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1.1 Ferroelectricity

The name of ferroelectric is firstly given by an analogy with ferromagnetic properties.
Before the term ferroelectric was used, ferroemagnetism was already known, defined by a
material possesses permanent magnetic moment. The prefix “ferro”, meaning iron, was
actually a misnomer in its first usage in ferroelectric because most ferroelectric materials
do not have iron in their lattice [7]. For some ferroelectrics, iron contaminants even
degrade the electric performance [8]. Ferroelectricity was firstly found in 1920, in
potassium sodium tartrate, namely Rochelle salt by Valasek [9], which was then used to
make pyroelectric sensors raised a great interest till the new ferroelectric materials
BaTiO3 with high permittivity emerged and led a new epoch of ferroelectrics.

As a starting point, it is helpful to give a clear introduction of ferroelectric material. The
fact that ferroelectric materials attract so many attentions could be attributed to its special
crystal structure characteristics and its typical reversible spontaneous electric polarization
(electric dipoles). Ferroelectrics are a special group of compounds that have
noncentrosymmetric crystal structure, which produces electric diploes. These dipoles can
switch their directions under the influence of an externally applied electric field or an
internal electric field from the adjacent unit cells. The amount of the dipole moment per
unit volume is described as spontaneous polarization. This physical property due to the
existence of spontaneous polarization even in the absence of external electric field is
called ferroelectricity [10]. It is worth to clarify that the ferroelectrics and ferromagnetics
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behavior. Barium titanate, BaTiOs, has a typical perovskite structure as shown in Figure
1.1. Barium ions, which are the largest size among these three type of ions (~158 pm),
occupy the corners of the Cubic cell, oxygen ions are featured on the face centers and
build up a oxygen octahedra, and the smallest titanium ions (~60 pm) is sitting at the

center of the cubes where is also the center of the oxygen octahedra.

Figure 1.1 Unit cell and crystal structure of perovskite material BaTiOs.

Actually, the structure is temperature dependent. As shown in Figure 1.2, when the
temperature is below the Curie point, where ferroelectrics transfers from ferroelectric to
paraelectric state, the titanium ion moves in a specific direction away from the
symmetrical center of the oxygen octahedra, such as moving upward or downward. Then
the center of positive charges in the unit cell does not coincide with the center of negative
charges, and thus the structure is not centrosymmetrical anymore. The electric dipole
moment along the up/down direction is consequently formed. This is spontaneous

polarization, which is the typical characteristic of the ferroelectric phase. Ferroelectrics



only possess the spontaneous polarization in a certain temperature range. Above the

Curie temperature, the titanium ion goes back to the symmetrical center position in the
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0 T

Figure 1.2 Crystal structure of BaTiO3; changes from centrosymmetrical structure
in the paraelectric (PE) phase to non-centrosymmetrical structural in ferroelectric
(FE) phases with the presence of upward or downward polarization at Curie
temperature.

oxygen octahedra. Consequently, the spontaneous polarization disappears due to the
crystal structure changing from noncentrosymmetric to centrosymmetric. Then the
ferroelectrics are in paraelectric. It is worth to mention that the spontaneous polarization

of BaTiO3 drops abruptly to zero at T, as the red curve shown in Figurel.2. The
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discontinuous phase transition is called first-order phase transition, which will be

discussed again in the section 1.1.3 and Chapter 6.

1.1.2 Hysteresis loop

Another important characteristic of ferroelectrics is ferroelectric hysteresis loop in the
field versus polarization curve, which is actually a process of spontaneous polarization
reorientation. The permanent electric dipoles in the ferroelectric materials tend to
spontaneously align with other electric dipoles in adjacent unit cells and subsequently
form a domain, in which many unit cells have the same polarization direction. However,
the polarization domains have different polarization direction and can cancel each other
in a system level. Therefore, the net polarization is zero when the ferroelectrics have not
affected by the external electric field. Figure 1.3 shows how polarization changes with
the application of external electric field. When a small magnitude of electric filed in
positive direction begins to apply on the ferroelectric materials, there is only a near linear
relationship between polarization P and electric filed E since few domains are switched,
as the OA part of the PE curve shown in Figure 1.3. There is only a little polarization
induced and reversible as the paraelectric behavior. As the electric field gradually

increases in the positive direction, the domains, which were not in the same direction as
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Figure 1.3 Typical ferroelectric hysteresis loop and spontaneous polarization

the externally applied electric field, begin to be switched toward the direction along the
field. Consequently, the polarization starts to increases abruptly in the positive direction,
as shown on the curve AB. After most domains are aligned in the same direction as the
external electric field, the increase of the polarization will slow down as the electric filed
rises further (BC curve). At point C, the polarization reaches to its saturation state Ps, in
which the crystal possesses only one polarization direction along the external electric
field and the whole crystal looks like a single domain with a positive polarization

direction. When the electric field decreases its strength to zero, the polarization decreases



gradually but still keeps a positive remanent polarization P, at point D, since not all
domains have enough energy to switch back. The remanent polarization P, cannot be
removed until the applied field in the negative direction increases to a certain value (point
E in Figure 1.3). At point E, the external applied electric field reducing the polarization to
zero is called coercive electric field of the material. As the electric field keeps increasing
in the negative direction, the domains begin to be switched and then reach to the
saturation state in the negative direction at point F. After that, the decreasing electric field
in the negative direction causes negative polarization decreases. When the strength of the
electric field decreases to zero in the negative direction, the polarization reaches its
remanent polarization in the negative direction (point G). If the external electric field is
applied gradually again in the positive direction, the remanent polarization in the negative
direction will be reduced and completely removed at the coercive field in the positive
direction. Further increasing of the applied electric field in the positive direction will
cause the domains switch their polarization direction in response to the electric field.
With the increasing of positive polarization, the hysteresis loop will complete when the
polarization reach its saturation in the positive direction again (point C). The relationship
between P and E along the route of CDEFGC in Figure 1.3, which is repeatable, is called

hysteresis loop.



1.1.3 Phase transition

The PE hysteresis loop is a typical and unique behavior of ferroelectric materials in
ferroelectric state. However, it only exists in a certain temperature range. When the
temperature is above the Curie temperature, there is no remanent polarization due to the
disappearance of the spontaneous polarization. The polarization only exists under an
applied electric field. When the electric field is removed or changed direction, the
polarization will return to zero or reverse immediately in response to the external applied

electric field as shown in Figure 1.4.
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Figure 1.4 The relationship between polarization and applied electric field in
ferroelectric and paraelectric states

Figure 1.5 shows the diagram of free energy against polarization and the atomic

displacement in a ferroelectric material at a temperature higher than, equal to, and lower



than the Curie temperature. Below the Curie temperature, the free energy, the red curve
in Figure 1.5, looks like a double well with two equal energy minima for the system
corresponding to the spontaneous polarization in two directions in absence of an applied
electric field. The cation in the center of the oxygen octahedra, such as the titanium ion in
BST or BTO, has to move away from the symmetric center position to a position owing
to the minimum energy principle. Under the ferroelectric phase, the lowest energy of the
titanium ion is not at the symmetrical center in the oxygen octahedra but at the up/down

positions in the figure where are energetically more stable than a non-polar configuration
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Figure 1.5 Free energy as a function of polarization and the atomic displacement of
ferroelectric materials at temperature higher than, equal to, and lower than the
Curie point
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with P=0. Thus the electric dipole and the spontaneous polarization are produced. To
switch the spontaneous polarization from one direction to the other under the applied
external electric field, such as from up direction to down direction in the figure, an
activation is required to shift the titanium ion from one lowest energy position to the
other lowest energy position by crossing an energy barrier. Therefore, the titanium ion
possesses more energy at the symmetric center under ferroelectric phase, which must be
offered from outside. Above the Curie temperature, the titanium ion has the lowest
energy only at the symmetrical center in the oxygen octahedra and consequently goes
back to the center position as shown the blue curve in Figure 1.5. Therefore, there is no
electric dipole or spontaneous polarization in the structure. Energy is required to shift the
titanium away from the center position. At the Curie point, the energy curve (grey curve
in Figure 1.5) shows a flat segment near zero polarization because the titanium ion has
the lowest energy at the center position and easily shifts back and forth away from the
center position as well. There is no energy barrier or the activation energy required to
shift the titanium ion away from the center position at the Curie point. Consequently, the
dielectric constant reaches its peak value at or around the Curie point for the ferroelectric
materials. However, the high dielectric constants of ferroelectrics at Curie point are of
little practical application due to its temperature sensitivity [10]. In consideration of both
the requirement of high dielectric constant and the avoidance of temperature sensitivity,

the application of ferroelectric materials is usually set at 50 degree higher than the Curie
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temperature. It is worth to notice that the energy diagram of BagsSrosTiO3 is not exactly
as the one shown in Figure 1.5. With the temperature rise up toward the Curie point, the
spontaneous polarization decreases. If the spontaneous polarization decreases
continuously towards zero as T approaches to T, it is called second-order phase
transition; while if the spontaneous polarization drops abruptly to zero at T, the
discontinuous phase transition is called first-order phase transition. The phase transition
shown in Figure 1.5 is second-order phase transition. The phase transition of
BaysSrosTiOs generally is first-order phase transition. In figure 1.2, the polarization
curve drops abruptly to zero at T. well describe the first-order phase transition of

Bay 5Sro5Ti0O3 material. More discussions are detailed in Chapter 6.
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1.2 Barium strontium titanate
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Figure 1.6 BasSri«TiO3; is a solid solution of barium titanate (BaTiO3) and
Strontium titanate (SrTiOg).

Barium strontium titanate (BaxSri1«TiO3) thin film is one of the promising ferroelectric
thin films for the fabrication of tunable varactors owing to its high tunability and
relatively low loss [15, 16]. From a material viewpoint, barium strontium titanate (BaySr-
«T103) can be categorized as a solid solution of barium titanate (BaTiO3) and Strontium
titanate (SrTiO3) and expressed as (BaTiO3)x(SrTiO3)1« (Figure 1.6). The solid solution
could have any composition ratio (with varied x) because Ba** and Sr** have the same
perovskite crystal structure type and comparable ion radii. BaTiO3 is a ferroelectric
material with the Curie temperature of 120<€, while SrTiOj3 is a paraelectric material with

no ferroelectric phase transition. The composition of the BaTiO3 and SrTiO3 determines
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the micro-structure and the dielectric properties as well as Curie temperature of the film.
Ferroelectrics with Curie temperature below the operating temperature are desired, since
ferroelectric materials has no hysteresis in paraelectric phase. In the series of BaySri.
x 1103 with the value of x varing from 0 to 1, the Curie temperature, at which Ba,Sr;.
x 1103 undergoes a phase transition between the ferroelectric and the paraelectric, varies
from 42 K for the pure SrTiO3 to about 400 K for BaTiO3 [17, 18]. As shown in Figure
1.7, low-Ba-composition in the specimen is not suitable for room temperature application
due to their low Curie temperature, such as Bag1SrooTiO3 usually used to build devices
operating at liquid nitrogen temperature associated with high temperature
superconductors, while high-Ba compound has high loss problem.

Among the series of BasSrixTiOs, the 50/50 composition, BagsSrosTiO3 (BST), has
attracts a particular interest due to its Curie temperature theoretically around room
temperature which promises a high tunability (ferroelectric usually displays its highest
tunability around Curie temperature) and low loss at microwave frequencies as well as
appropriate practical operating temperature. On the other hand, BST (x=0.5) films have in
general shown little to no hysteresis in the dielectric constant with DC bias at room
temperature [19-22]. Due to its multiple advantages, such as small size, light weight, fast
switching speed, good reliability, high tunability, low power consumption, low cost, and
relative low loss [23], BST thin film received ample attention on the applications of
microwave components in both military and commercial radar and communication

systems, such as phase shifters, varactors, tunable filters, and antenna. As a result, BST
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thin films have been widely investigated in the recent two decades intending to increase

tunability and limit the dielectric loss simultaneously [24-26].
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Figure 1.7 Dielectric constant (up figure) and Loss tangent at 10 GHz (down figure)
of Ba,Sr1xTi03 single crystal as a function of temperature [17]
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1.3 Organization of the dissertation

This dissertation is concerned with the deposition technique, crystal structure, and
dielectric properties of barium strontium titanate (BST) films for the tunable microwave
applications. The core objectives are to enhance the film’s dielectric constant and
tunability and keep the loss in a relative low level to achieve a better performance in
microwave frequencies.

In this work, we studied a series of BST film deposited by radio frequency magnetron
sputtering and pulsed laser deposition on SrTiO3; and DyScOj3 substrates. Crystal structure
and dielectric properties as well as simple microwave applications have been exploited on
different series BST films.

Chapter 1 introduces ferroelectricity and typical perovskite structure as well as the
ferroelectric barium strontium titanate thin film. The introduction of typical
characteristics of ferroelectrics, hysteresis and phase transition, in the viewpoint of ion
displacement and free energy change is helpful for the discussion of the dielectric
performance improvement in the following chapters.

In Chapter 2, the epitaxial film growth of BST thin film is introduced. Generally,
deposition technique and growth conditions as well as substrate of choice can
significantly affect the crystalline and structure quality of the thin film deposition. Firstly,
this chapter describes the mechanism of radio frequency magnetron sputtering system
and the deposition conditions used in this work. After the substrate selection section,
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most important, the three-step deposition method, a new deposition technique, and post-
deposition thermal treatment are introduced. Last, we raise the film strain discussion to
assess the distortion in the films, is discussed.

Chapter 3 and Chapter 4 focus on the BST thin films deposited by sputtering using the
three-step deposition technique on SrTiO3; and DyScOj3 substrate, respectively. Epitaxial
relationship and lattice parameters are characterized by X-ray diffraction. The
dramatically reduced film strain implies the advantage of the implementation of the three-
step technique as well as post-deposition thermal treatment. Before the electric
measurement, the design, fabrication, and equipments used in the measurement are
introduced. The electric-field-dependent capacitance measurement employed on the
interdigital capacitors at low frequency (1 MHz) demonstrates the improvement on
electric properties of the films due to the reduced film strain. Microwave measurements
employed on the coplanar waveguide further reveal the high dielectric constant and
tunability companied with low loss achieved on the BST thin films in this work. The
relationship between the film strain and the dielectric properties is established.

Chapter 5 shifts the focus on improving the dielectric properties of the thicker BST films
(~2 um) deposited by pulsed laser deposition (PLD). A sputtered seed layer of BST thin
film was sandwiched between the PLD deposited BST thick film and the STO substrate.
The effect of introducing the seed layer on the crystal structure and its dielectric

properties is presented.
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As a simple microwave application, coplanar waveguide phase shifter based on BST
films is discussed in Chapter 6. The detailed measurement process is described, followed
by the microwave measurement results exhibition of the coplanar phase shifters
fabricated on the sputtered BST thin films on DyScO3 substrates and the PLD deposited
BST films on STO substrates. These results suggest that the BST thin film deposited by
sputtering using three-step technique produced a large differential phase shift and optimal
microwave figure of merit. The coplanar phase shifters on PLD deposited films with seed
layer also show a dramatic improvement on both differential phase shift and figure of
merit. The good performance of coplanar phase shifter based on the BST films shows the
potential of BST film applied on microwave components in practical application.

Chapter 7 provides a summary of the results achieved in this thesis.
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Chapter 2 Sputtering deposition and structure quality of
BST thin films

Many efforts have been made on the ferroelectric thin film, especially BST thin film, by
various processing techniques, such as sputtering, pulsed laser ablation deposition (PLD),
molecular beam epitaxy (MBE), screen printing, sol-gel, metal-organic chemical vapor
deposition (MOCVD), liquid injection or mist CVD, chemical solution deposition, and
hybrid and modified deposition processes [27-33]. A process for high quality ferroelectric
thin film deposition is better to satisfy the following requirements: (1) relative low
processing temperature so as not to damage substrate composition or crystal structure of
surface layer; (2) produce film with good quality and reproducibility; (3) relative simple
operation; (4) low environment contamination; (5) low cost. Among the above techniques,
sputter deposition is a very popular deposition technique in ferroelectric thin film growth
and has been extensively studied in the last two decades owing to its relatively simple
operation, good composition control, and low cost. The limitation of sputtering system is
the control of stoichiometric composition in co-sputtering process, the thickness
uniformity, and the conformal coverage of the films. However, the above limitation does
not affect too much on this work because the studied samples have limited surface area (1
cm?) and only a single target involved into the sputtering process. Pulsed laser ablation
deposition, also called pulsed laser deposition (PLD), is another popular physical vapor

deposition technique that has been widely investigated in the ferroelectric film deposition,
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including BST film deposition. Using multiple targets and rotating the substrate holder,
uniform coverage and good quality of ferroelectric films can be obtained. The limitation
is still on the uniform coating of large area and conformal step coverage. Due to the
limited size and experienced deposition, the above limitation does not affect in this work
either. In this dissertation, the depositions of BST thin films on various substrates were
all implemented using a radio frequency (RF) magnetron sputtering system, except for

the samples with PLD deposited BST thicker top layers in Chapter 5.

2.1 RF magnetron sputtering system

Sputtering deposition is a physical vapor deposition process for depositing thin films,
which ejects the atoms from the surface of the target to the substrate by bombarding the
target with an incoming flux of highly energetic particles. The substrate is placed in a
vacuum chamber that is pumped down to a prescribed process pressure. Sputtering starts
with a creation of a plasma or glow discharge in an inert gas environment. The source
target is attached to the sputtering gun coupled as the cathode; while the substrate holder
is connected with the anode. An electric field with sufficient strength is applied between
the anode and cathode to accelerate the positive charged inert gas ions generated in the

plasma region moving to the negative biased target plate at a very high speed. This
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collision creates a momentum transfer and ejects atomic size high energetic incident

particles from the target, which lately deposit as a thin film into the surface of the

substrate.

e Substrate
Transport
S rod -,i e ~ Shutter Vacuum pump

Figure 2.1 Real equipments and Schematic diagram of the multisource RF
magnetron sputtering system

As shown in Figure 2.1, this multisource sputtering system operates in two modes, DC
and RF modes, with three sources available for co-deposition. DC sputtering is applied to
conducting materials. If the target is non-conducting material, the positive charge will
build up on the material and consequently stop sputtering. RF sputtering can be applied to
both conducting and non-conducting materials. An alternating electric field was applied
at a typical radio frequency of 13.56 MHz for generating plasma. Gas mixture used in the
system includes the oxygen and the inert gas Argon. Oxygen is used to ensure a
stoichiometric composition of the deposited film. As shown in Figure 2.2, Argon is

ionized to Ar" ions and is accelerated by the electric field. The Argon ions fly to the
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target at a very high speed and transfer their kinetic energy to the target, which ejects the
atoms in or near the surface of the target. The ejected particles move to the heated surface
of the substrate and form films. A magnet array is placed underneath the target to
increase the percentage of electrons taking part in ionization, increase the possibility of
electrons striking the Argon atoms, increase the length of the electron path, and thereby
increase the ionization efficiency significantly. The magnet array also confines those ions
in a torus-shaped region to further increase the ionization probability near the surface of
the target. Using the magnet array is also help to lower the voltage need to strike the
plasma, control uniformity of deposited films, reduce wafer heating from electron

bombardment, and increase deposition rate.

Sputtered

Figure 2.2 Schematic diagram of the off-axis RF magnetron sputtering mechanism
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In this work, the off-axis radio frequency (RF) magnetron sputtering system was used to
deposit BagsSrosTiO3 (BST) thin films. In the growth chamber, the substrate is hold
below the heater and faces down toward the sources. The off-axis angle between the
substrate and the source is about 20°to protect the source from contaminating by the
particles falling down. The deposition condition is discussed as below.

Ferroelectric thin film deposition by sputtering system is sensitive to any influence in the
deposition process. Any change of the deposition condition could possibly affect the
nucleation and the film epitaxy, thus seriously influence the structure quality of the thin
film. The deposition temperature, pressure, the composition of the gas environment, and
the RF power supply are all substantial crucial parameters that can determine the
structure quality of the deposited films. A great many of studies have focused on the
effect of those parameters on epitaxial ferroelectric films [34-36]. In this work, the
sputtering was carried on at 120 W RF power at a pressure of 2 mTorr with a 6:1 Ar/O;
gas mixture during the whole growth process. The deposition temperature, which
seriously affects the crystal quality and growth rate as well as the crystal structure, is the
most critical parameter for the complex oxide growth, especially for the BST thin film
growth. In this work, the three-step technique effectively utilizes the deposition

temperature influence to improve the structure quality of the BST thin film.
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2.2 Substrate selection for ferroelectric film epitaxial growth

Unlike bulk material, the ferroelectric thin film can be affected by another factor that is
the relationship with the substrate. The requirements of substrate materials for
ferroelectric thin film deposition should be considered from two viewpoints, which are
the possibility of high quality film expitaxial and the dielectric properties of the substrate
itself.

The importance of a suitable substrate with high quality crystalline surface, on which an
epitaxial film is grown, cannot be overemphasized. For oxide ferroelectric film with
perovskite structure, such as BST, chemically and structurally compatible perovskite
substrate materials and quality of the substrate surface significantly affect the epitaxial
growth of the thin film, especial the nucleation process [37]. First of all, this presumes a
close match of the lattice parameters between the substrate and the deposited film as
shown in Figure 2.3. A small mismatch possibly introduces large distortion to the thin
film. Subsequently, the affected structure quality of the thin film has a strong impact on
the function of the ferroelectric thin films. To achieve structure perfection, substrates
should have similar crystal structure type and close lattice parameters in the crystal plane
facing to the deposited film in order to offer an accommodative foundation to the
nucleation. High quality (smooth and isotropic) of the surface and similar thermal
expansion constant to the epitaxial film should be taken into account as well in the
pursuit of high quality thin film epitaxies. On the other hand, substrates preferably have
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low dielectric constant and low dielectric loss as well as temperature independent

dielectric properties in the consideration of microwave devices applications [38].
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Figure 2.3 The epitaxial relationship of the BST thin film and the substrate

In our work, the substrate of SrTiO; and DyScOs with the square surface area of 1 cm?
and the thickness of 0.5 mm were used for the deposition of the BST thin films using RF

sputtering system. The reason of choosing those substrates will be explained in the

following chapters.
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2.3 Epitaxial growth and three-step technique

To improve the perfection of the crystal structure and subsequently enhance the
properties of the BST thin film, we proposed and implemented a new deposition
technique into the sputtering deposition of BST thin film, namely the three-step
deposition method. This deposition method still keeps the same optimized radio-
frequency power of 120 W and atmosphere (at a pressure of 2 mTorr with a 6:1 Ar/O;

gas mixture), but change the procedure of the deposition by the following steps.

4 Temperature
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Figure 2.4 shows the schematic of the film structure of the three-step deposition. First, a
70-nm-thick BST nucleation layer was deposited on the substrate at a high temperature
T1 = 1,068 K. The substrate temperature was then decreased to T, within 30 min and a
low-temperature BST interlayer 180 nm in thickness was deposited. Structures with

different deposition temperature for interlayer (T, from 573 to 873 K) were investigated
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in order to find the best suitable T,. During the third step, the substrate temperature was
increased back to 1,068 K within 30 min and a 450-nm-thick BST film was deposited as
the top layer. Control films with the thickness of 700 nm were grown at T; = 1,068 K
only. The BST films deposited by the three-step deposition have the same total thickness
as the control film does. It is worth noting that the best deposition temperature for the

interlayers varies depending on the substrate material.
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