and tested.
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To characterize the properties of BST thin films and devices at microwave
frequencies, an Agilent 8720ES network analyzer (Agilent, USA) together with a
RF-1 Microwave Probe Station (Cascade Microtech, USA) were used in the
measurement. From the measurement results, the material properties and the device

performance at microwave frequencies were extracted.

1.3 Scope and outline of the thesis

The main objective of our study was to fabricate and characterize BST thin films
and related microwave devices. The microwave properties of BST thin film were first
extracted which helped to optimize the film fabrication process. Also, the
structure-property relationship of the BST thin film-based interdigital capacitor was
studied. Based on these results, devices such as ring resonators were fabricated and

characterized.

Chapter 2 presented a short literature review. Fundamental of ferroelectricity,
structure and property of BST and introduction to microwave technology were

outlined in this Chapter.

In Chapter 3, the processes of BST thin film depositions and the electrode

patterning were described.

CHENG YIN LAI 1-4
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Chapter 4 focussed on the dielectric characterization of BST thin films.
Extraction of the relative permittivity of BST thin film using a coplanar capacitor

structure was described.

Chapter 5 focussed on the dielectric tunability of BST thin films in the coplanar
capacitors. The influences of substrate, film thickness and electrode sizes on the

tunability were discussed.

Chapter 6 demonstrated the structures and performances of BST thin film-based

microwave devices.
Chapter 7 gave a summary and suggestions for future work.

1.4 Original contributions

In this thesis, original contributions are:

(1) Investigations on the processing-structure-property relationship in the
BST thin film-based interdigital capacitors and comparing the results
with the conventional parallel plate capacitors. As the field
distribution in the films of a coplanar device is quite different from

.that in a parallel plate capacitor. Qur work provides a good reference

CHENG YIN LAI 15
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for the study and development of novel ferroelectric film-based
coplanar devices.

(2) Extraction of the dielectric properties of BST thin films at microwave
frequencies by interdigital capacitors. Most of the literatures focussed
on the low frequency range with the conventional parallel plate
capacitor structure.

3) A simple measurement technique (equivalent circuits of interdigital
electrode, open and short references) has been developed for
removing the parasitic capacitance of the interdigital electrode
structure at high frequency measurements to obtain the dielectric

properties of the BST thin films.

CHENG YIN LAI 1-6
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Chapter 2

Literature review

2.1 Introduction

In recent years, there has been considerable research interest in the fabrication
and characterization of barium strontium titanate (Ba,Sr,.,TiOs, abbreviated as BST))
thin films mainly due to their potcntiai applications in tunable microwave components
and devices [3-5]. The special feature of BST for these applications is that the relative
permittivity of BST is sensitive to external dc bias i.e., the capacitance of a
BST-based capacitor can be electrically tuned. Hence the performance (e.g., the
resonant frequency) of an electronic circuit using such capacitors, particularly those
used at microwave frequency in communications can be optimised. As a matter of
fact, the explosion in wireless communication in the last decade has been an
important driving force for the extensive study and development of BST thin films

and devices.

The research and development of BST thin films and devices in the literature
generally included two categories: 1) The synthesis of high quality BST films and the
study of structure-property relationships. 2) The design, fabrication and

characterization of BST-based devices. While the study and application of BST
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~ ceramics over the past decade may serve as a good reference, the application of BST
thin films still have to face many problems, e.g. the substrate effect etc. These effects
are very important for thin films but contribute little influence in bulk materials.
Therefore in the literature over the last decade, there have been more efforts to reveal
and interpret those phenomena and effects in BST thin films. Another important
concern in the literature is the processing development and optimization. Many thin
film deposition techniques have been adopted in the fabrication of BST thin films and
the properties of BST are reported to be strongly dependent on the proc_essing
techniques. As matter of fact, theré still exists a diversity and poor consistency
amongst different literatures. Apart from the above, only a small fraction of the

literature has focussed on BST devices.

This Chapter briefly described the fundamental of ferroelectricity. A short
review of the literature on the studies of BST was given to understand the
structure-property relationship. Finally a brief introduction to microwave technology

was included.

2.2 Ferroelectricity

Crystals can be classified into 32 point groups [15]. These point groups can be

divided into two classes: with and without a centre of symmetry. There are 21 point

CHENG YIN LAI 2-2
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groups that do not have a centre of_‘ symmetry and 20 of these point groups are
piezoelectrics. Figure 2.2.1 shows the categories of various dielectrics. As a matter of
fact, not every dielectric is ferroelectric. From the Figure, it is seen that all
pyroelectric and ferroelectric materials are piezoelectric but the converse is not

necessary true.

Dlelectrics

Piezoelectrics

Pyroelectries

Ferroelectrics

Figure 2.2.1 Categories of dielectrics.

Dielectric materials are electrically insulating (nonmetallic). In a piezoelectric
material, charges are generated when appropriate stresses are applied, or vice versa.
Pyroelectricity describes the temperature dependence of the spontaneous polarization.
In a ferroelectric material, the spontaneous polarization can be reversed by an external
electric field and also exhibits a hysteresis behaviour which is known as the

polarization-electric field (PE) loop [16].

Ferroelectricity was discovered in 1921 by Valasek in Rochelle salt and it has
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attracted much research interest. Piezoelectric and pyroelectric materials are called
“smart materials” because the input of heat or stress can produce an electric field
(voltage). Figure 2.2.2 shows schematic diagrams of BaTiO; [16]. At high
temperature above its Curie temperature T, the Ti ion has higher energy to keep at
the centre of the surrounding oxygen ions. The structure is cubic with no spontaneous
polarization {paraelectric state). When the temperature decreases (<T;) the energy of
Ti ion decreases and it cannot keep in the central position of the unit cell. As the Ti
ion displaces from the original central position, spontaneous polarization occurs. In
addition, when an external electric ﬁeld is applied and is lager than the coercive field,
there is a switching of the orientation of the spontaneous polarization (ferroelectric
state). The crystal undergoes a phase transition with the change of temperature. Also,
it exhibits the piezoelectric effect in the ferroelectric phase, while in the paraelectric

phase, it is non-piezoelectric and exhibits only electrostrictive effect.

T : Curie temperature

(a) (b)

Figure 2.2.2 Structure of BaTiOj; (a) above T and (b) below T, [16].
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2.3 Structure and property of BST

2.3.1 Bulk BST

Barium stron.tium titanate ié a continuous solid solution of barium titanate
(BaTiO; or BTO) and strontium titanate (StTiO; or STO) over the entire range of
concentration. As schematically shown in Figure 2.3.1, BST has a perovskite (ABO3)
structure and can be regarded as the substitution of Sr atoms in the Ba-sites of the
barium titanate lattice. Both BTO and STO are typical ferroelectric materials, but at
room temperature STO is in the paraelectric state. The ferroelectric-to-paraelectric
phase transition occurs at about 125°C for BTO and -233°C for STO.
Correspondingly, the Curie temperature for BST has approximately a linear
relationship with the content of BTO and STO in the solid solution (i.e., the Ba:Sr
ratio). The structure-property relationship of bulk BST has been well established in
the literature [17-19]. Figure 2.3.2 shows the room temperature lattice parameters and

the Curie temperature of BST with different ratio of Ba to Sr.

Variations of the stru(‘;ture and properties of BST with Ba:Sr ratio provides a way
to modify the BST properties through changing the composition to meet different
application requirements. For example, BST for pyroelectric applications [20-21] is
often chosen around Ba : Sr = 65 : 35 to make BST works around its Curie

temperature and thus presents the largest pyroelectric coefficient. BST for high
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frequency applications is often chosep around the composition of Ba : Sr = 50 : 50
[3-5]. At room temperature, BST(50/50) is in a paraelectric state and has a relatively
high relative permittivity and high dielectric tunability. BST for devices used in
aerospace applications is often chosen to have a composition which is very close to
pure STO to obtain a high relative permittivity and tunability at that particular

temperature for a specific application.

O Baand Sr occupy the
corner positions
©  Tioccupy the centre

Figure 2.3.1 Schematic lattice structure of (Ba, Sr)TiO;.
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Figure 2.3.2 (a) Lattice symmetry and (b) Curie temperature of BST as
a function of Ba:Sr ratio [17].
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2.3.2 BST thin films

BST thin films are practically more attractive for use in microwave devices than
bulk materials mainly due to the lower operation voitages, smaller sizes and higher
level of integration, etc. The followings are several issues on the fabrication and

structure-property relationship of BST thin films reported in the literature.

2.3.2.1 Thin film fabrication

A number of deposition techniques have been employed in the fabrication of
BST thin films as given in the 1itefature [22], including the sol-gel methodg, radio
frequency magnetron sputtering, pulsed laser ablation deposition (PLD), chemical
vapour deposition (CVD) etc. In the literature, the PLD method is the most popular
method presumably due to its high deposition rate and good control of material
composition. However, films prepared by PLD often exhibit a poor uniformity,
making it unsuitable for device fabrication. Comparatively, magnetron sputtering and
CVD method are much better choices for making large area, highly uniform films for

devices although the composition control is much more difficult.

2.3.2.2 Compositional dependence

Similar to bulk BST materials, BST thin films exhibit a variation of structure and
property on the Ba:Sr ratio [18].. Figure 2.3.3 shows the lattice parameters and the
phase transition temperatures in BST thin films and ceramics as a function of Ba:Sr

ratio. Both the films and bulk BST show a very similar trend despite the absolute
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values may be different from each other. One important technical issue is that the
precise control of the composition in BST thin films is not always possible and the
compositional analysis is very difficult, therefore it must be very careful in analyzing

the compositional dependence of BST thin films.

4.05
[ ]
-, ®
402 + ‘,‘ :/bulk (c-axis)
2399} 9~0 "¢ e
5 / Tl Q film (out of the plane lattice)
g 306} - T g
g~ bulk (a-axis) ""’Q--.. ° /
g S~
= X . ©
) ..\“
3.90
film (in-plane lauicc)/ 4
3.8‘7 i A i A n 1 i i i A i
00 0.1 0._2 03 04 05 06 07 08 09 1.0
x in Ba, Sr TiO,
(a)
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Figure 2.3.3 (a) Lattice parameters and (b) Curie temperature against x in
Ba,Sr;TiO; for film (triangle in (b)) and bulk ceramics
(circle in (b)) [18].

2.3.2.3 Extrinsic influences on BST structure and properties

While the Ba:Sr ratio may be regarded as an intrinsic factor that determines the
dielectric properties of BST thin films, some other factors such as the substrate etc.,
are also found to have significant influences on their structure and properties. Table
2.1 shows the dielectric properties of BST thin films on different substrates [23]. The
measured capacitance of BST thin films on lanthanum aluminum oxide (LAQ) single
crystal is larger than that on magnesium oxide (MgO) single crystal because of
diffe-rent lattice mismatch. These extrinsic factors are the major reasons why BST thin

films perform differently from bulk materials.
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Table 2.1 Dielectric properties of BST thin film on LAO and MgO substrates [23].

Electric field BST on MgO BSTon LAO
[kV/cm] as-deposited annealed |as-deposited annealed
Capacitance 0 0.775£0.193 0.387+0.035 | 0.440+0.028 1.281+0.161
[PF] 67 0.418£0.121 0.253+0.031 [0.3540.039 0.594:0.098

2.4 Introduction to microwave technology

Nowadays microwave techniques have been increasingly adopted in diverse
applications such as radio astronomy, long-distance communications, space
navigation, radar systems, medical equipment and missile electronic systems. There is
an accelerated rate of growth of microwave technology in research and industry,

including techniques in the characterization and applications of materials at

microwave frequencies.

In general, the microwave region begins above the UHF region, at 900 or 1000

megahertz (MHz) and below the infrared (IR) range [24] as shown in Figure 2.4.1.
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Microwave

A
L Y

VLF LF MF HF VHF UHF SHF EHF IR

00IMHz 0.IMHz 1MHz 3MHz 30MHz 300MHz I1GHz 30GHz 300GHz 10"Hz

Figure 2.4. 1 The electromagnetic spectrum.

There are interest in the fabrication and chararcterization of thin film-based
devices using materials such as STO and BST because of their tunable dielectn'c
property. For example, in a tunable ring resonator as shown in Figure 2.4.2 [25], the
structure is Aw/STO/LAO. The ring was designed to satisfy the condition 27zR =34,
where R is the mean radius of the ring and A is the wavelength. Figure 2.4.3 shows the
results of the tunable device in which the resonant frequency shifted under a dc bias
for microwave application. The presence of the thin film can decide the position of
the resonant frequency which depends on its relative permittivity and its thickness.

This shows one example of a thin-film microwave device.
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Figure 2.4.3 Results of the thin film-based resonator under a dc bias [25].
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Chapter 3

Fabrication and characterization of BST thin films

and electrode patterning

3.1 Introduction

The techniques for fabricating thin film can generally be divided into three
categories: chemical solution depdsition (CSD), physical vapour-depositioﬁ (PVD)
and chemical vapour-deposition (CVD). Because these techniques have different
advantages and disadvantages, the technique of choice will be dictated by property
requirement. For example, CSD techniques offer a relatively simple and low cost
approach to the fabrication of thin film that is compatible with commercial processing
equipment and techniques such as spin coating and photolithography. For higher
performance applications such as tunable microwave devices, PVD and CVD are

better suited to heteroepitaxial film growth.

In this thesis, CSD and PVD methods are used. The sol gel method is a CSD
method in which the fabrication cost is relatively low. It is easy to implement and the
most important advantage is the excellent compositional control, which is critical for
stoichiometric systems. On the other hand, radio frequency magnetron sputtering is

the PVD method used. This method permits the fabrication of large area films with

CHENG YIN LAI 3-1



QQb Chapter 3 Fabrication and characterization of BST thin films and electrode patterning

& THE HONG KONG POLYTECHNIC UNIVERSITY

good uniformity. These two techniques are commonly used in the deposition of high
quality thin films. The electrode patterning by the standard photolithography is also

introduced in this Chapter.

3.2 Thin film deposition

3.2.1 Radio frequency magnetron sputtering
3.2.1.1 Setup

The basic principle of magnetron sputtering is that when an electrical power is
applied, the energetic ion beam supplies kinetié energy to the target atoms. They leave
the target and are deposited on the substrate. A magnet is used to provide a crossed
magnetic field which induces the ions to move in a cycloidal path. It can increase the
gas injection probability and reduce the bombardment to the substrate, thereby
increasing the yield. The requirements in the sputtering ions are that they must be
chemically inert and argon is a common choice. For insulating films, in our case, BST,

rf sputtering must be used.
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Figure 3.2.1(a) is the schematic setup of the magnetron sputtering systefn. The
target and the substrate are mounted in a vacuum chamber. A mechanical pump is |
used to evacuate the chamber first followed by the use of a turbo-molecular pump to
achieve a higher vacuum. The mechanical pump and the turbo-molecular pump are
- then operated simuitaneously. Figure 3.2.1(b) shows a photograph of the magnetron

sputtering system used in this work.

target

_
) =

<—— chamber

substrate
\

| | | Power supply
<x> valve 3 valve 2 (X) (rf generator)
valve 1
Mechanical [&\, | Turbo-molecular
pump N/ pump
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(b)

Figure 3.2.1 (a) Schematic setup and (b) Photograph of the magnetron sputtering
system,

The substrates used in sputtering are LAO and MgO single crystals. Their lattice
parameters, as shown in Table 3.1, are similar to that of BST. The lattice mismatch is
small which is necessary for orientation control and for the growth of high quality
films. Silicon wafers with platinum (Pt) electrodes, LAO and zirconia (ZrQO,) single

crystals were also used as substrates in the sol-gel preparation of BST.
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Table 3.1 Lattice parameters and thermal expansion coefficients of BST and the

substrates.
Bulk BST (50/50)] LAO MgO
Lattice constant (10"'°m) 3.947 3.787 | 4.213
Lattice mismatch - ~4.1% | ~-6.7%
Thermal expansion coefficients (10°%/°C) 10.5 10.0 13.8

Table 3.2 Conditions of the BST deposition.

Target Stoichiometric (Bag sSro.5)TiO3 ceramic
Sputtering power 90w

Substrate temperature 450°C

Gas pressure for deposition 5 Pa

Gas flow rate (Ar:0;) 9:1

BST films were sputtered from a stoichiometric (Bags,Sr05)TiO5 target ( Kurt L.
Lester) onto the LAQ or MgO substrates with conditions as shown in Table 3.2. The

parameters listed above is very important, for example, the gas flow rate of the
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mixture of argon and oxygen will affect the deposition rate and vary the final
composition of the BST thin films. A high gas pressure is beneficial for better
composition control but causes a low deposition rate. The importance of controlling

these parameters have been discussed in the literature [26, 27].

After BST film deposition, the samples were then put into a tube furnace for

annealing at 1000°C for 3 hours.

3.2.1.2 Structural characterization
The phase and microstructure of the BST films were investigated by X-ray

diffraction (XRD) and atomic force microscopy (AFM), respectively.

X-ray diffraction (XRD) is used to characterize the crystallization of the BST
thin films. In an XRD measurement, the X-ray was incident on the thin film surface
and the detector was scanned to receive the signal as shown in Figure 3.2.2. The path
difference x is equal to d sin 0. For constructive interference, the total path difference

should be equal to the multiple of the wavelength,

nl =2dsind (3.2.1)

which is the Bragg’s law and A=0.154nm is the wavelength of the X-ray (Cu Ka

radiation) and d is the lattice spacing. A diffraction peak is formed when the Bragg
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condition is satisfied. An XRD spectrometer (X’pert System, Philips Electronic

Instruments) was used to measure the x-ray spectra of the BST samples.

Normal
&

Detector

X-ray
Film surface

Figure 3.2.2 Schematic diagram of the basic principle of XRD.

AFM is used to determine the roughness of the BST thin film. Figure 3.2.3
shows the principle of the AFM. As the scanner gently traces the tip across the sample,
~ the contact force causes the cantilever to bend to accommodate the changes in
topography. A laser beam then bounces off the back of the cantilever onto a
position-sensitive photodetector (PSPD). The laser beam on the detector will shift if
the cantilever bends. The PSPD itself can measure displacements of light as small as

10 angstrom. The ratio of the path length between the cantilever and the detector to
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the length of the cantilever itself produces a mechanical amplification. As a result, the
system can detect sub-angstrom vertical movement of the cantilever tip. The AFM

Met. 2000NC, Burleigh was used in the present study.

mu’r% _____ € e e ] Laser diode
\

\ PSPD detector

\ ,‘

\ 7’
. \ v
cantilever
sample

PZT scanner

Figure 3.2.3 Schematic diagram of the basic principle of AFM.

Figure 3.2.4 shows the XRD spectrum and the AFM micrograph of the
as-deposited BST film. It is seen that the film was still amorphous and the particle
size is quite small. After it was annealed at 1000°C for 3 hours, typical perovskite
peaks were observed in the XRD pattern and the grain size and roughness increased

with post-annealing as shown in Figure 3.2.5.
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Figure 3.2.4 (a) XRD and (b) AFM micrograph of the as-deposited BST film.
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Figure 3.2.5 (a) XRD and (b) AFM micrograph of the annealed BST film.

Some parameters are critical to the BST sputtering as mentioned before. Figure
3.2.6 shows the XRD of BST film deposited without substrate heating. The film is
deposited following the conditions listed in Table 3.2, except that the substrate

temperature is at room temperature and followed by 1000°C annealing. The film has
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relatively poor crystallization. It is because the ions coming out of the target have
relatively high energy, when they land onto a heated substrate and have enough
energy to re-orientate, they can form some stacking close to the structure of the
crystal. Such films are easier to crystallize upon annealing. But if there is no substrate
heating, the ions will have to stay where they are, therefore the whole film would be
amorphous. Such amorphous film is hard to crystallize during annealing and higher

temperature may be required.

1500
LAO
{200]
LAO BST
(100) (200)

BST

(100} | u
Ju o

20 30 40 50
2-theta (degree)

Figure 3.2.6 XRD of the BST film without substrate heating during deposition.

Figure 3.2.7 shows the AFM morphology of BST with 1100°C annealing for 3
hours. The deposition conditions are the same as shown in Table 3.2. The problem of
annealing at relatively high temperature is the overgrown of the grain size and the

film has poor uniformity. The film surface is not smooth and is less transparent.
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Figure 3.2.7 AFM morphology of the BST film with 1100°C annealing.

3.2.2 Sol gel deposition
' 3.2.2.1 Process flow

The basic steps in sol gel fabrication are to prepare appropriate solution
containing elements of the desired compound, then polymerize the solution to form a
gel, followed by dry and fire this gel to remove the organic cc;mponents to form a
final inorganic oxide. In general, these ﬁims are heat-treated using a two-step process:
the low-temperature step is used to pyrolyze the organics and the higher temperature

step is used to crystallize the film.

The starting BST sol-gel solution (Bag7Srg3Tio o503 and Bag sSrosTiO;) were
commercial solutions (Mitsubishi Materials Co., Japan). First the substrates (Pt/Si,
ZrQ, and LAO single crystals) were cleaned in an ultrasonic bath using 2-propanol

and acetone as cleaning agents. The substrates were fixed on the spin coater by a
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vacuum. The BST solution was injected onto the substrate surface and spun at 3000
rpm for 30 seconds. The coated film W;?IS then put on a hot plate (at ~250°C) for 5
minutes to remove the organic solvent (pyrolyzing). The pyrolyzed films have
amorphous structures, and post-déposition annealing was necessary to crystallize the
films. The crystallization was performed using a rapid thermal processor (RTP):
1) For Bag 7810399503 on Pt/Si and ZrO, substrates:
Held at 350 °C for 5 minutes and then heated up to 550°C-750°C to anneal for 30
minutes in the flow of oxygen.
2) For Bag sSry sTiO3 on LAQO substrates:
Held at 350 °C for 5 minutes and then heated up to 750°C to anneal for 30
minutes in the flow of oxygen. When the desired thickness of the film was

obtained, it was annealed in a tube furnace at 1000°C for 3 hours.

To obtain the desired thickness of the films, the coating, pyrolyzing and
annealing steps were repeated. Figure 3.2.8 shows the flow chart of the sol gel

method described above.
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Figure 3.2.8 Flow chart of the sol gel method.

3.2.2.2 Structural characterization

Figure 3.2.9(b) shows the XRD patterns of BST annealed at 650°C, there is an
improvement in the crystallization of the film when comparing with the film annealed
at 550°C (Figure 3.2.9(a)). The perovskite peaks (arrows) became very sharp after the

film was annealed at 650°C.
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Figure 3.2.9 XRD of BST film on Pt/Si annealed at (a) 550°C and (b) 650°C.

CHENG YIN LAI 3-15



Q«b Chapter 3 Fabrication and characterization of BST thin films and electrode patterning

XRP

THE HONG KONG POLYTECHNIC UNIVERSITY

3.3 Electrode patterning

3.3.1 Electrode deposition

After thin film deposition, gold electrode was formed on the top of the thin film
by magnetron sputtering. Table 3.3 shows the conditions of the sputtering. The
substrate temperature was 200°C to enhance the adhesion between the gold electrode
and the film. The thickness of the gold electrode was about 250 nm to 400 nm. The

sample structure is shown in Figure 3.3.1.

Table 3.3 Conditions of the gold deposition.

Target: Gold
Sputtering power: 70W
Substrate temperature: 200°C
|Gas pressure for deposition: 1 Pa
Gas flow rate of Ar; 10 sccm

CHENG YIN LAI 3-16



Chapter 3 Fabrication and characterization of BST thin films and electrode patterning

&

THE HONG KONG POLYTECHNIC UNIVERSITY

electrode
BST

Figure 3.3.1 Structure of the sample after electrode deposition.

3.3.2 Photolithography
Photolithography is the basic technique used to define the shape of
micromachined structure. The technique is essentially the same as that used in the

microelectronics industry.

3.3.2.1 Basic tool for the photolithography

Firstly a mask was produced. The electrode pattern was designed and drawn by
an AutoCad software. Then the file was converted to a L-Edit type file by a LinkCad
software because the manufacturer (Microelectronic Fabrication Facility of HKUST)
only support this type of file for mask fabrication. The smallest size for the mask
pattern fabrication was 1 pum. Actually, the mask was a chromium pattern on a glass

plate'as shown in Figure 3.3.2.
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Photoresist is a polymer which is sensitive to ultraviolet light. There are two
tyﬁes of photoresists, termed positive and negative. When the ultraviolet light strikes
a positive photoresist it weakens the polymer, so that when the image is developed the
photoresist at locations where it has been exposed to light will be washed away. When
ultraviolet light strikes a negative photoresist it strengthens the polymer. So when
developed the photoresist that has not been exposed to the ultraviolet light will be

washed away, a negative image of the mask is then transferred to the photoresist.

An optical aligner was used to align the mask and the sample and it also
provided the ultraviolet light for exposure. As mentioned before, the photoresists
were removed after development. The developer used in the development was used to

remove the unwanted photoresist.

A suitable chemical solution was then used to remove the matgrial which was
not protected by the photoresist. The chemical used is dependent on the materials.
The process of wet chemical etching is the removal of material by immersing the
wafer in a liquid bath of the chemical etchants. There are two types of wet etchants:
isotropic etchants and anisotropic etchants. Isotropic etchants attack the materials
being etched at the same rate in all directions. Anisotropic etchants attack the silicon
wafer at different directions with different rates, and so there is more control on the

shapes produced. In our case, isotropic etchants were used in this study.
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Figure 3.3.2 Photograph of the mask used in the photolithography.

3.3.2.2 Process of the photolithography

Figure 3.3.3 shows the conditions and the process flow of photolithography.,

Spin photoresist

_ Spin coating of photoresist
0O spin speed : 4500 rpm for 60 seconds

Baking ¢
O 10 minutes at 80°C Baking
UV exposure ¢
O exposure time 16~18 seconds UV exposure
Development i
[ rinse in developer for about 1-2 minutes

Development
Wet etching ¢
O rinse in chemicals for about 1-2 minutes

Wet etching

Figure 3.3.3 Process flow of the photolithographic technique.
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The positive photoresist (AZ3100, Clariant {(China) Ltd) was first spun onto the
top of the electrode by a spin coater, th;an it was placed into the furnace for baking to
remove the solvent. After that, an aligner (model no.: JKG-2A, Shanghi Optical
Machinery Works) was used to align the sample and the mask for UV exposure. This
step must be performed in a room with sodium yellow lighting, Because a positive
photoresist was used, the exposed part can be removed by the developer (AZ300,
Clariant (China) Ltd). After being developed for about one to two minutes and
followed by wet etching, the pattern of electrode was formed. The solution for etching

the gold is a combination of the chemicals of K1, I, and HO.

There are some important parameters in these steps, e.g. UV exposure time and
development time. Especially the length of time for the gold etching, it will be
over-etched if the time is too long, leading to the partial detachment of the electrode
pattern. All the parameters must be well-controlled. Figure 3.4.4 shows the schematic

diagram of the sample.
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Figure 3.3.4 Schematic diagram of the sample at each step.

Finally, the photoresist on the top has transformed into a very long-chain
polymer after the process of development and heat treatment and it cannot be
removed by the acetone. Using an oxygen plasma is the preferred way. Plasmas for
etching are formed by applying a radio-frequency electric field to a gas held at low
pressure in a vacuum chamber. Because the energy of the electron in the plasma is
much higher than the chemical bond energy, molecules in a plasma are essentially
randorhized, breaking down by recombination with electron. Figure 3.3.5 shows the

final structure of the sample with an interdigital electrode pattern.
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Figure 3.3.5 Siﬂe and top views of the sample.

3.4 Summary

In this Chapter, BST thin film depositions by the rf magnetron sputtering and sol
gel methods were introduced followed by the structural characterization of the thin
films by XRD and AFM. The process of standard photolithography to pattern the

electrode (e.g. IDE) was also discussed.
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Chapter 4

Dielectric characterization of BST thin films

in coplanar capacitors

4.1 Introduction

Compared with conventional ferroelectric film-based parallel plate capacitors,
the coplanar capacitors with a strﬁcture of electrode/film/substrate are different in
many aspects. In a coplanar capacitor, for example, the film is grown directly on the
substrate, therefore the film quality and the orientation could be better controlled than
that in a parallel plate capacitor. Moreover, when an external electric field is applied
to the sample, the field distribution in the film of a coplanar capacitor is quite
different from that in a parallel plate capacitor. These differences lead to the needs of
systematic investigations on the processing-structure-property relationship in the
ferroelectric film-based coplanar capacitor so as to improve the overall performance.
Technically, at microwave frequency measurements, the dielectric characterization of
ferroelectric thin films in a coplanar capacitor is difficult and complicated because of:

1) The parasitic capacitance of the electrodes [28] are not negligible at high

frequencies. Therefore the “real” capacitance of BST cannot be directly
obtained from the instrument readings.

2) Microwave devices are often made to have a coplanar capacitor structure,
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i.e., both electrodes are on top of the thin film. Therefore the relationship of
the capacitance (C) and the relative permittivity (¢} of BST cannot be

described by the traditional C~¢ equation for parallel plate capacitors.

To solve these technical problems and obtain accurate dielectric data for the BST
film, various theoretical and technical efforts have been reported in the literature on
this issue. With reference to the literature and also based on our experience, we
demonstrate our approach on the extraction of the relative permittivity over a wide
frequency range from BST film-based interdigital electroded capacitors (IDCs). The
characterization procedure basically includes three steps:

Step 1: Dielectric measurement of the IDC by a two-step calibration.

Step 2: Extraction of the pure capacitive part of the IDC by using an equivalent

circuit (removal of parasitics based on the data of step 1).

Step 3: Calculation of the relative permittivity of BST from the capacitance.

In this Chapter, the procedure of dielectric characterization of ferroelectric thin

films using IDCs is described.
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4.2 The procedure of dielectric characterization

4.2.1 Geometrical description of an IDC
The structure of an interdigital electrode is schematically shown in Figure
4.2.1(a). A set of geometrical parameters such as the electrode finger “width”, “gap”,

“length” and “number” are needed to describe the electrode.

An IDC can be divided into two parts: interdigital electrode “fingers” (the group
of parallel lines) and two electrode “arms” with the “pads”. The “fingers” part may be
regarded as the “main” interdigital electrodes and the other parts are for the
convenience of measurement. For an IDC measured at high frequency, the “arms” and
“pads” contribute to a parastatic capacitance which is an interference to the
characterization of the “main” IDC and the thin film. To remove the parasitic
capacitance, two more patterns which are called “open” and “short” references
(schematically shown in Figure 4.2.1(b) and Figure 4.2.1(c)) were fabricated on the
same thin film/substrate structure. The properties of the references are to be used in

the calculation of parasitics removal.
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where
2s - finger width
2g — finger gap
| - finger length |

w — terminal width

(b)

(c)

Figure 4.2.1 Schematic structure of: a) an interdigital electrode (IDE),
b) the open reference and c) the short reference.

4.2.2 High frequency dielectric measurements
The high frequency dielectric measurement system includes a network analyzer
8720ES (Agilent, USA) connected with a standard probe station Microtech RF-1

(Cascade, USA). The experimental setup is shown in Figure 4.2.2.
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The dielectric measurement was usually carried out at room temperature. Before
the measurement, the instruments were switched on and warmed up sufficiently
followed by a very careful 2-step calibration.

(1) Standard calibration of the instruments: The network analyzer and probe
station were first calibrated. This step aimed to remove the parasitics of the probes
and connection wires. The impedance standard substrates (ISS) with “short”, “open”
and “load” standards provided by the probe station manufacturer were used in the
calibration, which was carried out following the operation instructions. Details of the

calibration are available in the operation manual of the instruments.

Figure 4.2.2 Measurement instruments: network analyzer and probe station.

(2) Calibration for the removal of parasitic capacitance in the IDE. This part of

calibration included the measurement of the parasitic capacitance 1.e. the impedance
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of the open and short reference capacitors shown in Figure 4.2.1(b) and Figure

4.2.1(c).

In practical measurements, the reflection coefficient (S;)) rather than the
capacitance was measured on the network analyzer. From S, the input impedance (Z)

could be obtained using [28]:

145, 4.2.1)

Z=2,
where Z, is the characteristic impedance of the network analyzer. By the above steps,

the impedance of the short, open and interdigital capacitors (named as Zgnor, Zopen and

Zipe) were obtained.

4.2.3 Removal of the parasitic capacitance

Based on the measured data (Zshon, Zopen and Zipg) as described above, we model
an equivalent circuit for each electrode pattern (the interdigital electrode IDE, open
reference and short reference) was used to remove the parasitics. For example, the
equivalent circuit for the IDE pattern ( Figure 4.2.1(a) ) is shown in Figure 4.2.3. In
the circuit, Zjipe is the impedance of the pad and arm electrodes, Z, the parasitics
between pads and electrodes, Z, the impedance due to the IDC “finger” and Zpyr is

the impedance of actual device under test (DUT) which represents the group of
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parallel fingers. The aims in this part are to obtain the “main “ capacitance of the IDC
(Zour).

: Z,
Zitine Zy —>[:|
\ Zoytr

| |

Figure 4.2.3 Equivalent circuit of the IDE with the parasitics to be de-embedded.

By analyzing the equivalent circuit, we have:

1 (4.2.2)
Zipg = 2% Zy,e + |
zZ, Z,+Zpur
Also, similar work will be applied to both the open and short references,

423

Zsiwrt =2x Z[:'ne + ! ( )
ik
Zppen =2% 2+ 2, (4.2.4)

By solving (4.2.2), (4.2.3) and (4.2.4) and assuming Zji,e=0 (valid below 10 GHz), the
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impedance of the actual device under test (DUT) is:

ZIDE X Zopen Zshorr X Zopen (4'25)

oz —Zpe Zo.-Z

open open short

Zpuyr is then fitted to a parallel resistor-capacitor model,

11 (4.2.6)

ZDUT

where R is the resistance, o the angular frequency and C is the capacitance. Finally,

the “main” capacitance from an IDC can be obtained.

4.2.4 Extraction of relative permittivity of the film
Among various models in the literature describing the relationship of the IDC
capacitance and the material properties, Gevorgian’s model [29-31] gives a clear
physical picture and relatively simple mathematical formula and it has been chosen in
our calculation. The main ideas of the model are important for the understanding of
the extraction procedure:
_ (1) The partial capacitance techniques [29]: Since the dimensions of the IDC are
much less than the wavelength in the microwave devices, there is no capacitance

contribution from nonadjacent fingers. The capacitance (C) of an IDC with n fingers
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may be presented as the sum of capacitance from a three-finger capacitor (one-half of
both sides) Cs, and the capacitances of periodical (n-3) structures C, and a correction

term for the fringing fields of the ends of the finger, Ccnq as shown in Figure 4.2.4:

C=C,+C, +C,, (4.2.7)

—

Halelil

L o

q

—\
"o

Figure 4.2.4 A planar view of an IDC for the partial capacitance technique.

On the other hand, a coplanar capacitor with multiple dielectric layers can be
regarded as a sum of several single layer coplanar capacitor with the relative

penﬁittivity properly modified as shown in Figure 4.2.5.
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C (total) = ¥ (capacitance of each layer)

= ( (capacitance with air filling)
+ C (relative layer with equivalent permittivity [e;-1] and thickness H )
+ C (relative layer with equivalent permittivity [€,,-€.z] and thickness h,)

Figure 4.2.5 Schematic diagram of the partial capacitance technique for a
multilayer sample.

(2) Conformal mapping transformation [32]: Conformal mapping method is
widely used in physics to solve the problems concerning materials and devices with
complex shapes. In Gevorgian’s model, this method was employed to transform the
coplanar capacitor to a parallel plate capacitor. Figure 4.2.6 demonstrates the
transformation of a single layer IDC (from original coplanar structure = finally a

parallel plate capacitor in W-plane).
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Figure 4.2.6 A periodical structure of IDC (a), and its mapped planes: (b) transfer
to Z-plane, (c) Z plane to T-plane and (d) T plane to W-plane [29].

Details of the principles of the mapping techniques are available in reference
[29] and will not be discussed here. The important point is that the above
transformation has changed the shape and the dimension of the capacitor but has not
led to any change in the capacitance. Therefore the capacitance of the original
coplanar capacitor is equal to the capacitance of the parallel plate capacitor shown in

the W-plane. Finally, it can be written as:
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C =16'E K(k

K(k) (4.2.8)
"2 Y k(k)

The parameters K(k) and K(k’) are the elliptic integrals and functions of s and g etc.

Apart from the “parallel-finger” part, the end of each finger and its neighbouring
electrode “arm” will also form end capacitors. The calculation is possible by
considering the end capacitor as a combination of a “dot” region with a regular field
distribution at the end of the finger and two non-regular “dash” regions near the
corners as shown in Figure 4.2.7. Formulae for the calculation of the capacitance
under such consideration are available in reference [29]. In practice, however, the
capacitance of the end capaci;ors is often neglected because it is only a small fraction

of the total capacitance for an IDC with fingers much longer than the width (which is

true for most real devices).

Magnetic wall

v

Figure 4.2.7 Considerations for the end capacitors [29].
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Based on Gevorgian’s model, a program (in Appendix) was developed for
calculating the relative permittivity of ihe thin film from the capacitance of an IDC.
The input data include relative permittivity of each layer except for the unknown
material, the geometrical parameters of the IDC such as the finger “length”, “width”,

“gap” and “finger number”, the gap of the finger end, etc.

4.3 Dielectric properties of BST film

4.3.1 Dielectric characterization of BST in IDE/BST/LAO configuration
The dielectric characterization of a typical sample, IDE/BST/LAO, is described

as an example to demonstrate the procedure discussed in the previous section.

The fabrication of sample has been described in Chapter 3. Briefly, the BST
layer was deposited by rf sputtering followed by annealing at 1000 °C. The top
electrodes (IDE, open and short references) were deposited by dc sputtering and
patterned by standard photolithography and wet-chemical etching. Some geometric
parameters of the IDC are:

BST film thickness: 200 nm

Substrate LAO: thickness ~ 500 um, area=1 cm by | cm

Interdigital electrodes: finger numbers = 20, finger width =4 pm,

finger gap = 2 pm, finger length = 200 pm
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After the 2-step calibration and the removal of the parasitic capacitance, the
“main” IDC capacitance was obtained as shown in Figure 4.3.1(b). The raw data of

magnitude of impedance |Z| for open, short references and IDE are shown in Figure

4.3.1(a).
I — { 140000
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| 4 120000
ICE open reference
1500+ 1100000
1 4 80000
_N__woo- 160000 &
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4 20000
o — == 40
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Figure 4.3.1 (a) Raw data |Z| of open, short references and IDE and (b) capacitance
of the main IDC of BST/LAOQO as a function of frequency.
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The relative permittivity of BST vs frequency was extracted and plotted in Figure
4.3.2. Tt is observed that the relative permittivity is about 400 and is quite constant
when the frequency is below 2 GHz. A roll—off “V-shaped” sho‘wn around 1.3 GHz is
very likely resulted from a weak resonance of the test circuit. When the frequency
increases, the relative permittivi‘ty of BST gradually decreases until reaching the value

of about 270 at 10 GHz.

Despite bulk (BagsSros)TiO; exhibits a high relative permittivity at room
temperature (around 3000), the BST thin films often has a much lower rélative
permittivity due to various reasons such as defects, substrate clamping etc. Typical
values of BST (50/50) thin films in the literature range from 200 to about 600,
depending on the fabrication process and the substrate. Cur result of € (BST (50/50))
= 400 can be regarded as in good agreement with the literature results [33]). The
decrease of the relative permittivity at higher frequencies is also consistent with the
dielectric relaxation phenomena that have been extensively reported in the literature

[34].
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Figure 4.3.2 Relative permittivity of BST film as a function of frequency.

4.3.2 Influence of annealing temperature on the dielectric properties of BST
The dielectric property of a ferroelectric thin film is dependent on the
crystallinity of the material. A conventional method to investigate such relationship is

to prepare the samples at different temperatures.

In our work, two different samples were prepared and measured by an
Impedance/Material analyzer HP4291B at 10 MHz: i) IDC-Z: [DE/BST/ZrO; (the
substrate is zirconia single crystal) and ii) Au/Cr/BST/Pt-Si (parallel plate capacitor).

The structures of the samples are schematically shown in Figure 4.3.3.
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IDZ Electrode

(a) (b)

Figure 4.3.3 Cross-sectional views of the samples (a) IDC-Z and
(b) parallel plate capacitor.

The samples were fabricated by conventional sol gel methods and patterning
processes (details were given in Chapter 3). Two important technical issues are noted:
1). The composition of the film is (Bag 7S10.3)TiossOs. The film is paraelectric at room
temperature with its relative permittivity (obtained from dielectric tests on parallel
plate capacitors) being insensitive to external ac field. This feature is important for
this work because a strong ac field dependence of relative permittivity in the film will
increase the complexity in the dielectric analysis. 2). The sol-gel technique was used
in the sample preparation because this method ensures a good composition control of

the films and the convenience of fabrication.

Figure 4.3.4 demonstrates the relative permittivity of BST as a function of
annealing temperature. The common trend for both samples is that the relative

permittivity increases with the annealing temperature. In the parallel plate capacitor,
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BST annealed at 550 °C has a very low relative permittivity (around 100) but after
being annealed at 650 °C, the relative permittivity became 370. For BST grown on
Zr(, subjected to the same anne'aling temperature change, the relative permittivity
increased from 240 to 380. The increase in relative permittivity with annealing
temperature in our samples is a result of the improved crystallinity at higher
temperatures [35]. For the same mechanism, a longer annealing time also increases

the relative permittivity in all the samples.

500
400 | 10C: IDEIBST{ZrO2
o 0
2 X x
E Parallel plate
" capacit
g 300 pacitor
1]
&
o
[
© 200
100 1 L L 1
550 600 650 700 750

Annealing temperature ("C})

Figure 4.3.4 Relative permittivity of BST as a function of annealing temperature at
10 MHz.
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4.3.3 Influence of film thickness on the dielectric properties of BST

It is often observed in BST ﬁlm-baéed parallel plate capacitors that the relative
permittivity of BST is a function of the film thickness — the thicker the film, the larger
the relative permittivity. This dependence is often explained as the result of the
interface effect [36]. Because of the mismatch in composition and microstructure of
BST and the substrate, there is an intermediate layer formed between “bulk” BST and
the substrate after thermal treatment. The interface layer, having a much lower
relative permittivity than the “bulk” BST is connected with BST in series and thus
leads to the decrease in the relative permittivity of the whole capacitor. The thicker
the whole film, the less influential the interface layer is. To demonstrate this
| phenomena, different thickness of samples were fabricated by the same method
described in 3.2.2. From Figure 4.3.5, a similar thickness effect has also been
observed in both of our parallel plate and interdigital capacitors. In the parallel plate
capacitors, the relative permittivity was found to change from 280 for the 150 nm
thick BST to 480 for a 300 nm thick BST. For BST/ZrO,, the relative permittivity
was found to change from 380 for the 150 nm thick BST to 540 for a 300 nm thick
BST. Nevertheless, we are not sure if the thickness effects in the two different
electrode configurations are based on the same mechanism. More work on the
thickness effect in the IDCs as well as structural analysis will be carried out in the

future to reveal the mechanism.
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Figure 4.3.5 The influence of film thickness on the relative permittivity of
BST on Zr(Q; and Pt-Si at 10 MHz.

4.4 Further discussion on IDC characterization

As mentioned before, the capacitance of an IDC has a very complicated
relationship with the sizes of electrodes and the properties of the materials. In this

section, such relationship will be discussed for the understanding and characterization

of IDCs.

4.4.1 Influence of the air-filled capacitor
In the partial capacitance techniques, the air-filled capacitor is considered as one

contributor to the total capacitance of an IDC. This is one of the important difference
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between an IDC and a parallel plate capacitor. For the parallel plate capacitor, it is not

a capacitance contributor.

The following calculation by a program developed based on Gevorgian’s model
demonstrates the air-filled capacitor could affect the total device properties. The

sample has a layered structure as shown in Figure 4.4.1.

_-_-_ finger: width=10pm and gap=10pum-

film: € =280 and thickness=500nm

:::::::::::::::::::: substrate: £ =25 and thickness=500um

Figure 4.4.1 Layered structure and parameters for the calculation.

The parameter AC/C is the comparison of the IDC capacitance of any given
electrode thickness with the capacitance of the standard IDC that has an electrode
thickness = 10 nm. As shown in Figure 4.4.2, the capacitance of the IDC increases as
the electrode thickness increases. The capacitance of the capacitor with 10 pum thick
electrode is about 10 % larger than the capacitance of the capacitor with 1 pm thick
electrode. Obviously the air-filled capacitor is the only part responsible for this

change because the other parts of the device remained unchanged.
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Figure 4.4.2 The changes of the capacitance due to the change in electrode thickness.

4.4.2 Dependence of capacitance on electrode size

One possible way to improve the accuracy in the dielectric characterization of
BST film is through the measurement and calculation of a series of sarﬁples with
different electrode sizes. Usually the finger gap is the preferred parameter to be
changed. Four samples with different finger gaps were prepared and measured. It is
seen that the IDC capacitance increases as the finger gap decreases because in IDC
with small finger gap, the effective electric field acting on the film increases and also
less field can penetrate into the substrate. In Figure 4.4.3, the curves for the IDC with
various film relative permittivity was calculated baséd on the program and plotted
(line). Then the experimental data points (triangle) were inserted into the curve which
showed that they fit well to the graph of € = 350. We thus conclude that the relative

permittivity of the BST film is 350.
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Figure 4.4.3 The dependence of the geometric factor on the finger gap in the
IDCs.

4.4.3 Dependence of capacitance on film thickness
Figure 4.4.4 shows the capacitance of IDC as a function of the film thickness.

The results in the plot are calculated by a program developed based on Gevorgian’s

model. Some important parameters are:

Finger: width = Sum

Film: ¢ =350

Substrate: € = 25, thickness = 500um
In Figure 4.4.4, the capacitance of IDC increases as the film thickness increases
because the thicker the film, more field lines pass th-rough the film and the

contribution from the film increases. Also, for the curves of different finger gaps, the
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trends are similar because more field lines pass through the film when the gap is

smaller.
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Figure 4.4.4 The dependence of capacitance on the film thickness in the
IDCs.

4.5 Summary

In summary, the techniques and the procedure for the microwave dielectric
characterization of BST thin film-based interdigital capacitors have been discussed. It
was found that the relative permittivity of BST grown on LAO exhibited a relative
permittivity of around 400. Also, several technical issues in the characterization of

interdigital capacitors were discussed and compared with the conventional
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ferroelectric thin film-based parallel plate capacitors. The observations were
consistent with the values reported in the literature. Other issues on IDC
characterization such as the dimensions of the IDC, electrode and film thickness have

been discussed.
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Chapter 5

The dielectric tunability of BST thin films

5.1 Introduction

The relative permittivity of ferroelectric materials is usually found to be strongly
dependent on external electric field and it can be observed in two different ways: 1)
By keeping the ferroelectric éample free of external dc bias, then it can be obsérved
that the relative permittivity and the loss tangent increase with the test field (ac field)
strength. 2) By keeping constant the measurement ac field amplitude and frequency,
the relative permittivity and loss tangent will be found to decrease with thé external
dc bias. The dielectric tunability of ferroelectric thin films in most literature vsually

refers to the second case.

The dependence of the relative permittivity € on the dc bias in ferroelectric
materials is also a function of temperature. At temperature below T. (ferroelectric
state), the &-E dependence often exhibits a dual-peak as shown in Figure 5.1.1(a).
When observed above T, (paraelectric state), the e-E dependence is a single-peak as

shown in Figure 5.1.1(b). Correspondingly the dielectric tunability is often defined

differently as:
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Figure 5.1.1 Dependence of € on dc bias in ferroelectric materials:
(a) below T, and (b) above T..

Ferroelectric: Tunability = Zma — v (5.1.1)
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where gv=¢is the relative permittivity of the material tested under zero dc bias, ¢, the
relaﬁve permittivity of the material tested under a dc bias voltage V, and €max is the
maximum relative permittivity. The material in a ferroelectric state always exhibits a
larger dielectric loss than that in the paraelectric state. Therefore practically the
materials for capacitive applications at high frequencies are often required to work in
the paraelectric state. This is why most discussions on BST thin films for microwave

devices in the literature have been focused on the single-peak case.

The origin of the dielectric tunability in ferroelectric materials has been
discussed in the literature [37,38]. In thermodynamical theory, the behaviour of a
ferroelectric crystal can be obtained by considering the form of the expansion of the

free energy as a function of the polarization P,

_ 1Y e (D ape (1) 56 (5.1.3)
F(P,T)-Fo+[2]aP +(4JﬁP +_[6];4> +...

where F, is the zero field free energy density and the coefficients «, p and y depend
on the temperature. The powers of P are even because the free energy of the crystal
will not change with polarization reversal.  The equilibrium polarization in an

electric field E satisfies the condition:
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k} 5 501.1)
E_ _aP BP +’P +." (
- .

In ferroelectric state, o is negative while in the paraelectric state it is positive. « is

dependent on the temperature,

(r-1,) (5.1.5)

where Ty is equal to or lower than the actual transition temperature T (Curie
temperature}) and C is a positive constant called the Curie-Weiss constant. The

incremental relative permittivity in an electric field E 1s:

_(r-1)

5.1.6
c 02+ 36, P + 5e,7P* + ... (5.1.6)

n
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pr—
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|

the term 7-7,)

is the incremental relative permittivity in the absence of a dc

electric field. Using Equations (5.1.4) and (5.1.6), Johnson [38] proposed an

expression for the relative permittivity in terms of the electric field as:

£,(T,0) (5.1.7)

{1 +{g,6.(T,0)] B(T)E? }%

e (T,E)=
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where B(T) is a phenomenological constant. Although these models were originally
developed for ferroelectric crystals working at low frequencies, they are still good
references for the understanding of the high-frequency dielectric behaviours of either

ferroelectric or paraelectric BST thin films under dc bias.

The dielectric tunability of BST thin films in a parallel plate capacitor has been
extensively investigated in the literature [39,40]. For BST thin films in coplanar
capacitors, those techniques and results in the literature may serve as good references.
In this Chapter, the high frequensy dielectric tunability of BST thin ﬁlsns in
interdigital capacitors was characterized and its relationship with structural factors,

such as the film thickness and substrate was discussed.

5.2 Sample descriptions, dielectric measurements and data treatment

The samples for the tests have a regular interdigital capacitor structure, i.e.
IDE/BST/substrate. In order to obtain a relatively high electric field, the capacitors
were made to have an electrode gap of 2 um (unless otherwise specified). The
dielectric measurement was performed by a Hewlett Packard Impedance/Material
analyzer HP 4291B (1MHz - 1.8GHz). The nominal electric field E, which is defined
as the ratio of the voltage over the electrode finger gap of IDC, in our case: 40V/2um

1s 20 MV/m. The nominal field E is schematically shown in Figure 5.2.1.
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2g
—
BST
LAO or MgO

Figure 5.2.1 BST film-based IDC under test.

The dielectric measurements were carried out at room temperature. The
measurement frequency was 800 MHz and the amplitude of the ac signal was always

kept constant while the dc bias changed continuously.

For a parallel plate capacitor, the capacitance is proportional to the relative
permiftivity of the material. Therefore the dielectric tunability of the ferroelectric thin
film is obtained by comparing the capacitances of the sample that are measured
with/without a dc bias, i.e. AC/C (capacitor) = Ae/e (ferroelectric film). For a coplanar
capacitor, however, the dielectric tunability of the ferroelectric film is not equivalent
to the relative capacitance change of the capacitor. This is because the substrate also
contributes to the capacitance of the whole device. To remove the contribution of the
substrate and obtain the dielectric tunability “purely” coming from the ferroelectnic
material, the programs based on Gevorgian’s model was first used to calculate the
relative permittivity. But the data treatment was time-consuming because each point

on the C-E curve must be calculated individually. Therefore, a second simplified
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method in data treatment was developed to calculate the tunability of BST as follows:
Step 1: The C-E dependences of both IDE/BST/LAO and IDE/LAO were

obtained by the measurements.

Step 2: Under each particular dc bias V, the dielectric tunability of BST was

obtained by comparing the capacitance as:

ﬁ( BST) = CfDEfBSTIMO(hG) _ CIDEIBST!LAO(V} (5.2.1)
€

IDE! BST/LAO(V=0) — CIDEILAO

The validity of the Equation can be proven by the application of the
partial-capacitance technique discussed in Chapter 4. As schematically shown in
Figure 5.2.2, (Cipesstiiao - Ciperao) represents the capacitance of a virtual capacitor,
IDE/film, where the relative permittivity of the film equals to the term (EBST;— ELAO)-
As gggr is always much larger than €40, therefore we have assumed that epst- €LA0 =

EBsT.

IDE/BST/LAO IDE/LAO IDE/Film
i EEEmmmS B
ERST
ELa = €LA0

Figure 5.2.2 Extraction of the capacitance of the ferroelectric film.

o

Ceireae |
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Figure 5.2.3 demonstrates a practical example of the treatment procedure. Two
samples were prepared: IDE/BST/LAO and IDE/LAO. BST film was fabricated by
sputtering and its thickness was 300 nm. The electrode sizes for both capacitors are:
electrode spacing = 2 pm, electrode width = 5 pum, finger number = 21. The C-E
dependences of IDE/BST/LAQO and IDE/LAO are shown in Figure 5.2.3(a) and (b),
respectively. Obviously LAO does not exhibit any dielectric tunability in the
measurement range. The difference between C(IDE/BST/LAQO) and C(IDE/LAO) is
shown in Figure 5.2.3(c). As previously analyzed, the data in Figure 5.2.3(c) is
proportional to the e-E dependence of BST and also using Equation (5.2.1), the

dielectric tunability of BST can be obtained.

14.0 |

130

120

CIDEIBSTILAD (pF)

10.0

9.0

[l A [l A L " 1 e L

-20 -10 0 10 20
Electric field {MV/m)
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Figure 5.2.3 The C-E dependence of interdigital capacitors:

(a) IDE/BST/LAQ, (b) IDE/LAO and {c) IDE/film
{virtual).
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Table 5.1 shows the results of tunability of two samples: 220nm BST on LAO

and 300nm BST on LAOQ calculated by different methods:

(1) The conventional method: Tunability = ae
£

C -C
e IDE/ BST/ LAO(V =0 | BST 1 LAO(V
(2) Tunability = =0 IDE BST/LAO()

IDE| BST I LAQ(V=0) — Cwsruo

The percentage errors (TI—T2

x100% ) for both samples are within 2%. This

method produces a convenient way to calculate the tunability in high accuracy and is

less time consuming for data treatment.

Table 5.1 Calculated tunability from two different methods.

BST film |[Calculated tunability from (1):|Calculated tunability from (2):| Percentage

thickness at 20MV/m (T1) at 20MV/m  (T2) Error
220nm 26.22% 26.24% 2%
300nm 30.28% 30.7% -1.06%
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5.3 Typical value of dielectric tunability of BST and factors that
affect the tunability

5.3.1 Assessment of the dielectric tunability of BST

Figure 5.3.1 demonstrates the typical dielectric behaviour of BST thin films in
the structure of IDE/BST/LAO. The relative permittivity shows a strong dependence
on the dc bias with a value of 597 under zero dc bias. The maximum value of the

tunability is about 31 % under a 20 MV/m electric field.

650
600 |
=
z
T 550
o
(=1
]
2 500 |
m
o
4
450 |
400 ' A L i L " ' A 1
-20 -10 0 10 20
Electric field (MV/m}
(a)
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Figure 5.3.1 Typical dielectric behaviour of BST in the capacitor IDE/BST/LAO:
(a) The relative permittivity and (b) the tunability.
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Figure 5.3.2 The experimental data (line) vs the calculated results (square dots).
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The experimental data shown in Figure 5.3.1(a) are fitted to Equation (5.1.7). As
shown in Figure 5.3.2, when B = 3.5x10'°, the experimental data are well-fitted to the
calculated results based on Equation (5.1.7). Both relative permittivity and the
tunability of BST on LAO are comparable with literature data [40, 41]. Liu and
co-workers have observed a tunability of BST about 16% at 20 MV/m with IDC

structure [41].

5.3.2 Factors affecting the tunability of BST
5.3.2.1 Substrate effect

Ferroelectric thin films are often found to be strongly dependent on the
substrates mainly due to: lj St“rcss is induced in‘the film due to the lattice mismatch
and thermal mismatch between the film and the substrate. 2} The crystalline
orientations of the films are largely controlled by the substrate. 3) Defects are formed
near the interface region. As a matter of fact, the substrate effect in coplanar devices
should be more significant because the ferroelectric thin films are directly grown on

the substrates.

In this Section, the strong substrate dependence of the BST dielectric tunability
was demonstrated. Two different samples were made and characterized in this
experiment: IDE/BST/LAQ and IDE/BST/MgQO. The thickness of BST was 220 nm
for both samples. The fabrication and characterization processes and the IDE sizes for

both samples were kept exactly the same. As shown in Figure 5.3.3, BST on MgO
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exhibits a much larger tunability (~46%) than BST on LAO (~26%) under the same

electric field.

0
=10 p
3
T 20}
£ LAO
= !
£ .30
e
40 |
MgO
_50 1 i L i 1 " L i 1
-20 -10 0 10 20

Electric field (MV/m)

Figure 5.3.3 The dielectric tunability of BST on different substrates: LAO and
MgO. .

The mechanism responsible for the difference in the dielectric tunability of BST
may be related to several microstructural factors. For BST on MgQO, the lattice of
MgO is about 7 % larger than BST and therefore BST tends to expand its lattice to
. match that of MgO. On the other hand, the thermal expansion coefficient of MgQ is
larger than BST, BST may be squect to a considerable stress due to the thermal
mismatch. For BST/LAQ, the case is exactly the opposite: the LAO lattice is smaller
than BST and LAO has a thermal expansion coefficient slightly smaller than BST.
The data of the three materials are shown in Table 5.2. Actually, it is hard to conclude

how these factors may affect the structure and properties of BST. X-ray diffraction
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(Figure 5.3.4) on the samples shows that the lattice of BST on MgOQ is larger than that
of BST on LAQ, indicating that the overall effect of the substrate is that BST on MgO
1s to a certain extent “expanded”. Both of the films were highly oriented in the
out-of-plane direction. Moreover, the BST thin film on MgO was subjected to the
tensile stress because of the difference in thermal expansion coefficient. These could
be the reasons why BST on MgO exhibited a larger tunability than BST on LAO. A
more detailed discussion cannot be made until more microstructural analysis has been

conducted.

Table 5.2 Lattice parameter (a) and thermal expansion coefficients (a) of bulk BST
and the substrates.

LAO MgO Bulk BST (50/50)
a (10"%m) 3.787 4213 3.947
a (10°°C) 10.0 13.8 10.5
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Figure 5.3.4 XRD of BST on (a) MgO and (b) LAO.
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5.3.2.2 Dielectric tunability of BST prepared by the sol-gel method

Although most of the BST thin films in this study were prepared by rf
magnetron sputtering, the sol-gel techniques were also employed in the preparation of
some of the BST thin films for comparison. Figure 5.3.5 demonstrates the dielectric
tunability of a BST (50/50) thin film grown on LAO by the sol-gel technique. The
film was annealed at 1000 °C for 3 hours and the film thickness was about 350 nm.
The dielectric measurement was carried out at 800 MHz. As shown in Figure 5.3.5,
the dielectric tunability (-37%) of sol-gel BST is quite similar to that of BST prepared

by rf magnetron sputtering.

0k

Tunability (%)

.30 F

_40 L " 1 A L " A i -
-20 -10 0 0 20

Electric field (Mv/m)

Figure 5.3.5 The dielectric tunability of sol-gel BST (50/50) on LAO.
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Sol-gel BST films have a relatively poor morphology than that of films prepared
by rf magnetron sputtering. The defect density and roughness on the sol-gel BST film
surface is often too high for the electrode deposition. It becomes difficult to pattern
the relatively small electrode spacing of the interdigital electrodes. Hence, the sol-gel

method is not a favorable technique for making BST films for IDC devices.

5.3.2.3 Tunability as a function of electrode spacing

The electrode spacing was found to have an influence on the tunability of BST
in an IDC. Figure 5.3.6(a) shows a typical experimental result. The tunability of BST
in different samples was compared under the same dc bias voltage, the IDC with a
larger electrode spacing exhibits a smaller tunability. When compared under the same
nominal electric field, as shown in Figure 5.3.6(b), the tunability of BST in the
3-um-spacing sample is larger than that in the 2-pm-spacing but almost the same as
that in the 5-um-spacing sample. The origin of the electrode spacing dependence of
the tunability in IDCs is obviously related to the uneven distribution of the electric
field in the ferroelectric thin film. Therefore the actual electric field strength in the
film is much smaller than the nominal field strength, especiaily in the samples with
small electrode spacing. Such effect is improved as the electrode spacing gets larger.
To reach a certain required tunability, the driving field should be adjusted in terms of

the electrode spacing of the device.
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F1gure 5.3.6 BST tunability in IDE/BST/LAO with different electrode

spacings under different (a) dc bias voltages and (b) electric
fields.
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5.4 Dependence of BST tunability on film thickness

In the study of ferroelectric thin films, the thickness effect is an important issue.
In the literature, the study of such effect is often conducted in the structure of
electrode/ferroelectric film/electrode. In this work, a strong thickness dependence of
the relative permittivity and tunability of BST in the coplanar structure

IDE/BST/LAO has also been studied.

In this experiment, BST thin films of different thickness were prepared: 80 nm,
220 nm and 300 nm. All films were deposited on LAO substrate by rf magnetron
sputtering, As shown in Figure 5.4.1, the relative permittivity and the tunability of
BST increases with the thickness. For comparison, three groups of data are listed as

below:

Table 5.3 Dielectric properties of BST films with different thicknesses.

Film thickness 80 nm 220 nm 300 nm
g at zero bias 285 553 597
g at 20 MV/m 248 408 414
Tunability under 20 MV/m 13% 26.2% 30.7%
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Figure 5.4.1 Influence of film thickness on the (a) relative permittivity and
(b) tunability of BST in IDE/BST/LAO.
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Table 5.3 lists the tunability as a function of the BST film thickness. Under a dc
bias of 40V, the tunability of a 80 nm, 220 nm and 300 nm thick BST is about 13%,
26.2% and 30.7%, respectively. One main reason of the strong thickness dependence
1s believed to be contributed from the stress and interface states of the BST thin film.
The stress in BST film is a function of the thickness. The thin BST film is subjected
to a large stress and thus a strong clamping effect, leading to a poor dielectric
tunability. As BST thickness increases, the clamping effect decreases and the
tunability increases. The LAQO substrate also has a considerable contribution to the
total capacitance. Since LAO is not tunable under a dc bias, the overall tunability of
the IDC will be lower for thinner BST film on LAO. As BST grows thicker, the
contribution of the LAQ substrate decreases and its influence on the tunability

decreases, hence the device performance gets closer to pure BST.

5.5 Summary

In this Chapter, the dielectric tunability of BST thin films in interdigital
capacitors was characterized. Under a 20 MV/m electric field, the tunability was
found to be about 31%, a value comparable with most literature data. Many
processing factors were found to have influences on the tunability of the films. The
relative permittivity and tunability of BST exhibited a strong dependence on film

thickness. The possible influences coming from the stress were discussed.
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Chapter 6

BST thin film-based microwave devices

6.1 Introduction

BST thin film has attracted much research attention, especially in the microwave
applications. BST thin-film based microwave devices such as varactors, resonators
and filters offer the advantages of integratability, low cost and low voltage tunability,

In this Chapter, BST thin film-based resonators and phase shifters have been studied.

Ring resonators are widely used microwave devices and also are tools for
material characterization at high frequency. For example: it acts as a filter resulting in
flatter passbands and higher out-of-band signal rejection. Other applications like

wavelength-selective switching, amplification, and oscillation are also widely used.

Phase shifters produce various phase shifting of an output signal. They can
provide compact and low power devices. The rapid advancement in
telecommunication has called for the development of small size and cheap MMIC
phased antennas for the information exchange between several satellites. They

become key components in modern phased array antenna systems and

telecommunication.
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6.2 Issues on microwave measurement

Microwave testing of the device was performed by a network analyzer 8§720ES
(Agilent, USA) with a standard probe station Microtech RF-1 (Cascade, USA) and a
pair of air coplanar ground-signai-ground (GSG) microprobes (Cascade, USA). For
adding dc bias to the microwave measurement, an external dc power supply Agilent
6629A was used. The photographs of the GSG microprobe are shown in Figure 6.2.1,
The tips of the microprobe are made of beryllium copper (BeCu), this type of tips are

suitable for the use with gold pad as the contact substrate.

6.2.1 Important issues before calibration

When the system has been connected and prior to calibration, the microprobe
should be kept clean and there is a need for planarization. Planarization is to ensure
all contacts are at the same height. As mentioned before, the gold contact substrate
was used to planarize the microprobes. The planarity positioner on the probe station
was adjusted to planarize the microprobes until all tips made even contact on the
contact substrate. Figure 6.2.1(c) shows the microprobe marks on the contact

substrate for even GSG contacts.

6.2.2 Calibration of the system
The forward model of a two-port network analyzer is shown in Figure 6.2.2 [42].
The system was calibrated by short-open-load-through (SOLT) calibration to remove

the parasitics of connection wire and probe, etc. This calibration is commonly used
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for the two-port network analyzer. The calibration kit (calkit) of “open”, “short”,
“loa.d” and “thru” impedance standard substrates (ISS) was provided by the probe
manufacturer and its information must be strictly followed. For example, “open”
has negative capacitance and “short” and “load”_ have inductance. In the calibration,
the automatic Cascade Microtech calibration software “WinCal” was used. The
software provides the guideline of the calibration step by step. Figure 6.2.3 shows the

calibration steps (open— load— short— thru) individually. In order to verify the

calibration, it is recommended to re-measure the calibration standards substrates (ISS)

and to model them using the calkit data of the probe manufacturer.

6.2.3 S-parameters

Scattering parameters (S-parameters) are inherently linear quantities and often
express themselves in a log-magnitude format. They are the reflection and
transmission coefficients between the incident and reflection waves. They describe
completely the behaviour of a device under linear conditions in the microwave
frequency range. Each parameter is typically characterized by magnitude in decibel

(dB) and the phase. The expression in dB is 20log(S,,;) where i, j = 1 or 2 because

S-parameters are voltage ratios of the waves. The advantage of S-parameters does not
only lie in the complete description of the device performance at microwave
frequencies but also in its ability to convert to other parameters such as impedance (Z)

parameters. Figure 6.2.4 shows the details of S-parameters such as equations, etc.
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(b) (c)

Figure 6.2.1 Photographs of the (a) GSG microprobe, (b) GSG microprobe tips
and (c) GSG microprobe marks on the contact substrate [42].

Eg = frequency response of measurement channel, Eg = Port match,

Er = models imperfections in transmission response, Egp = Directivity of coupler
E; = models signal reflected back into DUT from P2

Calibrate with short-open-load on each port plus a Thru (SOLT) (use 10 knowns)

Figure 6.2.2 Two-port network analyzer model (Forward Model) [42].

Open

{probes in alr)

Gisem ot

YR 1 RNy

L?’.j;] ] Ly ;‘

Figure 6.2.3 Different calibration steps: microprobe placed on different
standard substrates: (open—load—short—thru) [42].
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Measuring S-Parameters

a Incident S Transmitted . b2
Forward Su DUT &l Zo
b Reflected E : Load
1 A=
_reflected b,

S, = reflected b
11 s = 322= ﬂ_-_2

incident a,

incident a,

al =0

transmitted b,
Sy =—— =
incident a,

_ transmitted _ b,
ar= Spe=——7 =

incident a,

al =0

b,

Sn
Reflected Reverse

Zy DUT
Load * :

a;
by Transmitted S Incident

Measurement Terms

8, =forward reflection coefficient (input match)
Sy=reverse reflection coefficient (output match)
Sz =forward transmission coefficient (gain or loss)

S 7=reverse transmission coefficient (isolation)

High-Frequency Device Characterization

REFLECTION

TRANSMISSION

A O

Impedance, S, 8
Return loss Admittance 21, D1z Insertion loss  Oroup Delay

Figure 6.2.4 Detail information of S-parameters and device characterization.
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6.3 Microwave devices

6.3.1 Ring resonator
6.3.1.1 Basic principle

The ring resonator is a transmission line formed in a closed loop [43]. The basic
circuit consists of the feed lines, coupling gaps and the resonator as shown in Figure
6.3.1. Power is coupled into and out of the resonator through the feed lines and
coupling gaps. This type of coupling is referred to in the literature as *“loose coupling”
[43]. When the mean circumference of the ring resonator is equal to an integral

multiple of a guided wavelength, resonance occurs. This may be expressed as:

2mr = na, (6.3.1)

forn=1, 2, 3, ... where r is the mean radius of the ring that equals to the average of

the outer and inner radii, Ay the guided wavelength and n is the mode number.

Feed lines

/ Coupling gaps

Resonator

Figure 6.3.1 A ring resonator.
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The ring resonators can be used to determine the phase velocity, Q factor and the
relative permittivity in microstrip lineé (44, 45). In a nondispersive medium,
frequency and the phase constant has a linear relationship. But in our case the
microstrip line is on a dispersive medium. The dispersion in a microstrip line can be
explained by examining the effective permittivity (). In a microstrip line the
effective permittivity is a measure of the field confined in the region beneath the strip.
The effective permittivity is frequency dependent and defined as the square of the

ratio of the velocity in free space (c) to the phase velocity in the microstrip (v),

=| £
/) {vp ] (63.2)

by combining Equations (6.3.1) and (6.3.2) and v, = f4,, the equation becomes

; =( nc Jz
7 \2mf (6.3.3)

the effective permittivity can thus be determined. The closed-form expression relating
relative permittivity € of the substrate to g.;rhas been derived by Hammerstad [46] for

low peﬁnittivity materials as:
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-1/2 2
aeﬂ=8+1+£_l [1+]2h] +0.04 1—z

where W is the width of the microstrip and h is the thickness of the substrate.

6.3.1.2 Ring resonator on a single crystal substrate

For the sample in Figure 6.3.2, the ring resonator pattern on the LAO and MgO
single crystals were formed by sbuttering a layer of Au and then pattefned by
photolithography (details are given in Chapter 3) . Microwave testing of the resonator
was performed by a network analyzer with a pair of GSG microprobes as shown in
Figure 6.3.3. The system was calibrated by short-open-load-through (SOLT)
calibration standards. The ring resonators were characterized by measuring the

reflection and transmission scattering parameters (S;, and Sy;).

Resonator
‘//Feed 1in\e \
LAO or MgO \mm O —
) =
Ground plane
(a) (b)

Figure 6.3.2 (a) Cross section and (b) top view of the sample.
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HP 8720ES Network Analyzer

Port 1 Sai Port 2

r—-—-—

Figure 6.3.3 Experimental setup of the ring resonator measurement.

Figure 6.3.4 shows the result of scattering parameter S;; with the change of the
frequency. There are several modes of the resonant frequency for both resonators on

LAO and MgO substrates. Table 6.1 lists the frequencies of the resonant modes.

o MgO
2k

- 4} _

g LAQ
73 6k
sl

-10 1 N 1 . A . 1 . i
0 5G 10G 15G 20G

Frequency (Hz)

Figure 6.3.4 S-parameter against frequency of resonators on LAO and MgO.
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Table 6.1 Resonant frequencies of several modes.

Resonant frequency (GHz)

Mode number on LAO on MgO
1 6.05 8.05
2 12.1 15.7
3 17.4 -

By using the data in Table 6.1 and the known dimensions of the ring resonator:

Qutside diameter: Smm

Inside diameter; 4.6mm

Feed line strips: 0.05mm* lmm

Coupling gaps: 0.015mm

Microstrip width: 0.4mm

from Equations (6.3.3) and (6.3.4), relative permittivity of the substrates were

calculated and shown in Figure 6.3.5. The calculated relative permittivity was

(16.5-18.1) for LAO single crystal and (9.08-9.55) for MgO single crystal. The

low-frequency relative permittivity of LAO and MgO single crystals are 24.5 and 9.8

respectively. The results obtained seemed to be quite reasonable.

CHENG YIN LAI
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24
s = LAO
20} 4 MgO
3 a
%‘ 16F " - n=3
= . n=1 n=
E 1o
a
2 8 . 4
n B = n'=2
o n'=1
£ |
4l
0 1 A L i i M 1 A i M 1 M 1
6G 8G 106G 112G 114G 116G 18G
Frequency (Hz)

Figure 6.3.5 Calculated relative permittivity at different resonant frequencies.

6.3.1.3 Resonant frequency vs film thickness

For the sample with the structure: electrode (resonator)/BST/LAO/electrode
(grounding), the overall relative permittivity {€qveran) of the whole sample (BST+LAO)
is dependent on the BST film because the relative permittivity of LAQO 1s a constant
(~24.5). It is expected that the thicker the BST film, the larger is the relative
permittivity. For example: €qveran 0f 500 nm BST on LAO should be larger than € gveran
of 100 nm BST on LAO. From Equation (6.3.3), it indicates that the resonant
frequency increases as the effective permittivity decreases. This phenomena is
consistent with our results shown in Figure 6.3.6. There is a resonance shift for
different thicknesses of BST thin film on LAO with the same resonator structure. For

a 180 nm BST film sputtered on LAQ, the first resonance occurs at 5.25 GHz while
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for a 300 nm BST film sputtered on LAO, the first resonance is found at 4.99 GHz as
listed in Table 6.2. These phenomena can be explained as due to the difference in their
overall relative permittivity. It provides an ability to tune the position of the resonant

frequency by adjusting the thickness of the thin film of the device.

0
A
220k
40+ B
m C
2 .60}
7 |
80}
‘ A: 180nm sputtared BST(50/50) on LAOQ
100 b B: 300nm sputtered BST(50/50) on LAO
C: 280nm sol get BST(50/50) on LAO
1 1 A 1 i

A L A L
0 5G 10G 15G 20G
Frequency {HZ)

Figure 6.3.6 Film thickness dependence of the resonant frequency.

Table 6.2 Several resonant modes.

Resonant frequency (GHz)

Mode number |180 nm BST| 280 nm BST |300 nm BST

1 5.25 4.99 4.99
2 10.35 9.83 9.93
3 15.35 14.59 14.59
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Because the sample has a multilayer structure, the relative permittivity of BST
thin film cannot be directly calculated from Equations (6.3.3) and (6.3.4). A
commercial electromagnetic simulator, IE3D (Zeland Software, Inc.) was used to
perform the full-wave electromagnetic simulation, which was based on an integral
equation obtained through the use of Green’s functions and the method-of-moment
formulation for a full-wave solution [47]. Electromagnetic simulation is a new
technology to yield high accuracy analysis and design of complicated microwave and
other electronic components. IE3D is an integrated full-wave electromagnetic
simulation and is an optimizatien package for the analysis and deeign of
3-dimensional microstrip antennas etc. In our case, it was used to simulate the Sy
spectra of the ring resonators and fitted the results to obtain the relative permittivity of
the BST thin film. Briefly, an incident field was imposed on the ring structure,
inducing a current distribution. To make the secondary ﬁeld created by the induced
current satisfy the boundary condition, an integral equation in terms of dyadic Green’s
functions for the current was obtained. With the use of a set of rooftop basis functions
on a triangular and rectangula_r mixed non-uniform grid, the current distribution on
the ‘ring structure was solved by means of the method-of-moment formula_tion. After
the current distribution was solved, the circuit parameters of the structure can be

expressed in S-parameter form [47, 48].

In the simulation, it is required to provide some parameters. For example: the

dimensions of the ring resonator (feed lines, resonator and size of the gap), dielectric
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properties of each layer and operated frequency range etc. By inputting the relevant
parameters of sample B in Figure 6.3.6. figure 6.3.7 shows the result of experimental
data with the simulated data. The relative permittivity of 300 nm BST (50/50) thin
film sputtered on LAO was found to be 550. This result is reasonable when compared

with the literature and previous results obtaining from the IDE pattern.

B oxperimental
20 — simulation

S,, (dB)

Frequency (GHz)

Figure 6.3.7 Expenimental data and simulation results of ring resonator on
the 300 nm sputtered BST thin film/LAO/Au.
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6.3.2 Phase shifter
6.3.2.1 Basic principle

Figure 6.3.8 shows the structure of a coupled microstrip phase shifter (CMPS).
The phase shifter design consists of eight coupled microstrip sections in series. Each
section functions as a single pole broadband filter whose passband shifters with the dc
bias applied to the ferroelectric film. The phase shift is proportional to the number of
coupled microstrips. These phase shifters are fairly narrowband and the optimal
frequency fy, depends upon the relative permittivity and the thickness of the
ferroelectric film. Considering a simple case of the structure as shown in Figuré 6.3.9

[49, 50], the coupled microstrip geometry can be excited in two modes: even and odd.

The propagation constant is given by,

p- - (£ fewnt + et

(6.3.5)

where X, is the free space wavelength, v, the phase velocity, &

=C,/C and

even e—air

€, =C,[/C,_ ... s Ceair and Co.qir are obtained by replacing all dielectrics with air. In
the odd mode, the E-fields are concentrated in the ferroelectric film. By applying a dc
voltage between the two microstrips, € of the ferroelectric material between the lines
can be tuned. Briefly, a dc bias is applied between the coupled microstrips, strongly

affecting the relative permittivity of the ferroelectric film in the gap and causing a
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microwave phase shift. Larger phase shifts are obtained by placing several of these
coupled microstrip sections in series. However, coupled microstrip phase shifters

require careful design because they are inherently filters with a limited bandwidth.

Figure 6.3.8 Schematic diagram of the eight coupled microstrip phase shifter
design (W =25um and s = 8um).

W S h0>>(h1+h2}, h1€'f.h2

Odd mode
E-tield h
X ] °
::'i. f.:_.;‘:, EP ‘-,-' R t
"'"- h1
hz

7 e

Figure 6.3.9 A coupled microstrip ferroelectric phase shifter. The E-fields are
drawn for odd mode propagation [49].
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6.3.2.2 Phase shifier on BST thin film

The phase shifter has a structuré of: electrode (phase shifter)/BST/MgO/Au
(grounding). BST (50/50) thin film was deposited on the MgO substrate by rf
magnetron sputtering and patterned by the standard photolithography. The
performance of the phase shifter was evaluated by measuring the differential phase
shift using a network analyzer and a pair of GSG microprobes. Figure 6.3.10 shows
the measured phase shift with the change of frequency controlled continuously with
dc voltages up to 100 V. As shown in Figure 6.3.11, a maximum differential phase
shift of 223° can be obtained at 15.05 GHz. To calculate the figure-of-merit (FOM) of
a phase shifter, the equation can be defined as the quotient of the differential phase

shift (A®) and the insertion loss (a):

FoM =22 [degree/dB] (6.3.6)
(44

At 15.05 GHz, the differential phase shift is 223° and the insertion loss is 21.7dB
under a dc bias of 100 V, the figure-of-merit of this phase shifter is about 10°/dB. In
fact, this value can be improved:

(1) Through material optimization.
(2) By applying higher dc voltage and using smaller coupled gap in the microstrip

( “s” in Figure 6.3.8) to increase the electric field.

(3) By lowering the microwave metallic losses through increasing the electrode
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thickness.
Heré, it is aimed at demonstrating the preliminary performance of the BST phase

shifter. By tuning the above parameters, better results can be obtained.

200
100
)
g
8 0
k=
@
w
)
=
L 100
-200 |
1 & 1 2 1
6G 7G 8G
Frequency (H2)
Figure 6.3.10 Phase shift vs frequency for different dc bias.
250
15.05GHz
l-'-"""—'—'--_—_-_.
200 |
)
]
g
150 |
= 9.15GHz
o0 L !_______,___..l
5 —
2 100}
= 7.55GHz
’ —"
8 s0f —
£ 6.55GHz
= ) :
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Figure 6.3.11 Differential phase shift vs dc bias at different frequencies.
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6.4 Summary

In this Chapter, the basic concepts of BST thin-film based microwave devices
were introduced. The performance of ring resonator on different structures were
investigated and studied with the aid of the commercial simulation software IE3D.,
Also, the BST thin film-based phase shifter under dc bias has been preliminarily

developed and described.

CHENG YIN LAI 6-19



Chapter 7 Conclusions

&

THE HONG KONG POLYTECHNIC UNIVERSITY
Chapter 7

Conclusions

7.1 Conclusions

In this study, BST thin films have been deposited by the rf magnetron sputtering
and sol gel techniques. Using rf magnetron sputtering, BST (50/50) thin films were
deposited on a heated substrate at 450°C and post annealed at 1000°C for 3 hours.
XRD showed that the film has the perovskite structure and AFM study indicated that
the film has uniform grain size and low roughness. The substrate heating during
deposition and post annealing are critical to the properties of the BST thin films.
Without substrate heating, the film has poor crystallization and higher post annealing
temperature increased the roughness of the film. The parameters of sputtering should
be well controlled. For the sol gel techniques, the commercial sol gel solutions BST
(70/30/95) and BST (50/50) were spun on the substrates and pyrolyzed in RTA with
O, atmosphere. The spin-coating steps were repeated until the desired thickness has
been reached. Finally, the films needed to be post annealed to enhance the

crystallization. XRD showed that the films were well crystallized.

The electrode patterning by standard photolithography was described. The layer

of Au electrode was first deposited on the top of the sample by magnetron sputtering.
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This was followed by spin-coating of photoresist, UV exposure and development. The
pattern was defined after the chemical wet etching procedure. The parameter control
in the process, such as the development and etching time, was very important,

especially for the electrode patterns with smaller dimension.

The relative permittivity of BST thin film at microwave frequency was
determined by an interdigital electrode structure. A simple measurement technique of
“open” and “short” references was used to remove the parasitic capacitance. The pure
capacitance attributed to the “finger” ‘part of the IDE was obtained. Then, Gevofgian’s
model was introduced to extract the relative permittivity from the capacitance. The
relative permittivity of a 200 nm BST (50/50) thin film sputtered on LAO was found
to be ~400 and a dielectric relaxation phenomena was observed at higher frequency.
The processing-structure-property relationship of the IDC was studied. The films
annealed at higher temperature had higher relative permittivity. The relative
permittivity increased as the film thickness increased. These observations were
consistent with the conventional thin film-based parallel plate capacitors. Other issues
on IDC characterization such as the electrode thickness and the dimensions of the
IDC have been discussed. The capacitance increased as the electrode and film

thickness increased but decreased as the finger gap increased.

The tunability of BST thin film using interdigital electrode structure has been

characterized. Under a field of 20 MV/m, in the 300 nm BST thin film sputtered on
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LAQ substrate, the tunability was found to be 31%. This value is comparable with the
litcra.ture result. The substrate effects on the tunability of BST thin film have been
studied. The tunability of 220 nm BST sputtered on LAO and MgO substrates were
found to be ~26% and ~46%, respectively. The 350 nm thick BST film on LAO
prepared by the sol gel techniques has a tunability of ~37%. Also, at the same applied
voltage the tunability was found to be a function of the electrode spacing, the smaller
the spacing of IDE the larger the tunability. The thickness dependence of tunability
has been discussed. The thicker the BST thin film the larger the tunability. The

possible influences coming from the stress were discussed.

BST thin film-based microwave devices such as resonator and phase shifter have
been studied. Ring resonator acted as a tool for materials characterization was
discussed. For the ring resonators directly fabricated on LAO and MgO substrates, the
relative permittivity of LAO and MgO were found to be (16.5-18.1) and (9.08-9.55),
respectively which are reasonable results, The performance of ring résonators on
different structures were investigated and studied with the aid of a commercial
simulation software IE3D. The resonant frequency shifted with different BST thin
film thickness. For a 180 nm BST film sputtered on LAO, the first resonance occured
at 5.25 GHz while for a 300 nm BST film sputtered on LAO, the first resonance was
found at 4.99 GHz. These phenomena can be explained as due to the difference in
their overall relative permittivity. A commercial software IE3D was used to simulate

the Sz; spectra of the ring resonators-and fitted the results to obtain the relative
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permittivity of the BST thin film. The relative permittivity of a 300 nm BST (50/50)
thin film sputtered on LAO was found to be 550. This result is reasonable when
compared with the literature and our results obtaining from the IDE pattern. On the
hand, the performance of the phase shifter was evaluated by measuring the phase shift
with the change of frequency controiled continuously with external dc voltages up to
100 V. A maximum differential phase shift 223° and an insertion loss of 21.7dB can
be obtained at 15.05 GHz under a dc bias of 100V, The figure-of-merit of this phase
shifter was about 10°/dB. This was a preliminary demonstration of the performance of

the BST phase shifter. By tuning some parameters, better results can be obtained.

7.2 Suggestions for future work

Further investigations on the IDC and the performance of the BST thin
film-based microwave devices suggested for future work include:

(D To investigate the thickness effect in the IDC to reveal the mechanism
causing the relative permittivity increase.

(2) To investigate the mechanisms for the substrate effect in the IDC which
give rise to the larger tunability of BST on MgO than that on LAO.

3) Materials optimization by doping MgO and Al;O; etc into the BST thin

| films to lower the relative permittivity and loss while retaining its

tunability for microwave applications.

(4) To optimise the design of the coplanar electrode pattern e.g. using
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smaller electrode gap in the phase shifter to obtain higher electric field.
This will increase the range of tunability of the device as the applied
voltage was limited by the measurement equipment. Fabrication and
characterization of other microwave devices preferably those that
actually may be used in practical circuits will be our future goal. Also,
increasing the electrode thickness will be the most essential part of the
work.

(5} To further develop measurement techniques of the microwave testings
such as the extractioﬁ of useful data by removing the parasiticg etc to
obtain more accurate properties of the BST thin films and devices. Also,
to extend the measurement techniques to cover a wider range of

frequencies, dc bias voltages and temperatures.
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Appendix

Based on Gevorgian’s model, a program was developed for calculating the

relative permittivity of the thin film from the capacitance of an interdigital capaitance.

Program in Mathematica:

(* CAD models for multilayered substrate IDE «)

KC[x ] := EllipticK{x]
KP(x ] := KC[Sgrt[1l-x"2]]
Rratio[x ] := SetAccuracy[KC[x] / KP{x], 100)

{* Cn #)
kO[w_, 8_] := Sethccuracy[w/ (w+ 8), 100]
niw ,8 ,h]:=

SetAccuracy[Sinh{Pix w/h/ 4] / (Sinh[Pix(w+8) /h/4] ) *
Sqrt[((Cosh(Pi+ (w+8) /h/4]) "2+ (Sinh(Pi« (w+8) /h/4])"2) /
((Cosh[Pixw/h/4]) “2+ (Sinh[Pix (w+s8) /h/ 4]} "2}1., 100]

tnfl ,n.w,8 ,el ,e2 ,e3 ,hl ,h2 ,h3]:=
SetAccuracy((n-3) « (8.854 *10"-6) «1» (Kratio[kO[w, 8]] +
{el-1) /2 xKratio{kn[w, 8, hl]] +
{e2 - el} /2 »Kratio[kn[w, 8, h2]] +
(e3-1) /2 +Kratio[kn[w, a8, h3]]), 100)
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(x O3 »)

k03(w_, 8 , w3_] := SetAccuracy[ w/ (w+2wg) »

SEt{({w/2+wW3+8) "2 - (W/24+8) *2)/
((W3+w/2+8)72 - (w/2)°2)], 100)

kn3{w_, 8_, h , w3_] :=SetAccuracy|

Sinh(Pis w/h/4] / (Sinh[Pie (w/2+8) /h/2] ) #

Sqrt(
((Sinh{Pix (w3 +w/2+8) /h/2])*2- (Sinh[Pix (W/2+8) /h/2])"2) /

((Sinh[Pix (w3 +w/2+8) /1h/2])“2- (Sinh(Pi*w/h/4])"2)], 100]

GBl.n,w,s ,el_,e2 ,e3 ,hl ,h2 ,h3,6 wi]:=
Seticcuracy(

4%1x(8.854%10"-6) «+1/ Kratio[k03[w, B, wW3]] »
(1+1/ Kratio(k03([w, 8, w3]] * |
{el-1) /2 »Kratio(kn3{w, 8, hl, w3]] +
(e2-el) /2 «Kratio(kn3[w, 8, h2, w3]] +
(e3-1) /2 «Kratio[kn3{w, g, h3, w3]])), 100)

(* Cend «)
kOe[wy , By , X_] := SetAccuracy[X/ (X + 8Y)
SEE[((Wwy+X+8y) "2 - (x+8y)"2)/

({(wy+x+8y) "2 - x*2)], 100)

kne[wy , sy _, h , x ] := SetAccuracy|
Sinh[Pix x/h/2] / (Sinh[Pi« (x+8y) /h/ 2} ), 100]

Ce(n_,w,el ,e2 ,e3 ,hl ,h2 ,b3 ,8y ,wy ,h x]:=

SetAccuracy(
2#n*wWk (2+P1) « (8.854+ 107 -6) » (Kratio[kOe[wy, 8y, X]] +

(el-1) /2 »Kratio[kne{wy, sy, h1, x]] +
(e2-el) /2 « Kratio[kme(wy, gy, h2, x]] +
(e3-1) /2 »Kratio[kne{wy, sy, h3, x]])., 100]

A-2
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wp(w_, t ] :=w+(t/Pl) #(l+Log(4«Plew/t])

Crit ,1,n,w,s ,el ,e2 ,e3 ,hl , h2 ,h3, w3, sy,
WY X ] :=
tn[l, n, wp(w, t},. s, el, e2, e3, hl, h2, h3) +
31, n, wp{w, t], 8, el, e2, e3, hl, h2, h3, w3] +
Ce(n, wp[w, t], el, e2, e3, hi, h2, h3, sy, wy, x|

cn[l_'_; n__; W_, 8_, e.l_; 92_' 33__; hl__, m_, h3_] =
N(CT[0.1, 1, n, w, 8, €l, 82, o3, hl, h2, h3, w, 10+w, 100»w, 0], 16]

¢T[0.3, 501, 60, 7.6, 7.6, 24.5, 24,5, 265, 500, 500, 0.3, 7.6,
7.6, 100, 0]
5.312547352107315157265787775031640194356441457802734375000000000-
Q00000000000003000000000000000000000
Ce(60, wp(7.6, 0.3}, 24.5, 24,5, 265, 500, 500, 0.3, 7.6, 15.2,
1.9)
0.501928515997417388331939491763478145003318786621.093750000000000-
000000000000000000000000000000000000
c3[500, 60, wp[7.6, 0.3], 7.6, 24.5, 24.5, 1, 500, 500, 0.3,
7.6)
0.247145277547477587587465563956357073038816452026367187500000000~
0000000000000000000000000000000000000
cT(5, 100, 50, 10, 10, 12.5, 12.5, 1, 500, 500, 1, 10, 10, 100,
1] '
0.478923997768589373297265510132092458661645650863647460937500000~
000000000000000000000000000000000000
crro.3, 1500, 12, 28, 16, 24.5, 500, 1, 500, 30, 10, 16, 16,
100, 7]
40.81585077508959269465549368760548532009124755859375000000000000~
0000000000000000000000000000000000000
(* PLT10/2x0/S10/81 Song' s *)
CT[0.1, 1446, 40, 10, 20, 11.9, 6670, 1, 500, 0.3, 0.7, 40,
50, 1000, 0] _
50.64807845136420683118672059208620339632034301757812500000000000-
00000000000000000000000000600000000000
CT1[371, 80, 4, 4, 5.7, 12, 1, 500, 2, 1.5])
1.151606730478411
CT1[1000, 200, 4, 4, 5.7, 5.7, 12, 300, 200, 1)
8.048151490333307
CT1{371, 80, 4, 4, 5.7, 22, 1, 300, 1.8, 1)
1.81009344397686
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CT1{1440, 60, 20, 15, 5.7, 22, 1, 300, 1, 1]
2.882576967671854 ‘
CT[(0.1, 620, 44, 30, 20, 11.8, 6670, 1, 500, 0.7, 10, 30, 50,
1000, 0]
53.21426677294759910452626172627788037061691284179687500000000000~
0000000000000000000000000000000000000
Plot[CT(0.1, 620, 44, 30, 20, 11.9, e, 1, 500, 0.7, 10, 30, 50,
1000, 0], {e, 1000, 10000}, PlotDivision -> 10, Frame -> True,

GridLines -> Autcmatic)
80 T

PTA R LT -

20 /
0 ¥
0 2000 4000 6000 8000 10000
- Graphics -

(* BST on LAD *)

Cr(0.35, 925, 21, 5, 2, 24,5, 387, 1, 500, 0.3, 1, 5, 55, 20,

0]

10.06501562086418366526174850150709971785545349121093750000000000-
0000000000000000000000000000000000000

Plot({CT[0.1, 1446, 80, 10, 5, 24.5, e, 1, 500, 1, 10, 10, 50, 1000, O],
CT(0.1, 1446, 80, 10, 5, 24.5, e, 1, 500, 0.5, 10, 10, 50, 1000, 0],
Crro.1, 1446, 80, 10, 5, 24.5, e, 1, 500, 0.15, 10, 10, 50, 1000, 01},
{e, 20, 1000}, PlotDivision -» 10, Frame -> True,

GridLines -> Automatic, PlotRange -> (-5, 100} ]
100 . .

80
60 FE -
a0}

20

0 - . e

0 200 400 600 800 1000
- Graphics =
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Plot{{CT[0.1, 1000, 200, 4, 4, 24.5, 210, 1, 500, h, 10, 4, 10, 200, 1],
CT[0.1, 1000, 200, 2, 2, 24.5, 210, 1, 500, h, 10, 4, 10, 200, 1),
CT[0.1, 1000, 200, 10, 10, 24.5, 210, 1, 500, h, 10, 4, 10, 200, 1]},

(h, 0.1, 4}, PlotDivisian -» 10, Frame -> Trua,

GridLines -> Autamatic, PlotRange -»> {-5, 175}]
175 .

150

125 | oo

100

75

50

25 -4

0 i

= Graphics - ‘

Plot[{CT[0.3, 1500, 12, 28, 16, 24.5, 500, 1, 500, h, 10, 16,
16, 100, 73, CT[0.3, 1500, 12, 10, 16, 24.5, 500, 1, 500, h,
10, 16, 16, 100, 71, CT[0.3, 1500, 12, 5, 16, 24.5, 500, 1,
500, h, 10, 16, 16, 100, 71}, {h, 0.1, 30}, PlotDivisimn -> 5,

Frame -> True, GridLines -»> Autamatic]
SetAccuracy: :accsm :

Requested SetAccuracy 100 would result in a precision smaller

than SMinPrecision; bounding by $MinPrecision instead.
SetAccuracy::accsm :

Requested SetAccuracy 100 would result in a precision smaller

than $MinPrecision; bounding by $MinPrecision instead.
SetAccuracy: :accsm :

Requested SetAccuracy 100 would result in a precision smaller

than $MinPrecision; bounding by $MinPrecision instead.
General::stop : Further cutput of

SetAccuracy::accsm will be suppressed during this calculation.

= Graphics -
Plot[CT[0.3, 1500, 12, 10, 10, 24.5, 500, 1, 500, h» 10, 10,

16, 16, 100, 71, {h, 0.5, 1.5}, PlotDivigian -> 5, Frame -> True,
GridLines -»> Autcmatic)
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Plot[{CT[0.3, 1500, 60, 10, 10, 24.5, 265, 1, 500, 0.3, 10, 10,
10, 100, x+10], CT(0.3, 1500, 60, 10, 10, 24.5, 265, 1, 500,
0.3, 10, 10, 10, 100, 0],

CT[0.3, 1500, 60, 10, 10, 24.5, 50, 1, 500, 0.3, 10, 10, 10,
100, x+10], CT{0.3, 1500, 60, 10, 10, 24.5, 50, 1, 500, 0.3,
10, 10, 10, 100, 0]}, {x, 0, 1}, Frame -> True,

PlotRange -> {7, 4.5} =

¢ 0.2 0.4 c.6 0.8 1

- Graphics -
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