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Abstract

Barium strontium titanate - Ba,Sr; TiO; (BST) is one of the ferroelectric materials that

are considered to be promising as a microwave material for tunable circuits. In such

application, the material must possess high tunability, i.e. the strong dependence of

permittivity on an applied dc bias. BST has such property because it has large dipoles.

BST also benefits from fast switching speed and compatibility with IC process as

demonstrated in DRAM technology. At room temperature, it is in paraelectric phase and

has moderate dielectric loss. Moreover, its Curie point can be simply controlled by

adjusting the Ba:Sr composition ratio during the film deposition, which enable the

flexible manufacturing process. The dielectric property of BST films with different

Br:Sr composition ratio (BST, x=0.3, 0.4 and 0.5) was studied in the first part of this

thesis. The reason for choosing such composition will be described; although it was

known that larger barium contents would result in higher tunability and permittivity, it

was generally known that BST is likely to be in ferroelectric phase and has high

dielectric loss at the composition x>0.5, and therefore the barium composition value

x=0.3, 0.4 and 0.5 was chosen in this experiment. At room temperature, the relative



permittivity of the BST with composition x=0.3, 0.4, and 0.5 was observed to be 229,
354, and 616, respectively, and the resultant phase shift of the same waveguide structure
at 7 GHz was 0.5°, 1.5°, and 2.5°, respectively. This result indicates that the films with

x=0.5 has highest tunability.

Deposition of BST films that possess low dielectric loss and high tunability is the main
objective. Unlike bulk or single crystal BST, thin BST films suffer from decrease in
permittivity and high dielectric loss. This was considered to be due to defects occurring
during deposition, and the dead layer in film interface because of the discontinuity of
the atomic bonds at the material surface. Epitaxial BST film growth is one of the
solutions to suppress the problems due to the defects, which is likely to be oxygen

vacancies.

Magnesium oxide (MgO), strontium titanate (STO), and lanthanum aluminate (LaAlOs)
are popular substrates of choice that help assist the BST epitaxial growth. Nevertheless,
those substrates are chosen mainly for research but not commercial manufacturing

because of their high cost and deliquescence of the surfaces.
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Substrate selection for epitaxial BST film growth was investigated using MgO, sapphire,
and silicon substrates. BST films were directly deposited onto different types of
substrates by conventional RF sputtering. The evaluation of BST films as microwave
material was done through the measurement of phase shift of the microwave signal (8
GHz) passing through the waveguide on the BST/substrate. The phase shift was solely
due to the permittivity change of the BST films, and not due to the substrates. The
results showed that the c-cut sapphire assisted BST epitaxial 111-oriented film growth,
while the MgO assisted BST 100-oriented film growth. The BST grown on silicon and
r-cut sapphire preferred random orientation. At 7 GHz, The phase shift and dielectric
loss due to the BST film (1 gm) deposited on MgO were 3.0° and 0.75%, which is
comparable to the values of 2.4° and 0.68% in the case of BST deposited on the c-cut
sapphire. Thus it was successfully demonstrated that the c-cut sapphire substrates are

suitable for depositing BST films for microwave application.

On the other hand, despite the extensive research on the applications that make use of
the large tunability of the BST films, little research has been carried out to realize a
BST-based frequency conversion. Frequency conversion by a coplanar waveguide

transmission line on a BST film has also been studied before. However, the nonlinearity
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of a BST film in such a planar structure is not large enough for an effective frequency

conversion. In this thesis, a parallel-plate capacitor was used to realize practical

frequency conversion because it made the voltage drop across the capacitance higher.

Practical frequency conversion due to BST film’s nonlinearity was successfully

demonstrated. It was also shown that the higher the frequency conversion efficiency can

be achieved by increasing the input signal power. For the conversion from 500 MHz to

1 GHz, the conversion loss was -30 dB at an input power of 20 dBm.
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Chapter 1.  Introduction

1.1 Background

Wireless tunable circuits make use of several tunable components that can be adjusted

by only applying a voltage bias adjustment. The advantages of this technology fulfill the

requirements for modern telecommunication technology. Wireless communication

devices used in radar, cellular, wireless LAN and other technologies, make uses of a

number of tuned high-frequency analog circuits. Tuned circuits are designed to respond

at some specific frequency, power level, or impedance. They play an important role in

determining overall signal quality, sensitivity, size and power consumption of mobile

devices and their base stations. However, these conditions may vary with location, and

thus mobility in wireless system causes some sub-optimum performance of these

conditions. The device designer may build several tuned components in a parallel

configuration, and switch between them as conditions change. However, this may lead

to associated penalties of increasing in size, weight and cost.



In many cases, a better solution is to use a single tunable circuit that is not only tuned,
but “tunable”. Wireless tunable devices make use of several tunable circuits that can be
adjusted by only applying a voltage bias adjustment. This may lead to a savings in cost,

reduction in size, improved battery life, or increased manufacturability.

Examples of tunable devices
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Figure 1-1 Equivalent circuits of a) the transmission line, b) the

high-pass filter, c) the low-pass filter, d) the resonator.



From figure 1-1, the transmission line, high-pass or low-pass filter, and resonator can
be modeled by using the capacitors and inductors. The value of the inductance and

capacitance determines the characteristics of the devices.

For a phase shifter, the phase ( £ ), impedance (Z) and phase velocity (v) are expressed
as:
P =wLC (1-1)

(1-2)

h
- a1 ]

T 1)

For a high-pass or low-pass filter, the cutoff frequency is expressed as:

1

7c 1)

For a resonator, a resonant frequency can be expressed as:

=i -9

Accordingly, the characteristics of such devices can be adjusted by changing the value

of the inductance (L) or capacitance (C).

In the case that the inductance is adjusted, the inductor’s high losses at the microwave



frequency can be high. The limitation of the inductors, which is generally fabricated on

the Si chip, is their power loss during operation, meaning that it requires high power

consumption. The loss mechanisms for the inductors are:

1. At low frequencies, the loss is mainly due to the resistance encountered in the

winding.

2. On a Si0O,/Si substrate, at low frequencies, the charge carriers in the substrate can

follow the speed of the electric field of the alternating circuit signal, and the field thus

terminates at the interface between the oxide and the silicon. At higher frequencies, the

charge carriers in the substrate cannot follow the high speed of the ac field, thus the

electric field penetrates into the silicon substrate. Thus the charges move in response to,

but lag behind the applied ac field. In this case, the additional parallel substrate

resistance must be taken into account. This kind of loss limits the use of an inductor at

the microwave frequencies.

3. The magnetic field of the applied ac field also penetrates into the substrate.

Considering a transformer where the field generated by one winding passes through

another, a current is induced in the substrate flowing in the direction opposite to that of

the intended signal. Continuing the transformer analogy, such eddy current flows in the

secondary (substrate) side as a result of signal energy applied to the primary winding.



And just as with a transformer, loss in the “secondary” due to finite substrate resistivity

can be observed through the primary side. At higher microwave frequency, this

mechanism is the cause of very high loss in the silicon-based spiral inductor. Even the

high-resistivity silicon-on-insulator substrate was used, the quality factor of the spiral

inductor is less than 5 (equivalent to loss of 20 %), at 1 GHz [1].

On the other hand, the capacitance of a capacitor can be controlled by applying an

external direct current (dc) bias. The ferroelectric capacitor suits for the tunable

application. Figure 1-2 shows the capacitance of a capacitor that contains Bag sSrsTiO3.

Figure 1-3 shows the expected result of tuning the devices. From the equations (1-1) to

(1-5), in a transmission line, this capacitor can tune the value of phase to 66% and can

shift the operating frequencies of high-pass filters, low-pass filters and resonators to 1.5

times. This range of tuning is enough for most applications.
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Figure 1-2 The capacitance as a function of an external direct current bias
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Figure 1-3 The expected results of tuning by a BST capacitor.



Historical perspective

Ferroelectric behavior in materials was first observed in Rochelle salt in the 1920s.

Barium titanate was recognized as a practical ferroelectric material in 1942—-1943 by

von Hippel at the Massachusetts Institute of Technology (MIT) [2]. Review of the IEEE

Microwave Theory and Techniques Society (IEEE MTT-S) International Microwave

Symposium Digests reveals two distinct periods of activity. The first stretched from

approximately 1958 to the 1960s. Morgenthaler [3] and Coleman and Becker [4]

discussed the possibility of ferroelectric phase modulators and mixers in 1958.

DiDomenico and Pantell [5] described an -band waveguide ferroelectric phase shifter in

1962. In the same year, Cohn and Eikenberg described a stripline phase shifter for

100-1000 MHz. They described a PbTiO —SrTiO HF-UHF power limiter capable of

handling 25-kW peak power in 1964 [6]. The application of ferroelectric materials as a

millimeter- wave harmonic generator is reported by DiDomenico in a review paper in

1963 [7]. Das described their use in parametric amplifiers in 1965 [8]. Amoss et al.

described a low-power switch using PbTiO —SrTiO elements in diode-like packages in

1965. Alday et al. described ferroelectric and pyroelectric millimeter-wave detectors

[10] in 1966. Another limiter utilizing a packaged ferroelectric element was described

by Horton and Donaldson in 1967 [11]. Van Doeren utilized ferroelectrics to rotate



wave polarization in 1966 [12]. A microstrip phase shifter using PbTiO —SrTiO was

described by Das in 1967 [13]. Measurement techniques for dielectric constant and loss

tangent were discussed by Horton and Burdick in 1968 [14]. Variable delay lines were

investigated by Kirchner [15] and by Squire et al. [16] in 1969.

Little new work utilizing the unique properties of ferroelectric materials was reported

until 1993. Beall, Ono, and Price made tunable microstrip resonators by combining the

low loss of superconductors with thin film SrTiO, in contrast to the bulk ceramic most

often used previously [17]. Cho combined piezoelectric and ferroelectric effects in a

surface-acoustic-wave convolver in 1994 [18]. In 1995, Jackson et al. [19] described a

coplanar waveguide X-band phase shifter producing 150° phase shift with a 30 V bias at

the temperature of 60 K. A finite-element analysis of microstrip lines on BaTiO —SrTiO

substrates was reported by Sung ef al. [20]. Abbas et al. discussed a model of a

ferroelectric superconducting phase shifter in 1996 [21]. The preparation of various

titanates by the sol-gel process was reported by DeFlaviis ef al. and, in 1997, their

devices yielded 165° phase shift and less than 3-dB loss at 2.4 GHz [22]. In 1998,

Subramanyam et al. used SrTiO in a 19-GHz tunable band pass filter, controlled by a

400-V bias [23]. Nonlinear effects including IMD and detuning were studied by



Kozyrev et al. [24]. Superconductors were again combined with ferroelectrics to make
tunable filters for 0.5-2 GHz, by Gevorgian ef al. [25]. A coupled microstrip approach
was used in a phase shifter with BaTiO —SrTiO by Van Keuls et al. [26]. Coplanar

waveguides were revisited by Carlsson and Gevorgian in 1999 [27].

1.2 Barium strontium titanate thin films (Ba,Sr;4)TiO3

Barium strontium titanate Ba,Sr;,TiO; (BST) has been investigated as a proper
dielectric material for a variety of applications such as dynamic random access
memories (DRAM), bypass capacitors, non-volatile memories [28]. The BST films
show a field-dependent permittivity. After an external DC voltage bias was applied to a
BST capacitor, the dielectric constant of the BST film decreases in a non-linear way.
This makes BST attractive for tunable microwave devices such as varactors, filters,
voltage controlled oscillators (VCO), delay lines, matching circuits, antennas and phase
shifters. BST based devices and circuits could provide an alternative to GaAs
varactors which are the most popular but expensive. Ba,Sr; 4 TiO; is a continuous solid
solution between BaTiO; and SrTiOs;. Figure 1-4 shows the perovskite structure of the
unit cell of the BST material. BST films have a very high dielectric constant typically in

the range of 100-1000 [28], making them suitable for small-area bypass capacitors. In



the early 1990’s, there was a huge effort in DRAM industry for alternative high

dielectric constant materials. BST have been investigated as a replacement for the

silicon oxide/nitride dielectric material [28]. GaAs chips for wireless communication

applications use on chip BST bypass capacitors gaining a performance advantage over

external bypass capacitors. Smaller device packages with reduced pin count are possible

which do not required external components and bonding.
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Figure 1-4 Perovskite structure of BST.
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Figure 1-5 shows the structure and lattice constants as a function of Ba:Sr ratio [29].
One important feature of the BST is that its Curie temperature decreases linearly with
increasing Sr concentration at a rate of 3.4 °C per mole % Sr [30]. As a result, the
transient temperature and hence the electrical and optical properties of BST can be

tailored over a broad range to meet the requirements of various electronic applications.
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Figure 1-5 (Ba;«Sry)TiO3 (ceramics) has the lattice constant in a- and
c-axis that correspond to the tetragonal or cubic structure of the material. x

is the ratio number of the Sr atoms [28].
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1.3. BST-based varactor

BST-based varactors have high breakdown fields of typically 2x10°V/cm [31]. They
also allow a large RF signal to be applied to devices, which indicates good
power-handling capability. Intrinsic fast polarization response of the BST films allows
continuous and rapid tuning. The fast field response combined with the non-linear
behavior of the dielectric permittivities enables frequency conversion devices such as
multipliers and up/down converters using BST thin films. As most tunable devices are
based on semiconductor materials, BST-based devices are of modern technologies, and
are not well known. Table 1-1 shows materials that are promising for tunable device [30,
31]. The BST varactors have fast tuning speed, excellent power handling, and are cheap,
but the disadvantages are their poor dielectric losses. Another important feature of BST
based devices, in comparison to semiconductor-based alternatives, is the wide variety of
substrate materials available for thin-film deposition. Using inexpensive substrates such
as silicon or Al,O3 and high-volume deposition technologies, very low cost microwave
circuits can be realized using thin-film BST. BST varactors also have higher breakdown
field strengths and higher power handling capability than semiconductor varactor diodes.
Good power handling and intermodulated distortion (IMD) can be obtained by using

relatively thicker films at the expense of control voltage.

13



Table 1-1 comparison of varactor technologies [31]

GaAs BST MEMS
Tunability  High Moderate  Low
(75%) (55-70%)  (<50%0)
RF Loss Moderate  Moderate  Very Good
(Q<60) (Q<100) (Q<200)
Control <10V 10-20 V 50-100 V
Voltage
Tuning Fast Fast Slow
Speed
Power Poor Excellent Excellent
Handling
IMD Poor Poor Excellent
Packaging Hermetic  (Unknown) Vacuum
Cost High Low Low
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1.4. Problems of thin films (Ba,Sr14) TiO3; for microwave applications

Table 1-2 Permittivity, quality factor of dielectrics used as the
microwave application [31]

Material £ @ 25°C Q = 1/tand @ 25°C
Ba-Zn-Ta-O 30 12600 (@10 GHz)
Zr-Sn-Ti-O 37 5800 (@ 9 GHz)
Ba Ti,0,, 37 7000 (@ 7 GHz)
ZrTiO, 42 4000 (@ 7 GHz)
Ba-Nd-Ti-O 88 1100 (@ 5 GHz)
TiO, 100 14500 (@ 3 GHz)
CaTio, 170 1800 (@ 2 GHz)
SrTiO, 300 1000 (@10 GHz)
Ba, St TiO, 4000 50 (@10 GHz)

Table 1-2 shows permittivity and quality factors (1/tand) of various dielectric materials

for microwave applications [31]. Although high permittivity of the BST is promising for

tunable applications, the fabrication of the BST films usually results in high dielectric

losses (tand). This is mostly believed to be due to the defects in the films that emerge

during the film deposition. Even in the case of sputtering deposition, which is an

excellent way to fabricate a high-quality film, particle bombardment of BST target can

introduce defects into films or simply cause oxygen resputtering. This is because the

target is generally bombarded with the particles that have energy of 1-100eV, while

defect formation is on the order of several eVs. Under a DC voltage field, the oxygen

15



vacancies migrate to the cathode and results in electron injection into the films. Under a
microwave signal, the migration of these oxygen vacancies may not occurred due to the
low speed of the migration than the switching speed of the applied signal. However,
such vacancies may cause dislocation inside the films that are likely to induce stress or
strain inside the films or cause some changes in lattice constants of the BST, resulting in

higher dielectric loss and low tunability and permittivity.

1.5. Approaches to improvement of thin films (Ba,Sr.,)TiO; for
microwave applications
In general, it is believed that tunability higher than 50% should be enough for varactors
to operate properly and it is almost impossible to increase the tunability to over 80% '),
On the other hand, lowering the dielectric loss is very important. This is because the
trade off value “tunabilityx1/tand”, which is often used to determine the quality of the
tunable components, can be increased more effective by 1 % of loss than 1 % of
tunability. Moreover, a quality value of a device: Q=1/tand is an important parameter

when choosing capacitors, resonators, or dielectric devices.

1.5.1 Deposition substrate selection

16



To achieve low-loss BST films, it is believed that fabricating the epitaxial films is

necessary. This is because the epitaxial films resemble single crystal which has low

distribution of defects. To fabricate the epitaxial films, substrates must be selected to

match the lattice constant and thermal expansion coefficient of the BST films.

Moreover the substrates itself should have low dielectric losses. Substrates such as

MgO, SrTiO; or LaAlO; single crystals suit the above requirements and are considered

as favorite options for the research. However, such substrates are expensive and thus

may not be practical for manufacturing, especially when compared to the

semiconductor-based tunable devices. In this thesis, low-cost substrates including

sapphire and Si were investigated as deposition substrates and were compared to MgO.

The permittivity, tunability, and dielectric loss of deposited BST on different substrate

types were evaluated.

1.5.2 Consideration for frequency conversion by using BST capacitor

Conventional passive multipliers can be classified as resistive or capacitive types. In the

first case, the frequency—multiplying mechanism is due to the strong nonlinearity of the

conduction current flowing in the diode. In the latter case, the frequency-multiplying

mechanism is due to the nonlinear nature of the reactance of the diode. The mechanism

17



of the multiplier presented in my thesis is similar to that of the latter case. However,
unlike the conventional semiconductor diode, the nature of an ideal dielectric material is
that it does not contain free electrons that generate noise in the device. Thus, it can be
expected to have a lower noise level than in conventional devices. Moreover, low
leakage currents in dielectrics result in some advantages such as lower DC power

consumption and higher breakdown voltage.

1.6 Objective and Justification

There are two main objectives in this dissertation. One is to deposit the BST film that
has low dielectric loss (<2%) and high tunability (>50%), especially at the microwave
frequency. The other one is to demonstrate frequency conversion (producing the output

signal at 1 GHz) due to the nonlinearity of the BST capacitor.

Approach to the deposition of the BST films that possess low dielectric loss and
high tunability

Features of this approach in this dissertation include:

(1) The dielectric property of BST films with different Br:Sr composition ratio (BST,

x=0.3, 0.4 and 0.5) was studied in the first part of this thesis. The reason for

18



choosing such composition will be described; although it was known that larger

barium contents would result in higher tunability and permittivity, it was generally

known that BST is likely to be in ferroelectric phase and has high dielectric loss at

the composition x>0.5 [31], and therefore the barium composition value x=0.3, 0.4,

and 0.5 was chosen in this experiment.

(i1) Epitaxial BST film growth is one of the solutions to suppress the problems due to

the defects, which is likely to cause high dielectric loss. Although magnesium oxide

(MgO), strontium titanate (STO), and lanthanum aluminate (LaAlOs3) are popular

substrates of choice that help assist the BST epitaxial growth, these substrates have

severe disadvantages due to their high cost and the deliquescence of the surfaces.

Low-cost substrate including sapphire and silicon substrates were chosen and

investigated for epitaxial BST film growth. MgO, sapphire, and silicon substrates.

BST films were directly deposited onto different types of substrates by conventional

RF sputtering.

(i11) Even small phase shifts on different samples can be reliably compared, because the

on-wafer Thru-Reflect-Line calibration was used to ensure the preciseness of the

measurement during the measurement of phase shift.

19



Demonstration of the frequency conversion due to the nonlinearity of the BST

capacitor

A simple circuit was used to make a high voltage drop across the capacitance. As a

result, the electric charge and electric current across the BST capacitor are distorted

because of the nonlinear electric charge-voltage characteristics of the BST films. This

distortion includes high-order harmonics whose frequencies are multiples of the input

signal frequency. Therefore, these higher-harmonic signals can be filtered out as a

signal of the multiplied frequency. The more an input signal is distorted, the larger a

harmonic signal becomes.

1.7 Dissertation outline

The dissertation was organized into five chapters:

Chapter 1 is a general introduction for the entire study, including the necessity of

tunable circuits, brief introduction to the dielectric property of BST material and BST

varactors. Some features of the approaches used in this dissertation will be described;

namely composition selection, substrate selection for epitaxial growth, and

demonstration of the frequency conversion by using a BST capacitor.
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Chapter 2 explains the process of BST film deposition and the resultant tunability,

permittivity and dielectric loss at low frequency. The relationship of the structural,

microstructural, and electrical properties is discussed.

Chapter 3 explains the measurement and results of coplanar waveguide at microwave

frequency. In such waveguide structure, the tunability is expressed in a form of phase

shift after a DC bias was applied. The on-wafer Thru-Reflect-Line calibration helps to

ensure the precise measurement results. Based on the findings of Chapter 2 on

preparation of high-tunability and low-loss BST films by RF sputtering method,

presents the deposition of BST on different substrate types including sapphire, MgO

and silicon in order to achieve epitaxial growth. Tunability of the BST film was

evaluated as the phase shifts in a coplanar waveguide. The relationship between the

crystallinity of the BST and the results of phase shift and dielectric loss of BST on

different substrates was discussed.

Chapter 4 demonstrates the frequency conversion by using a BST capacitor. A simple

circuit was chosen to intentionally drop more voltage on the BST capacitor. As a result,

nonlinearity of the film was observed as the distortion of the out signal across the BST
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capacitor.

Chapter 5 draws general conclusion from this study.
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Chapter 2. Dielectric properties of BagsSro7TiO3, BagsSroeTiO3
and BagsSrosTiO3 at frequency below 10 MHz and the electrical

properties of the varactors based on these films

In this chapter, Barium Strontium Titanate (BST) film growth by RF sputtering and the

resultant dielectric characteristics are presented for several film compositions;

Bag 3Sr(7Ti03, Bag4SrosTiO3 and BagsSrosTiOs. All the films were grown onto Pt/Si

substrates and were finally built into parallel plate capacitors. BST deposition and the

resulting electrical characteristics are discussed.

2.1 Introduction

2.1.1. Deposition Methods for (BaxSrix) TiO3 thin films [1]

Table 2-1 shows the advantages and limitations of oxide films deposition [1]. Solution

method such as sol-gel produces a film from a homogenous solution which contains the

precursors. The solution is spun, or sprayed onto a substrate while hydrolysis and

poly-condensation occur. This process produces an amorphous thin film. Heating of the

amorphous film helps the film to crystallize. Energetic process use energetic ions to
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bombard a solid target source material, in vacuum. Gas phase collisions and scattering

make the target material deposit onto the substrate [2].

Table 2-1 Deposition methods for thin ferroelectric films [1]

Growth Method Advantages Limitations
Sol-Gel & Chemical Inexpensive Phase control
Solution Deposition(CSD)  Rapid turnaround and Composition control
sampling Morphology
Reproducibility
Scalability
Sputtering Uniformity Point defect concentrations
Scalability Limited compositional
Low thermal budget control

High residual stress

Poor conformality

Pulsed Laser Rapid sampling Morphology
Deposition (PLD) Quickly produce new  Point defect concentration
materials Scalability
Uniformity

High residual stresses

Metal organic chemical Uniformity Expensive
Vapor deposition Morphology Precursor availability
Composition control Precursor stability
Low thermal budget Still a relative immature
Scalability technology
High conformality




Control over process gases, deposition substrate temperature, gas pressure and plasma

power makes it possible to adjust the electrical properties of the deposited films. In

Metal organic chemical vapor deposition (MOCVD) method, organic precursors, such

as metal alkoxides and diketonates, containing the required cation are vaporized and

transported to the substrate [1]. Precursor decomposition at the substrate surface, when

heated, results in film growth. Precise control of the precursor and gas flow rate into the

MOCVD reactor results in strict control over film stoichiometry and growth.

2.1.2. Rf magnetron sputtering for (BaxSri.x) TiO3 thin films

In the sputtering method, compounds are volatilized stoichiometrically by positive ion

bombardment. The advantage of this method is that the uniformity over large areas can

be excellent. The sputtering occurs within plasma, which is a partially ionized gas

composed of ions, electrons and neutral species. When the plasma is struck at a low gas

pressure, the cathode is bombarded by the ionized gas molecules and surface of the

target material, which is placed at the cathode, are removed, disintegrated and leave the

target surface as atoms or chemical compounds and then move toward the substrate that

is placed at the anode. This makes the deposition of the films on the substrates. The

deposition rate depends on the target-to-substrate distance. Argon is typically used for
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bombarding because it is an inert gas, has a low ionization potential and is cost

effective.

RF magnetron sputtering was designed for insulators because the insulating target will

self bias to a negative potential, as a consequence of faster response times of electrons

compared to ions when following an alternating electric field [1]. A magnetic field helps

confine the plasma, thus produce higher deposition rate. Typically, energy distributions

in rf sputtering range from 1 to 10 eV. The distribution for sputtered sputtered particles

generally peaks from 1 to 5 eV, and may extend to 100 eV [4]. The bombardment of

material by ions results in residual damage in the growing film. The stress in the

sputtered film is a function of substrate temperature, sputtering gas and gas pressure.

Particle bombardment of BaTiOs; and SrTiOs can introduce defects into the films or

cause the resputtering of oxygen because defect formation is on the order of 2-5 eV [5].

It has been well shown that in BaTiO; and SrTiOs; bulk ceramics that defects and

nonstoichiometry lower the materials quality factor and overall electrical performance

[6].
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2.1.3. Previous works [2], [7-35]

Tunability [2, 7-15]

The application of ferroelectric materials in tunable high-frequency devices dates back

over 40 years, when the ferroelectric material in the form of ceramics or single crystal

was mainly used [2]. However, due to both device electronics and materials technology,

it is only in the past decade that intensive efforts are being made for the ferroelectric

thin films in the microwave application. The main driving force for this resurgent

interest is the potential for miniaturization of the microwave device, and the potential

for integration with microelectronic circuits following the development of thin and thick

film ferroelectric technology [2].

It is believed that tunability is largely dependent on the behavior of the soft mode, i.e.

the lowest frequency transverse optical phonon, whose zone-center frequency is

connected to the static dielectric constant via Lyddane-Sachs-Teller (LST) relationship

and vanishes at the temperature of the ferroelectric phase transition [7]. In fact, it has

been shown that the phenomenon of tunability in the bulk is due to the field-induced

hardening of the soft-mode, which arises from the anharmonic restoring forces on the Ti

32



ion when it is displaced from its equilibrium position [8].

In fact, several reasons are believed to induce the hardening of the soft mode in thin

films and will be listed below [2, 7-15].

- Strain in thin film due to the lattice mismatch with substrate.

- Depolarization field due to discontinuity at the interfaces.

- Oxygen vacancies, which is well known as a common defects in titanates.
These oxygen vacancies emerge from impurities and cation nonstoichiometry. It was
shown that the oxygen vacancies give rise to the appearance of local polar regions,
which have a polarization that may cause an increase in the soft-mode frequency in

the film.

The dependence of the dielectric permittivity on the applied dc bias electric field E¢ can

be expressed as:

£(0) 2-1)

where; n : tunability
£(0): dielectric constant at the zero bias

&(E,): dielectric constant when the bias of Ey is applied to the film

and relative tunability:

33



n, = 0 (2-2)

where;

n, : relative tunability
n : tunability
£(0): dielectric constant at the zero bias

&(E,): dielectric constant when the bias of Ey is applied to the film

First, in the case of weak nonlinearity, i.e. when the relative tunability is very low

(n, <<1), the tunability becomes:

=201 3p5(0)e, P2 ~ 14 3p(el0k, ) E; 3
where;
n : tunability

£(0): dielectric constant at the zero bias
&(E,): dielectric constant when the bias of Ey is applied to the film

[ : constant coefficient

From the above equation, the relative tunability becomes strongly dependent on the

permittivity:

n, = o« £(0) (2-4)

In the case of strong nonlinearity, i.e. when n >> 1, the tunability becomes:
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e(E))~ = (2-5)

() £(0) (2-6)

It is instructivethat the dc field required to achieve a given tunability 7 is [2]:

Jn-12+n) 1

E = (2-7)

&0 27 Pe, 5(0)%

Dielectric Permittivity [2, 13-35]

The origin of the high dielectric permittivity of the ferroelectrics in the paraelectric

phase is a delicate compensation of various kinds of microscopic forces that maintains

the material in a non-poled state in the absence of a microscopic electric field [2].

Because of this compensation, the restoring force opposing the poling action of the

applied field is relatively weak [2]. This results in a high dielectric permittivity of the

material. In addition to this, the permittivity may be further increased by contributions

from ferroelectric domains. For microwave application, paraelectric phase of the

ferroelectric is believed to exhibit a high tunability and a relatively low loss at

microwave frequencies [2].
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The general description of the dielectric response of ferroelectrics is given by the
conventional Landau theory and is based upon an expansion of the Helmholtz free
energy (F) with respect to the vector macroscopic polarization (P). For this situation
where the polarization is collinear with the macroscopic electric field (E) in the material,

the first two terms of this expansion read [2]:

Fo%p i Lps (2-8)
2 T4

. F . o
The equation of state E = Z—P then leads to a relation between the polarization and

electric field:
E =aP+ P’ (2-9)

From this equation, the relative dielectric permittivity of the material can be presented

as:

1oP 1 1 \
& CE &, a+3pP

0
1+3p£(0)e, P?

(2-10)

where £(0)=(s,a)”" and &, =8.854x107 [F/m].

This expression describes the dielectric permittivity both in the absence of a bias field

(P=0) and under it (P=Pyqc).

In Landau theory, the coefficient « is assumed to be a linear function of temperature

and vanishes at the Curie-Weiss temperature 7.
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1 T-T,
g C

a=a, - (2-11)

where C is the Curie-Weiss constant. This assumption of the Landau theory is valid

7T,

0

when << 1. The theory is in good agreement with the experiment using the

materials SrTiOs; and KTaOs;. The above equation is not valid when the temperature is
much below the Debye temperature (Debye temperature are about 400 K for SrTiO3 and
KTaOs), where the quantum statistics of the lattice vibration should be taken into

account [2].

An essential feature of the displacive ferroelectrics is the typical value of the
Curie-Weiss constant C of about 10°> K. Such a value of C implies high values of the

dielectric permittivity even far from the Curie-Weiss temperature 7y [2].

Dielectric loss in ferroelectrics [2], [7-25]

At the microwave frequencies, both intrinsic mechanisms (due to fundamental phonon
loss) and extrinsic mechanisms (due to the coupling of the microwave field with defects
of the films) are believed to be main reasons for the dielectric losses. These mechanisms

are listed below.
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1) Intrinsic loss

This type of dielectric loss is due to the interaction of the electromagnetic field with the
phonons of the material. A theory is developed for materials where the damping of
phonons (average frequency of the inter-phonon collisions) is much smaller than their
frequencies. This theory predicts that the fundamental loss mainly corresponds to the
absorption of the energy quantum (7@ ) of the electromagnetic field in collisions with
the thermal phonons that have higher energies. In these collisions, the large difference
of the energies makes it difficult for the conservation law to be satisfied. In such a
situation, there exist three efficient schemes of absorption of the %@ quanta, which

are: [1] three-quantum, [2] four-quantum, and [3] quasi-Debye.

[1] Three-quantum mechanism

This mechanism involves a 7o -quantum (energy of the electromagnetic field) and two
phonons, and occurs only where difference of the different phonon branches is in the
order of @ or of the phonon damping. These regions are usually located in the vicinity
of the degeneracy lines of the spectrum, i.e. the lines in k& -space where the frequencies

of different branches are equal.

In the materials for tunable applications, the phonon spectrum contains low-lying (soft)
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optical modes controlling their high dielectric permittivity. And the degeneracy lines

formed with participation of these modes are of primary importance for the loss.

Because the degeneracy of the spectrum is mainly controlled by the symmetry of the

crystal, the explicit temperature dependence (which does not take into account the

temperature dependence of the dielectric permittivity) and frequency dependence of the

three-quantum loss are very sensitive to the symmetry of the crystal.

For microwave high-¢ and tunable materials, which are typically centrosymmetric,

cubic or pseudocubic, the temperature, frequency (@), and dielectric permittivity are

believed to be related in an analytical form, from the model in which the dielectric

response is assumed to be controlled only by the lowest polar transverse optical (TO)

mode. In this model, the damping of these phonons is proportional to the temperature

value. This model predicts a fast growth of dielectric loss with increasing permittivity.

For high-¢ but non-ferroelectric materials, an experiment that supported this theory

was carried out in a system of complex perovskites Ba(M;,N;,2)O03 (M = Mg, In, Y, Gd,

Nd and N = W, Ta, Nb). These are cubic non-ferroelectric (pseudo-cubic)

centrosymmetric materials with the relative dielectric permittivity ranging from 20 to 40.
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In the experiment, at the frequency range of sub-millimeter wave frequency (~300 GHz),
the imaginary part of the dielectric permittivity was expected to be controlled mainly by
the three-quantum mechanism. As predicted by the model, a strong correlation between
imaginary part (&") and the real part (&) of the dielectric permittivity was revealed in
the experiment. The numerical results matched well with the theory, except that there
was some deviation which was considered to be due to a small but appreciable
dispersion of the optical (TO) modes in the studied materials (as the non-ferroelectric

crystals are usually supposed to have a negligible TO mode dispersion).

For the case of a tunable material with ferroelectric soft mode, the above theory was
studied by using the SrTiO; crystals, at the frequency of 9 GHz. In this case, the

expression of the loss tangent becomes;

n

tand = > o e (2-12)
&

14

where tano is the dielectric loss; &” and & are the imaginary part and the real part

of the dielectric permittivity; @ is the electromagnetic wave frequency; T is the

temperature. The expression was in good agreement with the experimental data.

[2] Four-quantum mechanism

The four-quantum mechanism involves a 7% -quantum (energy of the electromagnetic

40



field) and three phonons. From the conservation laws of energy and quasi-momentum,
there are no strong restrictions on the type and energy of the phonons participating in
these processes. For this reason, in contrast to the three-quantum processes, not only the
degeneracy lines but also the whole thermally excited part of the & -space contributes
to the loss. Therefore, the explicit temperature and frequency dependence of the
contribution of this mechanism to the imaginary part of the dielectric permittivity
appears to be insensitive to the symmetry of the crystal. At room temperature, the
expression of the loss tangent is identical to the case of three-quantum mechanism in the
ferroelectric material. Although the expression of the loss tangent of the three-quantum
and four-quantum mechanism is identical, the value of &” is different. Based on the
order-of-magnitude estimates, it is expected that, in the ferroelectric materials, the

three-quantum contribution is dominant in the total intrinsic loss [2].

- Other proposed intrinsic loss mechanism

Other than the three- and four-quantum mechanisms, the “Vendik model” and the
“Damped oscillator model” were the two models that have been independently
developed. The Vendik model can be categorized into the case of four-quantum

mechanism. This model has been well supported by experimental results.

41



The damped oscillator model calculates the loss tangent from the shape of the

far-infrared absorption lines (associated with transverse optical branches) at the

alternating-current (ac) field frequency, which is much below the resonance frequencies.

[3] Quasi-Debye loss mechanism

The relaxation of the phonon distribution function is the reason for dielectric loss in a

similar way as a relaxation of the distribution function of the dipoles gives rise to the

loss in the Debye theory. This analogy is expressed by “quasi-Debye”. In this

mechanism, the small oscillating ac field results in time modulation of the phonon

frequencies, therefore induces a deviation of the phonon distribution fro m the

equilibrium. The average relaxation time of the phonon distribution function is

expressed as the Debye relaxation time, which is the origin of the frequency dependence

of the dielectric loss.

This mechanism does not apply for the centrosymmetric crystals. However, when such

crystals are under an external direct current (dc) bias, the symmetry is broken due to the

dc-field-induced quasi-Debye mechanism. There is a reasonable agreement between the

theory and experiment in SrTiOs;, (BaSr)TiO; and KTaOs, however the theoretical

estimates are questionable due to the lack of reliable information on the damping of the
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phonons participating in the microwave absorption.

For low applied dc field, this mechanism predicts a quadratic field dependence of the dc

field on the dielectric loss. However, for higher fields, the dependence appears to be

different for different materials. In the case of SrTiO; and BagSro4TiOs, the value of

these materials® dielectric loss at zero bias (0 V) was taken from the experiment and

then the dielectric loss as a function of an external dc bias (ranging from 0 to 200

kV/cm) was theoretically simulated at 1 GHz. The simulated results showed the

dielectric loss ranging from 0.001 to 0.005 for SrTiO;, and 0.0004 to 0.001 for

Bag 6Sr04Ti05. The significant difference of the dielectric loss between the two materials

was due to the difference in the strength of the flexoelectric coupling between the soft

mode and the acoustic branches in these materials. In the case of SrTiOs, the loss was

related to the contribution of the acoustic phonon to the quasi-Debye loss, which is

activated by this flexoelectric coupling, in contrast to the case of Bay¢Sro4Ti03 where

such dielectric loss mechanism is negligible because the flexoelectric coupling is much

smaller. For higher frequency, this mechanism predicts higher dielectric loss. For

instance, at an applied dc bias of 100kV/cm and the ac frequency of 25 GHz, the

dielectric loss of SrTiO; and BaeSro4TiOs are expected to be 0.1 and 0.02 at the

temperature of 80 K and 300 K, respectively. The assumed temperature of 80 K and 300
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K are selected for high permittivity and tunability for these materials.

2) Extrinsic loss

In the case of tunable ferroelectric materials at microwave frequencies, the intrinsic and

extrinsic contributions to the dielectric loss are comparable. And the dominating

mechanism for loss is considered to depend on the quality of the material [2]. There are

three types of known mechanisms for extrinsic loss;

[1] Loss due to charges defects

An ac electric field causes the motion of charged defects and thus results in the

generation of the acoustic waves at the frequency of the applied field [2]. This

mechanism becomes dominant in thin films because of the higher defect concentration

than in the bulks. An important feature is that the dielectric loss in this mechanism is a

direct function of the permittivity of the material and inversely dependent on the applied

dc field [2].

[2] Universal-relaxation-law mechanism

For frequencies below microwave region, weak frequency dependence is usually

observed. This cannot be explained by other mechanisms discussed above, which
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predict the loss tangent as a linear function of frequency. The weak frequency

dependence is found to be consistent with the so-called universal relaxation law. The

origin of this behavior is attributed to a variation in charge transport barriers, e.g. at the

grain boundaries, or the creep of the boundary of the near-by-electrode depletion layer.

In this mechanism, no information is available on the dependence of the dielectric loss

on the dielectric constant of the material. In BaSrTiO; films, the dielectric relaxation

was modeled up to the microwave frequencies.

[3] Impact of local polar regions

Although the tunable materials usually are centrosymmetric, there may exist the local

polar regions induced by various defects and structural imperfections. For example,

recent infrared reflectivity investigations of SrTiOs ceramics revealed a presence of

grain-boundary-induced polar phase inclusions [2]. Random field defects can also be

responsible for the appearance of local polar regions. In all these situation, the

quasi-Debye mechanism is considered to be active and can be dominant contribution of

the dielectric loss. Although the “defect-induced” quasi-Debye mechanism is not

developed, the strong dependence of the dielectric constant on the dielectric loss can be

expected [2].
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2.2 Experimental

2.2.1. Fabrication of BST thin films

BST film deposition was carried out in a custom built RF magnetron sputtering system.
The sputtering system has a heater capable of heating the substrate up to 700° C.
Distance between the substrate and sputtering target can be adjusted from 35 to 55 cm.
Mass flow controller was used for controlling the amount of the flowing oxygen and
argon gas, which was fixed at a value between 2 to 5 sccm. The sputtering rate of this
system was around 200 nm per hour. BST powder (Bag3Sry;TiOs, Bag4Sro¢TiO3 and
Baj sSry5T103), which was manufactured by the Murata Manufacturing Co. Ltd., was
used as a sputtering target. The Pt/BST/Pt parallel plate capacitors were built by

sputtering with the top circular electrode that has a diameter of 0.1 mm.

2.2.2. Characterization of films

Dielectric behavior (dielectric constant and loss) was investigated as a function of
frequency from 100 Hz to 10 MHz using an impedance analyzer (HP4194A) and probe
station. The dielectric constant was calculated from the capacitance of a BST parallel
plate capacitor. Then the tunability of a BST capacitor, which is defined as

[€(0)-e(V)]/e(0) wheree(0) is the dielectric constant at zero bias and &(V) is a dielectric
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constant at V voltage, was examined by varying an external bias voltage from -20 to 20

V or -40 to 40 V. The ac oscillation level for the measurements was 0.1 V, because this

yielded the greatest signal to noise ratio without suppressing the permittivity peak near

zero bias. The crystalline structures, stoichiometric composition and surface

morphologies were investigated through the measurement of X-ray Diffraction (XRD)

analysis, X-ray Fluorescence (XRF) analysis and Field-Emission Scanning Electron

Microscope (FE-SEM), respectively.

2.3 Results and discussions

2.3.1 Influence of the sputtering pressure on the crystallinity of the sputtered BST

films

Figures 2-1 to 2-4 show the results of XRD £-26 scans for BST deposited on a

platinum/silicon substrate.
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Figure 2-1 XRD pattern of BST (x=0.3) thin films. The sputtered gas pressures were 10,

20, 30, 40, 50mTorr for a), b), c), d), e), respectively. Deposition temperature was
600°C.
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Figure 2-2 XRD pattern of BST (x=0.4) thin films. The sputtered gas pressures were

10, 20, 30, 40, 5S0mTorr for a), b), c), d), e), respectively. Deposition temperature was
600°C.
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Figure 2-3 XRD pattern of BST (x=0.5) thin films. The sputtered gas pressure were 5,
10, 15, 20, 25, 30, 35, 40, 45, 50, S5mTorr for a), b), c), d), e), f), g), h), 1), j), k),
respectively. Deposition temperature was 500°C.
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Figure 2-4 XRD pattern of BST (x=0.5) thin films. The sputtered gas pressure were 5,
10, 15, 20, 25, 30, 35, 40, 45, 50, 55mTorr for a), b), ¢), d), e), ), g), h), 1), j), k),
respectively. Deposition temperature was 600°C.
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The XRD peak found at 22°, 32°, 39° and 46° is the peak of the BST(100), BST(110),

BST(111) and BST(200), respectively.

In the case of Bay 3Sry7Ti03 and Bag 4St(6T103 , the film prefers random orientation and
yield higher XRD counts at lower sputtering gas pressure, which implies good
crystallinity. The weak BST(111) peaks were also observed by the conformal mapping
method in XRD analysis. In the case of BaysSrosTiO3;, with substrate temperature
500°C (Fig. 2-3), only BST(111) orientation was observed. The BST(111) peaks is
stronger at all range of sputtering gas pressure. In the case of BaysSrysTiO;, with
substrate temperature 600°C (Fig. 2-4), BST(111) peaks is strong at all range of
sputtering gas pressure and BST(100) is stronger at higher sputtering gas pressure.
There was no shift of the position of each BST peak, thus the lattice constant were
rather constant, and not a function of sputtering gas pressure. Increase of substrate
temperature from 500°C to 600°C results in random orientation with strong BST(111)
and BST(100) orientation and is crucial if it is needed to obtained strong BST(100)
orientation. Random orientation which occurred at higher substrate temperature, thus
higher crystallization energy, may correspond to the cracks observed in these films as a

result of relaxation of stress in film
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2.3.2 Influence of the sputtering pressure on the surface morphology of the

sputtered BST films

Figures 2-5 to 2-8 show the surface morphology of the BST deposited on a

platinum/silicon substrate. In the case of Bay3Sry;TiO; (Fig. 2-5) and Bay4SroTiO;3

(Fig. 2-6), high density of fine spherical grains is observed in the case of low sputtering

gas pressure. In the case of higher sputtering gas pressure, the films looks like powders

because there is not enough energy to crystallized. As a result, the molecules

accumulate together and form a polygonal shape before they can diffuse, leading to a

porous structure.
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Figure 2-5 Surface morphology of BST (x=0.3) thin films observed by FE-SEM. The
sputtered gas pressure were 10, 20, 30, 40, S0mTorr for a), b), ¢), d), e), respectively.

Deposition temperature was 600°C.
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Figure 2-6 Surface morphology of BST (x=0.4) thin films observed by FE-SEM. The
sputtered gas pressure were 10, 20, 30, 40, 50mTorr for a), b), ¢), d), e), respectively.

Deposition temperature was 600°C.
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Figure 2-7 Surface morphology of BST (x=0.5) thin films observed by FE-SEM. The
sputtered gas pressure were 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55mTorr for a), b), c),
d), e), 1), g), h), i), j), k), respectively. Deposition temperature was 500°C.
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Figure 2-8 Surface morphology of BST (x=0.5) thin films observed by FE-SEM. The
sputtered gas pressure were 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55mTorr for a), b), c),
d), e), 1), g), h), i), j), k), respectively. Deposition temperature was 600°C.
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In the case of BagsSrosTiOs, see Fig. 2-7and Fig. 2-8 Higher substrate temperature of
600°C (Fig. 2-8) helps the crystallization. At higher sputtering gas pressure, argon
atoms loss more the energy while traveling in chamber, thus the sputtering rate is
slower. Thus the surface of the films at higher sputtering gas pressure is smoother. From
Fig. 2-8 j) and k), random size and shape of grains were observed. This is because when
the deposition rate is slower, the molecules has time to diffuse and crystallize and thus
the crystal structure is less dependent on the crystal structure of the substrate Pt(111).
This corresponds to the result in last section (Fig. 2-4) where random orientations of

BST x-ray peaks were observed by XRD.

2.3.3 Composition of the sputtered BST films
Due to the buffer layer of TiO, between platinum and silicon substrate, exact amount of
Ti cannot be measured through XRF. However, it is possible to qualitatively determine

the composition of the deposited BST films.
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Figure 2-9 Atomic ratio of the barium atoms in the sputtered films.
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Figure 2-10 Atomic ratio of the titanium atoms in the sputtered films.
Ba,Sr;«TiO3 (x=0.3, 0.4) were sputtered at 600°C. Ba,Sr;TiO3; (x=0.5)

case 1 and case 2 are for deposition temperature of 600°C and 500°C,

respectively.
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Figure 2-11 Dielectric constants of the sputtered films. Ba,Sr;4TiO3
(x=0.3, 0.4) were sputtered at 600°C. Ba,Sr;TiO; (x=0.5) case 1 and case
2 are for deposition temperature of 600°C and 500°C, respectively.
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Figure 2-12 Loss tangent of the titanium atoms in the sputtered films.
Ba,Sri4TiO3 (x=0.3, 0.4) were sputtered at 600°C. Ba,Sr;TiO; (x=0.5) case 1

and case 2 are for deposition temperature of 600°C and 500°C, respectively.
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Figure 2-13 Tunability at 40 V, of the sputtered films. Ba,Sr; 4 TiO3 (x=0.3,
0.4) were sputtered at 600°C. Ba,Sr;TiO; (x=0.5) case 1 and case 2 are for
deposition temperature of 600°C and 500°C, respectively.
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Figure 2-14 Tunability at 20 V of the sputtered films. Ba,Sr; 4TiO3; (x=0.3,
0.4) were sputtered at 600°C. Ba,Sr;TiO3 (x=0.5) case 1 and case 2 are for
deposition temperature of 600°C and 500°C, respectively.
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Figure 2-9 shows that there is a barium deficiency in the deposited films, and in the case

of BagsSrysTiOs, the composition of Ti (Fig. 2-10 is quite stable and is near

stoichiometry. The barium deficiency is the result of lower sputtering yield of the

barium atoms than that of the strontium and titanium atoms. The barium deficiency was

observed in almost every film prepared by sputtering in this dissertation. In the case of

BagsSrosTiOs films, the reason that the compoisition of Ti is independent of the

sputtering gas pressure and near stoichiometry may be due to the fact the surface of

these film, as discussed in the previous section, has almost no dense spherical grains,

comparing to those Bag3Sry7TiO3 and Bag 4S1(Ti105 films. Thus the titanium atoms are

not trapped in between the grain and may accumulate at the bottom layer of the BST

films, thus assisting the crystallization of BST (111) which corresponds to the strong

BST (111) x-ray peaks of Figs 2-3 and 2-4 .

2.3.4 Dielectric properties of the BST films

Figure 2-11 shows the dielectric constant of the BST films. Figures 2-12 show the

dielectric loss of the BST films. Figures 2-13 and 2-14 show the tunability of the films

at 40 V and 20 V, respectively. Some samples had a breakdown voltage lower than 40 V,

therefore no data of those samples are available in the Fig. 2-13. The dielectric constant,
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dielectric loss and tunability are constant trough the measured frequency range up to
several MHz, and there are no dispersions observed. Finally, the sputtering conditions

were optimized and the results are summarized in the Table 2-2.

Table 2-2 Summary of the dielectric properties of Ba,Sr|4TiOs (x=3, 4 ,5)

BST BST BST BST
X=0.3 X=0.4 X=0.5 X=0.5
(5000C) (6000C)

Loss tangent 0.018 0.031 0.015 0.023
Die. constant 75 121 239 394
Tunability 14 21 29 40.5

(@20V)
Tunability 44 breakdown 53 60
(40V)

Figure of merit 598 405 1521 1439

2.3.5 Discussion

Tunability, dielectric constant and dielectric loss

BST film with highest tunability (58%) was obtained when the composition of
Ba 5sSrosTiO3 was deposited at sputtering gas pressure of 45 mTorr, and the substrate
temperature of 600°C. The highest tunability is coincident with the highest dielectric

constant and highest dielectric loss of the BST film.
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Figure 2-15 Typical surface morphology of the film surface after sputtering [36].

Figure 2-15 shows the typical surface morphology of the film deposited by the

sputtering method. In zone T, the film has dense and fine grains. In zone 1, the film has

too low energy to crystallize. In contrast, the zones 2 and 3 are where the film

crystallizes so much and the grains become larger and the film surface becomes rough.

In this experiment, the film that possesses highest tunability is believed to be that in

zone T in Fig. 2-15. The deposited films are considered to be explainable as expressed

by a dot line in Fig. 2-15. That is, at low sputtering gas pressure, the films have surface
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morphology that can be classified into zone 2. In this zone, the films are well

crystallized and the grains are large, as can be seen in Fig. 2-8 a)-h). At high sputtering

gas pressure, the films have surface morphology that can be classified into zone 1. In

this zone, the films do not have enough energy to crystallize and the deposited particles

may accumulate like powder (Fig. 2-8 j), k)). In this case, the orientation of the films

becomes close to that of powders, which prefer 100 random orientations, which

correspond to the results in XRD analysis (Fig. 2-8).

The high dielectric constants are coincident with high tunability. Theoretical

explanation that high dielectric constant is coincident with high tunability was already

described in the equations (2-1)-(2-6). The experimental explanation for this is believed

to be due to high polarizations in the well crystallized film and large grain size.

High dielectric losses are also coincident with high tunability, but are found to be more

highly dependent on the substrate temperature during film deposition, rather than

deposition gas pressure. Figure 2-12 shows the dielectric losses of the BST films.

BagsSrosTiO; films that were deposited at 500°C have the dielectric losses of

approximately 2%, which is half of the value of that in the films which were deposited
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at 600°C. Moreover, there are no 100 XRD peaks in the Bag sSrosTiO; films that were

deposited at 500°C, and the films are purely 111 oriented. In contrast, the Bag sSro sTiO3

films that were deposited at 600°C have 100 random orientations, which resemble the

BST powder. In this case, the low dielectric losses are believed to be due to the films

being single oriented. And the high dielectric losses are believed to be due to the

random orientations of the films.

Ti-excessive

For BST with excessive Ti and O atoms, the composition of the BST is expressed as

Ba,Sri«Ti1+yO3+,. In this case, solubility of excess Ti in bulk BST is approximately

y<0.001 [10]. However, reasonable performance of BST (x=0.7) can be found up to

y=0.15 [11].

Ti adhesion or surface layers have been shown to promote epitaxial growth on (111) Pt

grains for other perovskite films [14—17]. Tani et al. reported a change from (100) to

(111) texture in (Pb,Zr)TiOs thin films, if Ti from the adhesion layer migrated to the

electrode surface [17]. Although it is well known that Ti diffuses through Pt electrodes,
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[18-21] the precise mechanisms by which Ti underlayers control perovskite thin film

textures are not fully understood. In the literature, it has been suggested that either a

Pt-Ti intermetallic or TiO, on the Pt surface provide a templating layer for (111)

epitaxial perovskites growth. [14,17]. Furthermore, (111) oriented epitaxial SrTiOs thin

films showed a much more pronounced thickness dependence of their permittivity than

(110) oriented films. [22] This thickness dependence is commonly modeled by an

interfacial capacitance with a lower permittivity than the “bulk™ of the film, [6, 23] but

its origins are not understood.

Sputtering condition that results in Ti-rich BST films

Most of the films fabricated in this thesis are titanium-rich. In this thesis, during the film

deposition by sputtering, it was found that the BST films possessed more Ti-excessive

composition when:

(1) The target-to-substrate spacing is short (35 mm). The stoichiometry of the films was

improved when the target-to-substrate spacing is longer (45 mm and 55 mm).

(ii) The sputtering temperature is low (500°C). The sputtering temperature in this thesis

67



was in the range from 500°C to 650 °C. Susanne et al, investigate the BST (x=0.7) films
(deposited by MOCVD method) by an electron energy-loss spectroscopy (EELS), and
suggested that, when the films are deposited at low temperature, there may be the
accommodation of excess titanium in the grain interior. The grain boundary area in the
BST films is larger than that in much larger grain in bulk ceramics; therefore the excess
titanium amount well beyond the bulk solid solubility can be tolerated. It appears to be a
general feature in these materials that Ti maintains its octahedral coordination at grain

boundaries, even in cases where Ti is thought to segregate to the boundaries [21].

(111)) When the sputtering gas pressure was high.

(iv) When the oxygen to argon gas ratio (O,:Ar) during the sputtering was high.

2. Ba-deficient

Barium-atom deficiency is crucial in the BST films because it linearly and strongly
decrease the lattice constant of the BST unit cell, and thus reduce the value of Curie
temperature, which dominates the permittivity, tunability and dielectric loss of the BST

films.
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Sputtering condition that results in Ba-deficient BST films

Unlike other reported papers [25], the films deposited in this study tend to be

Ba-deficient when the gas pressure is high or oxygen amount is high.

(1) The target-to-substrate spacing is short (35 mm). The stoichiometry of the films was

improved when the target-to-substrate spacing is longer (45 mm and 55 mm). This is

believed to be caused by the higher resputtering rate.

(i1) The temperature is low.

(i11) The sputtering gas pressure was high.
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Chapter 3. Dependence of microwave properties of the (BagsSros) TiOs

films on substrate

This chapter shows the results of the phase shift in the coplanar waveguide structure
on BST films on different substrates, which happened as a result of the decreased
permittivity after applied an external voltage bias. The phase of a microwave signal in
the waveguide changed corresponding to the change of the permittivity of solely BST
films, not the substrates. The high crystalline quality of the epitaxial BST film was

found to be necessary for achieving high tunability and low dielectric loss.

3.1 Introduction

3.1.1 Measurement techniques at microwave frequency for thin
ferroelectric films

In this part, the methods and techniques that enable the measurement of the permittivity,
tunability and dielectric loss of ferroelectric materials are briefly described. All
measurement techniques require two steps. First, the electrical characteristic of the

device containing the ferroelectric films is monitored. Second, the dielectric permittivity,
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tunability and dielectric loss of the material are evaluated from the obtained results.

Thus, the determination of the properties of ferroelectric thin films can be separated into

two parts: measurement and evaluation.

All measurement methods can be divided into three groups [1]:

- direct methods where the capacitance and dielectric loss of a capacitor containing the

investigated material are measured directly by using an impedance analyzer.

- waveguide methods in which the scattering matrix of the ferroelectric containing

waveguide is measured using a network analyzer.

- resonance methods where the characteristics of a ferroelectric containing resonator is

measured.

For frequencies below some tens or hundreds of megahertz (radio frequencies), the

tunable capacitor which 1s made of ferroelectric material is regarded as a lumped

element because its dimensions are much less than the wavelength of the

electromagnetic signal. The capacitance and dielectric loss of the capacitor can be

measured directly by a standard impedance analyzer.

At higher frequencies, the dimensions of the capacitors become comparable with the
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length of the electromagnetic wave and they cannot be considered any more as lumped

elements. Moreover, the impedance of the capacitors becomes very small in comparison

to the resolution of the impedance analyzer. Thus, these methods are to be replaced by

waveguide methods or resonance methods. In the case of measuring a tunable

ferroelectric film, the resonance methods cannot be used as it is difficult to apply an

external DC voltage bias to the films during measurement. Moreover, the resonance

methods only allow the measurement results at some specific frequencies.

All sources of the errors appearing in different characterization techniques can be

divided into measuring errors and evaluation errors. The relative instrument error of the

instruments is below than 1-2% and depends on the quality of calibration and

calibrating standards. Table 3-1 contains the measurement precisions and limitation for

the different measuring techniques.

78



Table 3-1 Basic measurement errors and limits of the different characterization

techniques, @ C is the reactance of the ferroelectric capacitor [1].

Methods

Instrument errors

Limits

Direct capacitor measurements
Capacitance

Loss tangent

0.05-0.1%
0.0005-0.001%

10-17<C[f]<10
10-6<tand<10
F[Hz]<106-108

Capacitor ~ measurement by

measuring the reflection
coefficient 2-5% 0.005<®C<0.05
Capacitance 5-6% [1/Q]
Loss tangent 0.0005<wCtand<0.02
[1/Q]
Waveguide and transmission line
method <5 degree flGHz]>0.5
Absolute error of the phase <0.02 20° <electric length< 160°
Absolute  error  for  the
transmission-
coefficient
Resonance methods
Capacitance  or  dielectric <1% 10-4-10-2 <tand<0.1
permittivity ~5% 0.05<C[pFI<1

Loss tangent

In the following, a discussion of dielectric measurement at GHz region using on-wafer

TRL calibration method is presented. The basic principle of operation of the coplanar

waveguide line in measuring BST thin films" dielectric properties at GHz region and the
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relevant design equations are summarized.

Ground Plane Signal Line

/T

&

Substrate

Figure3-1 Coplanar waveguide structure on BST films and dielectric
substrate multilayer.

From figure 3-1, if the substrate is multilayered the closed form formula derived by

conformal mapping method is;

S

k, = 3-1
) 4 G-1
— sinh(7S / 4h,) (3-2)
sinh(7z(S +2W)/4h,)
o sinh(7S / 4h,) (3-3)
sinh(7z (S +2W)/4h,)
2 K'(k,) K(k,)
Er = l+q,(e,, —D)+q,(¢,,—€,) (3-5)
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307 K'(k,)
‘ & K(ko)

re

(3-6)

where,

h1 1s substrate thickness,

h, 1s film thickness,

&y 18 a relative dielectric constant of the substrate,

&2 18 a relative dielectric constant of the film,

e 18 an effective dielectric constant of the dielectric/substrate multilayer.
K(x)is the elliptic integral of first kind, K'(x) = K(ﬂ )

Z. 1s an impedance of the line

ki, ks, q; and g, are constants.

In this thesis, S(=10-30pum),W(=10-30um) >> h;(=200-1000nm), thus the value of
ka(<10”") becomes too small and leads to numerical error in calculating elliptic function

K/K’. This error can be overcome by using asymtotic formula for the ratio of K/K’;

K(k) T
= (3-7)
K'(k) | [21+4\/1—k2 ]

1-31-k2

for 0<k<0.707 ;
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K(kz) _ T T
K'(k,) lnlz(l w41k )] ln{lﬂ
1-41- k2

2
Therefore, in BST thin film region, we use equation (3.9) instead of using equation
(3.4);

(3-8)

(3-9)

Table 3-2 Simulation parameter

BST Substrate
Dielectric Constant 500 10
Thickness 10lm 5001 m
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Figure3-2 (a)straight type and (b) meander type pattern were
simulated by sonnet.
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Figure3-3 Simulated phase constant of (a) meander type
and (b) straight type pattern.

Table 3-2 shows the simulation parameter to be carried out by software sonnet by

designing waveguide shape in Fig. 3-2. Figure 3-3 shows that the straight line and

meander line has similar characteristics, thus meander line can be used to save the

device space. Figure 3-4 shows the SEM photo of the fabricated waveguide and the

figure 3-5 shows the schematics of the coplanar waveguide.
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Figure 3-4 SEM image of phase shifter on BST.
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Figure 3-6 Schematic diagram for the “Thru" connection.

On-wafer reference

Figure 3-7 Schematic diagram for the “Reflect” connection.
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Figure 3-8 Schematic diagram for the “Line” connection.

In Figs. 3-6 to 3-8, suppose that matrix [S] is an error matrix (S-parameter matrix) that
contains errors. [T], [R], [L] are Thru, Reflect, Line's S-parameter matrix, respectively.

First, calibrate the SMA connectors at “coaxial reference plane” by committing the
“full-2 ports” calibration using calibration kit (agilent 85033D 3mm). Thus, we can
neglect our measurement error due to SMA cables that connect our probes to a network
analyzer. To move the reference plane from “coaxial reference plane” to “on-wafer
reference plane”, we utilize the on-wafer TRL calibration. Let I'l be an unknown

reflection coefficient, we have;

(3-10)

T, =—%- (3-11)
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=5, + 3-12
11 11 1—S22Fl ( )
R,=R, =0 (3-13)

S,She™
L,=S§ 212 3-14
11 11 1_52226_2;4 ( )

S2 e—2yi

L,=—""2%— 3-15
. 1-55e™ ( )

where,

Ti1: Sq1 of the Thru pattern
Ti2: Sy, of the Thru pattern
Rii: Sy; of the Reflect pattern
Ri2: Sy of the Reflect pattern
Lii: Sy of the Line pattern

Li2: Sy, of the Line pattern

Now we can use equations from (3.10) to (3.15) to calculate Sy, Sz, Si2, 17, e’ Ttis
important to notice that equation (3.14) and (3.15) will be the same to (3.10) and (3.11)
ife =e?e? =1, je. I= % (n=1,2,3,...) for media with no loss(0a=0). In

practical, phase range from 20°to 160°is believed to be valid in our calculation. Below

is a simulation of line length for phase 90 °at 3 GHz.

The result for positive traveling wave' propagation factor e™” is;
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b
_ L?z +Tl§ _(T11 _L11)2 i\/[Liz +Tl§ _(Tn _L11)2] _4Lf2T1§

e
2L, T, (3-16)

where y is the propagation constant.

The choice of sign in equation (3.16) is determined by the requirement that the real and
imaginary parts of y be positive. We will suppose that S;,=S,; and S;;=S,, for our
convenience in calculation. The supposition is theoretically true because our pattern is

symmetric. Then we know an attenuation constant o and a propagation constant 3 ;
e’ =e e (3-17)

The exponential damping factor a, = e * [dB/cm]. Then;

a, = _M (3-18)
L(cm)
_ A(/igzl(rad) )
p= L(cm) (3-19)

Knowing a and £, the calibration is completed, and the dielectric constant and loss can

be calculated.

A damping factor «,, and a propagation constant fcan be expressed refering to

equation (3.18), (3.19). For a coplanar waveguide (CPW) phase shifter, the phase shift

of transmission coefficient S;, Adyg,, ,1s given by ;

Eoy *f 27
Agyyy =T (3-20)

where f is the frequency , L is the line length of the transmission line. From the slope of
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Adg,, versus frequency f, we calculate the effective dielectric permittivity e.. Using

equation (3.1) ~ (3.9), we can find the BST layer's dielectric constant.

Knowinge.s , loss of the BST thin films can be calculate using equations below;

a, =091 /¢, f(GHz)tand,, [dB/cm] (3-21)
e tand,, =q,&, tand, +q,¢,, tano, (3-22)
(3-23)
&,y tan o,
tang, = —L (3-24)

q,¢,,

& 1S a dielectric constant of the sapphire substrate, ., is a dielectric constant of the
BST film, & is an effective dielectric constant of the BST/sapphire multilayer, tanc; is
the BST layer's dielectric loss, and tano; is sapphire’s loss (<0.0001) which we can

neglect.

3.1.2 Substrate selection for film growth

Dielectric nonlinearity in ferroelectric thin films, which is a result of applying an
external electrical bias to the films, will be crucial for compact frequency-agile
microwave devices [1-2]. Ba,Sr;.,TiO; (BST) film exhibits high permittivity,
considerable loss tangents and high nonlinearity, and therefore is considered as a
promising material for microwave devices. In order to achieve higher nonlinearity, most

efforts have focused on growing the BST films epitaxially on some single-crystal
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substrates such as magnesium oxide (MgO), strontium titanate (STO) and lanthanum
aluminate (LaAlOs) [3]. These substrates are chosen because their lattice constants and
thermal expansion coefficients are close to those of BST films. However, high costs and
the deliquescence of the surfaces of these substrates are the practical problems for
commercial BST microwave devices. As an alternative choice, the single-crystal

sapphire substrates possess low dielectric losses and are relatively cheap.

3.2 Experimental

BST layer was sputtered on to substrates before patterning was done by
photolithography method and wet etching. Bag3Sry;TiOs, BagaSrocTiO; and
Bay sSro5sTi0O5 films were deposited onto various substrates by RF magnetron sputtering
method. The substrate temperature during sputtering was 600°C. RF power was 100
Watt. In the sputtering chamber, Argon to oxygen gas ratio was set to 9:1, with flowing
rate of 2 sccm. The sputtering pressure was set from 1 to 10 Pa. The thickness of
deposited films after 1 hour was approximately 200 nm. After sputtered BST thin films
on to substrates, Al was deposited as top electrode by electron evaporation method.
Then the samples were spin-coated with solvent S1813(Shipley Far Eastern Co.) at

3000rpm for 30 seconds. The samples were baked at 80°C for 30 minutes to dry up the
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solvent. After that, UV light was exposed for 20 seconds through a mask alignment.
Then the samples were soaked into developer MF CD-26(Shipley Far Eastern Co.) for
around 5 seconds to peel off the solvent layer exposed to the UV light. The samples
were wet-etched by alkali etching liquid SemikoClean(Furuuchi Co.) at 40°C for 3
minutes. Then acetone was used to wash out all the solvent. Finally the samples were

soaked into pure water and then were dried up.

The photolithography masks were prepared in a cleanroom. First, minicopy films HR2
(Fujifilm Co.), were used as camera films and the films were taken by a manual camera
at various exposed light quantity by changing camera shutter speed. The films were then
soaked into the film developer liquid (Copinal) for 5 minutes. The films were then
soaked into the coating liquid (Fujifix) for 5 minutes to form a protecting layer and then
washed by water. Then the films were miniaturized to 1/100 times in a dark room. After
being exposed to light, Copinal and Fujifix were used again as a developer and coating

liquid. At last, the patterned masks were washed by pure water.

The resultant stoichiometric composition of the BST films was confirmed by X-ray
fluorescence spectroscopy. The crystalline structure of deposited films was confirmed

by X-ray diffraction (XRD) analysis.
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Microwave measurements were carried out with a network analyzer (R3767CH,

Advantest) over the frequency range from 0.1 to 8 GHz. The propagation constant was

calculated from S-parameters of the coplanar waveguide lines through the TRL

calibration method. Details of the coplanar waveguide structures and the measuring

method are given in [4]. The phase of a signal on the coplanar line and the loss tangent

of the BST thin film were calculated from the propagation constant of the microwave

signal in the waveguide.

3.3 Results

3.3.1 Comparison of the tunability of various BST film compositions

(Bao_gsrojTiOg, Bao_4Sro_6Ti03 and Bao_5Sro_5Ti03)

First, the BST film (thickness 200 nm) was sputtered onto R-cut sapphire (thickness

500 um) to compare the tunability of these films at microwave frequency. Coplanar

waveguide with both single line width and gap width of 26pum was fabricated. The

waveguide length was 1 cm. An external DC bias of 200 V was applied across the 26

um, resulting in phase shift of the microwave signal which was traveling through the

waveguide. Because the amount of phase shift corresponds to the decrease of the
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permittivity of the BST films under an external DC bias, the tunability of the films can

be observed in the form of phase shift. Higher phase shift means that the film has more

tunability.

Figure 3-9 shows the result of phase shift. At 8 GHz, the phase shift due to

Bay 3Sro7Ti03, Bag 4519 6T103 and Bag sSrosTiO5 films was 0.5, 1.5 and 2.5, respectively.

This means that BagsSrosTiOs film has highest tunability. From this point, the

Bay sSr(5TiO3 was chosen in the following part of this dissertation. Table 3-3 shows the

dielectric constants and losses of these BST films.
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Figure 3-9 Phase shifts of various BST compositions.

Table 3-3 The electric constants and losses of the BST films

Sample Relative dielectric constant Dielectric loss
1 MHz 3 GHz 1 MHz 3 GHz
(BST on (BST on (BST on (BST on
Platinum/silicon) sapphire) Platinum/silicon) sapphire)
Bay 3Sr97TiO3 55 229 0.018 0.028
Bag 4S1¢ 6TiO3 121 354 0.035 0.026
Bay 5Sr sTiO3 344 616 0.045 0.016
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3.3.2 Influence of the sputtering pressure on the stoichiometry of the sputtered

BST films

Figure 3-10 and 3-11 show the XRF analysis of the sputtered BST. Lower sputtering

gas pressure results in BST films with composition close to the BST target. This was

found to be independent on substrate type, and should be solely the results of sputtering

process. At higher sputtering gas pressure, the sputtered BST film was titanium-rich,

and the Ba/Sr ratio decreased. From the x-ray counts in XRF analysis, The Sr, Ba and

Ti composition in the sputtered film was found to decrease by 25%, 40% and 10 %,

respectively. This may be due to the argon atoms have lower energy when the plasma

density increases as the sputtering gas pressure becomes higher. From this result, the

sputtering gas pressure of 2 Pa is suitable for sputtering BST film with close

composition to the sputtering target.

3.3.3 Influence of the sputtering pressure on the crystallinity of the sputtered BST

films

Figure 3-12 shows the results of XRD #-2 6 scans for BST deposited on MgO substrate.

The XRD peak found at 42° is the peak of the MgO(200), which is a substrate. In all
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films BST(100) and BST(200) peak at 22° and 46°, respectively, are found. The count

of x-ray was highest when the sputtering gas pressure was 2 Pa, implying good

crystallinity. Rocking-curve scans were recorded to determine whether the films were

fully coherent. Figure 3-13 shows the Full Width Half Maximum (FWHM) of the

rocking curve measurement. The FWHM is below 1° in films that were sputtered at gas

pressure below 7 Pa, while it goes beyond 1.5° at gas pressure of 10 Pa.

S S8
[ 90 [
A s A
10 Pa
7 Pa
El
S 5Pa
2
(7p]
é 3 Pa
21—
. 2 Pa
n 1 Pa
20 30 40 50 60

20 (degree)

Figure 3-12  9-20 measurements of the BST films deposited on MgO
substrate at various gas pressures.
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In the case of R-cut sapphire substrate (Fig. 3-15), a-Al,O3(012), a-Al,03(024)

substrate peak are found at 26° and 53°, respectively. At sputtering gas pressure of 1-3

Pa, BST(110) and BST(200) peak were found at 32° and 46°, respectively. At 5 Pa, in

addition to BST(110) and BST(200) peak, there is a BST(111) peak at 39°. At 7 Pa,

BST(200) peak disappears while BST(110) peak becomes weaker and BST(111) peak

becomes stronger. At 10 Pa, there are no peaks of BST, meaning that the film was not

crystallized. All results in the case of R-cut sapphire show low counts of x-ray,

implying poor crystallinity of the deposited films.

In the case of C-cut sapphire substrate (Fig. 3-16), a-Al,03(006) substrate peak is

found at 42°. All samples have BST(111) peak at 39°. This peak becomes strongest at 7

Pa, and weakest at 10 Pa. At the sputtering gas pressure of 1-3 Pa, weak BST(110) and

BST(200) peak were observed, but these peaks disappear when the gas pressure is more

than 5 Pa. At the sputtering gas pressure more than 5 Pa, all films are found to be

single-oriented.
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3.3.4 Epitaxial growth of the BST films

From the previous section, there is a possibility for epitaxial growth of BST films on

MgO and C-cut sapphire. To determine whether the films were epitaxially grown,

¢-scans were recorded. Figures 3-18 show the results of ¢-scans of the c-cut substrate

and the BST films sputtered under the gas pressure of 7 Pa and 2 Pa, respectively. From

this, we observe good BST [011] || c-cut sapphire [012] epitaxy. It was concluded that

the film deposited on the c-cut substrate was epitaxially grown.

3.3.5 Phase shift and loss tangent in coplanar line structure

BST film (thickness 1 um) was deposited onto various substrates. Then the coplanar

waveguide was built directly onto the BST layer. The aluminum was deposited on top as

an electrode. The microwave signal was fed through the waveguide and the phase of

this signal was observed through the network analyzer. After a DC bias of 200 V was

applied across the gap of the waveguide, the phase of the microwave signal shifted

corresponding to the decrease of the permittivity of the BST film. Because the

permittivity of the substrate under an applied bias is very small in comparison to that of

the BST film, the phase shift under the influence of the DC bias occurs because of the

film. The phase shift per unit line length is defined as the difference between the signal

phase at zero bias and that under a DC bias across a slot of 25 gm. The results of the
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phase shift at 3 GHz and a bias of 200 V are shown for comparison (Table 3-4).

3.4 Discussion

3.4.1 Influence of the sputtering pressure on the stoichiometry of the sputtered

BST films

From the x-ray counts in XRF analysis, The Sr, Ba and Ti composition in the sputtered

film was found to decrease by 25%, 40% and 10 %, respectively. From this result, the

sputtering gas pressure of 2 Pa is suitable for sputtering BST film with close

composition to the sputtering target.

3.4.2 Influence of the sputtering pressure on the crystallinity of the sputtered BST

films

In the case of MgO substrate, from Fig. 3-2, in-plane crystallinity coherence was found

to be dependent on the sputtering gas pressure. This result corresponds to the XRF

analysis that lower sputtering gas pressure results in stoichiometric film. Moreover, at

higher sputtering gas pressure, BST(200) peak shifts to higher 26 value, implying that

the lattice constant of the BST film becomes lower. Figure 3-14 shows the lattice

constant of the sputtered BST film, with comparison to that of a BST bulk. At higher
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sputtering gas pressure, the lattice constant of the film becomes closer to that of the
bulk, implying the possibility of epitaxial film growth. This result combining with the
result in Fig. 3.2 may also imply the possibility that as the sputtering gas pressure
becomes higher, out-of-plane lattice constant becomes lower and, at the same time, the

in-plane lattice constant becomes higher.

3.4.3 Epitaxial growth of the BST films

The crystal structure of both MgO and BST are cubic. The lattice mismatch between the
MgO and BST is 6.3%. As shown in Fig. 3-17, the result of ¢-scans show that the
position of MgO(022) and BST(011) peaks are at the same position, with interval of 90°
between each peak. The angle between the plane of MgO(001) and MgO(011) is 45°.
The angle between the plane of BST(001) and BST(011) is also 45°. Pole figure of the
MgO and BST was shown in Fig. 3-19. This implies that both MgO and the deposited
BST have the same crystal orientation. Thus, the unit cell of in plane of BST(100) was

epitaxially grown on the unit cell of plane MgO(100).

On the other hand, the crystal structure of the C-cut sapphire is hexagonal. From Fig.

3-18, a-Al,03(012) has three peaks and the interval between each a-Al,03(012) peak

106



was 120°, while there are six BST(011) peaks and the position of the BST(011) peaks
shift 30° from the a-Al,03(012) peaks. The angle between the plane of a-Al,O3(001)
and a-Al,03(012) is 57.6°. The angle between the plane of BST(111) and BST(011) is
35.26°. Pole figure of the MgO and BST was shown in Fig. 3-19. In this way, three unit
cells of BST(111) were positioned on two unit cells a-Al,03(001) in periodic order. The
lattice mismatch is 1.6% in this case, which is lower than that of mismatch of 6.3%
between BST(100) and MgO(100). This may be the reason why there are shifts of BST
peaks in 8-28scans for BST deposited on MgO substrate, but not for BST deposited on

C-cut substrates.
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Figure 3-17 ¢-scan ofthe BST films on MgO.
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Figure 3-21 BSTI111 oriented thin films epitaxial growth on C-cut a-AlLO;.
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Table 3-6 summarize all results shown above. Figures 3-20 and 3-21 show how the

BST unit cell epitaxially growed on the substrates.

3.4.4 Phase shift and loss tangent in coplanar line structure

From Tables 3-4 and 3-5, comparing with the resultant phase shifts, the BST grown on

c-cut sapphire showed the largest phase shift in the coplanar waveguide lines, followed

by the MgO and r-cut sapphire substrates. From this result, the high crystalline quality

in BST film was observed to strongly influence the phase shift, which is highly

correlated with the tunability (i.e., the dependence of permittivity on DC bias) of the

deposited film. Others have investigated similar microwave properties of thin [6] and

thick [7] BST films (Table 3-4). Note that phase shift increases almost linearly with

increasing frequency and nonlinearly with the applied bias, and the larger slot (25 um)

in our experiment should, in comparison, result in a smaller phase shift. The highest loss

tangent was found in the BST films deposited on the r-cut sapphire, followed by those

deposited on the c-cut sapphire, and MgO substrate. Accordingly, the loss of BST on

MgO and c-cut sapphire are low because the films deposited were epitaxially grown.

Less-oriented films have a different stoichiometry at different regions and especially at
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grain boundaries; this is considered as the primary cause of the high loss in a

less-oriented film. Thus, the loss is low when the BST film is highly oriented.

Data of the phase shift is shown in Fig. 3-22. For silicon, loss is too high and the silicon
acts as conductive layer so that the phase shift is higher. But such structure is different
from other samples and cannot be compared with. It was concluded that BST grown

directly on silicon is not suitable for microwave application because of its high loss.
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sapphire, ¢) MgO, d) silicon.
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Table 3-4 Summaries of the dielectric properties measured by coplanar waveguide
method [5, 10].

case Substrate  Ba ratio Film Applied bias: Phase shift  Loss tangent
in BST thickness slot width
67
1 c-cut 0.5 1 pm 80 kV/em: 6.3°cm 0.009
(7 Pa) sapphire 25 um @3 GHz @7 GHz
2 c-cut 0.5 1 pm 80 kV/cm: 1.5%cm 0.026
(2 Pa) sapphire 25 um @3 GHz @7 GHz
3 MgO 0.5 1 pm 80 kV/em: 4.4°/cm 0.008
(2 Pa) 25 um @3 GHz @7 GHz
4 r-cut 0.5 1 pm 80 kV/em: 0.7°/cm 0.016
sapphire 25 ym @3 GHz @7 GHz
(ref. [5]) r-cut 0.5 0.2 um 20 kV/em: 11.6%cm 0.05~0.07
sapphire 20 pym @20 GHz @7-20 GHz
(ref [10])  alumina 0.6 5 um 25 kV/em: 1.26°/cm 0.09
16 ym @24 GHz @24 GHz
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Table 3-5 Summary of the effective dielectric constants and dielectric losses of the

BST films measured by coplanar waveguide method.

BST on substrate DC bias Dielectric constant Loss
V) (effective) tangent
(7GHz)
MgO 0 7.568632 0.007
50 7.54237 0.008
150 7.566004 0.016
200 7.537123 0.027
c-cut 0 10.59254 0.025
sapphire 50 10.5801 0.025
100 10.54595 0.026
150 10.50255 0.026
200 10.44072 0.025
r-cut sapphire 0 9.353724 0.020
50 9.350156 0.014
100 9.341394 0.014
150 9.280173 0.014
200 9.280173 0.014

118



References

1) F. A. Miranda, G. Subramanyam, F. W. Van Keuls, R. R. Romanofsky, J. D. Warner

and C. H. Mueller, “Design and development of ferroelectric tunable

microwavecomponents for Ku and K-band satellite communication systems”, IEEE

Transaction of Microwave Theory and Techniques, 48 (2000) 1181

2) O. Auciello, S. Saha, D. Y. Kaufman, S. K. Streiffer, W. Fan, B. Kabius, J. Im and P.

Bauman, “Science and Technology of High Dielectric Constant Thin Films and

Materials Integration for Application to High Frequency Devices”, Journal of

Electroceramics 12 (2004) 119

3) M. F. Iskander, Z. Zhang, Z. Yun, R. S. Isom, M. G. Hawkins, R. Emrick, B. Bosco, J.

Synowczynski and B. Gersten, “New phase shifters and phased antenna array designs

based onferroelectric materials and CTS technologies”, IEEE Transaction of Microwave

Theory and Techniques, 49 (2001) 2547

4) S. Hyun, J. H. Lee, S. S. Kim, K. Char, S. J. Park, J. Sok and H. E. Lee, “Anisotropic

tuning behavior in epitaxial BaysSrosTiO; thin films” Applied Physics Letters, 77

(2000) 3084

5) H. Lue and T. Tseng, “Application of on-wafer TRL calibration on the measurement

ofmicrowave properties of BagsSrysTiO; films” IEEE Transaction of Ultrasonics,

119



Feeroelectrics and Frequency Control, 48 (2001) 1640

6) M. D. Janezic and J. A. Jargon, “Complex permittivity determination from

propagation constant measurements” IEEE Microwave & Guided Wave Letters, 9

(1999) 76

7) G. Bhakdisongkhram, Y. Yamashita, T. Nishida and T. Shiosaki, “ Dependence of

Microwave Properties of Ba,Sr; 4 TiO3 Thin Films on Substrate”, Japanese Journal of

Applied Physics, 44 (2005) 7098

8) D. M. Pozar, “Microwave Engineering”, John Wiley and Sons, New York, (1998),

2nd ed., 217

9) K. C. Gupta, R. Garg, 1. Bahl and P. Bhartia, “Microstrip Lines and Slotlines” Artech

House, London (1996), 2nd ed., 83 and 379.

10) F. Zimmermann, M. Voigts, C. Weil, R. Jakoby, P. Wang, W. Menesklou and E.

Ivers-Tiffee, “Investigation of barium strontium titanate thick films for tunable phase

shifters” Journal of the European Ceramic Society 21 (2001) 2019

120



Chapter 4. Consideration for frequency multiplication based on BST

films

The large tunability of the BST film implies that it has a significantly high dielectric

nonlinearity. Thus, it is possible to create a low-cost and compact frequency converter,

because an input signal frequency can be converted to the desired frequency through

the nonlinearity.

4.1 Introduction

4.1.1 Frequency multiplier

Frequency multipliers can be either passive or active. In passive multipliers, a varactor

or step recovery diode is commonly used, while in active multipliers, the design

includes transistor-class devices such as the bipolar junction transistors, field effect

transistors, or high electron mobility transistors [1]. The frequency multipliers referred

to in this chapter make use of a dielectric material, and can be categorized into a passive

multiplier class.
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Conventional passive multipliers can be classified as resistive or capacitive types. In the

first case, the frequency—multiplying mechanism is due to the strong nonlinearity of the

conduction current flowing in the diode. In the latter case, the frequency-multiplying

mechanism is due to the nonlinear nature of the reactance of the diode [2]. The

mechanism of the multiplier presented in this thesis is similar to that of the latter case.

However, unlike the conventional semiconductor diode, the nature of an ideal dielectric

material is that it does not contain free electrons that generate noise in the device.

Moreover, low leakage currents in dielectrics result in some advantages such as lower

DC power consumption and higher breakdown voltage.

Despite the extensive research on the applications that make use of the large tunability

of the BST films [3-5], little research has been carried out to realize a BST-based

frequency conversion [6].

4.1.2 Nonlinearity and harmonics of the signal in the BST films

From some previous studies on the nonlinearity of the material for high-frequency

application, the resultant harmonics due to the nonlinearity of the bulk material for

122



resonators has been investigated by Tamura [7]. Frequency conversion by a coplanar

waveguide transmission line on a BST film has also been studied [6].

4.1.3 Problems and approaches for a BST-based frequency multiplier

However, the nonlinearity of a BST film in such a planar structure is not large enough
for an effective frequency conversion. To realize practical frequency conversion, a
parallel-plate capacitor was used to make the voltage drop across the capacitance as
much as possible. In this chapter, practical frequency conversion due to BST film’s

nonlinearity is reported.

Model of the BST-based frequency multiplier

To make a model, the voltage across BST capacitor is separated into linear part Vc and
nonlinear part V3. Figure 4-11 shows the modeling of nonlinear capacitor in to linear
part Vc and nonlinear part V3. The capacitance, applied voltage and electric charge

have their relation as:

V:Vc+V3=2+“—Q3 “-1)

G G
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Al .
Ve —— Co linear

C 7/5 -
V,=aCV;

- nonlinear

a)
Voltage (V)

V=V;+Vc’ .

Vc

0 Electric charge (Q)
Q=C,v~

b)
Figure 4-11 a) The voltage across BST capacitor is separated into linear part

Vc and nonlinear part Vs, b) electric charge inside a BST capacitor after

applied an external voltage V.

_9
Ve = C (4-2)

3
Vo= 2= aCiy; @-3)
C
,where a is a constant value that is dependent on the type of material and film

deposition process.
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Fundamental output V. Harmonics output Vg3

—° AJQ JOVoutS

0
Ro VC:
aGyV;

Ri=Ro

Figure 4-12 The voltage across BST capacitor is separated into linear part Vc
and nonlinear part V3, the fundamental output V,, and harmonics output V3

can be calculated using the superposition theorem.

Figure 4-12 shows the 3™ harmonics generation. By using the superposition theorem,
the output of the harmonics can be calculated as V3, while the output of the linear part

1S Voue. The signal output due to the linear part (Vc¢) is:

e

Vowe =77 4-4
“ 2+ jwC,R, (4-4)

From V., the signal output due to the nonlinear part can be expressed as:
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'wC,R 'wC,R
out3 = MX aCOVU:ilZ‘C: ‘]a)—oo4 X aCOV3 (4_5)
2+ joCyR, 2+ joCyR,)

From the above equation, because V> appears in the expression of the output signal of
nonlinear part V3, for a given a sinusoidal wave with frequency @ and strength E,,

the 3w frequency will appear in the Vs, as:

. 1 . . -

V?=E;sin’ ot = ZES (3sin wt —sin 3ar) (4-6)
This is the reason why there is a third harmonics wave in the signal output of a BST

capacitor. To further increase the output power Vo3, the value of |2+ jwC R,| , where

Ro=50Q, must be minimized.

Adding a crystal oscillator

Figure 4 -14 shows that after adding a crystal oscillator, 3 harmonics level is 8 time
higher. In this case, there is no current passing through the resistor R;, thus the linear
signal output V. becomes:

, v @)
oute .
1+ joCyR,
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high impedance = Xtal

al

7;7 no current flows
777 at R1

Fundamental output Vg

_OVOUIC

Harmonics output Vg3

Vout3

R1: Ro

Figure 4-13 After adding a crystal oscillator, no current passes through R,
because the impedance of the crystal oscillator is too high. The fundamental
output Vo, and harmonics output Vo3 can be calculated using the

superposition theorem.

Before adding the crystal oscillator, the nonlinear output signal was:

out3 = —'] a)‘CORO X 0 o‘itc = % X aC0V3 ~ ‘]a)(j—ORO X aC0V3 (4_8)
2+ joCR, 2+ joCyR,)
After adding the crystal oscillator, the nonlinear output signal becomes:
oC R o R oC R
=R oy o TR xaCy? ~ 1% ey
2+ joCR, 2+ joCyR,)(1+ jC,R,)
(4-9)
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Thus, after adding the crystal oscillator, the signal level of the nonlinear output signal

(3“l harmonics level) is 8 time higher.

Adding an inductor

1= Ro

no current flows
at R1

Figure 4-14 After adding a crystal oscillator, no current passes through R;
because the impedance of the crystal oscillator is too high. An inductor was
added to increase the voltage signal drop across the capacitor. The fundamental

output V,, and harmonics output V,u; can be calculated using the
superposition theorem.

Figures 4-14 shows that adding an inductor can improve a higher 3 harmonics level.
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After adding an inductor, the voltage signal drop across the BST capacitor becomes:

1
v, = joC 1 <V (4-10)
I
joC
Thus, the nonlinear output signal (3rd harmonics level) becomes
iwC,R wC,R
_ IR ey JOC R,y xaC,l (4-11)

324 joC,R, LM 2+ jwC,R,)(jawC,R,)}

, specifically at the resonant frequency, the voltage signal across the BST capacitor

becomes:
V
V. = 4-12
’ joCR, (4-12)
Therefore, the nonlinear output signal (3rd harmonics level) becomes:
voa— L ey
out3 2(](0C0R0)2 0 (4_13)

Accordingly, after adding an inductor, the nonlinear output signal (3rd harmonics level)
becomes _ times higher.

(wC,R,)’
4.2 Experimental
4.2.1 Epitaxial BST film growth
To make a parallel-plate BST capacitor, bottom-electrode platinum (Pt) films (150 nm)
were deposited on 0.5-mm-thick sapphire substrates by sputtering. Then Ba,Sr;,TiO3

(x=0.5) films were deposited onto the bottom electrode at 600°C by rf-magnetron
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sputtering. Pt/sapphire substrates and BST powder targets were positioned parallel to

each other and 5.5 cm apart. The thickness of deposited films after 1 h deposition was

approximately 200 nm; the deposition rate was 3.3 nm/min. The sputtering gas pressure

was 4 Pa with an Ar/O, gas ratio of 9/1. After sputtering, the stoichiometric composition

of the BagsSrsTiOs films was confirmed by X-ray fluorescence spectroscopy. The

crystalline structure of deposited films was confirmed by X-ray diffraction (XRD)

analysis.

4.2.2 Construction of the frequency multiplier

For a low-frequency converter experiment, a circular top electrode with a diameter of

2.1 mm was formed by sputtering Pt onto the BST films through a metal mask. The

thickness of the top electrode was 150 nm.

Low-frequency measurements were carried out with an impedance analyzer (Agilent,

4194A) and an oscilloscope (Tektronik, TDS3052), over the frequency range up to 16

MHz. High-frequency conversion (1 GHz) was confirmed with a measurement system

including an oscillator, a notch filter, an attenuator, high-frequency probes and a

network analyzer (Advantest, R3767CH).
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4.3 Results

4.3.1 Crystalline structure and electrical properties of the BST varactor

Figure 4-1 shows the results of an XRD #-26 scan for a BST film deposited on sapphire

substrate. This result indicates that the BST film tended toward a preferential (111)

orientation. The dielectric properties of the BST film capacitor are shown in Fig. 4-2.

After applying an external DC bias of 15 V, the relative permittivity of the BST films

decreased from 417 to 184. This corresponds to the decrease in the capacitance from

639 to 282 pF, which is a 55.8 % decrease from the maximum value. The loss tangent of

the capacitor was less than 2 %.

1 I 1 1 1 1 1
) i i i i|Pt 111 i i i
(o ! ! ! ! ! ! !
= ! : ] I ; ! I
. BST 111 :
S : : : : sapphlire 006 | :
S ! ! ! ! ! ! !
& 5 i : 5 : : :
3 I I R
a 1 | 1 1 1 1 1
g T T R 1 I S
= ! ! ] : ] ! !
= 1 I 1 1 1 1 1
i i i i i i i
i i i i i i i
i i i i i i i
i i i i i i i
i i i i i i i
L
20 2h 30 30 40 45 R hh 610
20 (deg)

Figure 4-1 XRD analysis of the sputtered BST film.

131



700 | . : : 25
GO0
n =4 2.0
S 500 =
o ] S
S 400 15 b,
= g
o =
% 300 10
O oop t
-1 0.5
100 F
0 1 1 1 1 0.0
-15 -10 -5 0 5 10 15

DC bias (V)
Figure 4-2 Capacitance and loss tangent of the BST

capacitor

4.3.2 Frequency multiplication below 100 MHz

To demonstrate a frequency converter at low frequency, the principle of frequency

conversion is shown in Fig. 4-3. In Fig. 4-3(a), after feeding an input signal through a

capacitor, the electric charge and electric current are distorted because of the nonlinear

electric charge-voltage characteristics of the BST films [Fig. 4-3(b)]. This distortion

includes high-order harmonics whose frequencies are multiples of the input signal

frequency. Therefore, these higher-harmonic signals can be filtered out as a signal of the

multiplied frequency. The more an input signal is distorted, the larger a harmonic signal

becomes.
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0 » Voltage (V)

b)
Figure 4-3 Mechanism of signal distortion due to nonlinearity: a) electric current is
distorted due to the saturation of electric charge, b) saturated electric charge in the

BST capacitor
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To obtain a significant signal distortion, high input signal amplitude is necessary. Figure
4-4 shows the measurement setup used to observe the distortion due to the nonlinearity
of the BST capacitor. In Fig. 4-4, an oscillator with an internal resistance of Ro=50 €, is
a signal source. An inductor (10 pH) is inserted between the oscillator and the capacitor
to increase the voltage drop across the capacitor at 2 MHz. Figure 4-5 shows the output
signal across the BST capacitor when the input signal amplitudes are 2 V [Fig. 4-5(a)]
and 10 V [Fig. 4-5(b)]. The input signal of 2 V did not result in much distortion. The
input signal of 10 V resulted in a distorted signal, which can be observed because the
distorted output signal waveform is different from a sinusoidal waveform, as shown in

Fig. 4-3(a).

10uH

Vout

Figure 4-4 Test circuit for observation of nonlinearity in a

capacitor
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Figure 4-5 a) Signal was not distorted when input signal was 2V,

b) Observed distorted signal when input signal was 10 V
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The measurement setup for the frequency conversion at low frequency is shown in Fig.

4-6. The oscillator with internal resistance Ry was connected to the BST capacitor. A 10

uH inductor was inserted to enlarge the resultant signal amplitude across the capacitor.

The crystal resonator (resonating frequency of 6 MHz) was added at the output port to

filter the frequency-multiplied signal. In Figs. 4-7(a) to 4-7(c), the input signal of

frequency 2 MHz [Fig. 4-7(a)] resulted in the signal across the capacitor [Fig. 4-7(b)]

and the harmonics output signal of 6 MHz [Fig. 4-7(c)]. From Figs. 4-7(a) to 4-7(c), the

frequency conversion from 2 to 6 MHz was successfully realized.

Xtal
10puH (6MHz)
OA\_H:“__OA
RO A Ve Vout
V
O O

Figure 4-6 Schematics of frequency multiplication at 6 MHz.
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Figure 4-7 a) Input signal at 2 MHz, b) output signal containing no 3"
harmonics ¢) output signal containing only 3™ harmonics (6MHz) that is

filtered by a crystal resonator
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4.3.3 Frequency multiplication above 100 MHz

To demonstrate the frequency conversion at high frequency, the measurement setup was

configured as shown in Fig. 4-8. The signal source is an oscillator that feeds a

maximum signal of 19 dBm (19 dBm = 1.99 V). The signal frequency (500 MHz) was

fed through the signal source through the 1 GHz notch filter to exclude the 1 GHz

harmonics from the signal source itself. Then the input signal was adjusted by an

attenuator that attenuated from O to 40 dB. The input signal was fed through the

high-frequency probes, as the probes were directly attached to each other on the BST

layer. The output signal was analyzed using a network analyzer.
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Figure 4-8 Measurement of frequency multiplication at frequency more
than 100 MHz.
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Figure 4-9 Result of the frequency multiplication from 500 MHz to 1 GHz

Figure 4-9 shows the experimental result of the high-frequency conversion. From Fig.
4-9, it was successfully demonstrated that frequency conversion from 500 MHz to 1

GHz can be realized.

4.4 Discussion

The conversion of frequencies by using the ferroelectric materials was done through
second harmonics and third harmonics. It is important to show the two conditions that
the second harmonics or the third harmonics dominates the output power. Such
conditions are:

1) The applied external bias
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2) The deviation from symmetry of the capacitance-voltage curve.

Figure 4-11 shows the dependence of the capacitance on the DC bias of a BST capacitor.
The center of the curve is found to be 0.7 [V] far away from the zero bias. This
deviation of the center from zero bias is the reason for the generation of the second

harmonics signal in the output power.

14.00 T S —
— *Canter of the curve |
& 13,75 oo
g LA i
Z ‘ ‘ ‘ !
5 13504 0 PTIVLL |
8 !

13.00 +————— I O N I

83 2 -1 0 1 2 3 4 5
DC bias (V)

Figure 4-11 Dependence of the capacitance on the DC bias (measured at 1 MHz)
of a BST capacitor. The curve is not symmetric and the center of the curve is

found to be 0.7 [V] away from zero bias.
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If the nonlinearity of the capacitance-voltage characteristics is approximated to the fifth
order, the expression for the electric charge (Q), applied voltage (V) and the linear part
of the capacitance (Cy) (see Fig. 4-11) is:

V=VC+V3+V5=C%+QC_QO3+'BC—QOS (4-14)
where,
V3: nonlinearity of the capacitance-voltage characteristics by third order
V’s: nonlinearity of the capacitance-voltage characteristics by fifth order
After applied the signal of mSin[x] on the capacitance that has the center deviated from
zero equal to n (for example, in the Fig. 4-11, n=0.7 [V]), the applied signal on the
center of the capacitance-voltage curve becomes:

V. =n+mSin[x] (4-15)

Thus, the output signal (V) becomes:

V=V +aClV +pCV> =

[n +a%C§ (6m’n+ 4n3)+ﬂ%C§(30m4n +80m’n’ +16n5)} +
Sin[x][aicgaw +12mn2)+ﬂ%C§(10m5 +120m’n’ +80mn4)}+
Cos[2x][—ai€02 (6m2n)—ﬂ%C§(40m4n+80m2n2)}+

Sin[3x]{— aC; %(mg’)—ﬂ%CS‘ (5m’ + 4Om3n2)} +
Cos[4x][ﬂ%C§(lOm4n)}+

Sin[Sx]{,B%CS‘ (ms)}
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(4-16)

where,

« and [ are the constant coefficients,

3
v, = aQ” _ aCv?,

0

5
v, =P = gy
CO
From the equation (4-16), if the capacitance-voltage curve is symmetric (no deviation
from center), i.e. n=0, there will not be a second harmonics. In this case, the highest

harmonics power level originates from the third harmonics.

In the case that the capacitance-voltage curve is non-symmetric, consider n=0.7 [}V] and
m=2 [V] which is the case when conversion of the signal frequency from 500 MHz to 1
GHz was obtained in this thesis, the constant coefficient of Cos[2x] is much higher than
that of Sin[3x]. Thus the second harmonics output is much stronger than third

harmonics output. This is why the result in Fig. 4-9 shows only second harmonics.
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Chapter 5. General conclusions

The main objective of this dissertation was to investigate, for microwave component
application, the high-quality BST film growth on different substrates and to demonstrate

the frequency conversion by using a BST capacitor up to GHz region.

Our proposal to achieve the first objective is to optimize the film deposition process for
epitaxial film growth. In the first stage, the dielectric property of BST films with
different Br:Sr composition ratio (BST, x=0.3, 0.4 and 0.5) was studied. At room
temperature, the relative permittivity of the BST with composition x=0.3, 0.4, and 0.5
was observed to be 229, 354, and 616, respectively, and the resultant phase shift of the
same waveguide structure at 7 GHz was 0.5°, 1.5°, and 2.5°, respectively. This result

indicates that the films with x=0.5 has highest tunability.

Substrate selection for epitaxial BST film growth was investigated using MgO, sapphire,
and silicon substrates. BST films were directly deposited onto different types of

substrates by conventional RF sputtering. The evaluation of BST films as microwave
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material was done through the measurement of phase shift of the microwave signal (8

GHz) passing through the waveguide on the BST/substrate.

The results showed that the c-cut sapphire assisted BST epitaxial 111-oriented film
growth, while the MgO assisted BST 100-oriented film growth. The BST grown on
silicon and r-cut sapphire preferred random orientation. At 7 GHz, The phase shift and
dielectric loss due to the BST film (1 xm) deposited on MgO were 3.0° and 0.75%,
which is comparable to the values of 2.4° and 0.68% in the case of BST deposited on
the c-cut sapphire. Thus it was successfully demonstrated that the c-cut sapphire

substrates are suitable for depositing BST films for microwave application.

On the other hand, little research has been carried out to realize a BST-based frequency
conversion. Frequency conversion by a coplanar waveguide transmission line on a BST
film has also been studied before. However, the nonlinearity of a BST film in such a
planar structure is not large enough for an effective frequency conversion. In this thesis,
a parallel-plate capacitor was used to realize practical frequency conversion because it
made the voltage drop across the capacitance higher. Practical frequency conversion due

to BST film’s nonlinearity was successfully demonstrated. It was also shown that the
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higher the frequency conversion efficiency can be achieved by increasing the input

signal power. For the conversion from 500 MHz to 1 GHz, the conversion loss was -30

dB at an input power of 20 dBm.
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