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ABSTRACT
High Performance Barium Strontium Titanate Varactor Technology for

Low Cost Circuit Applications
by

Baki Acikel

A monolithic Barium Strontium Titanate (BST) thin film varactor technology
has been developed for low-cost circuit applications. BST thin films have several
properties that make them attractive for high frequency applications including field
dependent permittivity, fast polarization response, and high breakdown field.
Challenges for the integration of BST films into monolithic process fabrication such
as high temperature growth conditions and need for robust electrode stacks on low
loss inexpensive microwave substrates etc. have been overcome. Different device
topologies have been investigated to implement parallel plate BST capacitors for low
voltage applications.

The development of low-loss phase shifters for phased arrays has been the
focal point of the research work on BST technology at UCSB. BST varactor loaded
distributed phase shifters on glass and sapphire substrates have been demonstrated.
An 180° phase shifter circuit has provided 0-250° phase shift with an insertion loss of

only 3.1 dB at 10 GHz. A figure of merit (FOM) 93°dB at 6.3 GHz has been

X



demonstrated. This is the best result reported for BST film phase shifters at room
temperature.

Encouraged by the results of the distributed analog phase shifters, compact
size lumped element phase shifters have been fabricated. A C-Band 90° phase shifter
has resulted in 63° phase shift with an insertion loss of 1.1 dB, with FOM comparable
to the state of the GaAs semiconductor MMIC phase shifters. Compact size BST
tunable integrated passive circuits such as tunable matching networks have been

demonstrated for low voltage wireless applications.
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Chapter 1

Thesis Outline

This thesis presents a comprehensive research effort for development of
alternative low cost varactor technology using Barium Strontium Titanate (BST)
thin films for tunable RF and microwave circuits. The work focuses on the BST
device fabrication technology as well as the application of this technology to new
circuits including phase shifters, highly integrated passive integrated circuits and
tunable matching networks. The phase shifters, which are crucial components for
modern phased array systems, will immediately benefit from high performance low
cost BST technology and this will enable widespread application. An analog phase
shifter based on the BST varactor loaded transmission line topology demonstrates
the potential of the BST technology. The phase shifter circuit performance
provided the motivation for further studies in the tunable passive integrated and
lumped element circuits discussed in Chapter 6.

A brief outline of the contents of each chapter is as follows.

The motivations for the development of BST thin film varactor technology
are presented in Chapter 2 along with a discussion of the advantages/disadvantages

of available varactor technologies. A brief survey of potential applications that



benefit from the BST thin film technology is presented. The fundamental BST thin
film material properties are reviewed in this chapter.

Material and device issues of BST varactors are discussed in Chapter 3.
Different device topologies are compared with an emphasis on parallel plate
capacitor structures. The material and device integration challenges including the
bottom electrode patterning for vertical devices are discussed. Innovative device
topologies and fabrication approaches are introduced to reduce the fabrication
complexities. The details of the BST varactor layout and fabrication are provided.

Characterization and modeling of the BST varactors are summarized in
Chapter 4. Both low and high frequency measurements are presented. The
challenges in the parameter extraction at high frequencies are discussed. Equivalent
circuit models showing good agreement with measured results are developed for
BST varactors. Optimization efforts are presented for the device loss improvement.

BST varactor loaded transmission lines are presented in Chapter 5. Theory
and design equations for analog phase shifters are reviewed. Measured and
simulated results are presented for an X Band 180" phase shifter. This circuit
demonstrated the best figure of merit reported in the literature. A different phase
shifter with the improved return loss performance designed at Hughes Research
Labs (HRL) is fabricated at UCSB using BST varactor technology. Return losses
better than 20 dB are demonstrated over the design band even the BST varactors

are tuned with the good insertion loss performance.



Chapter 6 highlights the efforts for highly integrated BST tunable circuits.
Very compact small size BST lumped element phase shifters are presented for
lower GHz frequencies. Promising results comparable to semiconductor
alternatives are reported. Low voltage tunable matching networks are fabricated to
improve power amplifier efficiencies in handset modules for wireless application.

In the last chapter, we provide a summary and discussion of the future work

to further improve the BST circuit performance.



Semiconductor diode and ferrite phase shifters have been two principal
means of providing phase control of microwave signals. Tunable BST phase
shifters offer the advantages of broad tuning range compared to ferrites, reduced
resistive losses compared to p-n junction varactor diodes, reciprocity, and fast
switching times. Thin films of tunable ferroelectric materials offer the additional
advantages of lightweight, compactness, lower processing temperatures, lower
operating voltages, low cost and compatibility with semiconductor processing

technology [6].

2.3 Fundamentals of BST Material Properties: Bulk vs. Thin

Films

A ferroelectric material has spontaneous polarization that can be reversed
by an applied electric field. This response manifests itself as a hysteresis loop in the
response of polarization to an external electric field [10]. They have a characteristic
structural phase transition temperature, called the Curie point (T.) where the
material undergoes a structural change from the ferroelectric phase to a non-polar,
paraelectric phase. As can be seen from Figure 2.4a, the relative bulk permittivity
increases as the temperature approaches the Curie point. Above T, permittivity
decreases with temperature and often exhibits Curie-Weiss behavior where C is the

Curie constant.
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In the paraelectric regime, the spontaneous polarization is zero but the permittivity

remains high. Therefore, materials in the ferroelectric regime exhibit a memory

effect via the hysteresis behavior, which is absent in the paraelectric phase. Hence,

the ferroelectric phase is necessary for nonvolatile memory applications, whereas

paraelectric phase is preferred for DRAM applications. The material chosen should

remain in one of these two phases in the normal operating temperature range for a

particular application.
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Figure 2.4a-b: Comparison of the permittivities of bulk and thin film BST as a function of
temperature [11, 12]. Figure 2.4a shows much higher permittivities for bulk materials. In Figure
2.4 b, the sharp peak in the permittivity is suppressed for thin film.

Ba;|SrTiO3 is a continuous solid solution between BaTiO; and SrTiO;

over the whole concentration range. The unit cell structure for the BST material is

shown in Figure 2.5. The Curie temperature of BST decreases linearly with
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increasing Sr concentration at a rate of 3.4° C per mole % Sr. As a result, the
transient temperature and hence the electrical and optical properties of BST can be
tailored over a broad range to meet the requirements of various electronic

applications.

O

Figure 2.5: The structure of (Ba,Sr)TiO;. Ba and Sr occupy the center position and with Ti
at the cube corners, surrounded by oxygen octahedra.
There was a substantial research effort in the DRAM industry to incorporate
high K, ferroelectric materials into device processes since the early nineties. The
technology for higher density memories continues to be an important issue for the

next generation memory devices as typical circuit size becomes smaller and higher

14



capacitance densities are required. Using thinner films in the process solved this
requirement for increased capacitance up to some degree. However, the dielectric
thickness has reached a lower limit set by electron tunneling through the dielectric
thus the capacitor area can no longer be scaled down using planar device structures.
For high charge storage densities, ferroelectric materials have been prime
candidates with dielectric constants ranging well in to the thousands.

Although bulk dielectric constants in BST are quite high, the dielectric
constant of thin film BST is much smaller, particularly when film thickness is
reduced below about 100 nm as seen in Figure 2.4a [11]. This is due to the
observed decrease in permittivity with decreasing film thickness [13]. For DRAM
applications the maximum possible capacitance density is required while
maintaining acceptable leakage currents and dielectric lifetime. There is a trade of
between increasing capacitance by reduced film thickness due to the thickness
dependent permittivity. The DRAM efforts have not been concerned with the
tunability or other properties important for microwave varactor circuits. Our main
focus has been to optimize sputtered BST films for high tunability and low loss to
be used in applications such as a varactor.

For the purpose of understanding the underlying dielectric behavior, one
must consider the response of the polarization as a function of the applied field as
the fundamental quantity of interest. For ferroelectric material, the nonlinear

relationship between the applied field and polarization is most simply described by
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a power series expansion of the free energy in terms of the order parameter,

polarization as in Landau-Ginzburg-Devonshire (LGD) theory [12].

E = afffective (T)P + 0(11P3 (2.2)
oP.

.y = 9P 23

OZI aE’ ( )

where E is the electric field across the film and P is the polarization normal to the

substrate, ¢, and ¢,, are the appropriate dielectric stiffness. It is found that for the
BST films ¢, is not temperature dependent. For the ferroelectric materials, the

film permittivity is almost equal to the susceptibility.

By integrating the small signal capacitance curve shown in Figure 2.6a,
polarization versus field is obtained shown in Figure 2.6b, which has a functional
form of Eqn. [12]. The fit is seen to be a very good description of the non-
linearity in the polarization data. Using the LGD formula, we obtained

a,=2.4X10"° cm/F and a,, =0.75X10* ¢m®/C?F , which are comparable to

the values reported in the literature. Thus the general shape of our C-V data is very
well described by classical nonlinear dielectric theory. The magnitudes of the
coefficients are different from those obtained from the bulk, as they must be given

the differences in permittivity.
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polarization curve is obtained by integrating the measured C-V small signal data. The LGD
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Figure 2.7: The field dependence of permittivity as a function of film thickness [14].

The variation of the apparent permittivity with applied bias as a function of
film thickness can be seen in Figure 2.7. The apparent permittivities are found to
decrease systematically with film thickness at electric fields near zero. At higher
fields, the apparent permittivities become independent of thickness [12]. For the
varactor application, it is apparent that the thicker films give a higher tunability at
the expense of increased bias voltages.

Figure 2.8a and 2.8b show the dielectric data for Bag 49Sts;TiO5 (65 mT),
Bag 2451076 T19.9603 (35 mT), and SrTiO; thin films. Fig 2.8a shows that the

permittivity at zero bias field is a function of thickness. This thickness dependence
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Figure 2.8: (a) Dielectric constant and (b) inverse capacitance density as a function of thickness

is often attributed to the presence of an interfacial layer in series with the thickness
dependent capacitance density of the bulk of the film [15]. This dead layer has a
lower permittivity, which reduces the total film permittivity as the film thickness is
decreased [16]. Expressing the apparent capacity density at zero field as the inverse
sum of two capacitors connected in series,

A _AVA_ L 1 2.4)
Cap Ci Cg g€, &€

where the interfacial and the bulk parameters are represented by “i” and “B”

subscripts, respectively, C,  is the measured (apparent) capacitance, A is the area

app
and ¢ is the total film thickness. The first term in the Eqn. indicates the
presence of a constant valued interfacial capacitance density and its value is given
by the non zero intercepts in the inverse of the capacitance density plots shown in

Figure 2.8b. The interfacial capacitance is between 40-80 fF/um” for the plotted
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films. As the film thickness increases the thin interfacial capacitance layer has a
smaller effect. The data on Figure 2.8b implies that the total film thickness ¢ is

large compared to the interfacial layer thickness, ¢; since the data lies on a straight

line. The constant capacitance is usually thought to represent some type of
interfacial layer between the dielectric and one or both of the electrodes, and might
arise from surface contamination of the BST, nucleation or reaction layers at the
film/electrode interfaces, or changes in the defect chemistry at the dielectric-
electrode interfaces.

The field and thickness dependence of the permittivity in ferroelectric and
paraelectric thin films have been mostly explained by Schottky barrier model. In
this model, the variation in apparent capacitance with bias explained via a voltage
dependent interfacial depletion layer capacitance in series with the capacitance of
the bulk of the film, whose permittivity is taken to be bias-independent.

Temperature dependence of the dielectric constant for the BST thin films is
shown in Figure 2.4b [12]. The zero field permittivity starts to decrease linearly
around 300 K while the apparent the permittivity stay almost constant at higher
electric fields regardless of temperature. However, a sharp peak in the permittivity
at the bulk transition is not found in these films, contrary to what would be
observed for a stress-free and homogeneous macroscopic ferroelectric shown in
Figure 2.4a. The possible reasons for this include finite size effects, an
inhomogeneous depression of the transition temperature, or the external constraint

imposed by biaxial strain on the film from the substrate.
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The theories of the bulk dielectric and ferroelectric properties of perovskites
such as BST are well understood [10]. However, the thin films of these compounds
exhibit variations in their polarization behavior with the changes in applied voltage,
operating temperature, particle size, and film thickness that are not well understood
[13]. Much of the research was targeted towards optimization of material properties
and finding appropriate solutions to DRAM integration issues. A good
understanding of material properties in such thin films is essential before they may
be successfully integrated into commercial devices in near future.

Since BST films are ferroelectric, they show a non-linear relationship
between electric displacement (or polarization) and electric field, even if when they
are in paraelectric phase above the Curie temperature. Polarization charging
currents flow in to such materials with a power-law time dependence of
approximately t" where n< 1 [17]. A time dependent polarization manifests itself in
the frequency domain as a dispersion of the permittivity as a function of frequency.
Permittivity values are often reported at only a single frequency, neglecting the
decrease in permittivity with frequency from dispersion. It has been demonstrated
for high quality BST films with low leakage that the dielectric loss given by the
loss tangent can be derived form the frequency dispersion of the permittivity [18].
This is true since both quantities are related to the Fourier Transform of the time
dependent polarization mechanism, which is described by Curie von—Schweidler

behavior.
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Investigation of field, temperature, and electrode work function dependence
of the leakage, with proper consideration of leakage versus relaxation, has provided
strong evidence that leakages are controlled by the reverse characteristics of back to
back Schottky barriers at each film-electrode interface [19]. Because of this there is
not a strong dependence of leakage on film thickness at a given electric field,
except due to the change in the field induced barrier height lowering.

Lifetime and reliability are also other extremely important issues in the
practical use of the capacitors. Therefore, determining failure mechanisms and
estimating lifetimes are crucial in the BST technology. The most important failure
mechanism in perovskite titanate thin films is resistance degradation, which is
defined as a slow increase of leakage current under a constant applied electrical
field after prolonged times. It has been proposed that deterioration at the grain
boundaries contributes to resistance degradation such as reduction of the grain
boundary potential barrier height due to space-charge accumulation, demixing
reactions of oxygen vacancies, and oxygen vacancy pile up at the electrodes. The
majority of the degradation theories are based on electromigration of oxygen
vacancies in a given dc electric field. Oxygen vacancies are present in significant
numbers in undoped and acceptor doped alkaline earth titanates. They are
positively charged with respect to the host lattice and in a dc electrical field they
can migrate toward the cathode. While the oxygen vacancies pile up in front of the
cathode and are compensated by the electrons injected from the cathode, a chemical

reaction can occur at the anode producing additional mobile oxygen vacancies.
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