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ABSTRACT

Stoichiometry and thermal mismatch effects on sputtered
barium strontium titanate thin films

By
Troy R. Taylor

Barium strontium titanate (BST) thin films offer many advantageous
properties for possible devices such as high dielectric permittivity values and
ferroelectricty. BST also posses an electric field dependent dielectric permittivity
making it an attractive candidate for tunable capacitor, or varactor, applications in rf
electronics. As the demand for inexpensive communication circuits with design
flexibility and greater functionality increases, a large emphasis will be placed on
barium strontium titanate to solve the problem.

BST thin films have many integration challenges that must be addressed to be
properly utilized in varactors. Film growth must be done at elevated temperatures in
an oxidizing environment limiting metallization techniques to Pt. Substrate selection
is dictated by high resistivity and Pt compatibility. This research focused on a
varactor technology based on sapphire since it has a low loss tangent, good adhesion
with Pt, and is available in large areas. A complete understanding of the BST film is
required since the dielectric constant, dielectric tuning, and loss tangent are
composition dependent. Substrate selection and growth parameters also influence

film properties.
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Film stoichiometry and thermal strain as well as their impact on electrical
properties were investigated. Film nonstoichiometry and electrical properties have
been linked by structurally analyzing SrTiO; homoepitaxial films electrical
characterization of SrTiO; thin film capacitors on platinized sapphire. The effect of
thermal strain on the dielectric properties of barium strontium titanate was studied by
integrating film growth structures on different substrates. Thermal strain was
systematically varied by changing the growth substrate, and maintaining the same
film microstucture by using a Pt/SiO, growth surface. Temperature dependent
dielectric measurements showed that a decreasing thermal expansion coefficient of

the substrate (i.e., larger tensile thermal strain) reduces the film dielectric constant.
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Chapter 1

Thesis Outline

This thesis is concerned with the development and understanding of barium
strontium titanate (BST) thin films. In this work all films were deposited by rf
magnetron sputtering. The focus of this thesis is on BST film deposition by
sputtering and the affect of film stoichiometry and thermal strain on the dielectric
properties.

Chapters 2 and 3 provide background information on the BST solid solution
and its relevant properties. Chapter 2 highlights research results in the literature for
BST thin films and explains the motivation for incorporating such films into devices
and microwave circuits. Chapter 3 covers the theoretical background of phase
transitions and discusses the differences in the phenomenological models for bulk and
thin film material as well as the impact of stress.

Substrate selection, bottom electrode issues, BST film growth, and microwave
circuit performance are reported in Chapter 4. The rationale for switching to sapphire
substrates as opposed to a silicon based technology is presented. Circuit results used
to illustrate the potential of BST based microwave circuits were provided courtesy
Dr. Baki Acikel and Dr. Yu Liu.

The influence of stoichiometry and thermal strain on film properties are
presented in the last two chapters. Chapter 5 specifically addresses film
stoichiometry by investigating SrTiO; films. Homoepitaxial films were structurally

characterized while StTiO; films on platinized sapphire were tested electrically. The
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effect of thermal strain on film dielectric constant is presented in Chapter 6.
Polycrystalline SrTiOs, Bag24Srg76Ti03;, and BaTiO; films were deposited on
designed growth structures with different substrates to vary the film thermal strain.
The final chapter proposes ideas for future research regarding perovskite
oxide thin films. Other deposition techniques for oxide films and the reasons why
they should be investigated will be presented. Several ideas will be discussed that
can hopefully be designed into clear experiments that address the material issues

relating to oxide thin films and separate intrinsic and extrinsic factors.



Chapter 2

Barium strontium titanate thin films

21 Barium Titanate: structure, ferroelectricity, and solid solutions
Barium titanate (BaTiO3;) was the first ceramic material to demonstrate
ferroelectric properties [1,2], and is a well studied perovskite material that has
measured relative dielectric permittivity values ranging into the thousands. The
perovskite structure has large barium ions surrounded by twelve nearest neighbor
oxygen ions, and each titanium ion has six oxygen ions in octahedral coordination. A
face centered cubic (fcc) array is formed by the barium cations and oxyen anions
while the tetravalent titanium ions fit into the octahedral interstices. Pure BaTiOj3 has
a Curie temperature (T¢), ferroelectric- paraelectric phase transition, at approximately
130° C. Above T¢, BaTiO; has a paraelectric cubic structure (Pm3m), and below T¢
it is tetragonal (P4mm) [2,3]. Slater was the first to determine that the ferroelectric
properties of BaTiO; were a result of the slightly distorted tetragonal crystal structure
displacing the Ti cation and creating a dipole [3,4]. The large barium ions expand the
size of the fcc BaO;3™ cell, and the titanium ion must move off the center position and
break symmetry to fninimize its potential [4]. Barium titanate also undergoes two
more phase transitions that change the direction of the spontaneous polarization at 0°
C and —90° C with the orthorhombic and rhombohedral structures having a [110] and

[111] polarizations, respectively [1].
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Figure 2.0: The perovskite (Ba,Sr)TiOs structure. Ba and Sr (checkered) occupy the
center position with Ti (black) at the corners surrounded by an oxygen (white)
octahedra.

BaTiO; forms a solid solution with the incipient ferroelectric strontium
titanate (SrTiO3;). Because of the smaller size of the strontium ion, SrTiOj; is
paraelectric and never becomes ferroelectric. As described by Miiller and Burkard
the shift of the Ti ion associated with the ferroelctric phase transition (~0.045 A ) is
smaller than its zero point motion consequently suppressing the ferroelectric phase
transition [5]. This makes barium strontium titanate (BST) a very beneficial material
system to work with because the T¢ can be changed by the Ba/Sr ratio, and thus the

value of the dielectric constant can be controlled depending on the dielectric



application or temperature range. For the Ba;,Sr,TiO3 system there is a linear drop
of 3.4° C in T¢ per mole% strontium [2,6]. Barium strontium titanate and related
materials are the basis for the multilayer capacitor industry that produces over 5
billion capacitors annually.
2.2  Thin film initial motivation: DRAM and scaling

Each generation of dynamic random access memory (DRAM) requires more
capacitance density with smaller feature sizes. Over the past 25 years the density of
DRAMSs has increased by a factor of four every three years. Traditionally this has
been achieved by using a thinner dielectric material (5 nm dielectric for 64 Mb
DRAM) or a complex storage node architecture to obtain the needed capacitance [7].
As minimum feature size on DRAMs decreases from 0.25 um to 0.10 pum, the area of
the cell itself is anticipated to decrease by a factor of 10 [7,8]. The required
capacitance densities have also reached the physical limitations of the standard SiO,
and SiNy dielectrics; thus, in the early 1990s there was a strong research effort in
developing high permittivity materials such as BST for DRAM capacitors. Other
candidate materials such as high permittivity lead zirconate titanate (PZT) were
investigated, but not fully explored because of the fabrication compatability issues
involving lead based compounds [7].
23 Microwave varactor technology

The large interest in BST thin film capacitors renewed interest on the field
dependence of the dielectric permittivity (tunability). The variation of capacitance

with an applied bias is not a property exclusive to thin film BST, but an intrinsic



property of the material’s low frequency transverse optical phonon [9]. Typically,
materials with a large static dielectric constant (100-1000) have a low frequency
transverse optical (TO) phonon or a soft mode. In ferroelectric crystals a soft mode
arises because of the interaction of the local electric field resulting from ionic
displacement with the long range elastic restoring force of the lattice. At 24° C,
BaTiO; and SrTiO; have a TO mode of 1.2 THz and 2.7 THz respectively. In
comparison Si (g, = 11.7) and GaAs (g, = 12.9) have a TO mode frequency of 99 THz
and 51 THz respectively. A transverse optical phonon vibrational frequency
approaches zero as a function of temperature or softens (wro — 0 as T — T¢). The
atomic displacements intrinsic to the phonon that contribute to polarization become
static as the temperature is approached increasing the polarizability and the zero bias
dielectric permittivity. As described by Harrison, the lattice becomes soft against the
deformation and the distortion appears spontaneously [10]. When an electric field is
applied it increases the frequency of the soft mode and decreases the dielectric
permittivity. This is commonly referred to as “hardening” of the soft mode. The
lattice dynamics can be described according to the Lyddane-Sachs-Teller (LST)

relation [10],

2
& _ 0, 2.1

g,

0

where &, 1s the dielectric constant at optical frequencies with oo and ®i o the zone
center transverse and longitudinal optical mode phonon frequency.
Variable BST-based capacitors, or varactors, are an ideal candidate in a

number of tunable devices and systems at millimeter and microwave frequencies



including phase shifters and tunable filters [11,12]. Tunability is an electric field
dependent property therefore using BST thin films in a parallel plate capacitor
configuration produces tunabilities with low control voltages (< 20 V) by maximizing
field concentration in the film. Phase shifting devices that utilizes thick film (pm),
bulk BST, and interdigital devices (large fringing electric fields in air) require larger
control voltages (>100 V) that are incompatible with microelectronic integration
schemes [13,14]. A number of properties detailed in Table 1.1 are inherent to the
BST material system and make it a superior choice. Current options for varactors are
largely based on GaAs Schottky diodes [15,16]. They are plagued with poor quality
factors because their operation is based on a voltage variable junction capacitance and
a changing depletion width [17]. Cost is also a major concern limiting the
implementation of such devices because they require expensive III-V semiconductors
and epitaxial techniques. Ferrite phase shifters are also employed in phased array
antenna systems but they a costly and cumbersome solution.

BST based phase shifters are an emerging technology that is competitive with
GaAs based decives. Along with BST based technologies is microelectromechanical
systems (MEMS) based varactors. Table 2.2 compares the three types of
technologies and shows that BST and MEMS-based varactor technologies offer

significant promise. MEMS devices offer low loss performances, but their price is


































































































































































































































































































































































