Abstract
Microwave materials have been widely used in a variety of applications
ranging from communication devices to military satellite services, and the
study of materials properties at microwave frequencies and the development
of functional microwave materials have always been among the most active
areas in solid-state physics, materials science, and electrical and electronic
engineering. In recent years, the increasing requirements for the development
of high speed, high frequency circuits and systems require complete understanding of the properties of materials function at microwave frequencies.
Ferroelectric materials usually have high dielectric constants, and their
dielectric properties are temperature and electric ﬁeld dependent. The change
in permittivity as a function of electric ﬁeld is the key to a wide range of
applications. Ferroelectric materials can be used in fabrication capacitors
for electronic industry because of their high dielectric constants, and this
is important in the trend toward miniaturization and high functionality of
electronic products. The simple tunable passive component based on ferroelectric ﬁlms is a varactor which can be made as a planar structure, and electrically tunable microwave integrated circuits using ferroelectric thin ﬁlms
can be developed. Therefore, it is very important to characterize the dielectric constant and tunability of ferroelectric thin ﬁlms.
This thesis shows experimental results for growth, crystalline properties
and microwave characterization of Na0.5 K0.5 NbO3 (NKN), AgTa0.5 Nb0.5 O3
(ATN), Ba0.5 Sr0.5 TiO3 (BST) as well as AgTaO3 (ATO), AgNbO3 (ANO)
thin ﬁlms. The ﬁlms were grown by Pulsed Laser Deposition (PLD) and
rf-magnetron sputtering of a stoichiometric, high density, ceramic NKN,
ATN, BST target onto single crystal LaAlO3 (LAO), Al2 O3 (sapphire), and
Nd:YAlO3 , and amorphous glass substrates. By x-ray diﬀractometry, NKN,
ATN, BST ﬁlms on LAO substrates were found to grow epitaxially, whereas
ﬁlms on r-cut sapphire substrates were found to be preferentially (00l) oriented.
Coplanar waveguide interdigital capacitor (CPWIDC) structures were
fabricated by standard photolithography processing and metal lift-oﬀ technique. Microwave properties of the NKN/Sapphire and ATN/Sapphire with
CPW structures were characterized using on-wafer microwave measurement
technique. Measurement setup is composed of network analyzer, probe sta-
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tion, and microwave G-S-G probes. External electric ﬁeld through the connection between network analyzer and power supply was applied to measure
voltage tunability. Measured S -parameter were used for the calculation of
capacitance, loss tanδ, tunability and K-factor.
The NKN ﬁlms interdigital capacitors with 2 µm ﬁnger gap on Nd:YAlO3
showed superior performance compared to ATN in the microwave range from
1 to 40 GHz. Within this range, the voltage tunability (40V, 200 kV/cm)
was about 29%, loss tangent ∼ 0.13, K -factor = tunability/tanδ from 152%
@ 10GHz to 46% @ 40GHz.
The microwave performance of ATN ﬁlm CPWIDC with 2 µm ﬁnger gap
on sapphire substrate in the microwave range from 1 to 40 GHz showed that
frequency dispersion is about 4.3%, voltage tunability was 4.7% @ 20GHz
and 200 kV/cm, loss tangent ∼ 0.068 @ 20GHz, K -factor = tunability/tanδ
is ranged from 124% @ 10GHz to 35% @ 40GHz.
The BST ﬁlms CPWIDC with 2µm ﬁnger gap on Al2 O3 substrate showed
frequency dispersion of capacitance in the microwave range from 1 to 40 GHz
about 17%, voltage tunability = 1 - C(40V)/C(0) ∼ 22.2%, loss tangent ∼
0.137 @ 20GHz, and K -factor = tunability/tanδ from 281% @ 10GHz to
95% @ 40GHz.
Key words: ferroelectrics, sodium potassium niobates, silver tantalate
niobate, barium strontium titanate, thin ﬁlms, pulsed laser deposition, rfmagnetron sputtering, coplanar waveguide, photolithography, microwave onwafer measurement, scattering parameter measurement, tunability.
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Chapter 1

Introduction
The development of microwave electronics includes materials, processing, devices design and fabrication, measurement and characterization techniques
and application of functional materials in various systems. In recent years,
the increasing requirements for the development of high speed, high frequency circuits and systems require complete understanding of materials
properties at microwave frequencies.
Ferroelectric materials usually have high dielectric constants, and their
dielectric properties are temperature and electric ﬁeld dependent. For many
years, although ferroelectric materials are used in a wide variety of devices,
mainly the pyroelectric and piezoelectric properties of ferroelectrics were
utilized. This situation has been changed during the past few years.
The application of ferroelectric materials in random access memories is
expected to replace magnetic core memories and magnetic bubble memories.
Besides, ferroelectric materials can be used in fabricating capacitors for electric industry because of their high dielectric constants, and this is important
in the trend toward miniaturization and high functionalities of electronic
products. Furthermore, ferroelectric materials can be used for the development of tunable microwave devices, which have potential in satellite, terrestrial communications, and other microwave applications where the working
frequencies are higher than the useful range of si-based devices [1, 2].
By using ferroelectric thin ﬁlms, electrically tunable microwave integrated circuits can be developed. Therefore, it is very important to characterize the dielectric constant and tunability of ferroelectric thin ﬁlms at
microwave frequencies [3, 4].
Nax K1−x NbO3 (NKN) thin ﬁlms on various oxide substrate possess excellent dielectric and piezoelectric characteristics therefore they have been intensively studied by Cho for the varactor, non-volatile memory and acoustoelectric device applications [20, 21, 22]. AgTax Nb1−x O3 thin ﬁlms also have
been studied by Koh for varactor applications[13, 14] because ATN ceramics
shows very ﬂat dielectric response in a wide frequency range from RF to
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100GHz. But all the previous researches were mainly focused on low frequency dielectric properties up to 1 Mhz and intrinsic microwave NKN and
ATN properties were not thorough by explored. Furthermore, the study of
AgNbO3 (ANO), AgTaO3 (ATO) seem to be fundamentals to understand
the features of the solid solution ATN system.
In this thesis, I would like to introduce mainly niobate-tantalate ﬁlms
which can be good candidate for microwave devices. I also would like to introduce Ba1−x Srx TiO3 (BST) ﬁlms, which already have been widely studied,
for the comparison. Brief description of other chapters are as follows:
Chapter 2 introduce dielectric and ferroelectric materials specially for microwave applications. Brief concept and frequency dispersion of dielectric response, novel ferroelectric materials are described in this chapter.
Chapter 3 explains whole device processing, e.g. target fabrication, thin
ﬁlm deposition, lithography and metal lift-oﬀ processing. Material
properties and a feature of Coplanar Waveguide structure are also
demonstrated.
Chapter 4 shows microwave network analysis for on-wafer structure. A
concept of microwave network, calibration and on-wafer measurement
including de-embedding analysis are explained with experimental data.
Chapter 5 Summary of all experimental works.

Chapter 2

Dielectric Materials for
Microwaves
2.1

The Function of Dielectrics

Dielectrics are insulating materials that are used technically because of their
property of electrical polarization to modify the dielectric function of the
vacuum, e.g. to increase the capacity of storing the electric charge. In case
of dielectric polarization, the polarization of matter is related to the electric
ﬁeld by
P = ε0 χe E
which leads to
D = ε0 (1 + χe )E = ε0 εr E
with the material properties
χe : electrical susceptibility εr : relative permittivity
If χe or εr themselves are ﬁeld-dependent, e.g. become reduced for high
electric ﬁelds, tunable dielectrics are achieved.

2.2

Frequency Dispersion of Dielectrics

The ability of a dielectric material to store electric energy under the inﬂuence
of an electric ﬁeld results from the ﬁeld-induced separation and alignment of
electric charges. Polarization occurs when the ﬁeld causes a separation of the
positive and negative charges in the material. The larger the dipole moment
arm of this charge separation in the direction of a ﬁeld and the larger the
number of these dipoles, the higher the material’s dielectric permittivity.
Typical behavior of permittivity as a function of frequency is show in Figure
2.1. Moving charge causes a frequency dependent phase shift between applied
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Figure 2.1: Frequency dependence of permittivity for a hypothetical dielectric [5].
ﬁeld and charge displacement. To express this mathematically, the relative
dielectric permittivity is written as a complex value:




εr = εr + iεr .
The loss tangent is deﬁned as


ε
tan δ = r .
εr
The permittivity of material is related to a variety of physical phenomena that contribute to the polarization of a dielectric material. In the low

frequency range, ε is dominated by the inﬂuence of ion conductivity. The
variation of permittivity in microwave range is mainly caused by dipolar relaxation, and the absorption peaks in the infrared region and above is mainly
due to atomic and electronic polarizations.
• Electronic polarization occurs in neutral atoms when an electric
ﬁeld displaces the nucleus with respect to the surrounding electrons.
This induced dipole eﬀect occurs in all materials, including air, but is
usually very small compared to other polarization mechanisms since
the moment arms of these dipoles are very short, usually a fraction of
the size of an atom.
• Atomic polarization occurs when adjacent positive and negative ions
stretch under an applied electric ﬁeld.

2.3 Ferroelectric Materials

Figure 2.2: Electrical polarization of dielectric. (a) Polarization of linear
dielectric, (b) typical hysteresis loop for ferroelectric material [6].
• Dipolar polarization Dipolar polarization is due to the dipole moment arising from diﬀerent electronegativity of atoms in a molecule. If
the electric ﬁeld oscillates slowly, the time taken by the electric ﬁeld to
change direction is longer than the response time of the dipole, therefore the dielectric polarization keeps in phase with the electric ﬁeld.
• Ionic polarization is similar to atomic polarization but involves the
shifting of ionic species under the inﬂuence of the ﬁeld. This shift can
be considerable and can lead to very high dielectric constant, up to
several thousand.
All materials exhibit electronic polarization because they all have atoms,
whereas atomic and ionic polarization require speciﬁc types of structures
to be present. Purely electronic polarization would result in low dielectric
constants, perhaps up to 2-4. Atomic and especially, ionic polarization are
responsible for much larger dielectric constants.

2.3
2.3.1

Ferroelectric Materials
Ferroelectricity

As shown in Figure 2.2, ferroelectric materials display a hysteresis eﬀect
of polarization with an applied ﬁeld. The hysteresis loop is caused by the
existence of permanent electric dipoles in the material. When the external
electric ﬁeld is initially increased from zero, the polarization increases as
more of the dipoles are lined up. When the ﬁeld is strong enough, all dipoles
are lined up with the ﬁeld, so the material is in a saturation state. If the
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applied electric ﬁeld decreases from the saturation point, the polarization
also decreases. However, when the external electric ﬁeld reached zero, the
polarization does not reach zero. The polarization at zero ﬁeld is called the
remanent polarization. When the direction of the electric ﬁeld is reversed, the
polarization decreases. When the reverse ﬁeld reaches a certain value, called
the coercive field, the polarization becomes zero. By further increasing the
ﬁeld in this reverse direction, the reverse saturation can be reached. When
the ﬁeld is decreased from the saturation point, the sequence just reverses
itself.
For ferroelectric material, there exists a particular temperature called the
Curie temperature (Tc ). Ferroelectricity can be maintained only below the
Curie temperature. When the temperature is higher than Tc , a ferroelectric
material is in its paraelectric state. Ferroelectric materials have great application potential in developing smart electromagnetic materials, structures,
and devices, including miniature capacitors, electrically tunable capacitors,
ﬁlters and phase shifters in recent years. Microwave ferroelectrics are still
under intensive investigation.

2.3.2

Voltage Tunability

The dielectric permittivity ε of ferroelectric materials can be varied by applying an dc electric ﬁeld, and this property can be used in the development of
electrically tunable electric devices. The change of ε because of the external
electric ﬁeld is often described by tenability, as deﬁned below:
T unability[%] =

εr0 − εre
× 100
εr0

Where εr0 is the dielectric permittivity of the ferroelectric material without external dc electric ﬁeld, and εre is the dielectric permittivity when the
material is biased by an external dc electric ﬁeld.
The dielectric loss of a ferroelectric material is also dependent on the applied dc electric ﬁeld. Generally speaking, the dielectric loss under applied
external dc electric ﬁeld. Experiment show that a ferroelectric material with
higher loss tangent usually has larger tunability. As loss tangent of a material is an important factor aﬀecting the performances of electric circuit,
in the development of electrically tunable ferroelectric microwave devices, a
ﬁgure of merit K (K -factor), deﬁned by K=Tunability/tanδ, is often used to
indicate the quality of ferroelectric material. Usually, in the calculation of
K, the loss tangent at zero external dc electric ﬁeld is used.

2.4 Ferroelectric Materials for Microwaves

2.4
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Thin ﬁlm ferroelectrics are receiving increased attention because of their potential in producing tunable RF and microwave circuits. Tunable circuits,
including ﬁlters, matching networks and phase shifters oﬀer the ﬂexibility
to adapt to changes in operating conditions, such as frequency, impedance
environment or RF drive level, a property that is highly sought after in the
wireless communications industry. Components using alternative technologies, such as GaAs varactor diodes, tend to have low Q values, implying high
RF loss, and generally do not handle high RF power levels. MEMS-based
devices have unproven reliability at this point, often have diﬃcult biasing
requirements and have stringent packaging needs. This development encourages the investigations of electronic materials, in particular the development
of new dielectric materials with speciﬁc dielectric properties that are demanded by electronics engineers. Incidentally, ferroelectrics also have the
property of piezoelectricity (stress induced polarization) and pyroelectricity
(temperature induced polarization), but those properties are not important
to this discussion. In this section, novel niobate oxide ferroelectric materials
and BST are introduced with historical background.

2.4.1

Silver Tantalum Niobium Oxide

With regard to particular microwave applications, a new microwave material that is based on a perovskite-type AgTax Nb1−x O3 (ATN) solid solution
i.e., the compounds AgNbO3 and AgTaO3 meets the majority of commercial requirements, especially because of its high permittivity and moderate
dielectric losses.
Dielectric studies of the AgTax Nb1−x O3 have shown weak indications of
ferroelectricity at temperatures < 348 K [7] and < 180 K [9], respectively.
High static permittivity (εr0 ) of the AgNbO3 originates from the high frequency relaxation motion of niobium ions [8]. Dielectric properties of the
solid solutions and their dependence on temperature and composition were
studied by Kania [10]. He revealed that the permittivity at room temperature decreases as the tantalum content increases and that the anomalies in
the temperature dependence of permittivity can be associated with phase
transitions. The existence of a low-temperature ferroelectric phase has already been conﬁrmed for a AgTax Nb1−x O3 solid solution with x < 0.8 [10].
Volkov et al.[9] made important contributions to the understanding of
AgTax Nb1−x O3 solid solutions by performing dielectric spectroscopy on this
bulk ceramic solid solution with diﬀerent compositions. In regard to the
application of AgTax Nb1−x O3 as a microwave material, the main conclusion
from their work is the comprehension regarding the absence of any dielectric
dispersion in the microwave-frequency range (up to 30 GHz). Lithium-doped
Ag(Nb, Ta)O3 ceramic materials also has been investigated by Sakabe et
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al.[11] for the improvement of ferroelectric response and dielectric properties.
In case of silver tantalate niobium ﬁlms, there were only few reports
[12, 13, 14, 15]. ATN ﬁlms deposited on various substrates have shown good
dielectric properties: εr ∼ 300, low loss tan δ < 0.004 and tunability ∼ 6 %
at 1 MHz and 100 kV/cm. However, the applicability of this material for microwave tunable devices remains questionable due to the lack of experimental
results of dielectric properties in microwave frequency ranges.

2.4.2

Sodium Potassium Niobium Oxide

Ferroelectric sodium potassium niobium oxide, Nax K1−x NbO3 (NKN), is the
continuous solid solution of KNbO3 and NaNbO3 , and is perovskite structured for x < 0.97. Bulk ceramic NKN exhibits a complicated phase diagram
with several structural phase transitions[24]. The dielectric properties and
phase transitions of Nax K1−x NbO3 as well as KNbO3 and NaNbO3 ceramics
were reported few decades ago [16, 17].
NKN ﬁlms on various oxide substrate fabricated by pulsed laser deposition [18, 19] and RF magnetron sputtering [25] showed preferential c-axis
orientation with self assembling phenomena, high dielectric permittivity and
high tunability. Because of its excellent crystallinity and electric properties,
NKN ﬁlms have been also intensively studied for varactors [20], memory device [21], acoustoelectric device [22] and microwave device applications [23].
But intrinsic microwave NKN properties were not thorough by explored.

2.4.3

Barium Strontium Titanium Oxide

BST, with its chemical formula of Ba1−x Srx TiO3 , can be thought of as a solid
solution of barium titanate, BaTiO3 , and strontium titanate, SrTiO3 . By
adjusting the Ba/Sr ratio and other ﬁlm growth parameters, precise control
can be exercised over the dielectric constant, tunability, and quality factor
Q of the resulting capacitors.
Most ferroelectrics including BST will, when the temperature reaches
the Curie temperature, Tc, undergo a phase transition from the ferroelectric
to the paraelectric state. This is an important property. Below the Curie
temperature, the material is in the ferroelectric phase, its lattice structure
is tetragonal and its polarization response to an applied electric ﬁeld is hysteretic. When the Curie temperature is reached the material undergoes a
transition to the paraelectric phase, the crystal lattice changes from tetragonal to cubic and it displays the highly desirable non-hysteretic electric ﬁeld
response. Another important phenomenon related to this phase change is a
strong temperature dependence of the relative permittivity in the neighborhood of Tc .
In thin BST ﬁlms, the material remains in the paraelectric state, its polarization response is non-hysteretic and the temperature dependence of εr

2.4 Ferroelectric Materials for Microwaves
is greatly suppressed. The BST ﬁlms dielectric constant is generally in the
200 to 300 range, yielding high capacitance densities and therefore relatively
small-sized capacitors. Film thicknesses in this range are also compatible
with standard thin ﬁlm processing, meaning that integration of BST capacitors with other thin ﬁlm components is possible. For all these reasons, much
emphasis has been placed on thin barium strontium titanate, Ba1−x Srx TiO3 ,
ﬁlms deposited by various deposition techniques and such issues as compositional grading [26, 27], oxygen vacancies [28], strain and stress eﬀects [29, 30],
composites [31], ﬁlm thickness and grain size eﬀects[32], doping eﬀect [33, 34],
annealing [35], Ba/Sr composition eﬀect [36], buﬀer layers [30], electrical
degradation [37] including breakdown voltage, power handling [38] and component integration [39] and orientational dependence [40]. The research for
application device, e.g. ﬁlter [41], oscillator [42], capacitive switches [43],
phase shifter [44] also have been progressed actively.
Although a lot of research reports for BST have been published, we fabricated our own BST ceramic target for ﬁlm deposition and grown our own
BST ﬁlms for accurate comparison between BST and niobates microwave
performance.

9

Chapter 3

Material processing and
properties,
Device design and fabrication
3.1

Ceramic Target Processing

Ceramic targets for thin ﬁlm deposition have been prepared by standard
sintering solid state reaction method using basic oxide materials, such as
Ag2 O, Ta2 O5 , and Nb2 O5 . Pure powder have been ground and sintered
three times totally to make ﬁne crystalline structure. Cold isostatic pressure
(CIP) of 3kbar for 5min was employed to the sample in the hydrostatic
conditions. Duration and temperature of target sintering are presented in
table 3.1. Crystalline structure was studied using X-ray diﬀraction technique.

Figure 3.1: An illustration of Ceramic Target processing
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Table 3.1: Sintering Conditions of Ceramic Target
Parameter
1st Sintering
(Calcination for BST)
2nd Sintering
3rd Sintering

3.2
3.2.1

AgTaO3

AgNbO3

BaSrTiO3

900 ◦ C/8h
1030 ◦ C/3h
1100 ◦ C/3h

900 ◦ C/4h
1030 ◦ C/3h
1060 ◦ C/3h

1100 ◦ C/2h
1200 ◦ C/6min.
1400 ◦ C/18min.

Thin Film Growth Technique
Pulsed Laser Deposition

The Pulsed Laser Deposition (PLD) method has been widely used to make
epitaxial ﬁlms of various oxide materials. Although PLD technique is unable
to make uniform ﬁlm coating on large scale wafers and for mass production,
it still have appeal to many researchers for the fabrication of high-quality
ﬁlms of complex oxide materials. The advantages of PLD technique are as
followings [45]:
• PLD can be useful to deposit pure elements and multi-component compounds.
• The stoichiometry of the target material can be reproduced in the ﬁlm.
• Deposition rate is relatively high compared with other physical deposition methods.
• The oxide ﬁlms can be annealed in-situ directly after deposition.
• The system setup is rather simple and more economical than other
deposition technique.
• The instantaneous deposition ﬂux can be tremendous and can be varied (e.g. target-substrate distance; laser ﬂuency; target temperature)
independently of either the average growth rate (laser repetition rate)
or the kinetic energy of the ablated species (ambient gas mass and
pressure; laser ﬂuency).
In general, the method of pulsed laser deposition is simple. Only few
parameters need to be controlled during the process. Targets used in PLD
are small compared with other targets used in sputtering techniques. It is
quite easy to produce multi-layer ﬁlm composed of two or more materials.
Besides, by controlling the number of pulses, a ﬁne control of ﬁlm thickness
can be achieved. Thus a fast response in exploiting new material system
is a unique feature of PLD among other deposition methods. The most

3.2 Thin Film Growth Technique
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Figure 3.2: A picture of Pulsed Laser Deposition system

important feature of PLD is that the stoichiometry of the target can be
retained in the deposited ﬁlms. This is the result of an extremely high
heating rate of the target surface due to pulsed laser irradiation. It leads to
the congruent evaporation of the target irrespective to the evaporating point
of the constituent elements or compounds of the target. And because of
the high heating rate of the ablated materials, laser deposition of crystalline
ﬁlm demands a much lower temperature than other mentioned ﬁlm growth
techniques. For this reason the semiconductor and the underlying integrated
circuit can refrain from thermal degradation. A brief description of the
processing parameter is in Table 3.2.

Table 3.2: Film Deposition Conditions
Process
Vacuum (Torr)
Substrate Temperature ( ◦ C)
Energy of Laser (mJ/cm2 )
Oxygen pressure (mTorr)
Repetition rate (Hz)

NaKNbO3
5×10−7
650
350
400
25

AgTaNbO3
5×10−7
650
400
450
15

BaSrTiO3
5×10−7
700
250
10
15
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Figure 3.3: A picture of RF magnetron sputtering system

3.2.2

RF Sputtering

In its simplest representation, the phenomenon of sputtering consists of material erosion from a target on an atomic scale, and the formation of a thin
layer of the extracted material on a suitable substrate. The process is initiated in a glow discharge produced in a vacuum chamber under pressurecontrolled gas ﬂow. Target erosion occurs due to energetic particle bombardment by either reactive or non-reactive ions produced in the discharge.
The oﬀ-axis radio frequency magnetron sputtering technique consists of
a target, which is a plate of a stoichiometric mixture of the material to grow,
and of a substrate placed on a grounded sample holder positioned at 90◦ of
the target oﬀ-axis conﬁguration. The glow discharge is initiated by applying
power to the target in a controlled gas atmosphere, and is constituted of
a partially ionized gas of ions, electrons, and neutral species. The ejected
material diﬀuses until it reaches and nucleates on the substrate. The duration
of this process controls the thin ﬁlm thickness. The crystalline growth of thin
ﬁlms on single crystal substrates, with a well deﬁned orientation, deﬁnes
epitaxy.
The use of a radio frequency (RF) generator is essential to maintain the
discharge and to avoid charge build-up when sputtering insulating materials
such as PZT. The presence of a matching network between the rf generator
and the target is necessary in order to optimize the power dissipation in the
discharge. Magnets are used to enhanced the sputtering rate, by increasing

3.3 Films Crystalline Properties using X-ray Diﬀraction
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Figure 3.4: Geometry for Bragg diﬀraction of x-rays by a crystal [46].
the ionizing eﬀect of electrons magnetically trapped in the vicinity of the
target (magnetron sputtering). Their use provides the advantage of trapping
not only electrons, but also charged species at the target, so that they do
not hit the substrate, with an improvement of the ﬁlm quality.
In our experiment, having a base pressure lower than 1 × 10−6 Torr an
Ar − O2 (3:1) gas mixture built up a total pressure of 60 mTorr inside the
chamber. During growth the substrate temperature was 650 ◦ C and the
rf power 60W. Changing the distance between target and substrate, the
deposition rate was settled to 5.5 and 6.4 Å/s for thinner and thicker ﬁlms,
respectively. Following deposition the ﬁlms were post-annealed in situ at
540 ◦ C in 700 Torr oxygen pressure for 10 min and then slowly cooled to
room temperature [25].

3.3
3.3.1

Films Crystalline Properties using X-ray Diﬀraction
X-ray Diﬀraction

Bragg diﬀraction occurs a electromagnetic waves interact with a regular
structure whose repeat distance is about the same as the wavelength. The
phenomenon is common in the natural world, and occurs across a broad
range of scales. For example, light can be diﬀracted by a grating having
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scribed lines spaced on the order of a few thousand angstroms, about the
wavelength of light. It happens that X-rays have wavelengths on the order
of a few angstroms, the same as typical interatomic distances in crystalline
solids. That means X-rays can be diﬀracted from minerals which, by deﬁnition, are crystalline and have regularly repeating atomic structures.
When certain geometric requirements are met, X-rays scattered from a
crystalline solid can constructively interfere, producing a diﬀracted beam.
In 1912, W. L. Bragg recognized a predicatable relationship among several
factors.

Figure 3.5: X-ray diﬀraction θ − 2θ scan of Ag0.5 Ta0.5 NbO3 thin ﬁlm on a
single crystal LaAlO3 (001) substrate.

1. The distance between similar atomic planes in a mineral (the interatomic spacing) which we call the d-spacing and measure in angstroms.
2. The angle of diﬀraction which we call the θ angle and measure in
degrees. For practical reasons the diﬀractometer measures the angle
between the incident and reﬂected beams. Not surprisingly, we call the
measured angle ‘2-θ’.

3.3 Films Crystalline Properties using X-ray Diﬀraction

Figure 3.6: Schematic diagram of ω-scan and φ-scan: ω is the tilting angle
of the sample, 2θ the angle of the detector position, and φ the rotation of
the sample perpendicular to its surface [46].
3. The wavelength of the incident X-radiation, symbolized by the Greek
letter λ and, in our case of CuKα radiation, equal to 1.54 Å.

3.3.2

θ − 2θ scan

In XRD characterization, the θ − 2θ scan is ordinary operation mode. It
gives us the information about crystalline orientation of the material in the
growth direction (also called "out-of-plane" direction) and distances between
lattice planes parallel to the ﬁlm surface. In this mode the incident angle
θ is varied and the detector angle for the diﬀracted beam is simultaneously
moved uniformly at 2θ. To collect maximal information, a θ − 2θ scan is
usually performed over a wide angular range, say at least 20◦ < 2θ < 100◦ .
Figure 3.5 shows a typical θ − 2θ diﬀraction pattern of PLD deposited
Ag0.5 Ta0.5 NbO3 thin ﬁlm on a single crystal LaAlO3 (001) substrate in the
range 20◦ < 2θ < 120◦ . X-ray diﬀraction (XRD) measurement was carried
out using an x-ray powder diﬀractometer (Siemens D5000 ) with ﬁltered
CuKα radiation source (λ=1.54056 Å) to evaluate crystalline properties of
ATN ﬁlms. ATN/LaAlO3 ﬁlms show exclusive c(001)-axis orientation and
single phase.

3.3.3

ω-scan (Rocking curve)

An ω-scan, or rocking curve, is performed to obtain information about the
misorientation of crystallites in thin ﬁlm layer. The 2θ angle is ﬁxed corre-
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Figure 3.7: XRD rocking curve (ω-scan) and FWHM of the (002) reﬂections
from Ag0.5 Ta0.5 NbO3 ﬁlm and LaAlO3 substrate. The inset shows φ-scan of
the oﬀ-normal (103) planes.
sponding to the maximum of a Bragg peak and the incident angle is varied
ω around the θ angle, as shown in Fig. 3.6. Even though a thin ﬁlm may be
single phase with almost perfect orientation in the growth direction, there
can still be small deviations in the orientation of the diﬀerent grains that
the ﬁlm consists of. The standard way of comparing rocking curves is to
measure the full width at half maximum (FWHM). The narrower FWHM,
the smaller deviation of the grain orientations regarding the normal to the
ﬁlm surface. Fig. 3.7 shows the rocking curve for the (002) Bragg reﬂections
of ATN/LaAlO3 measured by diﬀractometer, where θ + ω is designated just
by θ as often is done. Narrow rocking curve with the full width at half
maximum (FWHM) is 0.240◦ for ATN (002) Bragg reﬂections.

3.3.4

φ-scan

In a φ scan, the sample is rotated around its surface normal, having the
incident beam and detector positions ﬁxed. From the scan, information

3.4 Photolithography and Lift-oﬀ Technique
of in-plane orientation of grains, and relative in-plane orientation of grains
compared to the substrates, can be collected(texture). Figure 3.7 shows a
full 360◦ φ scan of the oblique (103) planes of the ATN ﬁlm and LaAlO3
substrate. A fourfold symmetry is observed, where the ﬁlm and substrate
peaks appeared at the same φ angles indicating strong in-plane grains orientation. The inset in Figure 3.7 shows φ-scan of the oﬀ-normal (103) planes
measured at oblique geometry: θsam = 56.95◦ 2θdet = 77.03◦ for ATN (103)
and θsam = 58.51◦ 2θdet = 79.94◦ for LaAlO3 (103). These features together
with the coincidence of φ-scan of ATN (103) and LaAlO3 (103) reﬂection
undoubtedly indicate epitaxial quality of ATN ﬁlm on LaAlO3 substrate.

3.4

Photolithography and Lift-oﬀ Technique

Photolithography is a reproduce process used in semiconductor device fabrication to transfer a pattern from a photo-mask to the surface of a wafer
or substrate using light. Developed originally for reproducing engravings
and photographs, photolithography was found ideal in the 1960s for massproducing integrated circuits [52].
A layer of photoresist – a chemical that hardens when exposed to light –
is applied on top of the metal layer. The photoresist is selectively hardened
by illuminating it in speciﬁc places. For this purpose a transparent plate
with patterns printed on it, called a mask, is used together with an illumination source to shine light on speciﬁc parts of the photoresist. Then, the
photoresist that was not exposed to light and the metal underneath is etched
away with a chemical treatment. Finally, the hardened photoresist is etched
using a diﬀerent chemical treatment, and all that remains is a layer of metal
in the same shape as the mask.
Projection exposure tools, which are now used routinely in the semiconductor industry, have continually improved over the past several decades to
satisfy the insatiable demand for reduced feature size, increased chip size, improved reliability and production yield, and lower overall cost. High numerical aperture lenses, short-wavelength light sources, and complex photoresist
chemistry have been developed to achieve fabrication of ﬁne patterns over
fairly large areas. Research and development eﬀorts in recent years have
been directed at improving the resolution and depth of focus of the photolithographic process.
To make simpliﬁcation of clean room processing, metal lift-oﬀ technique
was employed for device structure. The pattern for microwave characterization consists of a coplanar waveguide interdigital capacitor (CPWIDC)
structure shown schematically in Fig. 3.8. Brief description of clean room
processing for an image reversal lithography described as follow[47]:
Cleaning To remove atmospheric dust and contamination, ﬁlm sample was
cleaned for 5 minutes in an ultrasonic bath of acetone, then rinsed in
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Figure 3.8: Schematic view of the coplanar waveguide interdigital capacitor.
iso-propanol and de-ionized (DI) water, and ﬁnally dried with nitrogen.
Dehydration Bake Cleaned sample should be pre-baked at 110 ◦ C for 2
minutes for drying. Otherwise, photoresist will be coated with water
vapor.
HMDS The sample was placed in an HMDS (Hexamethyldisilazane) environment for 2 minutes to make good adhesion between ﬁlm and photoresist layer.
Spin coating Clariant image reversal photoresist (AZ 5214E) was used for
coating layer. Spin speed depends on desired thickness. 4000 RPM for
30 seconds gives an approximately 1.4 µm thick uniform layer.
Soft bake Soft baking removes most of the remaining solvent from the photoresist ﬁlm, thereby densifying it. Softbake time and temperature also
inﬂuences adhesion, photospeed, and dimensional control of the photoresist. Our samples were baked on a hot-plate at 100◦ C for 1 minute.
Exposure Exposure depends on resist thickness, lamp intensity and many
other variables. The pattern was deﬁned using a Karl Süss MA6/BA6
mask aligner with UV-light exposure for 2 seconds (35–45 mJ/cm2 ).
Post bake The most critical parameter of the IR-process is reversal-bake
temperature, once optimised it must be kept constant within ± 1 ◦ C
to maintain a consistent process. This temperature also has to be
optimised individually. In any case it will fall within the range from
115 to 125 ◦ C. If IR-temperature is chosen too high (> 130 ◦ C) the
resist will thermally cross-link also in the unexposed areas, giving no
pattern. In our case, 120 ◦ C for 1 minute on hot plate made best
results.
Flood exposure The ﬂood exposure is absolutely uncritical as long as sufﬁcient energy is applied to make the unexposed areas soluble. 300

3.5 Coplanar Waveguide

Figure 3.9: Typical Coplanar Waveguide: (a) structural dimensions, (b)
electromagnetic ﬁeld distribution. The solid lines represent electric ﬁeld and
the dashed lines represent magnetic ﬁeld components.
mJ/cm2 was a good choice for us, but 150-500 mJ/cm2 will have no
major inﬂuence on the performance.
Developing The exposed resist was developed in a solution for 40 seconds.
The solution composed of developer (Microposit 351) and DI water
with the ratio of 1:5.
The electrodes consisted of a thin layer of Cr (10 nm) covered by a thicker
layer of Au (500 nm). The chrome layer is acting as an adhesive layer between
the ferroelectric thin ﬁlm and the gold contact. Gold is chosen because of
its high conductivity and oxidation resistance. The metal deposition was
performed by electron-beam evaporation.
In the lift-oﬀ process, the sample was put in an ultrasonic acetone bath
for about 10 minutes, thereafter rinsed in iso-propanol (about 2 minutes) and
DI water, and ﬁnally dried with nitrogen to remove the resist and unwanted
metal.

3.5

Coplanar Waveguide

Coplanar Waveguide (CPW) is a type of planar transmission line used in
microwave integrated circuits (MICs) as well as in monolithic microwave
integrated circuits (MMICs). The unique feature of this transmission line is
that it is uniplanar in construction, which implies that all of the conductors
are on the same side of the substrate. This attribute simpliﬁes manufacturing
and allows fast and inexpensive characterization using on-wafer techniques.
CPW fabricated on a dielectric substrate was ﬁrst demonstrated by C.P.
Wen [56] over three decades ago. The basic structure of CPW is illustrated
in Figure 3.9 where the arrangement is assumed to be symmetrical with strip
width w and equal longitudinal gap s. The side conductors are ultimately
grounded, theoretically at inﬁnity. As originally conceived Wen’s design for-
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mulations for CPW demanded an inﬁnitely thick substrate, and this practical diﬃculty doubtlessly impeded its implementation in any general sense.
This was in spite of the fact that CPW has the following advantages over
microstrip:
• Easier grounding of surface-mounted components.
• Simpler fabrication with low cost.
• Reduced dispersion (for small geometries).
• Decreased radiation losses.
• Easy to construct shunt and series element.
• Reduced cross talk between lines.
• Couplers having higher directivities.
• Availability of closed-form expressions for the characteristic impedance.
• Photolithographically deﬁned structures with relatively low dependence
on substrate thickness.
The current density on the CPW signal line is not uniform across its
surface. Here, current crowds to the edges of the signal line, even more
so than in a microstrip line of comparable width. The edges of the line
are rougher than the conductor’surface. Compared to a similar microstrip
line, a CPW line with rough edges will have greater insertion loss. CPW’s
advantage over microstrip is that the CPW line width is independent of
the line’s impedance, made possible by adjusting the CPW’s slot width. A
wider line provides more area, lowering the conductor’s high-frequency loss.
As a results, CPW circuits can be made denser than conventional mirostrip
circuits. These, as well as several other advantages, make CPW ideally suited
for MIC as well as MMIC applications.

Chapter 4

Microwave Characterization
Modeling the microwave dielectric properties of ferroelectric materials, and in
particular the physical mechanisms underlying the temperature, electric ﬁeld
and frequency dependencies of εr and tan δ, have been discussed extensively
since the late 1950s. A phenomenological model of the permittivity and
losses of ferroelectrics has been developed by Vendik [53] and subsequently
discussed by Gevorgian [54]. It is not our intention to discuss these models
here.
In general, the change of dielectric constant with frequency is small in the
microwave frequency range. The losses in a ferroelectric crystal or ﬁlm are
more diﬃcult to analyze as they originate from diﬀerent sources. As a rule of
thumb, the loss tangent normally increases with frequency and applied ﬁeld,
and the losses in a thin ﬁlm are likely to be higher than in a bulk crystal of
the same material [55].

4.1
4.1.1

Microwave Network
Concept of Microwave Network

Figure 4.1: A two-port network with voltages, currents, input wave a and
output wave b.
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Figure 4.2: SOLT standards for CPW structure.
The basic concept of microwave network is developed from the transmission line theory, and is a powerful tool in microwave engineering. Microwave
network method studies the responses of a microwave structure to external
signals, and it is a complement to the microwave ﬁeld theory that analyzes
the ﬁeld distribution inside the microwave structure. In the network approach, we do not care the distributions of electromagnetic ﬁelds within a
microwave structure, and we are only interested in how the microwave structure responds to external microwave signals.
Two sets of physical parameters are often used in network analysis. As
shown in Figure 4.1, one set of parameters are voltage V (or normalized
voltage v) and current I (or normalized current i) the other set of parameters
are the input wave a (the wave going into the network) and the output wave
b (the wave coming out of the network). Diﬀerent network parameters are
used for diﬀerent sets of physical parameters. For example, impedance and
admittance matrixes are used to describe the relationship between voltage
and current, while scattering parameters are used to describe the relationship
between the input waves and output waves.

4.1.2

Impedance and Admittance Matrix

For two port network shown in ﬁgure 4.1, we have
[V ] = [Z][I]
[I] = [Y ][V ]
where [V ] is the unnormalized voltage, [I] is unnormalized current.
The impedance and admittance matrix are


Z11 Z12
[Z] =
Z21 Z22

4.1 Microwave Network
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Figure 4.3: A picture of on-wafer measurement setup.

[Y] =

Y11 Y12
Y21 Y22



Z11 is the input impedance at port 1 when the other port is open.
Z12 is the transition impedance from port 2 to port 1 when port 1 is open.
Y11 is the input admittance at port 1 when the other port is shorted.
Y12 is the transition admittance from port 2 to port 1 when port 1 is shorted.
From above equations, we can get the relationship between [Y ] and [Z]
[Z][Y ] = 1

4.1.3

Scattering Parameters

The responses of a network to external circuits can also be described by the
input and output microwave waves. The input waves at port 1 and port 2
are denoted as a1 and a2 respectively, and output waves from port 1 and port
2 are denoted as b1 and b2 respectively. These parameters may be voltage
or current, and in most case, we do not distinguish whether they are voltage
or current. The relationships between the input wave [a] and output wave
[b] are often described by scattering parameters [S]:
[b] = [S][a]

[S] =

S11 S12
S21 S22
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DUT

Figure 4.4: Three sets of device structures used for de-embedding the probe
pads and interconnects.
When port 1 is connected to a source and the other port is connected to
a matching load, the reﬂection coeﬃcient at port 1 is :
Γ11 = S11 =

b1
a1

When port 2 is connected to a source and port 2 is connected to a matching load, the transmission coeﬃcient from port 2 to port 1 is :
T2→1 = S12 =

4.2

b1
a2

Calibration

Generally speaking, calibration transfers the quality of the calibration method
to the quality of the RF test system. In other words, any error in the calibrated measurement will be due to the calibration method or standards,
not toe the test system’s imperfections. A variety of calibration methods
are available to the test engineer. This section introduce only two main
calibration methods that was used for our experiments.

4.2.1

SOLT calibration

SOLT(Shorts, Opens, Loads, and Thrus) calibration relies on well-known
standards, all deﬁned along the same reference plane(see Figure 4.2). With
SOLT, there is a direct connection between knowledge of the standards’
precise RF characteristics and the accuracy of the calibration. Well-known
standards bring forth a better SOLT calibration.
Although popular, the SOLT method has disadvantages, the principle
one being accuracy of the standards. The better the standards are known,

4.2 Calibration

Figure 4.5: The equivalent circuit of Coplanar Waveguide Interdigital Capacitors.
the better the calibration. All the standards used in SOLT are direct standards. Even small deviations from ideal can lead to large errors, manifested
in regions of the Smith chart far from the calibration standard [58]. Furthermore, accurately characterizing the SOLT standards becomes laborious
at frequencies above 20GHz [59]. The distributed nature of the standards
complicates generating high-frequency models of the open, short, load. As
mentioned, the ideal thru connects the two ports perfectly. Because this
is rarely possible, applying oﬀset delay and oﬀset loss are the best ways to
improve the thru.

4.2.2

LRM calibration

LRM (Line-Reﬂect-Match) is very similar in form of TRL (Thru-ReﬂectLine) [60]. The line and reﬂect are analogous to the thru and reﬂect standards
in TRL, the diﬀerence being that LRM uses a precision match (or load) to
deﬁne the system’s characteristic impedance Z0 . Again, either an open or a
short can serve as the reﬂect. As in SOLT, the load must be well deﬁned;
otherwise, the calibration sensitivity is degraded. The line standard sets the
electrical reference plane.
Contrary to SOLT, neither the open’s capacitance nor the short’s inductance need to be known before calibration due to the match involved [61].
Using the same reﬂect and load standards to calibrate both ports gives the
most accurate results. Upon completion of an LRM calibration, the reference plane for the two ports is at the center of the line. The LRM’s unique
aspect, the match, is also its weakness and parasitic inductance corrupts the
load. The inductance of the interconnecting pads at either end of the match
results in LRM calibration error. When this inductance is accounted for, the
accuracy of LRM is comparable to TRL. To minimize inductance, ensure the
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Figure 4.6: Frequency dependence of the capacitance, loss tan δ, tunability,
K -factor for ATN/Al2 O3 , 2 µm gap CPWIDC at various dc bias voltages.
conductor traces leading to the match are short in length.
When a precise, well-deﬁned load is available, the LRM method has a
be constructed, TRL has the advantage. To trade oﬀ their strengths, SOLT
can be performed at lower frequencies and TRL at higher frequencies. LRM
functions as a combination of the two. It generally has better accuracy than
the SOLT method, even when using the same standards to perform both
methods.

4.3

On-wafer Test and Analysis

Before the advent of coplanar probes, ﬁnding the RF behavior of die on a
wafer was a complicated process. First the wafer was a singular and an
individual die mounted into a test ﬁxture. Only then could the die’s (and,
more generally, the wafer’s) RF performance be known. Fixturing involved
attaching the die to a PCB, wire bonding to the bond pads, connecting
RF cables to the ﬁxture, and measuring. Discriminating between the die’s
and the ﬁxture’s response became a central for high-volume screening. Thus

4.3 On-wafer Test and Analysis
arose the need for on-wafer characterization.

4.3.1

Measurement Setup

The typical RF test system is composed of a Vector Network Analyzer(VNA),
Probe station, RF cables, bias cable and the interface to the Device Under
Test (DUT) as shown in Figure 4.3. The interface is either RF on-wafer
probes or test ﬁxture. The quality of the test system’s RF performance
depends on the VNA, the reliability of the RF cable and ﬁxture connections,
and the calibration quality.
• Network Analyzer: Network Analyzers are widely used to measure
the four elements in a scattering matrix(S11 , S12 , S21 , S22 ). Basically,
a network analyzer can measure the four waves independently: two
forward waves a1 and a2 , and two reverse traveling waves b1 , b2 . The
scattering parameters can then be obtained by the combinations of
these four waves. In our experiment, Agilent Technologies E8361A was
used for s-parameter measurements from 45MHz to 40GHz.
• Probe Station: In probe station, the wafer is placed on a tall column, or chuck. A vacuum line runs through the probe station to the
center of the chuck, securing the wafer on top. The probes are ﬁxed to
micropositionners secured to the probe station. The micropositionners
are precision micrometers, enabling ﬁne movement in the x, y, and z
dimensions. Placing the probes in the exact same spot on the wafer
or on the calibration substrate each time is a challenge and can be a
source of measurement error. In our experiment, microwave measurements were performed on Cascade Microtech 11000 probe station using
150 µm pitch microwave Picoprobes (GGB Industries).
• RF cable: Common RF coaxial connector styles are 3.5 mm, subminiature A (SMA), and Amphenol Precision Connector-7mm (APC7). The 3.5 mm and SMA are sexed and have an advantage at higher
frequencies due to its small size. Usually, the SMA with its dielectric
core operates to 24 GHz while the 3.5 mm with an air core extends to
34 GHz. Our connector operates up to 40GHz.
• Calibration Kit: Accurate, easy to use calibration substrates, calibration coeﬃcients, and detailed instructions allow you to correct the
measurement system (network analyzer + cabling + probe) whenever
it produces a reading diﬀerent than the standard. The typical elements
for calibrating a microwave measurement system consists of opens,
shorts, matched loads, and thrus. These four elements have electrical
characteristics that are very diﬀerent from one another so that each element contributes an important part to the overall calibration process.
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Figure 4.7: Frequency dependence of the tunability, K -factor for
ATN/Al2 O3 , 2 µm gap CPWIDC at various dc bias voltages.
The model CS-5 (GGB Industries) calibration substrate contains high
precision elements for calibrating out the unavoidable errors and losses
in a microwave network analyzer, its associated cabling, and the probe
for on-wafer testing. It covers SOLT, TRL, LRM calibration types and
G-S-G footprint with pitch range of 75–250 microns.

4.3.2

De-embedding Analysis

In microwave measurements, it is important to accurately account for the
parasitic elements because the measured S -parameter contains the characteristics of the device under test coaxial lines and the probing pads. The
impedance of the transmission metal lines causes additional loss in the structure. The loss due to the line impedance has to be separated from the dielectric loss in the device. De-embedding must be performed to discover the
RF performance of the on-wafer DUT. Preparing characterize a DUT on a
wafer is a two-step process. First, a VNA calibration is performed, setting
the reference plane at the probe tips. Then, a set of dummy test structures

4.3 On-wafer Test and Analysis
is measured. These are used to move the electrical reference plane from the
probe tips to the DUT plane.
We have modiﬁed de-embedding method, developed for active component
in reference [62, 63], to our CPW structures to extract capacitance and loss
tan δ of device under test (DUT). Our basic assumption is that the test structure can be corresponded to the equivalent circuit shown in Figure 4.4-4.5.
All the Y -parameters can be calculated by standard conversion equations
between two-port network parameters [48] from the measured S -parameters.
The admittances y1 and y2 represent the pad parasitics between signal and
ground line. z1 and z2 can be expressed by the metal interconnect series
impedance between port 1 and port 2. De-embedding start by measuring
the open structure. Referring to the equivalent circuit, the admittances y1
and y2 are found by measuring Y -parameter.
y1 = Y11open + Y12open
y2 = Y22open + Y12open
Using y1 and y2 , de-embed the shunt admittance from the measurement,
resulting in


y1 0
YA = Ymeas −
0 y2
Next, the series impedances z1 , z2 can be calculated from the measured
Y -parameters of thru and device.


−1
1
1
1
+
−
z1 =
2 Y12T hru Y11T hru − y1 Y22T hru − y2


−1
1
1
1
−
+
z2 =
2 Y12T hru Y11T hru − y1 Y22T hru − y2
Converting the Y -parameter matrix (YA ) to the Z -parameter matrix
(ZA ), and subtract z1 and z2 using


z1 0
ZB = ZA −
0 z2
Transform Z -parameter matrix (ZB ) into Y -parameter matrix (YB ) to
get the DUTs Y -parameters. This method works particularly well with small
periphery devices.
YDU T = YB
For experimental results, the microwave performance of ATN ﬁlm CPWIDC with 2 µm ﬁnger gap on sapphire substrate in the microwave range
from 1 to 40 GHz is showed in Figure 4.6-4.7. Frequency dispersion of the
capacitance was about 4.3 %, voltage tunability = 1 − C(40V )/C(0) (40V,
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Table 4.1: Comparison of various CPWIDC on sapphire substrate
Parameter
Frequency dispersion of capacitance [%]
Capacitance C @ 20GHz [pF]
Tunability = ∆C/C @ 40V,
20GHz [%]
Loss tanδ @ 20GHz
K-factor = tunability/tan δ @
40V, 20GHz [%]

NKN
18

ATN
4.3

BST
17

ANO
13

0.20
13.1

0.11
4.7

0.13
22.2

0.045
4.6

0.16
88

0.06
69

0.14
162

0.10
45

200 kV/cm) ∼ 4.7 % @ 20GHz, loss tangent ∼ 0.068 @ 20GHz, and K -factor
= tunability/tanδ was from 124 % @ 10GHz to 35 % @ 40GHz.
Capacitance and loss tanδ of device under test (DUT) can be calculated
by




Y12device × Y12thru
1
× Im
CDU T =
2πf
Y12device − Y12thru
T anδDU T =

Re ((Y12device × Y12thru )/(Y12device − Y12thru ))
Im ((Y12device × Y12thru )/(Y12device − Y12thru ))

The reliability of the de-embedding characterization technique is clearly
proved by frequency dependence of the parasitic capacitance and loss tangent
as well as impedance of the coplanar line. Within the accuracy of experimental data, the voltage independencies of pad parasitic capacitance was Cp
∼ 27 fF @ 20GHz, tan δp ∼ 0.08 @ 20GHz, real and imaginary part of interconnect impedance was 0.9Ω @ 20GHz and 6.2Ω @ 20GHz, respectively. All
parasitic elements of 2 and 4µm ﬁnger gap CPWIDC appeared to be almost
same values with open and thru structures. Therefore, we can conclude that
developed de-embedding technique is applicable to both for passive as well
as active components. Comparison of various CPW Interdigital Capacitors
on sapphire substrate are presented in Table 4.1.
As a result, ATN shows very low frequency dispersion in a wide frequency
range and low loss tangent compared to NKN, BST and ANO even if the
tunability of ATN is lower than other materials. This drawback could be
overcome if we can improve crystalline ﬁlm quality on various substrates.
Improvement of ATN ﬁlms quality and simulation of the microwave properties for the other applications will be carried out in the future work.

Chapter 5

Summary
Perovskite ferroelectric Silver Tantalate Niobate (AgTa0.5 Nb0.5 O3 , ATN),
Sodium Potasium Niobate (Na0.5 K0.5 NbO3 , NKN) and Barium Strontium
Titanate (Ba0.5 Sr0.5 TiO3 , BST) ceramic target were sintered by mixed oxide
solid state reaction. Thin ﬁlms of these materials have been grown by Pulsed
Laser Deposition and rf-magnetron sputtering on LaAlO3 and Al2 O3 single
crystal substrate. Conventional photolithography process and metal lift-oﬀ
technique were employed to make coplanar waveguide interdigital capacitors
(CPWIDC) directly onto the ﬁlms. Microwave on-wafer measurements and
de-embedding technique have been used for the characterization of frequency
dependent capacitance, loss tangent δ, tunability as well as K -factor.
The ATN ﬁlms CPWIDC with 2 µm ﬁnger gap on sapphire (Al2 O3 )
substrate in the microwave range from 1 to 40 GHz showed that frequency
dispersion is about 4.3%, voltage tunability is 4.7% @ 20GHz and 200 kV/cm,
loss tangent ∼ 0.068 @ 20GHz, K -factor = tunability/tanδ is ranged from
124% @ 10GHz to 35% @ 40GHz.
The NKN ﬁlms interdigital capacitors with 2 µm ﬁnger gap on Nd:YAlO3
showed superior performance compared to ATN in the microwave range from
1 to 40 GHz. Within this range, the voltage tunability (40V, 200 kV/cm)
was about 29%, loss tangent ∼ 0.13, K -factor from 152% @ 10GHz to 46%
@ 40GHz.
The BST ﬁlms CPWIDC with 2µm ﬁnger gap on Al2 O3 substrate in
the microwave range from 1 to 40 GHz showed frequency dispersion of capacitance about 17%, voltage tunability = 1 - C(40V)/C(0) ∼ 22.2%, loss
tangent ∼ 0.137 @ 20GHz, and K -factor = tunability/tanδ from 281% @
10GHz to 95% @ 40GHz.

Bibliography
[1] V. K. Varadan, K. A. Jose, V. V. Varadan, R. Hughes, J. F. Kelly, “A
novel microwave planar phase shifter,” Microwave Journal, vol. 38, no.
4, pp. 244–254, 1995.
[2] P. T. Teo, K. A. Jose, Y. J. Wang, C. K. Lee, V. K. Varadan, “Liner
scanning array with bulk ferroelectric-integrated feed network,” IEEE
Transaction on Ultrasonics, Ferroelectrics, and Frequency Control, vol.
49, no. 5, pp. 558–564, 2002.
[3] O.G. Vendik, E.K. Hollmann, A.B. Kozyrev, and A.M. Prudan, “Ferroelectric Tuning of Planar and Bulk Microwave Devices,” Journal of
Superconductivity, vol. 12, no. 2-3, pp. 325–338, 1999.
[4] A.K. Tagantsev, V.O. Sherman, K.F. Astaﬁev, J. Venkatesh, N. Setter,
“Ferroelectric Materials for Microwave Tunable Applications,” Journal
of Electroceramics, vol. 11, pp. 5–66, 2003.
[5] Simon Ramo, John R. Whinnery, Theodore Van Duzer. Field and Waves
in Communication Electronics. 3rd edition, John Wiley Sons, 1994,
ISBN 0-471-58551-3.
[6] Kenji Uchino. Ferroelectric Devices, Materials Engineering. Marcel
Dekker, 2000, ISBN 0-8247-8133-3.
[7] A. Kania, K. Roleder, and M. Lukaszewski, “The Ferroelectric Phase in
AgNbO3 ” Ferroelectrics. vol. 52, pp. 265–269, 1984.
[8] A. Kania, K. Roleder, G. E. Kugel, and M. D. Fontana, “Raman Scattering, Central Peak and Phase Transitions in AgNbO3 ” J. Phys. C:
Solid State Phys.. vol. 19, pp. 9–20, 1986.
[9] A. A. Volkov, B. P. Gorshunov, G. Komandin, W. Fortin, G. E.
Kugel, A. Kania, and J. Grigas, “High-Frequency Dielectric Spectra
of AgTaO3 –AgNbO3 Mixed Ceramics” J. Phys.: Condens. Matter. vol.
7, pp. 785-793, 1995.
[10] A. Kania, “AgNb1−x Tax O3 solid solutions - Dielectric properties and
phase transitions” Phase Transitions. vol. 3, pp. 131-140, 1983.

36

BIBLIOGRAPHY
[11] Yukio Sakabe, Toshikazu Takeda, Yoshifuni Ogiso, Nobuyuki Wada,
“Ferroelectric Properties of (Ag,Li)(Nb,Ta)O3 Ceramics,” Jpn. J. Appl.
Phys., vol. 40, pp. 5675-5678, 2001.
[12] J.-H. Koh, A. M. Grishin, “Ferroelectric silver niobate-tantalate thin
ﬁlms,” Appl. Phys. Lett., vol. 77, pp. 4416-4418, 2000.
[13] J.-H. Koh, A. M. Grishin, “Ag(TaNb)O3 thin-ﬁlm low-loss variable
interdigital capacitors,” Appl. Phys. Lett., vol. 79, pp. 2234-2236, 2001.
[14] J.-H. Koh, A. M. Grishin, “Electrically Tunable Ag(TaNb)O3 thin ﬁlm
structures on oxide substrates,” Integrated Ferroelectrics. vol. 39, pp.
1281-1288, 2001.
[15] F. Zimmermann, W. Menesklou, E. Ivers-Tiﬀee, “Electrical properties
of silver tantalate niobate thick ﬁlms,” Integrated Ferroelectrics. vol. 50,
pp. 181-188, 2002.
[16] G. Shirane, R. Newhnam, R. Repiski, “Dielectric Properties ans Phase
transitions of NaNbO3 and (Na, K)NbO3 ” Phys. Rev.. vol. 96, pp. 581,
1954.
[17] G. Shirane, H. Danner, A. Pavlovic, “Phase transitions in Ferroelectric
KNbO3 ” Phys. Rev.. vol. 93, pp. 672, 1954.
[18] C.-R. Cho, A. M. Grishin,
“Self-assembling ferrroelectric
Na0.5 K0.5 NbO3 thin ﬁlms by pulsed laser deposition,” Appl. Phys.
Lett., vol. 75, pp. 268–270, 1999.
[19] C.-R. Cho, A. M. Grishin, “Background oxygen eﬀects on pulsed laser
deposited Na0.5 K0.5 NbO3 ﬁlms: From superparaelectric state to ferroelectricity,” J. Appl. Phys., vol. 87, pp. 4439–4448, 2000.
[20] C.-R. Cho, J. H. Koh, A. M. Grishin, S.Abadei, S. Gevorgian,
“Na0.5 K0.5 NbO3 /SiO2 /Si thin ﬁlm varactor,” Appl. Phys. Lett., vol.
76, pp. 1761–1763, 2000.
[21] C.-R. Cho, A. M. Grishin, “Ferroelectric Na0.5 K0.5 NbO3 /SiO2 /Si Thin
Film Structures for Nonvolatile Memory,” Mat. Res. Soc. Proc., vol.
623, pp. 155–160, 2000.
[22] Choong-Rae Cho, Ilia Katardjiev, Michael Grishin, Alex Grishin,
“Na0.5 K0.5 NbO3 thin ﬁlms for voltage controlled acoustoelectric device
applications,” Appl. Phys. Lett., vol. 80, pp. 3171–3173, 2002.
[23] S. Abadei, S. Gevorgian, C.-R. Cho, A. M. Grishin, “Low-frequency
and microwave performances of laser-ablated epitaxial Na0.5 K0.5 NbO3
ﬁlms on high-resistivity SiO2 /Si substrates,” J. Appl. Phys., vol. 91,
pp. 2267–2276, 2002.

BIBLIOGRAPHY
[24] B. Jaﬀe, J. William, R. Cook, H. Jaﬀe,
demic press, London, 1971.

37
Piezoelectric ceramics. Aca-

[25] M. Blomqvist, J.-H. Koh, S. I. Khartsev, A. M. Grishin, J. Andreasson,
“High-performance epitaxial Na0.5 K0.5 NbO3 thin ﬁlms by magnetron
sputtering,” Appl. Phys. Lett., vol. 81, pp. 337–339, 2002.
[26] Xinhua. Zhu et al., “Epitaxial growth and planar dielectric properties
of compositionally graded Ba1−x Srx TiO3 thin ﬁlms prepared by pulsed
laser deposition,” Appl. Phys. Lett., vol. 80, pp. 3376–3378, 2002.
[27] S.-J. Lee, S.-E. Moon, M.-H. Kwak, Y.-T. Kim, H.-C. Ryu, S.-K. Han,
“Microwave properties of compositionally graded Ba1−x Srx TiO3 thin
ﬁlms according to the direction of the composition gradient for tunable microwave applications,” Appl. Phys. Lett., vol. 82, pp. 2133–2135,
2003.
[28] Suﬁ Zafar, Robert E. Jones, Bo Jiang, Bruce White, Peir Chu, D. Taylor, Sherry Gillespie, “Oxygen vacancy mobility determined from current
measurements in thin Ba0.5 Sr0.5 TiO3 ﬁlms,” Appl. Phys. Lett., vol. 73,
pp. 175–177, 1998.
[29] W. Chang, S. W. Kirchoefer, J. M. Pond, J. S. Horwitz, L. Sengupta,
“Strain-relieved Ba0.6 Sr0.4 TiO3 thin ﬁlms for tunable microwave applications,” J. Appl. Phys., vol. 92, pp. 1528–1535 2002.
[30] Sungjin Jun, Young Sung Kim, Jaichan Lee, Young Woon Kim, “Dielectric properties of strained (Ba, Sr)TiO3 thin ﬁlms epitaxially grown on
Si with thin yttria-stabilized zirconia buﬀer layer,” Appl. Phys. Lett.,
vol. 78, pp. 2542–2544, 2001.
[31] L. Yan, L. B. Kong, L. F. Chen, K. B. Chong, C. Y. Tan, C. K.
Ong, “Ba0.5 Sr0.5 TiO3 − −Bi1.5 Zn1.0 Nb1.5 O7 composite thin ﬁlms with
promising microwave dielectric properties for microwave device applications,” Appl. Phys. Lett., vol. 85, pp. 3522–3524, 2004.
[32] L. J. Sinnamon, M. M. Saad, R. M. Bowman, J. M. Gregg, “Exploring
grain size as a cause for "dead-layer" eﬀects in thin ﬁlm capacitors,”
Appl. Phys. Lett., vol. 81, pp. 703–705, 2002.
[33] S. Y. Lee, T. Y. Tseng, “Electrical and dielectric behavior of MgO doped
Ba0.7 Sr0.3 TiO3 thin ﬁlms on Al2 O3 substrate,” Appl. Phys. Lett., vol.
80, pp. 1797–1799, 2002.
[34] M. Jain, S. B. Majumder, R. S. Katiyar, F. A. Miranda, F. W. Van
Keuls, “Improvement in electrical characteristics of graded manganese
doped barium strontium titanate thin ﬁlms,” Appl. Phys. Lett., vol. 82,
pp. 1911–1913, 2003.

38

BIBLIOGRAPHY
[35] L. A. Knauss, J. M. Pond, J. S. Horwitz, D. B. Chrisey, C. H. Mueller,
Randolph Treece, “The eﬀect of annealing on the structure and dielectric
properties of Bax Sr1−x TiO3 ferroelectric thin ﬁlms,” Appl. Phys. Lett.,
vol. 69, pp. 25–27, 1996.
[36] S.-J. Lee, S.-E. Moon, M.-H. Kwak, H.-C. Ryu, Y.-T. Kim, S.-K. Han,
“Microwave properties of Compositionally Graded Bax Sr1−x TiO3 Thin
Films for Electrically Tunable Microwave Devices,” Integrated Ferroelectrics. vol. 49, pp. 151–158, 2002.
[37] K. Astaﬁev, V. Sherman, A. Tagantsev, N. Setter, T. Rivkin, D. Ginley,
“Investagation of Electrical Degradation Eﬀects in Ferroelectric Thin
Film Based Tunable Microwave Components,” Integrated Ferroelectrics.
vol. 49, pp. 103–112, 2002.
[38] A. Kozyrev, A Ivanov, T. Samoilova, O. Soldatenkov, K. Astaﬁev, L. C.
Sengupta, “Nonlinear response and power handling capability of ferroelectric Bax Sr1−x TiO3 ﬁlm capacitors and tunable microwave devices,”
J. Appl. Phys., vol. 88, pp. 5334–5342, 2000.
[39] Hongtao Xu, N. K. Pervez, P. J. Hansen, L. Shen, S. Keller, U. K.
Mishra, R. A. York, “Integration of Bax Sr1−x TiO3 thin ﬁlms with AlGaN/GaN HEMT circuits,” IEEE Electron Device Letters, vol. 25, no.
2, pp. 49–51, 2004.
[40] S.-E. Moon, E.-K. Kim, M.-H. Kwak, H.-C. Ryu, Y.-T. Kim, K.-Y.
Kang, S.-J. Lee, W.-J. Kim, “Orientation dependent microwave dielectric properties of ferroelectric Ba1−x Srx TiO3 thin ﬁlms,” Appl. Phys.
Lett., vol. 83, pp. 2166–2168, 2003.
[41] A. Tombak, J.-P. Maria, F. T. Ayguavives, Jin Zhang, G. T. Stauf, A.
I. Kingon, A. Mortazawi, “Voltage-controlled RF ﬁlters employing thinﬁlm barium-strontium-titanate tunable capacitors,” IEEE Transactions
on Microwave Theory and Techniques, vol. 51, no. 2, pp. 462–467, 2003.
[42] A. Victor, J. Nath, D. Ghosh, B. Boyette, J.-P. Maria, M. B. Steer,
A. I. Kingon, G. T. Stauf, “A voltage controlled oscillator using barium
strontium titanate (BST) thin ﬁlm varactor,” IEEE Radio and Wireless
Conference 2004, pp. 91–94, 19-22 Sept. 2004.
[43] S. W. Kirchoefer, E. J. Cukauskas, N. S. Barker, H. S. Newman, W.
Chang, “Bariun strontium titanate thin ﬁlms for application in radio frequency microelectromechanical capacitive switches,” Appl. Phys. Lett.,
vol. 80, pp. 1255–1257, 2001.
[44] Yu Liu, Amit S. Nagra, Erich G. Erker, Padmini Periaswamy, Troy R.
Taylor, James Speck, Robert A. York, “BaSrTiO3 Interdigitated Ca-

BIBLIOGRAPHY
pacitors for Distributed Phase Shifter Applications,” IEEE Microwave
Guided Wave Lett., vol. 10, no. 11, pp. 448–450, 2000.
[45] Douglas B. Chrisey, Graham K. Hubler. Pulsed Laser Deposition of
Thin Films. John Wiley Sons, 1994, ISBN 0-471-59218-8.
[46] Mats Blomqvist. Electro-Optical Na0.5 K0.5 NbO3 Films. PhD thesis,
Kungl Tekniska Högskolan, KTH, 2005.
[47] Michael Bolsen. AZ 5200 Resist for Positive and Negative Patterning.
Hoechst Manual, 1998.
[48] D. M. Pozar. Microwave Engineering. 3rd edition, New York: John
Wiley Sons, 2004, ISBN 0-471-64451-X.
[49] Jia-Sheng Hong, M. J. Lancaster. Microstrip filter for RF/Microwave
Applications. Wiley Interscience, 2001, ISBN 0-471-38877-7.
[50] T.C. Edwards, M.B. Steer. Foundations of Interconnect and Microstrip
Design. 3rd edition, John Wiley Sons, 2000, ISBN 0-471-60701-0.
[51] Jung-Hyuk Koh.
Processing and Properties of Ferroelectric
Ag(TaNb)O3 Thin Film. PhD thesis, Kungl Tekniska Högskolan, KTH,
2002.
[52] M. D. Levenson Wavefront engineering for photolithography. Physics
Today, pp. 28-36, July 1993.
[53] O. G. Vendik, “Dielectric nonlinearity of displacive ferroelectrics at
UHF,” Ferroelectrics, vol. 12, pp. 85-90, 1976.
[54] S. Gevorgian, I. Kaparkov, O. G. Vendik, “Electrically controlled
HTSC/ferroelectric coplanar waveguide,” IEEE Proc.-Microw. Antennas Prop., vol. 141, pp. 501-503, 1994.
[55] A. Kozyrev, et al., “Ferroelectric ﬁlms: nonlinear properties and applications in microwave devices,” IEEE MTT-S Digest, pp. 985-988,
1998.
[56] C. P. Wen, “Coplanar Waveguide: A Surface Strip Transmission Line
Suitable for Nonreciprocal Gyromagnetic Device Applications” IEEE
Trans. Microwave Theory Tech., vol. 17, no. 12, pp. 1087-1090, Dec.
1969.
[57] D. Williams, et al., “On-Wafer Measurement at Millimeter Wave Frequencies,” IEEE Microwave Symposium Digest, pp. 1683-1686, 1996.
[58] L. Glasser, “An Analysis of Microwave De-Embedding Errors,” IEEE
Trans. Microwave Theory Tech., vol. 26, no. 5, pp. 379-380, 1978.

39

40

BIBLIOGRAPHY
[59] W. Okamura, M. DuFault, A. Sharma, “A Comprehensive MillimeterWave Calibration Development and Veriﬁcation Approach,” IEEE Microwave Symposium Digest, pp. 1477-1480, 2000.
[60] A. Davidson, K. Jones, E. Strid, “LRM and LRRM Calibrations with
Automatic Determination of Load Inductance,” Cascade Microtech Application Note, 1995.
[61] A. Davidson, K. Jones, E. Strid, “Acheiving Greater On-Wafer Sparameter Accuracy with the LRM Calibration Technique,” Cascade
Microtech Application Note, 1995.
[62] H. Cho, D. Burk, “A Three-Step Method for the De-embedding of High
Frequency S-Parameter Measurement,” IEEE Trans. Electron Devices.
vol. 38, no. 6, pp. 1371-1375, 1991.
[63] E. Vandamme, D. Schreurs, C. van Dinther, “Improved Three-Step
De-embedding Method to Accurately Account for the inﬂuence of Pad
Parasitics in Silicon On-wafer RF Test Structures” IEEE Trans. Electron
Devices. vol. 48, no. 4, pp. 737-742, April 2001.

Papers

Paper I.
Na0.5 K0.5 NbO3 Film Microwave Varactors
Jang-Yong Kim, Alexander M. Grishin
Integrated Ferroelectrics. 66, 291-300, 2004.

Paper II.
Processing and on-wafer measurements of ferroelectric interdigitated
tunable microwave capacitors
Alexander M. Grishin, Jang-Yong Kim, Sergey I. Khartsev
Mat. Res. Soc. Proc. Vol. 811, D10.1.1, 2004.

Paper III.
AgTa0.5 Nb0.5 O3 Thin Film Coplanar Waveguide Microwave Capacitors
Jang-Yong Kim, Alexander M. Grishin
to appear in Integrated Ferroelectrics, 2005.

Paper IV.
Preparation of AgTaO3 and AgNbO3 Thin Films
by Pulsed Laser Deposition
Jang-Yong Kim, Alexander M. Grishin
Manuscript for the 13th International Congress on Thin Films,
(ICTF 2005) Stockholm, Sweden, 2005.

Paper V.
Microwave Ba0.5 Sr0.5 TiO3 Thin Film Microwave Varactors
Jang-Yong Kim, Alexander M. Grishin
Manuscript for the 13th International Congress on Thin Films,
(ICTF 2005) Stockholm, Sweden, 2005.

Paper VI.
Microwave Properties of Niobate-Tantalate Film
Coplanar Waveguide Interdigital Capacitors
Jang-Yong Kim, Alexander M. Grishin
Manuscript for IEEE Transaction on Ultrasonics, Ferroelectrics,
and Frequency Control, 2005.

