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Abstract
A technique for making varactors in the form of parallel plate overlay capacitors, using barium strontium
titanate (BST): a ferroelectric, polymer composite thick film, has been developed in this work. BST was
selected due to the commercial availability of powder. This involves the use of standard air brush
techniques to deposit ferroelectric thick films, and planarization of printed circuit boards (PCB) using
soldermask to allow for film deposition which was not reported in the literature. A new method to have
the PCB prepared appropriately at the manufacturing stage was employed. A bandpass filter on PCB was
designed for high frequency measurements and BST composite material electrical characterization. This
is due to relative permittivity changing with frequency. The BST composite film recipes were developed
using commercial powder and two types of polymer. An existing recipe using cyclic olefin copolymer
(COC) was adapted for spray coating, while a new recipe based on poly methyl methacrylate (PMMA)
was designed for spray coating.
To complete the capacitors, a metal layer was deposited using a Voltera V-One printer with the Elegant
Eel conductive ink of thickness 120 𝜇𝑚. Ferroelectric film thicknesses were measured using a Mitutoyo
micrometer to be 15 − 120 𝜇𝑚. Surface profile sweeps were taken with a profilometer as high texture
made the profilometer unsuitable for thickness measurements. The capacitor area was measured with a
calibrated optical microscope. Low frequency measurements were conducted with a Solartron 1170
Frequency Response Analyzer and were consistent with capacitor theory. High frequency measurements
used a TR5048 Vector Network Analyzer (VNA) from Copper Mountain to measure passband
characteristics, during which a Sentry 500VA Hipot Tester was used to apply bias to the filters for
tunability measurements. The structures were simulated using High Frequency Structure Simulator
(HFSS), to provide a relationship between frequency shift and relative permittivity. The relative
permittivity of the BST-COC films was 𝜀𝑟 = 11 at 1.98 𝐺𝐻𝑧, while the BST-PMMA film was 𝜀𝑟 = 20.5
at 2.09 𝐺𝐻𝑧. The tunability of the films was a 5% relative tuning at 17.5V/ 𝜇𝑚 for BST-PMMA films
while the BST-COC films had a 3% tunability at the same field intensity.
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Chapter 1
Introduction
The transition into 5G communications will increase the amount of traffic in communications
systems. This is the result of the interconnectedness of modern technology such as the Internet of
Things [1]. The increased traffic in 5G will require microelectronic circuits to be able to function
on multiple channels as necessary. While it is possible to use one circuit per channel, this is
expensive and may not be suitable for all applications due to the space required.
Barium strontium titanate (BST) variable capacitors, or varactors, have been developed for 5G
communications [2]. BST is a perovskite-type ferroelectric crystal which can take a tetragonal
shape [3] which has a spontaneous dipole which can move with an externally applied stress. The
external stress changes the relative permittivity, 𝜀𝑟 of the ferroelectric. For microelectronics
applications, the stress is an externally applied electric field, or voltage. However, this stress can
be mechanical stress or thermal stress. These types of stress will also steer performance in the
BST crystals and cause them to demonstrate less tunability and permittivity [4].
Tunability allows the systems built with BST varactors to communicate on the required channels
as necessary which is useful for allowing devices to communicate on multiple channels without
needing multiple circuits, saving cost. The mixing ratio of barium and strontium controls the
Curie temperature, above which the crystal becomes cubic instead of tetragonal [2]. The relative
permittivity is also the most changeable at the Curie temperature.
Off-the-shelf varactors exist [5] [6] in the form of reverse biased PN junctions, and have been
used for PCB filters [7] [8], which cannot be easily embedded into a multilayered PCB because of
the surface mount technology used as it introduces a verticality requirement. BST varactors also
operate on a different principle, where the relative permittivity 𝜺𝒓 of the material is tunable rather
1

than the width of the depletion region of the aforementioned PN junctions. Embedding crystalline
BST films on a PCB is difficult due to the high temperature requirements of sintering [9] and
pulse laser deposition [10]. This leads to the use of composite materials which can be deposited
onto PCBs at lower temperatures. Composite materials are the focus of this thesis.
Embedded overlay varactors have not been reported in the literature for PCB applications.
Depositing an insulating composite is difficult due to the porosity of films and structural disorder
[11], particularly the presence of voids in the films. Single layered composite films have excellent
dielectric performance but at the cost of decreased breakdown strength [12]. These factors make
interdigital, cylindrical capacitors [2], or multilayered capacitors [11] [13] more common. Lastly,
contemporary methods to embed varactors into a PCB is a complicated multistep process which
uses many technologies that are not standard [14] [15] to PCB fabrication. This thesis seeks to
report a technique which is capable of embedding BST varactors into a PCB using standard
processes.
A side view of a PCB loaded with a surface mount varactor is seen in Figure 1-1.

Figure 1-1 Side view of PCB with a surface mount varactor which needs to be soldered into
place at the feet and has a vertical dimension which makes it impossible to embed.
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A cross-section of a parallel plate capacitor is shown in Figure 1-2, along with its characteristic
equation Eq. 1.1.

Figure 1-2 Cross section of a parallel plate capacitor.
The 𝐴 in the equation represents the area of one of the parallel plates, while 𝑑 is the thickness. 𝐶
is measured in Farads can be calculated using the following equation:
𝐶=

𝜀𝑟 𝜀0 𝐴
𝑑

(1.1)

Where 𝐴, 𝑑, 𝜀𝑟 , and 𝜀0 are the areas of the parallel plate, film thickness, relative permittivity of
the dielectric, and the absolute permittivity of free space respectively.

1.1 Contributions
The objective of this thesis is to manufacture embedded thick film ferroelectric varactors for
microwave-frequency PCB bandpass filters. The contributions are as follows:
1. Overlay capacitor on PCB; overlay capacitors are uncommon due to the presence of
voids and thus most capacitors are edge, or interdigital capacitors. This has the added
benefit of allowing capacitance to be customizable to suit design rather than being fixed,
unlike a surface mount device.
2. Use of commercially available air brushing to deposit polymeric BST with no presence of
voids and customizable film thickness which can be used to control the capacitance.
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3. Technique to guarantee planarization of PCB using solder mask material during PCB
fabrication to reduce strain provided by gap in PCB to the films.
4. BST-PMMA ink was developed to be an ink based on commercially available
ingredients.
5. Used a Voltera V-One metallization system to produce the upper conducting plate, which
controls the metallization area of a capacitor for high frequencies. This can also be used
to control the capacitance.
A cross section sketch of a completed embedded varactor is shown in Figure 1-3 where the first
four contributions are fully compatible with PCB fabrication. The PCB and solder mask are
purchased, then the BST is deposited. Afterwards, the second layer of metal is deposited. This
layer of metal acts as the top plate for the varactor.

Figure 1-3 cross section of desired outcome where the Cu, Fr4, and filling are from the
manufacturer, and where the BST and metal layers are made through spray coating and
additive deposition, respectively. Labelled dimensions are given by manufacturer
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1.2 Thesis Outline
Chapter 2 provides a literature review. Chapter 3 discusses microwave filter theory and design for
comb line filters, including PCB planarizing. Chapter 4 presents BST varactor ink recipes, and
deposition. Chapter 5 addresses the upper plate fabrication technology. Chapter 6 describes the
measurement techniques used to generate the results. Chapter 7 presents the results and analysis.
Chapter 8 summarizes the conclusions and suggests future work.
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Chapter 2
Literature Review
The literature review will begin by discussing voltage tunable bandpass filters. It will then discuss
different varactor types, such as microelectromechanical (MEMS) switches, and material-based
solutions. Then, it will discuss methods of embedding capacitors into standard PCBs. These three
topics are the core of the project and it is necessary to understand how they function individually
and as part of a system together.

2.1 Voltage Tunable Bandpass Filters
Voltage tunable microwave bandpass filters are common in the literature due to their use in 5G
communications systems [16] [17] [18] [19] [20] [21] [22]. BST has also seen use for
reconfigurable antennas [23] with the same objective. A specific example of a filter is a second
order comb line filter with two varactors which shifted two input reflection poles, shaping the
passband. This filter provided a fractional bandwidth of about 10%, and a tuning range of 19.2%.
Tuning range is the shift from the center of the passband with no bias to the center at the largest
shift. The varactors for this filter are soldered. The layout is shown in Figure 2-1.

Figure 2-1 Layout of filter. This filter uses only two varactors, and they are discrete,
soldered components on the inner transmission line resonators [20] ©IEEE.
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This type of filter is a comb line filter and is composed of a resonator and a capacitor in series.
Instead of having a fixed capacitor, this filter uses a varactor which allows it to change the band
pass peak. The varactor’s dimensions are 2.5 𝑚𝑚 long, 1.25 𝑚𝑚 wide, and 0.9 𝑚𝑚 tall and
capacitance ranges from 0.7 𝑝𝐹 to 9.3 𝑝𝐹 [6]. In addition to the fixed range of capacitance and
the sizes, the varactor also required soldering which makes it difficult to embed into a PCB. The
dimensions for fabrication are shown below in Table 2-1. The mechanism behind this filter’s
varactors will be discussed in Chapter 2.3.
Table 2-1 Dimensions of two resonator filter, all units in 𝒎𝒎
𝑊

𝑊1

𝑊2

𝐿

𝐿1

𝐿2

𝑠

𝑠1

𝑅

𝑔

2.3

3

2.8

4.88

9.1

14.7

0.2

0.3

0.3

0.12

One aspect of this filter is its source-load coupling, which can be used to shape the passband and
to improve rejection [20] [24]. This is used to save space on a board and can be applied either on
PCBs or integrated circuits. The frequency response of the filter and its tunability are shown in
Figure 2-2.
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Figure 2-2 Tunability of two resonator filter [20] and the presence of high rejection at the
edges of the passband is attributed to the input-output coupling ©IEEE.
A filter with only one resonator and varactor was also reported in the literature [21]. Instead of
soldering a varactor for tunability, the varactor was in the gap of the transmission line, called an
edge capacitor. The layout is shown in Figure 2-3.
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Figure 2-3 Sketch of filter devised by [25], showing the transmission lines, vias to ground,
and the gap for the varactor instead of a discrete component.
The circuit is planar and can be integrated onto a 3D PCB, while the others cannot be, thereby
providing flexibility. This is simple compared to other interdigital capacitors, of which some have
many gaps to fill [2], called fingers. The tuning range of this filter is seen in Figure 2-4.

Figure 2-4 Tuning range of one resonator and one varactor filter where a smaller bias
produces a lower resonant frequency. Therefore, the applied voltage and passband
frequency are proportional [21]©IEEE.
While this filter has a smaller tuning range compared to Figure 2-2, the technology behind this
design is more promising as it can be embedded. The flexibility this offers a designer is still
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restricted with this system as the spacing is fixed, but filter dimensions may be changed to
accommodate.
The aforementioned bandpass filters discussed demonstrated an effective shift in frequency
response due to the varactors. The relationship between the frequency shift of a filter and its
capacitive loading is noticeable. This means if a similar filter is designed, it will also demonstrate
passband tunability. It is necessary then to understand the existing technologies behind tunable
capacitors.

2.2 MEMS Varactors
Micro-Electrical Mechanical Systems (MEMS) can be used to build tunable capacitors. By
suspending a conducting plate above a transmission line, and adjusting the height between the
two, it is possible to generate a variable capacitance [17]. This technology is promising as the
dielectric is air, meaning the losses are not significant. A schematic view of a filter is seen in
Figure 2-5.

Figure 2-5 Diagram of MEMS varactor is tuned by changing the dimension d [17]©IEEE.
The design procedure for these varactors included terms predicting the control and deflection of
the material. However, the paper did not present any applications at microwave frequencies or
measurements to substantiate the claims of tunability.
Filters have been constructed with MEMS varactors and demonstrated both simulated and
measured results [19] [26] [16] [27]. A comb line structure with input output coupling was
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simulated, where the varactors were digital switches [19]. As the filter had two resonators, there
were four distinct operating modes for the filter. This resulted in four distinct passbands, with
good stopband rejection and low insertion loss. The layout of the filter is seen in Figure 2-6.

Figure 2-6 Two resonator comb line filter with input output coupling designed for use with
MEMS varactor with four distinct tuning states [19] ©IEEE.
This filter was not fabricated; but simulation results indicate the general tunability with four
distinct states. The simulations were performed with HFSS which encapsulates the coupling
effect of all the structures, thereby making the simulations credible. The frequency response and
tunability are seen in Figure 2-7. The MEMs in this system are based on cantilever deflection to
adjust the passband. Each cantilever also has a thin dielectric layer to increase capacitance.
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Figure 2-7 Tunability demonstration of filter with the stopband rejection displayed,
showing low insertion loss and a stable bandwidth [19] ©IEEE.
The filters were uniquely tailored to this application and were not part of any standard PCB
process. The MEMS varactors were also uniquely designed for each filter rather than designed in
a general sense with a recipe. Relying on moving parts in a PCB means this technology cannot be
embedded into a multilayered system. The increased complexity of moving parts with a thin
dielectric layer may not be desirable for all applications.

2.3 Materials Based Varactors
Purchased varactors, the Infineon BB833 and Toshiba 1sv277, with physical dimensions
1.25 𝑚𝑚 wide by 2.5 𝑚𝑚 long by 0.9 𝑚𝑚 tall have been used in the literature [7] [20]. Both
these varactors have fixed dimensions on the circuit, and neither are embedded in the circuit itself
[5] [6]. The varactors were silicon-based, and the mechanism is based on a p-n junction in reverse
bias [28]. The p-n junction’s depletion region changes width as a function of applied DC voltage
which shifts the capacitance down [29]. While successful in demonstrating the tunability of the
filter, the varactors also took up a fixed area on the circuit and were not based on a voltage
variable relative permittivity. This means the designer is limited to ensuring there is enough space
12

on the circuit for the capacitor. The capacitances of both devices are limited to a specific range. In
the case of the BB833, it ranges from 9.3 𝑝𝐹 to 0.7 𝑝𝐹, and the 1sv277 ranges from 4.5 𝑝𝐹 to 2.0
𝑝𝐹. Manufactured varactors have a fixed range and a choice must be made during the process to
accommodate the selected varactor. It is possible to use this technology for a multi-layered board
by embedding the component into a PCB instead of soldering a varactor. It is therefore desired to
develop a capacitor which is both not a soldered component which permits it to be used in a
multilayered system, and based on a material system to allow flexibility for design instead of a
fixed capacitance range.
It would be optimal to directly crystallize BST onto a PCB to produce a film of the desired
dimensions. Directly crystallizing BST through sintering has temperature requirements of
1300 ℃ [9] which are too high for PCBs where the glass transition temperature can be up to
190℃. The desired composite is known as a 0-3 type, which means there is an active particulate
dielectric of relative permittivity, 𝜀𝑟1 , surrounded by a continuous dielectric phase of relative
permittivity, 𝜀𝑟2 , that binds the active ferroelectric grains together. The relative permittivity of the
structure is defined as:
1
𝜀𝑟𝑏𝑢𝑙𝑘

=

1−𝜑 𝜑
+
𝜀𝑟1
𝜀𝑟2

(2.1)

Where 𝜑 is the volume ratio [30] and is the proportion of the volume of the continuous dielectric
phase to the total volume of the structure. This means that to have a bulk relative permittivity
equal to the active dielectric, the volume ratio must be in favor of the larger dielectric by a
significant margin, which is challenging and is discussed in the following subchapters. Chapter
2.3.1 discusses a method of growing BST bridges between BST grains, and the technique in
Chapter 2.3.2 uses a polymer to hold the grains in place. Polymers have low relative permittivity
compared to BST and will steer the film’s relative permittivity.
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2.3.1 Sol-Gel Composite Deposition
Despite solid state BST crystalline films not being practical for PCB substrates, BST can be used
if grown on PCBs through chemical deposition. This has been achieved using a composite which
contains both BST grains and BST ingredients in a sol-gel composite. A sol-gel solution contains
the ingredients to make BST, and organic chemicals which cause the solution to gel. The
resulting atomic arrangement is very close to the atomic arrangement of crystalline BST [9]. The
gel can be fired, or hydrothermally processed to crystallize BST. The firing takes place at 750℃
while the hydrothermal processing is at 170℃, both of which are significantly lower than
sintering [9] [31]. The advantage of sol-gel is that it allows for a composite to grow BST bridges
between grains as shown in Figure 2-8. The gaps between powder can then be BST instead of air,
or other fillings. This is significant as it means crystalline BST behavior can be replicated on PCB
technology due to the hydrothermal processing temperature being lower than 200℃.
BST bridges between the grains allow the bulk relative permittivity to be close to solid state
BST’s relative permittivity and tunability [9] [31] [32]. The slurry can be spun onto a copper PCB
substrate which is then hydrothermally processed. Aluminum is evaporated onto the surface to
complete the capacitor [9]. Evaporation is not a standard process for PCB fabrication as the
features are too large; but it can be useful in understanding capacitor performance. The sol-gel
process can also be used to produce BST powder of a desired mixing ratio of barium, and
strontium allowing for grain customization.
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Figure 2-8 Diagram for desired bridging between BST particles [31] ©Wiley.
Films produced in this way were 0.3 − 10 𝜇𝑚 thick and 𝜀𝑟 = 350 at 10 𝑀𝐻𝑧. An SEM of the
films indicates the microstructure may have voids, which causes problems when metallizing the
top plate. If liquid metal was used instead of gaseous metal, then there is a higher chance of the
films shorting. A top view of the bridging of sol-gel composite is seen in Figure 2-9.

Figure 2-9 SEM of a film which indicates good growth between powders, but is not always a
continuous film and has gaps which appear [31]©Wiley.
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A tunable filter prepared by sol-gel processing is shown in Figure 2-10, and the frequency
response of the filter is seen in Figure 2-4.

Figure 2-10 A filter which operates at 7 𝑮𝑯𝒛 and demonstrated tunability, the 75 𝝁𝒎 gap
was filled manually with a sol-gel solution which was filled with a silica-based fiber for
toughness [21]©IEEE.
Sol-gel composite films deposited by hydrothermal processing have a number of disadvantages.
The chemistry involved in hydrothermal processing is strongly alkaline which limits the variety
of substrates that can be used. The specific PCBs used to generate Figure 2-10 were electroless
nickel plated as copper plated PCBs are damaged chemically. PCBs can be gold plated by the
manufacturer and are unaffected by the chemistry. However, the adhesion of BST to gold was
poor thereby limiting the range of applications. This technique is promising as it has a high
dielectric constant and demonstrates tunability. Because of the complicated chemical process, and
the limitations of substrates which can be used, it was desired to improve upon these
characteristics. Lastly, edge capacitors would be impractical for PCB fabrication resolutions of
greater than 75 𝜇𝑚 due to operating at lower capacitances and requiring higher tuning voltages.
2.3.2 Polymeric BST Composites
A fully 3D printed tunable phase shifter circuit has been developed using a polymeric ink [33].
BST powder was used in a nanocomposite ink in which the polymer phase was cyclic olefin
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copolymer (COC). Curing the inks was done at 100°C, an improvement on traditional sintering
[33]. The varactors demonstrated a relative permittivity of 𝜀𝑟 = 42, with an operating frequency
of 10 GHz when printed onto a phase shifter. A phase shifter seeks to change the phase of a signal
rather than the energy. The work demonstrated varactors in an interdigital varactor
7.8 𝑥 8.4 𝑚𝑚2 with a height of 44𝜇𝑚, producing a capacitance of 0.25 𝑝𝐹 at 10 𝐺𝐻𝑧 and a
cylinder of 1000 𝜇𝑚 in outer diameter with a height of 11𝜇𝑚, and a capacitance of 0.18 𝑝𝐹 at
10 𝐺𝐻𝑧. The recipe is listed in Table 2-2.
Table 2-2 The original recipe from the paper by Haghzadeh et al [2] with the quantities of
materials used to produce the inks for the phase shifter.
Material

BST (ultrafine)

COC

TBC

Toluene

Amount

4.7717(𝑔)

0.2283(𝑔)

0.0943(𝑔)

100(𝑚𝑙)

The ink recipe in Table 2-2 was deposited onto glass substrates using a Sonoplot Microplotter 2,
which is an ultrasonic spray coating process onto a circuit where the conducting features were
deposited using an aerosol printer. The BST-COC slurries were dried on a hot plate for an hour at
100°C. The cylindrical varactors were fabricated to compare dielectric and loss properties with
the interdigital varactors. The graph in Figure 2-11 indicates the relative performance.
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Figure 2-11 Relative performance of cylindrical and interdigital varactors created using an
Aerosol printer and a Sonoplot where the cylindrical varactor has superior tunability
[2]©IEEE.
Compared to sol-gel processing, this process does not require hydrothermal processing and is
easier to process the films, nor does it have stringent substrate requirements. Both these films
require hazardous chemicals to produce. The adhesion to the surface was not an issue. However,
this technology is untested on PCBs. The interdigital capacitor’s metallic features were made with
an aerosol jet printer and as a result, the BST was subjected to low stress. This is due to the
topology which allows for BST be located between the metallic features horizontally rather than
to be squeezed between them vertically.

2.4 Epoxy Based Laminates on Printed Circuit Board
Two manufacturing techniques have been developed which involve laminates to embed barium
titanate capacitors on a PCB [15]. The technique is a negative deposition process and requires
etching to remove unwanted capacitors, rather than building them with up on the desired areas. A

18

barium titanate/epoxy layer is laminated onto PCB copper in vacuum. Then a layer of copper is
deposited on top. The undesired areas are etched away with plasma, leaving behind metalinsulator-metal capacitors which are connected to a circuit through an evaporative process. While
this technique works, it involves special chemical processing and equipment which is not
commercially available. Lastly, this technique characterized capacitors on their own instead of
integrating them into a system, and tunability was not measured.
A product by 3M, Embedded Capacitance Material (ECM), can be used for embedding capacitors
directly onto a PCB[34] [35]. This can reduce the number of soldered capacitors in a design,
illustrated below in Figure 2-12. To embed capacitors onto a PCB, a laminate metal-insulatormetal structure ranging in thickness from 42 𝜇𝑚 to 89 𝜇𝑚 is made of ceramic-filled epoxy
sandwiched between copper. It has been characterized at high frequencies.

Figure 2-12 Comparison between baseline design and embedded design using ECM
[35]©3M
The technology is compatible with standard PCB fabrication techniques and provides the
capacitance per unit area as ranging from 1.0, 1.6, 3.1, 6.2 𝑛𝐹/𝑐𝑚2 depending on the specific part
number [34]. The insulator is not ferroelectric and as a result cannot be used for voltage tunable
filter applications. Laminating a sheet of ECM is practical for designs which have many
capacitors, but voltage tunable filters do not have such requirements. The cost associated with this
technology scales with the size of a PCB since the entire surface needs to be covered [35], and as
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a result it is desired to produce the means of embedding capacitors one at a time since it may be
cheaper to not cover an entire PCB.

2.5 Chapter Summary
Voltage tunable bandpass filters have been reported in literature, all of which use varactors that
cannot be built into multilayered systems due to either soldering requirements, or vertical
requirements. Advancement in making ferroelectric films have been realized but require
specialized equipment and have not been demonstrated with overlay capacitors on PCB. Sol-gel
composite and polymeric BST topologies were never tested in overlay capacitors due to the
possibility of voids. It is possible to embed capacitors onto a PCB, but these techniques require
the entire PCB to be covered in a special film which increases cost and are not voltage tunable.
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Chapter 3
Microwave Filters
Microwave filters, and their optimization will be discussed in this chapter. The purpose of
microwave filters is to demonstrate high frequency tunability of the films. Using a microwave
filter to characterize the electrical properties of ferroelectrics is practical [21]. It is necessary to
choose a bandpass filter where a changing capacitance would impact the frequency response,
resulting in the comb line filter being selected.

3.1 Comb Line Background
A comb line filter is a microwave filter which is a resonator attached to a capacitor. The length of
the resonator and capacitance of the capacitor both define the resonant frequency. It also allows
capacitors to be characterized through high frequency measurements, which is useful in
determining dielectric performance. The filter is coupled to its input and output lines and the
dimensions of these lines must be tuned.
3.1.1 Filter Resonant Frequency
Designing a comb line filter requires the operating frequency to be set. This is normally a
simplistic calculation: a rough center band frequency 𝐶/√𝜀𝑟 𝜇𝑟 = 𝑓𝜆𝑔 . 𝐶 is the speed of light,
𝜀𝑟 , 𝜇𝑟 are the relative permittivity and relative permeability of the substrate respectively, 𝑓 is the
resonant frequency and 𝜆𝑔 is the wavelength at the resonant frequency. Relative permeability 𝜇𝑟
is assumed to be 1 for PCB substrates. The resonators for the filter are typically 𝜆𝑔 /4 in length
for comb line filter design. With a capacitor attached, the resonant frequency of the system shifts
down as 𝜔0 = 1/√𝐿𝐶 for a resonator, and the lumped capacitor increases the effective
capacitance, shifting the frequency to 𝜔𝑠𝑦𝑠𝑡𝑒𝑚 = 1/√(𝐶 + 𝐶𝑙𝑢𝑚𝑝𝑒𝑑 )𝐿 where 𝐿, 𝐶 are part of the
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transmission line, which results in a lower resonant frequency. A schematic is shown in Figure
3-1 with the equivalent circuit.

Figure 3-1 Diagram of length design for comb line filter equations from theory where the
transmission line behaves as a 𝝀𝒈 /𝟒 resonator when the capacitor 𝑪 is infinitely large.
However, in the design for comb line filters for this thesis the, schematic for the filter does not
assume a direct ground connection. This is due to the PCB filters for this thesis having another
transmission line between the capacitor and ground. The second transmission line is important as
it provides the connection from the varactor onto a grounded transmission line, as shown in
Figure 3-2. The second transmission line will increase the effective capacitance and inductance of
the system which further shifts the resonant frequency down. For the varactor, it provides the
second plate in the metal-insulator-metal structure, which allows for biasing. The schematic for
the desired transmission lines is shown in Figure 3-2. For analysis, the standard phasor notation
of voltage and current outlined in [36] will be used.
𝑉(𝑙) = 𝑉 + 𝑒 −𝑗𝛽𝑙 + 𝑉 − 𝑒 𝑗𝛽𝑙
𝐼(𝑙) =

𝑉 + −𝑗𝛽𝑙 𝑉 − 𝑗𝛽𝑙
𝑒
−
𝑒
𝑍
𝑍

Where 𝛽 is the propagation factor, 𝛽 =

𝜔
𝜐

=

2𝜋
𝜆

(3.1)
(3.2)

and contains frequency information. This is

important later in this chapter. The schematic in Figure 3-2 is the structure which is used for the
filters.
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Figure 3-2 Configuration of comb line filter from the perspective of the resonator.
A detailed analysis is found in Appendix A, but the resonance condition is:
cos(𝛽(𝑙1 + 𝑙2 )) = −

sin(𝛽𝑙2 )cos(𝛽𝑙1 )
𝜔𝐶𝑍0

(3.3)

As 𝛽 = 𝜔/𝜐, the resonance condition can be solved in terms of frequency through the nonlinear
equation Eq. 3.3 numerically. For instance, if 𝑙1 = 288 𝑚𝑖𝑙, 𝑙2 = 720 𝑚𝑖𝑙, then the resonance is
at 4.47 𝐺𝐻𝑧 if the filter is loaded with 0.05 𝑝𝐹. This represents the calculated gap capacitance at
this frequency [37] with no overlay capacitor, and will be used as the reference for the
measurements. While 𝑍0 is also frequency dependent, it is set to 𝑍0 = 50 Ω for these calculations
as it depends on the width of the transmission lines which will be calculated in the next section.
To determine the lengths of the transmission lines, it is acceptable to set 𝑍0 first, and then
calculate the appropriate width after the operating frequency is known.
The filter was designed to operate at below 4.8 𝐺𝐻𝑧 such that it would be measurable with the
vector network analyzer described in Chapter 6. The formulas have drawbacks like how desired
capacitor is built on top of TL2 and is connected to TL1 through metallization which has
dielectric and conducting losses. The radiation patterns of transmission lines are also ignored,
which is a source of loss.
Using Eq. 3.3, the resonant frequency of the structure when 𝑙1 = 0 𝑚𝑖𝑙 if 𝑙2 = 720 𝑚𝑖𝑙 caused
the resonant frequency to be higher than when 𝑙1 = 288 𝑚𝑖𝑙, with a shift in frequency of
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30 𝑀𝐻𝑧. Therefore, choosing an appropriate 𝑙2 is more critical in defining system performance.
The length 𝑙1 and capacitance 𝐶 can be optimized after 𝑙2 is selected.
3.1.2 Comb Line Filter Design
A comb line filter for a bandpass response is given by equations which govern its bandwith and
resonant frequency. The length t of the transmission lines controls the center band frequency,
while the gap between lines s dictates the bandwidth. The width of the transmission lines w
governs the admittance which dictates how far the transmission lines 1, 2, … j need to be from
transmission lines 0, and j+1, of width A. The spacing governs coupling and affects the insertion
loss and bandwidth of the filter. One advantage of these filters is the amount of space saved as the
filter operates at a lower frequency than the resonance would suggest due to the capacitor. A full
design recipe is available in [38]. For this thesis, the comb line filter was for the demonstration of
capacitor fabrication and its utility for standard PCB technology. A complete design of a comb
line filter and a script to generate dimensions 𝐴, 𝑠, 𝑤 is shown in Appendix A. A sketch of a comb
line filter is shown in Figure 3-3.

Figure 3-3 Diagram of a 3rd order comb line filter where P1 is the input and P2 is the
output.
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3.2 Comb Line Filter with One Varactor
For the sake of demonstrating the varactor fabrication process, it was desired to design a filter
with only one varactor. This requires less consistency for making varactors and it is easier to
characterize at high frequencies. A comb line filter with one varactor is a promising test fixture
[21]. The top view of this is shown in Figure 3-4. A PCB with an FR4 substrate was used with a
thickness of 23.6 𝑚𝑖𝑙, 1 𝑜𝑧 copper, ordered from DirtyPCBs with a minimum gap size of 6 𝑚𝑖𝑙.

Figure 3-4 Top view of comb line filter with one resonator.
The lengths 𝑙1 , 𝑙2 were 288 𝑚𝑖𝑙 and 720 𝑚𝑖𝑙 respectively. The length of the coupling arms was
tuned to allow for low insertion loss and to avoid having the lengths of the coupling arms
resonate at frequencies close to the operating frequency. Resonant arms close to the operating
frequency of the filter cause the passband characteristic to diminish. This means the coupling
arms should always resonate at higher frequencies than the filter, and thus be shorter than the
length 𝑙2 . In this case, 276 𝑚𝑖𝑙 was discovered to be a compromise between the suitable coupling
and lack of interference with passband characteristics. The bend in the coupling arms was to
accommodate connectors for high frequency measurements and were similarly chosen to not
interfere with filter behavior. There is also a pad at the bottom for a bias resistor, seen in Figure
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3-5. The bias resistor used was 1 𝑀Ω and therefore this end looks like an open circuit with
respect to the transmission line impedance which is in the order of magnitude of 10 Ω. The
dimensions of the coupling arms, gaps, and vias are given in Figure 3-6.

Figure 3-5 Dimensions of pad for circuit bias.

Figure 3-6 Dimensions of resonators, coupling, and vias.
The filter was designed to operate at 4.47 𝐺𝐻𝑧 to meet the specification to have its resonant
frequency below 4.8 𝐺𝐻𝑧 for measurements, but the initial simulations used the assumption of an
infinite dielectric and ground plane. The manufactured filter was cut to the edge of the resonator,
seen in Figure 3-7. The resonator was tuned to be wider than necessary to accommodate varactor
fabrication.
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Figure 3-7 Filter where substrate is cut to the edge of the resonator.
The HFSS simulation results of the entire PCB structure, including 3D dielectric because of the
finite size of the dielectric and ground plane as shown in Figure 3-8, compared with the frequency
response when loaded with a capacitor where the relative permittivity of the film is 𝜀𝑟 = 5,
thickness is 46 𝜇𝑚 and the area is 0.6 𝑚𝑚2 for a resulting 𝐶 = 0.58𝑝𝐹.

Figure 3-8 Filter with no BST compared with an overlay capacitor structure with perfect
dielectric to demonstrate frequency shift when filter is loaded simulated in HFSS.
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The reason the unloaded filter behavior does not peak at 4.47 𝐺𝐻𝑧 is due to the cut. The
discontinuous substrate means the capacitance of the transmission lines is lower than it would be
otherwise as the fringe fields go through air, not FR4. This lower capacitance means the
frequency will shift upwards, in this case, from 4.47 𝐺𝐻𝑧 to 5.17 𝐺𝐻𝑧. This matched the
measured results which will be discussed in more detail in Chapter 7.

3.3 Comb Line Filter with Two Varactors
A varactor-loaded comb line filter was seen in literature [20]. The schematic of the original filter
is shown in Figure 3-9.

Figure 3-9 Filter layout presented by Cheng, 2012 which was further investigated for this
thesis [20]© IEEE.
The dimensions of this filter are listed in Table 3-1 where the measurements are in mm:
Table 3-1 dimensions of filter [20]
𝑊

𝑊1

𝑊2

𝐿

𝐿1

𝐿2

𝑠

𝑠1

𝑅

𝑔

2.3

3

2.8

4.88

9.1

14.7

0.2

0.3

0.3

0.12

This filter was simulated and tuned for fabrication. It demonstrated an appropriate frequency shift
with a pair of varactors but was ultimately discarded. The dimensions used were optimized using
the equations from Chapter 3.1 and are shown below. This filter has two transmission lines,
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which require two functional varactors. The tuned dimensions of the filter are shown in Figure
3-10 and in Figure 3-11.

Figure 3-10 Large features of two resonator comb line filter.

Figure 3-11 Smaller features of comb line filter.
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The drawback of this filter was large radiation fields at its operating frequency. The current
densities at its operating frequency are shown in Figure 3-12.

Figure 3-12 Demonstration of filter current densities with no load indicating a clear high
density patch around the coupling gaps at 1.4 GHz in ADS.
The simulation setup for the figure means Port 2 is not connected with the filter. The red colour
indicates there is a high current density at the operating frequency of 1.4 𝐺𝐻𝑧. With no load, the
areas of high current densities mean there is a radiation mode at this frequency. This is
problematic as the S11 parameter confirms a radiation at the operating frequency as well. The
input reflection plot is in Figure 3-13. Ideally without radiation 𝑆11 would be at 0 𝑑𝐵 since it is a
low loss structure with no resistors. Figure 3-12 shows high radiation at 1.47 𝐺𝐻𝑧.
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Figure 3-13 Demonstration of radiation of filter at operating frequency with no load with
high insertion loss at the operating frequency of 1.4 GHz.
Even though the filter has no load, the input reflection indicates that some of the power going into
the circuit is not coming out; and, there is a clear radiation peak at the operating frequency. While
resonators radiate, this amount is unacceptable due to the possibility of interfering with filter
performance. Therefore it was not used as a result.

3.4 PCB Gap Filling
The capacitor is on one resonator in the filter design shown in Figure 3.5 and must be connected
to the other resonator, separated by a gap. The BST composite itself was initially used to fill in
the 1.4 𝑚𝑖𝑙 deep and 6 𝑚𝑖𝑙 wide gap in the PCB. The strain provided by the sides of the copper
around the gaps onto films was enough to make film performance inconsistent. It is necessary to
fill in the gap in a way that is manufacturable, which then consistently alleviates this strain.
Soldermask was used in order to fill the gap. However, some design adjustments were necessary
to make the process suitable for the present purpose. A batch of boards were ordered where the
features would line up perfectly with the size of the gap. It was assumed the liquid soldermask
would flow smoothly into the gap and cover up the corners of the transmission lines. Shown in
Figure 3-14 is an example of a board where the filling has noticeable issues is shown in. It is
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possible to fill in a gap manually with a lacquer [9] but it is preferable for a gap to be filled during
the manufacturing stage. This is due to soldermask being standard to PCB fabrication and widely
used to prevent solder from shorting out connections on a board [39]. Development of a method
to produce design files which can be used to reliably planarise gaps with solder mask is illustrated
by the micrograph in Figure 3-14 and the surface profile shown in Figure 3-15. A key
measurement of Figure 3-15 is shown in Figure 3-16.

Figure 3-14 Microscope view of one of the corners of a gap with noticeably poor adhesion to
the sides, as well as a region of elevation shift. This behavior was consistent for all gaps
measured. These contributed to the design of the next batch.
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Figure 3-15 Sample of a gap, where the left and right parts are both underfilled.

Figure 3-16 Using a triangle to approximate the size of the area unfilled by the soldermask
where the b and h are reasonable guesses for the base, and height respectively.
The problem is that material is missing from the edge of the copper and at the centre of the gap
due to shrinkage or surface flow of the soldermask. It was postulated that additional soldermask
must be present to compensate for the missing material. If the amount missing is known, then the
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amount of excess material can be calculated. This relies on an approximation shown below taken
from a board which was incorrectly manufactured, where the surface profile is Figure 3-17.

Figure 3-17 A 10 𝝁𝒎 tall lump of solder mask which has overfilled the gap, if modelled as a
rectangle, it can be used to determine the necessary overfilling to produce an acceptable
substrate for BST deposition.
Using the notation above, it was decided that:
1
𝑙𝑤 = 𝐹𝑏ℎ
2

(3.4)

To fill the gap, it is necessary to set 𝐹 > 1 which allows the gap to be guaranteed to be filled.
This also provides tolerance for manufacturing as the values of 𝑏, ℎ were inconsistent. The
1
2

calculations resulted in the average 𝑏ℎ = 58 𝜇𝑚2 = 𝑙𝑤, or with 𝑙 = 10 𝜇𝑚 the equivalent
additional width of 𝑤 = 5.8 𝜇𝑚 of overlap onto the PCBs. However, this assumes that 𝐹 = 1
which was not practical. Some of the data showed the gap was significantly larger than others,
and to improve reliability, 𝑤 = 10 𝜇𝑚 was selected as it was more likely to succeed with samples
that had larger disconnects. Boards with 10 𝜇𝑚 more soldermask on both sides of each gap were
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therefore ordered. For PCBs ordered with imperial specifications, 0.5 𝑚𝑖𝑙 is appropriate. The
surface profile is in Figure 3-18.

Figure 3-18 Overfilled soldermask material onto PCB surface profile where the pictured
red rectangle is seen in better detail in Figure 3-19.
While the profile appears to be sharp, it is due to the length scale. The texture of the bump is
detailed below, particularly the rising edge which is the most abrupt profile shown in Figure 3-19.

Figure 3-19 More representative zoom of the feature profile which shows the curve is
smoother than appears and will allow for metallization.
The design file which is based on this technique is shown in Figure 3-20 and a cross section
drawing is in Figure 3-21.
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Figure 3-20 Top view of PCB gap to be filled in design files which shows a 𝟔 𝒎𝒊𝒍 gap which
is filled in by the manufacturer by providing an extra 𝟎. 𝟓 𝒎𝒊𝒍 soldermask to each side.

Figure 3-21 The PCB as the solder mask is deposited during the PCB processing with design
files which specify a solder mask layer which has an edge of 𝟎. 𝟓 𝒎𝒊𝒍 on each side.

3.5 Chapter Summary
A comb line filter was designed and fabricated. The dimensions were tuned to operate within the
vector network analyzer range of 4.8 𝐺𝐻𝑧 but the cut of the filter changed the resonance
frequency up to 5.17 𝐺𝐻𝑧 which was simulated in HFSS. The filter which required two varactors
was not used due to radiation patterns. In order to have the gaps between transmission lines be
filled with solder mask during PCB manufacturing, 0.5 𝑚𝑖𝑙 of additional solder mask over the
gap was deemed sufficient.
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Chapter 4
BST Varactors
The capacitor topology which is desired for this thesis is an overlay capacitor. The objective of
this chapter is to detail a means to produce films with no voids. It will begin with a discussion of
the powder size effect, and then the procedure to design the recipes used for the films. This
chapter includes the deposition of the films. A sketch of an overlay capacitor is shown in Figure
4-1.

Figure 4-1 Cross section of a parallel plate capacitor.
A drawing of a capacitor is shown in Figure 4-1. The A in the equation represents the area of one
of the parallel plates, and the characteristic capacitance of a parallel plate capacitor is given by
the equation:
𝐶=

𝜀𝑟 𝜀0 𝐴
𝑑

(4.1)

It allows a designer to have control over the capacitance, and thus the behavior of the system.
This fabrication process takes into consideration the area and thickness of the capacitor. For this
thesis, the relative permittivities are governed by the properties of a BST polymer composite and
are not a design parameter. The zero bias BST relative permittivity is assumed to be fixed for a
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given recipe for a film and the physical characteristics such as toughness are more important. Solgel composite films have high dielectric constants but are brittle and have poor adhesion to PCB.
Polymer based composites have lower relative permittivity but have mechanical properties more
compatible with PCB use. This chapter will discuss the grain size effect of BST, the handling of
powder agglomeration and how it impacted ink development, and then deposition.

4.1 BST Particle Size Effects
It is desirable to have a small grain size to enhance the packing factor in a composite. Ultrafine
particle size has two noteworthy impacts on ferroelectric performance. The first is that relative
permittivity and tunability of a powder grain decrease with the decreasing particle size [4, 40, 41,
42]. The second effect is increased particle agglomeration, or clumping. As free energy of the
surface of powder increases with decreased powder size, there is a tendency for ultrafine powder
to agglomerate [43]. Therefore attention to powder processing and to material dispersion in inks
is necessary.

4.2 Powder Agglomeration
Agglomeration occurs because of the buildup of attractive surface charges on individual particles
as a result of particle-solvent interactions based on the polar or non-polar nature of the solvent.
Polar solvents suspend and disperse BST in solution while non-polar solvents lead to
agglomeration and sedimentation very quickly. The understanding of agglomeration and
development of methods to reduce it has been important to this work.

The powder used for the thesis was purchased commercially from TPL inc. TPL sold two
different powders, a 𝐵𝑎0.8 𝑆𝑟0.2 𝑇𝑖𝑂3 powder and a 𝐵𝑎0.67 𝑆𝑟0.33 𝑇𝑖𝑂3 powder. The notation
adopted to name the powder is the percent of barium to strontium. For instance, 𝐵𝑎0.8 𝑆𝑟0.2 𝑇𝑖𝑂3
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is called 80-20. The TPL 80-20 powder reportedly had a 58 𝑛𝑚 grain size, and the TPL 67-33
powder had a 250 𝑛𝑚 grain size. An SEM of powder as received is shown in Figure 4-2.

Figure 4-2 TPL 80-20 as received, note agglomeration balls.
The BST balls are comprised of many smaller crystals of BST agglomerated into larger masses.
This becomes more apparent after they have been milled. Figure 4-3 contains an SEM of a closeup of an individual ball.

39

Figure 4-3 TPL 80-20 as received, zoomed into the surface of the agglomerated ball.
Higher manigification shows there are individual crystal grains, but that the crystals are
agglomerated. The powder was attrition milled for 18 hours to break up the balls, an SEM of
which is seen in Figure 4-4.
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Figure 4-4 TPL 80-20 after 18 hours of attrition milling.
The individual crystals are easier to spot, suggesting that the individual grains are of consistent
size. It would be useful to further break up the powder into individual grains. This can be
achieved by high energy milling and use of a dispersing agent mentioned during the BST ink
recipe. The 67-33 powder as received is shown in Figure 4-5.
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Figure 4-5 TPL 67-33 powder as received which is a collection of agglomerated BST
The other powder received from TPL was similarly agglomerated. After 18 hours of attrition
milling, the powder was more broken up, as shown in Figure 4-6.

Figure 4-6 TPL 67-33 after 18 hours of attrition milling which has broken apart the
agglomerates into a finer powder
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The technique employed to control powder size is as follows. First the powder is ground in a
McCrone Micronizing Mill with methanol for 40 minutes. Methanol is a polar solvent and was
chosen due to its ability to suspend and disperse BST without a dispersing agent. The suspension
is then poured into glass containers which are 4 𝑐𝑚 tall to sediment for a known time, according
to Stokes Law (Appendix C). Twenty hours was selected as it sedimented all grains larger than a
micron in diameter leaving the fine particles suspended. Afterwards, the solution is pumped
through a special vacuum-sealed tube to siphon only the suspended ceramic. A picture of BST
suspended in methanol is shown in Figure 4-7 and the schematic to the process to extract only
suspended powder is shown in Figure 4-8. The results in films are seen in Chapter 7. It is possible
to use filtering to remove large particles and agglomerates, however this was not tested.

Figure 4-7 Picture of BST suspended in methanol; the white colour, which matches the
colour of BST indicates no chemical changes are made to the crystals. The container is 4 cm
tall.
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Figure 4-8 Diagram of siphon used to retreive suspended ceramic.
The solution is tapped horizontally instead of vertically to prevent large, sedimented grains from
entering jar for suspended grains. The resulting solution was dried, then fired at 500℃ for 2
hours to guarantee that any organic residue from the milling container would disappear.
In conclusion, it was apparent the powder as received in both cases were not suitable for the
polymeric ink and required processing. The use of attrition milling is useful as it provides a
means of breaking up agglomerations but does not filter out grains which are too large, and too
tough to break. The high energy milling, and sedimentation process is therefore necessary to
process purchased powder into a usable form for the BST-COC inks. This was not done by
Haghzadeh [2] as his micronizer could grind the powder and suspend it simultaneously. Using
high energy milling and sedimentation guarantees the large agglomerates would leave the system.

4.3 Ink Development
Solvents were selected to dissolve the chosen polymers. Toluene was used to dissolve COC while
methanol was selected to suspend poly methyl methacrylate (PMMA). Ink 1 used toluene as the
solvent while Ink 2 used methanol. To form a desirable ink, the solvents should disperse the
powder and limit agglomeration in suspension. Figure 4-9 shows that suspension of BST in
toluene is limited even with a dispersant while suspension in methanol is effective.
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Figure 4-9 Comparison between suspension of BST in toluene with TBC for 30 minutes, and
methanol for >2 hours.
The suspension after 30 minutes of the toluene-TBC and the suspension of several hours in
methanol are clearly different. While the toluene-TBC mixture has dropped out entirely, the
methanol based mixture is still in suspension. Following [2] 4-tert-butylcatechol (TBC) was used
as a dispersing agent. Dispersants such as NanoSperse S and NanoSperse 484 were added to
methanol suspensions with no significant improvement. It is postulated that the development of a
thin layer of the dispersing agent on the powder created a nonpolar surface which enhanced the
rate at which the powder dropped out of suspension.
PMMA was added as a commercially obtained water-based solution so that the final suspension
included a mixture of water and methanol. Methanol and water behave differently with BST.
Methanol is polar, and therefore suspends BST and disperses it in solution, while water has
stronger intermolecular forces due to the H-bonds despite being polar, which encourages
agglomeration. Optimization of this mixture created a recipe for which the suspension was
sufficiently long to allow reproducible spray coating.
Recipes for the two inks which were compared for the production of varactors are as follows.
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4.3.1 Ink 1: BST-COC Ink Recipe

The recipe used a mixing ratio of 5 𝑔 solids into 100 𝑚𝐿 of Toluene, with the exact recipe shown
below in Table 4-1. The BST used was TPL 80-20 with a 58 𝑛𝑚 grain diameter to use powder of
the same size as [2]. As noted above, this powder had to be processed by milling and suspension
to remove large particles and agglomerates which were found to exist in the commercial material.
Table 4-1 Mixing ratios for a BST/COC nanoink [2]
Material

BST (ultrafine)

COC

TBC

Toluene

Amount

4.7717 𝑔

0.2283 𝑔

0.0943 𝑔

100 𝑚𝑙

The mass of the TBC is assumed to be negligible when in solution and evaporates during curing.
The toxicity of TBC and toluene make it necessary to use this ink under a fume hood.

The resulting recipe for BST-COC inks is as follows:
1. Prepare BST 80-20 powder with a grain diameter of 58 𝑛𝑚 purchased from TPL by first
milling it in solution for 40 minutes.
2. Sediment for over 20 hours to remove large particles or agglomerates.
3. Tap off only the suspension and fire it at 500 ℃ for 2 hours.
4. Mix 0.317 𝑔 of this BST with 5.8 𝑔 toluene and 0.006 𝑔 TBC for 30 minutes inside a
sealed container in an ultrasonic agitator.
5. Mix the resulting solution with 1 pellet (0.015 𝑔) of COC plastic for 60 minutes.
6. Deposit onto substrate.
7. Bake at 100 ℃ for 60 minutes to harden film.
This recipe is adaptable and can be scaled as necessary.
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4.3.2 Ink 2: BST-PMMA Ink Recipe
The BST-PMMA ink used 67-33 TPL BST with no further processing. This was chosen due to
the greater suspending power of methanol and experimentally the ink was successful in producing
spray coated dielectric films. The water-based PMMA solution had a water content of 70%.
Using methanol as the solvent and dispersant implies that the ink consists of a mixture between
water, PMMA, and methanol. The quantities are listed in Table 4-2.
Table 4-2 Required mixtures for a BST-PMMA slurry, with unprocessed BST
Ingredient

Methanol (g)

BST (g)

𝐻2 𝑂 (g)

PMMA (g)

Amount

1.000

0.500

0.175

0.075

To produce an ink, methanol and BST are first ultrasonically agitated in solution for 30 minutes
to disperse the BST. Then the water-based PMMA solution is added to the mixture, and is
ultrasonically agitated again for 10 minutes. This ink is novel and scalable for many systems due
to its fabrication requirements.
The amount of PMMA used was based on a calculation of the relative volume of PMMA around
each BST grain when it solidifies. If each grain is approximately 250 𝑛𝑚 across, then the PMMA
would form a 5 − 10 𝑛𝑚 thick layer around each grain as the polymer fraction was 30% of the
total mass of the PMMA solution. This amount was selected to hold the composite together and
produced good results. The specific amount of polymer depends on the relationship between the
solidity of the films and the dielectric constant. More polymer would increase the film strength
but would also decrease the relative permittivity and tunability.
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4.4 Ink Application
4.4.1 Spin Coating
Spin coating has been a standard process for the BST sol-gel composite films, and it was
attempted to replicate that technique [31]. Substrates were taped onto a spinner and the inks were
deposited onto the substrate with a syringe. Films were spun at 500 RPM for 60 seconds, left to
air dry at room temperature for 120 seconds, and then spun again until the desired number of
coats was reached. The following SEM in Figure 4-10 shows the result of 3 coats of the recipe
mentioned in Chapter 4.3.3. BST-PMMA composite inks never produced acceptable films.

Figure 4-10 Top view of SEM of film made with 80-20 ultrafine ceramic powder, sample
number 4-93-2. The void in the film is assumed to be an agglomerate that flew off the
surface during spin coating. The dark colour where the void is present is the back of the
sample, which is a conductor. For this sample, it is clear that if this surface is metallized, the
sample will short circuit and not behave like a capacitor.
The SEM indicates two things. First is that BST powder may agglomerate when multiple layers
are deposited, and secondly that the film, even after 3 coats, still has voids. Voids lead to shortcircuits when depositing the upper metal layer of the capacitor.
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4.4.2 Spray Coating
Due to spin coating producing voids in films, a technique was required which can scale and be
realized with commercially available products. Air brush technology was examined for this
purpose. Spray coating using an air brush has been used in solar cell fabrication [44] due to its
low cost and scalability for large areas.
A commercially available air brush, the Ultra from Harder and Steenbeck [45] was purchased and
a rig was made to hold it in place. A mask was employed to cover undesired areas displayed in
Figure 4-11. This air brush is suitable for manufacturing as replacement parts may be purchased
as needed. The control of the air brush for spraying is seen in Figure 4-12.

Figure 4-11 Large view of setup where the sample has a mask to prevent the ink from
moving into undesired areas.
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Figure 4-12 Diagram of air brush, emphasizing control for the spray characteristics.
Controlling 𝑑, ℎ are important for film quality. The distance the trigger is cocked determines the
flow rate of the ink. The BST inks are less sensitive to the flow rate compared to diluted paint,
and as such the trigger in this configuration is the fully cocked position. To control this
parameter, a screw is used to adjust and hold its position. If necessary, the position can be
changed to suit other inks. Using 𝑑 = 1.2 𝑐𝑚 and for the methanol-based PMMA slurry in and
ℎ = 13.6 𝑐𝑚 produced insulating films. The height ensured the films would not be too thin,
which makes the surface texture very rough, or too liquid which pools and spreads out on the
substrate. The feed rate of 0.25 mL/s was acceptable for both BST-COC and BST-PMMA inks
although a faster feed rate could be useful with a mask. A fast feed rate allows the ink to stay in
liquid phase without pooling, which then lets the solution settle into a uniform film as the mask
prevents pooling. Films made with spray coating are seen below. These films had no voids and no
gaps, solving the issues with spin coating. The BST-COC films had better grain uniformity due to
powder processing. The top view of completed samples made with BST-COC and BST-PMMA
are seen in Figure 4-13.
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Figure 4-13 Completed samples which also have the bias resistor, and metallized top layer
deposited. The left film is made using BST-COC and the right film is made using BSTPMMA. Producing the metallic feature is discussed in the next chapter.
These films have no voids as shown in Figure 4-14, and the dielectric performance is discussed in
Chapter 7.
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Figure 4-14 Having no voids on the surface of the film indicates the buildup of BST using
this technique does not have the same problems that spin coating did. The scratches on the
surface are the result of sample handling after fabrication indicating the films can still be
damaged.

4.5 Chapter Summary
Solvents for the inks were selected based on the ability to dissolve different polymers, COC and
PMMA. It was observed that using toluene as the solvent for COC required TBC to suspend BST
grains, while methanol could suspend BST without a dispersant. Methanol was also used as the
solvent for sedimentation which controlled powder size. The recipe for the BST-COC ink was
based on literature while the recipe for BST-PMMA ink was unique. Spin coating was
investigated for deposition but caused voids in the film, leading to the use of commercially
available air brush technology.
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Chapter 5
Upper Conducting Plate Deposition
The bottom plate of each varactor in this thesis is the resonator in the filter, and the upper
conducting plate in the varactor needs to be made as part of the fabrication process. This
conducting plate needs to be capable of connecting from the top of the BST films onto the
grounded transmission line, over the filled gap. The filled gap is not perfectly flat, and therefore
the metallization needs to be sufficiently tough mechanically to not break due to the stress, and to
form a connection. This chapter will discuss the selected method of depositing a conducting plate
to finish the varactors.

5.1 Additive Deposition
Additive deposition is a process by which materials are deposited in layers to produce larger
structures. A Voltera V-One printer is such a process, which deposits nanostructured silver ink to
form electrical features and is designed for PCB prototyping. The printer uses standard PCB
design files, the Gerber file as its input. Additive deposition allows the silver ink traces to flow
over a specific area over a substrate which means there are no discontinuities in the film. These
metallic traces withstand the stress from the soldermask to complete the varactors.

5.2 Printer Calibration
To increase ink shelf life, storage in refridgeration is necessary. It was discovered that allowing
the silver nanoparticle ink time to warm to room temperature improved the adhesion onto the
BST polymer films. Films made by spin coating of thickness 2-3 𝜇𝑚 would routinely be
punctured during height calibration. Surface calibration had no effect on the >20 𝜇𝑚 thick spray
coated films. The method of measuring film thickness is detailed in the next chapter, but spray
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coated films are thicker and as a result have better toughness. A punctured spin coated film is
shown in Figure 5-1. Calibration around film is a potential solution.

Figure 5-1 Depiction of punctures in BST-COC spincoated film due to Voltera height
calibration.
The calibration system involved using a tactile probe to press down upon surfaces. When the
internal spring was sprung, the system would measure the height of the surface at that point and
move onto the next. The printer then used the set of points to generate a 3D map using Delaunay
Triangulation. Its advantage over other triangulation methods is that it is independent of order of
points processed. This improves precision. The printer typically needed 7-10 points to generate a
3D mesh. This calibration was not always precise enough for the sprayed films and could be
improved with help from the manufacturers.
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5.3 Printer Design Files
The design files for the V-One printer were chosen to maximize consistency. A labelled top view
of the file is shown in Figure 5-2.

Figure 5-2 Design file used for the fabrication of the top plate of the varactor.
The square would be aligned with the via on the PCB while the conducting line would match up
with the centre of the soldermask. This would ideally place 37 𝑚𝑖𝑙 of silver for the capacitor and
connect the transmission line over the soldermask, making an upper conducting plate for a
varactor and a good electrical connection to the filter. The conductive ink is 120 𝜇𝑚 thick and
cannot be thinned. This makes a good ground connection and is capable of handling large current
loads.

5.4 Ink Curing
After printing, the ink must be cured at an elevated temperature, facilitated by the printer
hardware. Silver ink curing can take place with temperatures ranging from 150℃ to 220℃
depending on the batch. The Elegant Eel silver ink is cured at 220℃ which presents another
problem. The glass transition temperature of the purchased 5013 grade COC is between 80℃ and
185℃ [46], which is much lower than the Elegant Eel ink’s requirements. The glass transition
temperature of PMMA is widely documented to be 160℃ which similarly makes the 220℃
requirement unreasonable. Heating the films to these temperatures will cause breakdown due to
excessive movement of the softened COC or PMMA. Through contact with Voltera User
55

Technical Support, it was decided that curing the Elegant Eel ink at 150℃ would allow for it to
solidify. The baking time was set to 60 minutes to accommodate this. This produced tough
metallic features which performed at microwave frequencies. Optimization of baking temperature
and time will need to take place for every subsequent batch of ink. Figure 5-3 illustrates the
heating process.

Figure 5-3 Diagram of heating process for V-One printer, where the substrate is held at a
height of 𝟎. 𝟕 𝒎𝒎 above the element.
The spacers are metal to allow heat to flow directly from the heater onto the substrate and for the
convection heat from the heater to affect the silver. The silver ink features face the distributed
element heater rather than away from it, which in turn heats the films more closely to the selected
temperature. This also means the silver ink will always be a fixed height from the surface of the
heater, such that substrate thickness plays no role in curing.

5.5 Chapter Summary
Additive deposition was explored for producing conducting features to be the top metallization
layer for the varactors. The files were designed to allow for the printer to align with the center via
and solder mask on the PCB which would allow for consistent capacitor areas. Ink curing was
accomplished by adjusting the heating temperature to be lower than the glass transition
temperature of the COC and PMMA, while the baking time was increased to accommodate this
change.
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Chapter 6
Measurement Techniques
It is necessary to take measurements to characterize varactor behavior. Per the parallel plate
capacitance equation, the necessary measurements include film thickness, and capacitor area.
Low frequency impedance measurements, and high frequency power measurements with
tunability in the form of S-parameters . The relative permittivity of films can be extracted using
these measurements. This chapter will discuss the tools and measurement uncertainties.

6.1 Film Thickness
One method of determining film thickness is to measure the surface of a film using a Dektak XT
profilometer. A profilometer is useful for understanding the surface profile of a film, but the
Dektak XT was designed for microscope glass slides and has difficulty with the relatively high
surface roughness of PCBs. A good surface profile of a film for a spray-coated BST-COC sample
is shown in Figure 6-1.

Figure 6-1 Surface profile for sample 4-140-1 where a buildup is measured by the probe but
requires a priori knowledge to know the precise location of the PCB and film.
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The film’s thickness is well defined in this trace, but this is just over one measurement and for a
statistical understanding of the films, many traces need to be taken. Film thickness is also an
estimate using the Dektak XT profilometer, not a measurement and requires a priori knowledge
of the location of the film, and the substrate to produce a thickness.
A tool which can measure average film thickness with the required resolution while providing a
statistical understanding of the sample is a Mitutoyo Digital Micrometer. The device is a
calibrated screw, which first measures the copper board on the PCB, and is then put over a film.
The difference between the heights is the thickness of the film. Uncertainty for a profilometer is a
decision based on the surface roughness and may vary from sample to sample. Uncertainty in
thickness for a micrometer is the standard deviation of the measurements.

6.2 Optical Microscopy
An Olympus MH2 metallurgical microscope was used for optical microscopy where dimensions
were measured using ImageJ. The samples were put under a microscope which limits the size of
features that can be measured this way. An example of how this was used is shown in Figure 6-2.

Figure 6-2 Length and width measurements for sample 4-140-1.
While there is a curved edge that is not perfectly encapsulated, the lengths and widths match the
design files sent to the V-One. The length and widths have an uncertainty of ± 0.5 𝑚𝑖𝑙 for all
measurements.
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6.3 Scanning Electron Microscopy
Scanning Electron Microscopy (SEM) was used to examine the powder size and device crosssections which were used to improve the powder processing technique. The SEM machine was a
Quanta 650 which is an environmental SEM. Environmental SEMs use a gaseous chamber which
allows for a sample to be imaged without coating. This helps to image insulating materials such
as BST. Understanding whether the purchased powder was agglomerated, or simply large grains,
was helpful in deciding whether to use it for a given recipe. It was also instrumental in
understanding the microstructure of films. SEMs of the spin-coated films also made it clear that a
different deposition technique needed to be used as the voids made spin coating impractical.

6.4 Low Frequency Impedance Measurements
The purpose of low frequency impedance measurements is to inform design. Low frequency
measurements can characterize a prototype and determine if a material is capacitive. Prototypes
were made more quickly and more easily than samples as they were not varactors on PCB filters,
but could be capacitors on any substrate, such as aluminized microscope slides or sheets of metal.
The impedance of a practical capacitor was measured using a Solartron 1170 Frequency
Response Analyzer, with an equivalent circuit setup seen in Figure 6-3. Laboratory recorded the
data. The capacitors are assumed to behave as a parallel RC circuit, and that the frequency
response of the system’s real, and imaginary impedances forms a semicircular plot. The proof of
this is found in Appendix B.
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Figure 6-3 Equivalent circuit setup to measure 𝑪𝑷 and 𝑹𝑷 , where V is the initial voltage,
and 𝑽𝑴𝒆𝒂𝒔𝒖𝒓𝒆𝒅 is the measured voltage. 𝑹𝑳 is load resistance to the Solartron set by an
external switch. 𝑪𝑷 is the sum of the machine’s input capacitance and the device’s
capacitance.
The equipment setup is shown in Figure 6-4.

Figure 6-4 Equipment setup for Solartron 1170 impedance plot measurement.
To take a measurement, a sample must be clamped down onto a tray at the location of the ground
connection for the probe. The probe must be lowered onto the sample’s surface. If a sample is
broken, it usually short circuits. The measurement generates a set of impedances measured at a
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given frequency between 1 𝐾𝐻𝑧 and 1 𝑀𝐻𝑧 to provide material behavior over a frequency range.
This technique is called impedance spectroscopy and is used to determine tissue behavior [47] as
well. The derivation for the equivalent impedance in Figure 6-3 is given by:
𝑍 = 𝑅𝐿 +

(𝑍𝑟𝑒𝑎𝑙 − 𝑅𝐿 −

𝑅𝑃
1 + (𝑗𝜔𝑅𝑃 𝐶𝑃 )

𝑅𝑃 2
𝑅𝑃 2
2
) + 𝑍𝑖𝑚𝑎𝑔
=( )
2
2

(6.1)

(6.2)

Where 𝑍 = 𝑍𝑟𝑒𝑎𝑙 + 𝑗𝑍𝑖𝑚𝑎𝑔 . 𝑅𝐿 is a load resistor set to the input of the Solartron and a known
value. Since 𝑅𝑝 is not frequency dependent, it can be determined from a circular regression based
on Equation 6.2, at DC. Using this value, the capacitance 𝐶𝑝 for a given frequency 𝜔 can be
determined. Device capacitance is when 𝐶𝑝 substracts cell capacitance, as there is an input
capacitance to the machine as well. Full details are given in Appendix B. Cell, system residual
capacitance is measured first when the Solartron 1170 does not have a sample and is subtracted
out of the measured results. The Solartron 1170 provides the capacitance immediately for a given
frequency, and the resistance 𝑅𝑝 needs to be calculated.

6.5 High Frequency Impedance and Tunability
A vector network analyzer (VNA) was used to measure the high frequency results of the filters.
Instead of measuring voltage like the Solartron 1170, a VNA measures scattering parameters
between two ports. A typical VNA can measure the scattering parameters of a 2 port device. The
filters under test were all 2 port, and thus a 2 by 2 matrix was produced for each sample. The
notation of a VNA is that 𝑆𝑥𝑦 is the normalized power at port 𝑥 where port 𝑦 is excited with
normalized power of one. The 𝑆11 parameter for instance is the amount of power reflected into
the port, while 𝑆21 is the normalized power at port 2 after port 1 is excited. A Copper Mountain
TR5048 measures two S-parameters. 𝑆11 is the input reflection coefficient while 𝑆21 is the system
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gain. These two are used to characterize filter performance [36]. A band pass filter has a peak in
𝑆21 at specific frequencies and otherwise have low transmitted power. To connect a circuit to a
VNA, female connectors can be soldered onto a PCB [21]. These are then connected to the VNA
using a set of cables, which are tightened to ensure a direct electrical connection. These
measurements take place without damaging the films as there is no contact between the VNA and
the film, but connectors need to be soldered.
The films were too delicate to survive the temperature requirements of connector soldering. High
frequency measurements used solderless connectors. Part number 2052-5416-00 purchased from
M/A-COM was selected due to its performance at up to 8 𝐺𝐻𝑧. The test fixture was made of
brass and its dimensions are labelled in Figure 6-7. The rig was attached to the TR5018 Copper
Mountain VNA through Rosenberger 2800 cables, and with alligator clips to the DC bias shown
in Figure 6-5. A picture of the equipment setup for high frequency measurements is seen in
Figure 6-6.

Figure 6-5 Wiring setup for high frequency measurements.
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Figure 6-6 Image of equipment setup including DC bias where the Input is port 1, and the
Output is port 2 such that 𝑺𝟐𝟏 is the power received at the output divided by the power
received at the input.

Figure 6-7 Dimensions of custom made brass rig to hold solderless ports.

To measure devices at high frequencies, it is useful to have a calibration kit which minimizes
error by setting the parameters of the VNA to match the circuit being tested. A thru, a short, an
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open, and a load were the required calibration circuits. A fully made calibration structure is
shown in Figure 6-8.

Figure 6-8 Calibration kit for VNA.
The calibration standard widths match the inport and outport widths of the circuit. The two
resistors in parallel produce an equivalent resistance of 50 Ω. The current distribution makes this
arrangement favorable at microwave frequencies compared to a single 50 Ω in the center.
The chosen resolution of the measurements is 11 𝑀𝐻𝑧 which provides an uncertainty of 5.5 𝑀𝐻𝑧
while insertion loss has an uncertainty of 0.1 𝑑𝐵. All results with high frequency measurements
have a ± 5.5 𝑀𝐻𝑧 uncertainty which is sometimes not listed for table readability. The unloaded
filters operated at a higher frequency than the Copper Mountain TRVNA5048 could measure.
The unloaded filters had connectors soldered onto it. They were measured with an Anritsu
MS4644B VNA which could measure up to 40 𝐺𝐻𝑧.
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6.6 Relative Permittivity of Film
Measuring capacitance of the capacitors is not practical due to the frequency dependence of the
dielectric constant [32], and as such, a technique needs to be developed. To extract relative
permittivity, a set of simulations were completed with the task of understanding the frequency
shift of a filter from 5.17 𝐺𝐻𝑧 and the relative permittivity of the film. The simulations were set
up with the physical size of the film thickness, PCB filter dimensions, upper conductor
dimensions, and capacitor area. The frequency sweep was from 1 𝐺𝐻𝑧 to 7 𝐺𝐻𝑧 which allowed
for the entire range of operation to be encapsulated. The BST layer’s relative permittivity was
simulated from 𝜀𝑟 = 5 to 𝜀𝑟 = 30. The simulations were trusted as they were useful in accurately
predicting the behavior of the unloaded filter. To retrieve the relative permittivity, the measured
frequency shift from the unloaded filter was calculated. Afterwards, the shift from a sample with
no BST was matched with the relative permittivity.
The loss tangent 𝑡𝑎𝑛𝛿 of the films was extracted through HFSS by simulating the structure with
relative permittivities and 𝑡𝑎𝑛𝛿 until an appropriate match was found.

6.7 Chapter Summary
Film thickness was measured with a Mitutoyo Micrometer, where uncertainty was the standard
deviation of successive measurements. A Dektak XT Profilometer was used to measure the
surface profile of the films. The top plate area was measured by a calibrated Olympus MH2
Microscope. A Quanta 650 ESEM was used to determine powder size and to see film
microstructure. Low frequency measurements were taken with a Solartron 1170 to determine
electrical performance. High frequency measurements were taken with a Copper Mountain 5048
and an Anritsu MS4644B VNA.
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Chapter 7
Measured Results
Low frequency and high frequency measured results of the two types of varactors: BST-COC and
BST-PMMA will be discussed. After analyzing the measurements using the techniques outlined
in Chapter 6, a comparison will be made between the behavior of the overlay capacitors and the
BST-COC dielectric films in literature.

7.1 BST-COC Dielectric Films
7.1.1 Low Frequency Measurements
An ink was made with BST-COC and sprayed at a height of 13.6 𝑐𝑚, with a pressure of 20 PSI
and a feed rate of 0.25 𝑚𝐿/𝑠. The recipe is shown in Table 7-1. The uncertainties in the mass are
attributed to the fluctuation of the scale when measuring the quantity.
Table 7-1 Recipe for the sprayed BST-COC slurry.
Material

Amount

Ultrafine BST

COC

TBC

Toluene

(𝑔)

(𝑔)

(𝑔)

(𝑚𝐿)

0.50 ± 0.01

0.028 ± 0.004

0.010 ± 0.005

31.5 ± 0.5

The film had more COC than the 0.023 𝑔 theoretically necessary [2], but the consistency of the
ink was unchanged. The additional polymer was added to ensure film strength as the original
recipe made mechanically weak films which were punctured during printer calibration.
Afterwards a top overlay conducting plate was drawn onto the sample with a V-One printer. The
picture of this sample is shown in Figure 4-13 on the left and an image with increased
magnification in Figure 7-2. The impedance plot is shown in Figure 7-1.
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Figure 7-1 Low frequency impedance plot of sample 4-140-2.

Figure 7-2 Optical microscope image of sample 4-140-2.
As the recipe was based on literature, it was less useful to characterize multiple samples and over
large variations in size as it is assumed the ink could produce capacitors. Low frequency
measurements therefore confirm the behavior as a capacitor, and then high frequency
characterization is undertaken.
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The samples all had a smooth looking surface with consistent metallic features. Sample 4-140-2
was measured at low frequencies, Figure 7-1, and produced the results, using Chapter 6, seen in
Table 7-2:
Table 7-2 Low frequency measurement results of sample 4-140-2.
Sample

Capacitance

Area

Thickness

Number

(𝑝𝐹)

(𝑚𝑚2 )

(𝜇𝑚)

4-140-2

12 ± 1

0.600 ± 0.050

18 ± 0.5

Relative

Parallel

𝑡𝑎𝑛𝛿

Permittivity Resistance
40 ± 5

559 KΩ

0.02

This sample demonstrates a capacitance and a low loss tangent. These characteristics are
important for high frequency measurements as the sample is a capacitor. This verifies that the
technique produces films and can be used directly for high frequency measurements.
7.1.2 High Frequency Measurements
The top view of a measured sample is shown in Figure 7-3.

Figure 7-3 Microscope image of sample 4-140-3 with its conducting feature where the area
was measured as A=LW. Both were measured using a calibrated microscope.
The consistent samples are compared with the performance of the filter without any capacitance
for high frequency response, plotted in Figure 7-4.
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Figure 7-4 Comparison between unloaded sample and four measured samples with labelled
center band frequencies.
The outlier is sample 4-140-2 which was characterized at low frequencies. It was not used for
tunability as it is not representative of the BST-COC samples. All three consistent samples
demonstrate a clear shift in frequency from the unloaded sample. This means the films are
capacitive. The three samples have low variance and have all have center band frequencies of
1.98 ± 0.02 𝐺𝐻𝑧. The insertion loss was consistent at −14.8 𝑑𝐵 and is due to the operation at a
lower frequency than the resonators were tuned.
To extract the relative permittivity, it is necessary to have a figure for both the thickness of the
BST films and the area of the metal. The thickness of the BST films could be measured two ways,
and for these samples, a surface profiler and a micrometer provided similar results. A surface
profile of a sample is shown in Figure 7-5. A micrometer was used to measure the silver ink
thickness, which were consistently 120 𝜇𝑚.
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Figure 7-5 Estimation of film thickness using profilometer for sample 4-140-1.
The use of a profilometer for this type of film was found to be less practical since it measures the
local thickness with high precision. For a BST slurry derived film this local value may vary
widely. A micrometer measurement provides an average thickness reading over a large surface
area. Table 7-3 shows the measurements for a profilometer compared with those for a
micrometer.
Table 7-3 Comparison between profilometer measurement and micrometer which shows
overlapping measurements for BST-COC film thickness.
Number

Profilometer
(𝜇𝑚)

1
3
4

16 ± 3
15 ± 3
16 ± 3

Micrometer
(𝜇𝑚)
16.4 ± 1.8
16.5 ± 2.1
17.0 ± 1.2

The micrometer measurement was an average over five different measurements and the
uncertainty is calculated from the standard deviation of several measurements. The profilometer
uncertainty acknowledges a single measurement’s largest difference for its surface variation. The
lack of precision in the profilometer meant the micrometer measurements were used to build the
models in HFSS to determine film properties. The thickness of the silver which made the upper
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conductor was measured to be 120 𝜇𝑚. The comparison between frequency shift and permittivity
is seen in Figure 7-6.

Figure 7-6 Relationship between frequency shift from 𝟓. 𝟏𝟕 𝑮𝑯𝒛 and the relative
permittivity of the sprayed BST-COC for a fixed capacitor size. Relative permittivity
represents capacitance and the frequency shift represents operating frequency, forming the
reciprocal relationship as expected. The uncertainty is driven by the thickness and area
uncertainties found in Table 7-4.
From the graph in Figure 7-6, the frequency shift could be used to predict relative permittivity.
These samples are highly reproducible and consistent. The average passband frequency is 1.98 ±
0.02 𝐺𝐻𝑧, with a thickness of 16.6 ± 3.4 𝑢𝑚 with an ultrafine particle size. This proves that
spray coating and the V-One can be used to produce high frequency capacitors that work as part
of a PCB filter.
The loss tangent 𝑡𝑎𝑛𝛿 of sample 4-140-1 was calculated through HFSS and a comparison
between the measured results of the sample and the simulation are shown in Figure 7-7.
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Figure 7-7 A comparison between the simulated sample and the measured sample where the
relative permittivity is 𝜺𝒓 = 𝟏𝟏 and loss tangent 𝒕𝒂𝒏𝜹 = 𝟎. 𝟎𝟏𝟑.
The loss tangent is higher than the 0.002 [2] cited in the literature. A loss tangent larger by an
order of magnitude suggests the overlay capacitors have different film characteristics than the
interdigital or cylindrical capacitors of [2]. The losses will inhibit the use for high frequency
applications but can be improved upon through optimizing the spraying procedure of the films to
give rise to smoother surfaces. Table 7-4 shows the measured and calculated results for the BSTCOC films.
Table 7-4 Table of measured and calculated results for BST-COC films.

Number
4-140-1
4-140-3
4-140-4

𝐹
±0.005
(𝐺𝐻𝑧)
2.00
1.97
1.96

𝐴𝑟𝑒𝑎
±0.01
(𝑚𝑚2 )
0.54
0.53
0.55

𝑡 (𝜇𝑚)

𝜀𝑟
±0.5

𝑡𝑎𝑛𝛿

𝐶(𝑝𝐹)

16.5 ± 1.8
16.5 ± 2.1
17.0 ± 1.2

11.0
11.0
12.0

0.013
-

2.92 ± 0.35
2.87 ± 0.40
3.15 ± 0.25

The results are stable and consistent, which is reflected by the smoothness of the films. However,
the significantly lower relative permittivity indicated in [2] regarding dielectric films is correct.
The relative permittivity 𝜀𝑟 values were extracted with the graph in Figure 7-6. The loss tangent
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𝑡𝑎𝑛𝛿 of samples 4-140-3 and 4-140-4 were not simulated and are assumed to be the similar to
sample 4-140-1 as the other dimensions are similar. The lower permittivity than [2] is attributed
to there being more polymer or air for this ink. The SEM of the entire structure is shown in Figure
7-8.

Figure 7-8 SEM of the gap in a BST-COC composite where the grain size is small and the
gap is covered with BST with no cracks.
The capacitor is drawn in the red on the right-hand side. This matches the desired product with
some exceptions. The excess BST on the left-hand side could be improved with a more precise
mask or tape. It was decided to let the BST be sprayed over a larger area than desired to allow for
the solder mask to be completely covered to ensure there would be no difficulties on the corners
of the PCB. The gap between the BST film and the copper resulted from the way the sample was
cut when it was prepared for SEMs. The gap width of approximately 6 mil matches the design
files, as well. Furthermore, this proves the utility of solder mask in filling gaps on a PCB as the
adhesion between the PCB epoxy (FR4), solder mask, and Cu appears to be good. A top view of
the film is seen in Figure 7-9.
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Figure 7-9 Top view of sprayed BST-COC sample without large particles, but some of the
powder have agglomerated due to the spraying.
The immediate concern with the top view is the presence of agglomerates. This is related to the
toluene evaporating during the spray process, leaving behind BST and COC on top of the
substrate. Surface variations could be improved by increasing the spray rate or increasing the
amount of toluene to keep the slurry in liquid phase for longer. From this image it is also clear the
grain size is consistent and there are no clear outliers. This is promising as it means the powder
processing techniques in Chapter 4.2 were successful in producing consistent ultrafine powder.
The lack of voids in sprayed films means reduced dielectric breakdown and explains why the
spray coated BST-COC films behaved so consistently at high frequencies.
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7.2 BST-PMMA Dielectric Films
7.2.1 Low Frequency Measurements
An ink was made with BST-PMMA and sprayed at a height of 13.6 𝑐𝑚, a pressure of 20 PSI and
a feed rate of 0.25 𝑚𝐿/𝑠. The ingredients used to make the sample set 4-132 for low frequency
characterization is shown in Table 7-5. The uncertainty of all masses is ± 0.01, which is
attributed to the fluctuations in the scale for that measurement.
Table 7-5 Ingredients used to make sample set 4-132 for low frequency measurements
which was sprayed.
Material

BST

PMMA

𝑀𝑒𝑂𝐻

Amount

0.50 𝑔

0.25 𝑔

0.99 𝑔

Sprayed BST-PMMA films were characterized. It was desired to measure the capacitance of films
where the upper electrode was drawn with a V-One printer.

Figure 7-10 BST-PMMA films deposited with spray coating, with metallic features
produced with additive deposition. The uncertainty in the size is 𝟎. 𝟐 𝒎𝒎 per length.
The ratio between the area of the smaller square and the larger square is approximately 0.84.
Table 7-6 which details the low frequency impedance measurements is shown below in Figure
7-11.
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Table 7-6 Measured results for low frequency spread BST-PMMA capacitors with metallic
features deposited by a V-One.
Identifier

𝜀𝑟

𝑡𝑎𝑛𝛿

Capacitance

Area

Thickness

Parallel

(±1 𝑝𝐹)

(𝑚𝑚2 )

(±1 𝜇𝑚)

4-132-6-3

190 𝑝𝐹

16.8 ± 1.6

20 𝑢𝑚

25.6 ± 2.8

0.003

2439 KΩ

4-132-6-4

168 𝑝𝐹

14.4 ± 1.5

20 𝑢𝑚

27.0 ± 3.1

0.005

1764 KΩ

Resistance

Figure 7-11 Low frequency measurements of BST-PMMA films.
The calculated relative permittivity means the films follow the behavior expected for a parallel
plate capacitor. While the parallel resistance did not scale with size, the relative permittivity was
stable at 26. The calculated loss tangent for the overlay films is higher than results derived from
literature for BST-COC films [2]. The films also have a problem with surface roughness. Instead
of surfaces having voids, these films have tall protrusions, shown in Figure 7-12.
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Figure 7-12 Surface profile of sample 4-140-1.
The surface profile suggests there are many tall protrusions throughout the film. However, the
capacitive performance of the samples and the size-capacitance scaling indicated that spray
coated BST-PMMA films were worth measuring at high frequencies.
7.2.2 High Frequency Measurements
The spray recipe for the BST-PMMA films is shown in Table 7-7 which was based on the recipe
listed in Table 4-2. All masses have an uncertainty of ±0.01𝑔 from the fluctuations on the scale
when making the inks. Methanol is abbreviated to 𝑀𝑒𝑂𝐻.
Table 7-7 Ingredients for BST-PMMA inks for spray coating.
4-139

4-140

BST (g)

0.50

0.50

PMMA (g)

0.25

0.27

Methanol (g)

0.99

1.00

Five of the BST-PMMA samples are shown in Figure 7-13 which are compared with the
unloaded filter and its simulation.
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Figure 7-13 Comparison between some of the samples and the unloaded sample.
These samples are more variable than the BST-COC samples and less capacitive, as the
frequency shift is smaller due to thicker films. The variability was explored through the surface
roughness and thickness measurements. The top plate of one sample is shown in Figure 7-14.

Figure 7-14 Top view of sample 4-139-1 shows the inconsistency and larger surface
variability. These make top plate size measurements more difficult, and colour on the film
surface also indicate high surface variability.
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The rough edge is notable as it means the area of a capacitor is not clearly defined. This makes
modelling the system in HFSS difficult as there is no consistent size between the samples.
Extracting thickness is difficult with the profilometer as shown in Figure 7-15.

Figure 7-15 Profilometer measurement for BST-PMMA sample 4-141-4.
The poorly defined film thickness and high surface roughness presents difficulties for the V-One
printer due to the calibration error during the procedure. The probe will lift up over a particular
point on the film which is not representative of the average height. This may have contributed to
the uneven top plates such as Figure 7-14, as the ink may be deposited from varying heights.
Average film thicknesses of the BST-PMMA samples varied from 34 to 131𝜇𝑚 according to a
micrometer, and profilometer measurements were not used to determine thickness as the
variations were too high to make use of the output.
The conclusion is that the surface texture of these filters is not sufficiently consistent to lead to
reproducible results and these filters were not tested for tunability. Improvements need to be
made to the technique before it is a widely applicable technology. Two factors can be envisaged
for such improvement. During the deposition, methanol evaporates as the ink is sprayed. This
could have caused the ink to dry as particles and thus not enter a liquid phase when on the copper.
When the particles are deposited, they will not form a consistent film as there is no solvent to
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allow for the particles to settle down into a flatter state. The effect of temperature was not
rigorously studied, but evaporation is accelerated at higher temperatures. To reduce the impact of
temperature, the ambient temperature and substrate would have to be controlled, and lowered.
This would in theory improve the time during which the film is in liquid phase, and make
fabrication consistent. The feed rate of the ink and the methanol content while spraying could be
increased which would prevent the top view of a spray looking like the following SEM image,
seen in Figure 7-16.

Figure 7-16 SEM image of Sample 4-139-1's top view edges which indicates strong
agglomeration of particles on the sides of the films. While this is not the core of the film, this
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SEM image encapsulates the agglomeration and buildup of the films, which leads to very
high surface texture.
The second problem is that this ink used a variable particle size to produce the films. It would be
preferable to use a smaller, and more consistent particle size as this powder size ranges from
250 𝑛𝑚 to 1 𝜇𝑚. This would reduce the issue of needing to maintain a liquid phase as there
would be no large particles on which the rest of the film would be deposited.

7.2.3 Best BST-PMMA Sample
One BST-PMMA spray coated sample had the best dielectric performance. During spraying the
feed was faster than the other samples, and it was glossy. This separates it from the other BSTPMMA samples shown. The comparison between its frequency response and the unloaded filter
is shown in Figure 7-17.

Figure 7-17 A comparison between the best BST-PMMA varactor filter, sample 4-141-4 and
the unloaded filter.
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This filter, operating at 2.09 𝐺𝐻𝑧, indicates a higher dielectric constant than the other samples as
it has a lower resonant frequency. A surface profile is also shown in Figure 7-18.

Figure 7-18 Surface profile of best sample.
This is much smoother than the other BST-PMMA samples, and at a glance is shinier. A top view
of its capacitor is shown in Figure 7-19:

Figure 7-19 Top view of sample 4-141-4.
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The smoother edge along the surface means this film behaves more similarly to the BST-COC
samples than the BST-PMMA samples in terms of roughness and consistency. This is promising
as it indicates the recipe can produce smooth, and ultimately repeatable capacitors. This capacitor
was used for an HFSS model where the plot between the frequency shift and relative permittivity
is shown in Figure 7-20.

Figure 7-20 Relationship between frequency shift from 5.17 GHz and the relative
permittivity of the sprayed BST-PMMA composite. Relative permittivity represents
capacitance and the frequency shift represents operating frequency, forming the reciprocal
relationship as expected. The uncertainty is driven by the thickness and area uncertainties
found in Table 7-8.
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A comparison between the measurement and accurate simulations is in Figure 7-21.

Figure 7-21 Comparison between BST-PMMA sample and measured results indicating a
close match when 𝜺𝒓 = 𝟐𝟎. 𝟓, 𝒕𝒂𝒏𝜹 = 𝟎. 𝟎𝟐𝟎.
This film has a higher loss tangent than the BST-COC sample and is attributed to the difference
in film microstructure. The BST-PMMA film has larger surface variations than the BST-COC
films. There are also agglomerates and a larger, more varied particle size. The higher loss can
also be attributed to the high frequency effects of PMMA, which has been measured to be around
0.02 at 100 MHZ [48]. This indicates the film would have a similar loss.
Table 7-8 Table of measurements for best BST-PMMA sample where the length of the
conductor was 𝟒𝟎 ± 𝟎. 𝟓 mil and the width was 𝟐𝟒 ± 𝟎. 𝟓 mil
Number
4-141-4

𝐹 (𝐺𝐻𝑧)
2.09 ± 0.005

𝐴𝑟𝑒𝑎 (𝑚𝑚2 )
0.62 ± 0.02

𝑡(𝜇𝑚)
46.4 ± 3.4

𝜀𝑟
20.5 ± 0.5

𝑡𝑎𝑛𝛿
0.02

𝐶(𝑝𝐹)
2.36 ± 0.23

This relative permittivity is better than the value provided by the BST-COC films and as a result,
was selected to measure tunability. The SEM of the cross section is in Figure 7-22:

84

Figure 7-22 Cross section of gap of sample 4-141-4, the best and most promising of the BSTPMMA samples where there are larger particles and more agglomerates than the BSTCOC sample.
This smoothness is attributed to the ink being in liquid phase when depositing, which allows for
the grains to be organized in a way that produces a flat surface. The large grains are
agglomerates, not individually large grains as a zoomed image shows. The agglomerates have
also settled to the bottom of the film and it is clear the film is smooth, despite having them. This
means if the film can stay in liquid phase during deposition, it is possible to produce films with
low surface variations. Figure 7-23 displays an agglomerated part of the film and the grain size.
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Figure 7-23 Agglomeration of BST powder in solution with PMMA and methanol as it was
being sprayed. The assorted particle size is due to not having used sedimentation to remove
large grains.
These large agglomerates are similar to the ones seen for the other BST-PMMA sample and it
appears as if the issues are not resolved entirely with a high feed rate. The large grains indicate
there are not just agglomerations in the purchased powder, but also grains which are larger than
advertised. This means it is important to use the technique detailed in Chapter 4.2 to remove these
large particles. High energy milling may be necessary to break up agglomerations, and they tend
to not re-agglomerate in solution, as methanol can suspend the powder. The larger grain sizes also
form weaker agglomerations, and the sedimentation can be dealt with by having more solvent.
The recipe for the BST-PMMA slurry could be adapted to include more methanol, which would
allow for more powder to suspend. One reason ultrafine powder was not used with methanol was
due to the poor suspension when the interface density increased as particle size decreased. A large
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portion of solvent would make it easier to control the amount of BST and PMMA deposited,
which is currently missing from the deposition procedure. It would also be helpful for allowing
the slurry to stay in liquid phase during deposition as the proportion of BST and PMMA would
decrease relative to methanol. The longer liquid phase would improve the performance of the
films as it would allow for the BST films to become flat, like the best performing sample. This
sample was chosen for high frequency voltage tunability.

7.3 High Frequency Voltage Tunability
The tunabilities are shown below where the field intensity (voltage divided by film thickness) is
shown against the shift from the centre of the passband at DC. The plot was generated by taking
the centre of the passband, 1.98 𝐺𝐻𝑧 for the BST-COC sample and 2.09 𝐺𝐻𝑧 for the best BSTPMMA sample, measuring the shift, and dividing by the untuned centre passband. This relative
tuning was calculated to be consistent with the discussion of tunability in the literature [20]. The
plot which compares the two sprayed films is seen in Figure 7-25, which compares the tunability
of the sprayed films to the tunability of the BST-COC composite [2]. An example of a
comparison between 0𝑉 and 875 𝑉 tuning bias for the 46 𝜇𝑚 thick BST-PMMA sample 4-141-4
is shown in Figure 7-24. Tunability in literature [2] can be seen in Eq. 7.1:
𝑇𝑢𝑛𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =

𝜀(𝐾) − 𝜀(0)
100%
𝜀(0)

(7.1)

Where tunability the percent shift of a material’s permittivity from its relative permittivity at 𝐾
𝑣𝑜𝑙𝑡𝑠/𝑚 DC field intensity to the relative permittivity with no tuning bias. The equation for
tuning frequency is shown in Eq. 7.2:
𝑇𝑢𝑛𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =

𝑓(𝐾) − 𝑓(0)
100%
𝑓(0)

Where the 𝑓 represents the frequency at the applied DC field intensity.

87

(7.2)

Figure 7-24 Comparison between 0V and 875 V tuning bias for BST-PMMA sample of
thickness 𝟒𝟔 𝝁𝒎 for a field intensity of 𝟏𝟗 𝑽/𝝁𝒎.

Figure 7-25 Comparison between interdigital capacitor and overlay capacitors which
illustrates the superior tuning range and lower field intensity required. The maximum
tuning voltage for the BST-COC film was 450 V, and the maximum tuning voltage of the
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BST-PMMA film was 875 V. The vertical uncertainty is the relative permittivity estimate
uncertainty while the horizontal uncertainty is the film thickness uncertainty.
The tunability proves the films behave as a ferroelectric, meaning the BST is crucial to the
behavior. While it is possible for the polymer to dominate performance, it is clear the BST is
actively impacting the films on PCB. The resulting frequency shift from the BST-COC sample
was 1.7% relative to its center band frequency, while the BST-PMMA sample shifted 2.5%,
caused by a shift in relative permittivity of 6.25% for the BST-COC and 5.6% for the BSTPMMA. The relative permittivity shift is lower for the BST-COC sample than it is for the BSTPMMA sample, and this is attributed to the smaller aggregate particle size. At the same tuning
intensity of 17 𝑉/𝜇𝑚 however, the BST-PMMA sample demonstrated a tunability of 5%
compared to the BST-COC’s tunability of 3%.
The interdigital configuration for a capacitor made with BST-COC ink was more tunable than
either of the other polymeric inks. However, this is attributed to the two types of mechanical
stress which are lower in the interdigital capacitor. First, the capacitor was on microscope glass
slides which have lower surface texture than the FR4 PCBs. The high surface texture of PCBs
will apply strain on the films, and thus lower relative permittivity, and tunability which is
illustrated in Figure 7-26. Secondly, the top plate of the overlay capacitors applies further stress
onto the films, while the interdigital capacitor’s film sits overtop of the electrodes, which reduces
the effects of stress. Despite the increased stress, both printed overlay capacitors on PCB
demonstrated tunability.
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Figure 7-26 surface profile of FR4 PCB
The surface variability of the copper on the PCB appears to be up to 2 𝜇𝑚 and is significantly
rougher than microscope glass slides.

7.4 Chapter Summary
Both spray coated BST based inks produced high frequency varactors. The tuning of the system
was not as high as BST-COC composite in literature [2] and the required voltages were much
higher due to film thicknesses. The BST-COC ink made with ultrafine ceramic provided a film of
lower relative permittivity at high frequencies than the best BST-PMMA sample made with
powder as received. Powder refining techniques were successful as shown in the SEM images.
Adhesion between film, substrate, and silver ink was excellent. The use of a V-One printer
produced electrical contacts which could be used at high frequencies. The BST-COC films were
not as lossy at high frequencies. The performance of the BST-PMMA inks could be improved by
selecting a uniform powder size and refining the spray procedure to generate smooth films.
A statistical study was not conducted for this process due to the novelty of the BST-PMMA films
due to the amount of parameters which have not been fully optimized, which are discussed in
detail in the following chapter.
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Chapter 8
Conclusions and Future Work
8.1 Contributions
A process has been developed to produce embedded thick film polymer loaded ferroelectric
varactors for microwave frequency PCB bandpass filters. A novel ink made with a PMMA
polymer matrix and novel deposition technique produced varactors with additive deposition for
the top plate, which embeds a varactor onto a PCB. A technique for filling a gap using
soldermask in a filter was developed which consistently worked. The ink and deposition
technique were also composed exclusively of commercially available products compatible with
PCB manufacturing. The BST-PMMA ink was compared to the BST-COC ink from literature for
this application. The list of contributions is shown below:
1. Overlay capacitor on PCB; overlay capacitors are uncommon due to the presence of
voids and thus most capacitors are edge, or interdigital capacitors. This has the added
benefit of allowing capacitance to be customizable to suit design rather than being fixed,
unlike a surface mount device.
2. Use of commercially available air brushing to deposit polymeric BST with no presence of
voids and customizable film thickness which can be used to control the capacitance.
3. Technique to guarantee planarization of PCB using solder mask material during PCB
fabrication to reduce strain provided by gap in PCB to the films.
4. BST-PMMA ink was developed to be an ink based on commercially available
ingredients.
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5. Used a Voltera V-One metallization system to produce the upper conducting plate, which
controls the metallization area of a capacitor for high frequencies. This can also be used
to control the capacitance.
These contributions allow for the first achievement of printed overlay capacitors on PCBs with
high potential for PCB manufacturing. The restraints of using commercially available ingredients
and fabrication techniques were maintained.

8.2 Frequency Performance and Tunability of Films
The overlay varactors demonstrated low loss tangents despite the high insertion loss, although
that was attributed to conductor losses. This scalable system is promising for filters which use
more than one varactor. The use of overlay capacitors as part of a system was unique and
demonstrates this as a promising technique for PCB manufacturing.

The low frequency results obeyed the parallel plate capacitance equation, and the high frequency
results indicated the BST-COC composite had an estimated relative permittivity of 𝜀𝑟 = 11.0
while the BST-PMMA composite had an estimated relative permittivity of 𝜀𝑟 = 20.5 at the same
frequency. The BST-COC films also had lower tunability at the same field intensity as the BSTPMMA films. This is attributed to the size effect of ferroelectrics as the BST-PMMA composite
used larger grains. It is clear the films also behave as a ferroelectric; and, the dielectric properties
are not the result of the polymers. The sprayed BST-COC films were less capacitive than the
interdigital [2] varactors in literature. The required tuning voltages were impractical for systemon-a-chip applications, and as a result it is necessary to improve fabrication to make the films
thinner and have lower surface roughness. The possibility of air being trapped within films due to
the dry phase which appears as a result of the procedure cannot be discredited but can only be
addressed when film deposition has been optimized.
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Film thickness and surface roughness can be addressed procedurally. It is necessary to first select
a powder size, and then a solvent quantity which accompanies it. Afterwards, the spray
parameters can be optimized. This sequence is necessary due to the surface properties of ultrafine
ceramic, as a smaller aggregate particle size would require more solvent to stay in solution due to
the increased surface area. Due to the relationship between the two amount of solvent and the size
of the grains, it is practical to fix the grain size first, then optimize the amount of solvent
afterwards.

Ferroelectric materials are affected by temperature and mechanical stress in addition to an applied
DC voltage, and there were no methods to handle them. Temperature should be controlled due to
the Curie temperature being room temperature for the 67-33 BST used. The mechanical stress
was not mitigated either. These two factors can be controlled during the experimental phase, such
as setting up the measurements in an environment with strict temperature control, and to use
conducting plates which apply a consistent pressure to the film. Making a thinner upper
conducting plate can be achieved by optimizing the Voltera printer.

8.3 Recommended Fabrication Improvements
Despite the success of the process and BST-PMMA film, there was no statistical yield study. This
is due to the number of parameters which are not optimized. First, the powder used was not of a
controlled size. This has already been achieved during the thesis, through sedimentation. If a
range of powders is selected for fabrication, then other parameters can be tuned. Given the
success of the sedimentation for selecting ultrafine BST, using uniform, ultrafine BST is practical
due to being able to very finely control film thickness. Then, it would be possible to optimize the
amount of solvent.
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Optimizing the amount of solvent is crucial to improving film performance. The BST-PMMA
films are either too rough to form consistent capacitors, and typically have large agglomerates
which build up during spraying. This is due to the methanol evaporating during deposition, and
the resulting agglomerates do not re-enter liquid phase on the substrate. This will cause buildup
and will result in inconsistent films. To permit the ink to reenter liquid phase, the amount of
solvent would have to be increased to ensure the composite does not dry up during deposition and
has enough solvent to stay in liquid phase during the entire spray procedure. This quantity is more
than the 1 𝑔 used in the thesis and needs to be increased. Having more solvent than necessary
would result in requiring longer deposition times but provide better control over film thickness.
It is also desired to explore the use of water as the solvent as opposed to methanol for two
reasons. The first of which is cost: water is cheaper than methanol. The second is the evaporation
problem with methanol, as water evaporates slower, it will permit the films to stay in liquid phase
which will improve the surface roughness. Water does not disperse BST without a dispersant,
however there are commercially available products which can disperse ultrafine BST grains in
water [49].

In addition to optimizing the recipe, it is desired to optimize the spray parameters for the air
brush. With three variables: the height away from the substrate, the air pressure fed into the
barrel, and the position of the needle. These variables need to be optimized towards the objective
of producing the thinnest possible insulating film which can work reliably on PCB. This would
provide the upper bound on capacitance per unit area for the film, and as a result determine the
lower bound for the applied voltage necessary for tuning the varactor. This would also determine
the constraints the use of BST-PMMA films would have on a system level design.
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Calibration of the Voltera V-One printer to handle features of the size and surface roughness of
BST-PMMA was not consistent. This is evidenced by the rough edges, the slanted direction of
the capacitor top plate, and the inconsistent thicknesses of the film. To improve upon this, Voltera
would have to improve the calibration of the printer’s surface resolution to be capable of handling
minute changes by making the height calibration more thorough. This can also be resolved by
making films have lower surface roughness. In addition to calibration, it would be desired to use
less ink for fabrication. This would make the silver plate thinner, which then applies less stress
onto the BST crystals. Thinner films of metal would also allow for the varactors to be embedded
as it removes the verticality requirement.

Once fabrication is optimized, it would be possible to test the building of BST-PMMA varactors
on multilayered systems, or in PCBs which require multiple varactors to demonstrate the
scalability of the fabrication process. It would also be useful to determine whether using tunable
capacitors could be used in lieu of standard capacitors, as tunability could allow for capacitors to
match design specifications exactly, which is useful in high performance circuits.
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Appendix A
Comb Line Filter Design and Script
The operating frequency of a comb-line filter designed using two transmission lines and a
capacitor rather than an instantaneous ground connection is seen in below, in Figure 0-1:

Figure 0-1 Line-cap-line-ground schematic for this type of comb line filter.
At the ground connection, it is clear that:
𝑉1 (0) = 0 = 𝑣1+ − 𝑣1−

(A.1)

𝑣1+ = −𝑣1−

(A.2)

As the circuit is grounded, the voltage has to be 0, for voltage 𝑉1 (𝑥 = 0). This means that:
𝑉1 (𝑥) = −𝑗2𝑣1 sin(𝛽𝑥)

(A.3)

𝐼1 (𝑥) = 2𝑣1 sin(𝛽𝑥)

(A.4)

The current can be written:

For the voltage and current of the transmission line which is open circuit can be interpreted as
follows: since there is an open circuit, the current at 𝐼2 (0) = 0, which leads to the following
conclusions:
𝐼2 (0) = 0 =

𝑣2+ 𝑒 −𝑗𝛽𝑙 𝑣2− 𝑒 𝑗𝛽𝑙
−
𝑍
𝑍

(A.5)

𝑣2+ = 𝑣2−

(A.6)

𝑉2 (𝑥) = 2𝑣2 cos(𝛽𝑙)

(A.7)

The result is:
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𝐼2 (𝑥) = −

𝑗2𝑣2 sin(𝛽𝑙)
𝑍

(A.8)

At the capacitor, KCL indicates that:
𝐼2 (−𝑙2 ) = 𝐼1 (𝑙1 )

(A.9)

2𝑣1 cos(𝛽𝑙1 )
𝑗2𝑣2 sin(𝛽𝑙2 )
=−
𝑍
𝑍

(A.10)

This provides a useful relationship:
𝑣1 =

𝑗𝑣2 sin(𝛽𝑙2 )
cos(𝛽𝑙1 )

(A.11)
1

At the capacitor, the voltage drop across the impedance 𝑍𝐶 = 𝑗𝜔𝐶 provides the following
equation:
𝑉2 (−𝑙2 ) − 𝑉1 (𝑙1 )
= −𝐼2 (−𝑙2 )
𝑍𝐶

(A.12)

The direction of 𝐼2 is negative as the voltage drop models current flowing from 𝑉1 (𝑙1 ) to 𝑉2 (−𝑙1 ),
flowing from TL1 through to TL2 when in actuality, 𝐼2 flows the other way, from TL2 to TL1.
Expanding 𝑉1,2 and −𝐼2:
2𝑣2 cos(𝛽𝑙2 ) + 𝑗2𝑣1 sin(𝛽𝑙1 )
𝑗2𝑣2 sin(−𝛽𝑙2 )
=
1
𝑍0
𝑗𝜔𝐶

(A.13)

𝑠𝑖𝑛 is an even function, and as such the sign in −𝛽𝑙2 can be moved outside the argument. 𝑣1 was
rewritten to allow for simplifications, and the capacitive impedance term was also moved:
2𝑣2 cos(𝛽𝑙2 ) −

2𝑣2 sin(𝛽𝑙2 )
2𝑣2 sin(𝛽𝑙2 )
sin(𝛽𝑙1 ) = −
cos(𝛽𝑙1 )
𝜔𝐶𝑍0

cos(𝛽𝑙1 ) cos(𝛽𝑙2 ) − sin(𝛽𝑙2 ) sin(𝛽𝑙1 ) = −
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sin(𝛽𝑙2 )cos(𝛽𝑙1 )
𝜔𝐶𝑍0

(A.14)

(A.15)

cos(𝛽(𝑙1 + 𝑙2 )) = −

sin(𝛽𝑙2 )cos(𝛽𝑙1 )
𝜔𝐶𝑍0

(A.16)

This result is the one used in the thesis. It is then required to numerically compute the resonance
frequency, after which the optimization can take place. A similar result was in the literature [20]
which uses the input impedance of transmission lines, a diagram of which is shown in Figure 0-2.

Figure 0-2 Diagram of transmission lines for resonant frequency calculations.
𝑍1 =

𝑍0
𝑗𝑡𝑎𝑛(𝛽𝑙2 )

(A.17)

1
𝑗𝜔𝐶

(A.18)

𝑍2 = 𝑍1 +

𝑍𝑖𝑛 = 𝑍0

𝑍2 + 𝑗𝑍0 tan(𝛽𝑙1 )
𝑍0 + 𝑗𝑍2 tan(𝛽𝑙1 )

(A.19)

Since the input impedance 𝑍𝑖𝑛 = 0 at resonance for open circuit transmission lines, the following
is true:
𝑍0 tan(𝛽𝑙1 ) tan(𝛽𝑙2 ) 𝜔𝐶 − 𝑍0 𝜔𝐶 − tan(𝛽𝑙2 ) = 0
𝑍0 𝜔𝐶 (

sin(𝛽𝑙1 ) sin(𝛽𝑙2 )
sin(𝛽𝑙2 )
−1)=
cos(𝛽𝑙1 ) cos(𝛽𝑙2 )
cos(𝛽𝑙2 )

sin(𝛽𝑙1 ) sin(𝛽𝑙2 ) − cos(𝛽𝑙1 ) cos(𝛽𝑙2 ) =

cos(𝛽(𝑙1 + 𝑙2 )) = −

sin(𝛽𝑙2 ) cos(𝛽𝑙1 )
𝑍0 𝜔𝐶

sin(𝛽𝑙2 ) cos(𝛽𝑙1 )
𝑍0 𝜔𝐶

Which provides the same result as Equation (A.16).
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(A.20)
(A.21)

(A.22)

(A.23)

The design procedure of a comb line filter is a first order approximation and does not contain all
the detail needed to describe filter performance. After simulating the filter, it is necessary to tune
the filter to behave as desired.
To start a comb line design, a few choices need to be made, or determined shown below in Table
0-1 and the equations for the rest of this Appendix until Equation (A.36) are taken from [38]:
Table 0-1 List of all selected design parameters for a comb line filter
Design Parameter
Operating frequency, center of the passband (in rad/s), detailed above.

Symbol
𝜔0

Filter order, used for filter polynomial such as Chebyshev or Wiener. Indices 0
and 𝑛 + 1 are reserved for the inport, and outport respectively

𝑛

Fractional bandwidth, defined as the 3dB bandwidth normalized to operating
𝜔

frequency; dimensionless

𝜔1 ′

Equivalent bandwidth of lowpass filter
Absolute dielectric constant

𝜀

Admittance of inport and outport

𝑌𝐴

Admittance of individual resonators which will govern the Q-factor

𝑌𝑒𝑗

Electrical length of resonator at operating frequency. This factor is ideally 90°
𝜆

since the resonators are 4, but this may be affected by other parameters such as

𝜃0

space on the board
Filter prototype values. These are selected by the designer to fulfill the

𝑔𝑛

specifications.

Once these constants are known, the first step is to calculate the normalize susceptance of the
individual transmission lines:
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𝑙𝑗
𝑌𝑎𝑗 (𝑐𝑜𝑡𝜃0 + 𝜃0 csc 2 𝜃0 )
=
𝑌𝐴
𝑌𝐴
2

(A.24)

For 𝑗 = 1,2 … 𝑛 as the first and last transmission lines are the inport, and outport. Susceptance is
𝑙

used to determine the quality factor Q of a shunt resonator, defined by the equation 𝑄 = 𝐺 where
𝐺 is the conductance of the material. The next calculations are used to find the normalized shunt
conductances, 𝐺𝑇1,𝑛 and normalized admittance transformation coefficients 𝐽𝑗 ,𝑗+1 .
𝜔𝑙1
𝐺𝑇1
𝑌𝐴
=
𝑌𝐴
𝑔0 𝑔1 𝜔1 ′
𝜔𝑙𝑛
𝐺𝑇𝑛
𝑌𝐴
=
𝑌𝐴
𝑔𝑛 𝑔𝑛+1 𝜔1 ′
𝑙𝑗
𝑙𝑗+1
⁄𝑌
𝐽𝑗 ,𝑗+1
𝜔 √ ⁄𝑌𝐴
𝐴
= ′
𝑌𝐴
𝜔1
𝑔𝑗 𝑔𝑗+1

(A.25)

(A.26)

(A.27)

Where 𝑗 = 1, 2 … 𝑛. These coefficients are useful in finding the next set of values which will be
used to compute the normalized capacitance per unit area of the transmission line. These
normalized capacitances are for the transmission lines directly to ground. The capacitance
between transmission lines will be calculated after these capacitances are given. For the following
equations, 𝑗 = 2, 3, … , 𝑛 − 1.
𝐶0 𝜂0 𝑌𝐴
𝐺𝑇1
=
(1 − √
)
𝜀
𝑌𝐴
√𝜀𝑟

(A.28)

𝐶1 𝜂0 𝑌𝐴 𝑌𝑎𝑗
𝐺𝑇1 𝐽1,2
𝐶0
=
(
−1+
−
𝑡𝑎𝑛𝜃0 ) +
𝜀
𝑌𝐴
𝑌𝐴
𝜀
√𝜀𝑟 𝑌𝐴

(A.29)

𝐶𝑗 𝜂0 𝑌𝐴 𝑌𝑎𝑗 𝐽𝑗−1,𝑗
𝐽𝑗 ,𝑗+1
=
(
−
𝑡𝑎𝑛𝜃0 −
𝑡𝑎𝑛𝜃0 )
𝜀
𝑌𝐴
𝑌𝐴
√𝜀𝑟 𝑌𝐴

(A.30)
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𝐶𝑛 𝜂0 𝑌𝐴 𝑌𝑎𝑛
𝐺𝑇𝑛 𝐽𝑛−1,𝑛
𝐶𝑛+1
=
(
−1+
−
𝑡𝑎𝑛𝜃0 ) +
𝜀
𝑌𝐴
𝑌𝐴
𝜀
√𝜀𝑟 𝑌𝐴
𝐶𝑛+1 𝜂0 𝑌𝐴
𝐺𝑇𝑛
=
(1 − √
)
𝜀
𝑌𝐴
√𝜀𝑟

(A.31)

(A.32)

It should be mentioned that 𝜀 is the permittivity of the material of propagation, while 𝜀𝑟 is the
relative permittivity of the material at the given frequency. These numbers will be used by CAD
tools to determine the width of the transmission lines, but the spacing is still missing. To find the
spacing, the mutual capacitances need to be calculated. Furthermore, these capacitances will be
used to determine mutual capacitance.
𝐶0,1
𝜂0 𝑌𝐴 𝐶0
=
−
𝜀
𝜀
√𝜀𝑟

(A.33)

𝐶𝑗,𝑗+1
𝜂0 𝑌𝐴 𝐽𝑗 ,𝑗+1
=
(
𝑡𝑎𝑛𝜃0 )
𝜀
𝑌𝐴
√𝜀𝑟

(A.34)

𝐶𝑛 ,𝑛+1 𝜂0 𝑌𝐴 𝐶𝑛+1
=
−
𝜀
𝜀
√𝜀𝑟

(A.35)

Once the normalized capacitance to ground and normalized mutual capacitances are calculated,
the physical dimensions can be determined. This concludes the equations from [38] and the next
objective is to determine microstrip dimensions for the desired filters.

The widths are approximated using the parallel plate capacitance equation, which provides a
width normalized to substrate thickness [50] [51]. The equations from these two papers will
provide the widths of the transmission lines and the spacing.
𝑤𝑗 𝐶𝑗
=
𝑏
𝜀
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(A.36)

The length of the transmission line is already accounted for within 𝐶𝑗 which is why there may
appear to be a unit mismatch. The thickness of the conductor was not mentioned in this part of
design but it is possible to determine its impact numerically [50] [51]. As with the discussion on
strip line filters, these widths will be larger than necessary as the fringing fields have been
ignored completely.

Finding the separation 𝑠 requires the generated equivalent capacitance between transmission
lines, which were generated through characterization equations. There is one set of equations for
the coupling capacitance through the air, and another through the substrate which has a higher
dielectric constant. The coupling capacitance for the odd mode through the air above the
transmission lines is given by:
𝐶𝑎𝑖𝑟 𝐾(𝑘 ′ )
𝑆
1
=
,𝑘 =
, 𝑘 ′ = √1 − 𝑘 2
𝜀0
𝐾(𝑘)
ℎ 𝑆 + 2𝑊
ℎ
ℎ

Where the ratios

𝐾(𝑘 ′ )
𝐾(𝑘)

(A.37)

are given by the following elliptical function:

1
1 + √𝑘 ′
ln [2
] 𝑓𝑜𝑟 0 ≤ 𝑘 2 ≤ 0.5
′
𝜋
1 + √𝑘
𝐾(𝑘 ′ )
𝜋
=
𝑓𝑜𝑟 0.5 ≤ 𝑘 2 ≤ 1
𝐾(𝑘)
1 + √𝑘
ln [2
]
{
1 − √𝑘

(A.38)

However, this is notably smaller than the capacitance through the dielectric substrate, which is
given by:
𝐶𝑑𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐
𝜀
𝜋𝑆
0.02
= ln {𝑐𝑜𝑡ℎ ( ) + 0.65𝐶𝑓 [
𝜀 + 1 − 𝜀 −2 ]}
𝑆 √
𝜀0
𝜋
4ℎ
ℎ
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(A.39)

Due to the complexity of the expression, it was decided to ignore the fringing capacitance 𝐶𝑓 , and
understood the estimate would be different to a comprehensive calculation. It was also recognized
that the capacitance used for the equations would be smaller than necessary as the coupling
capacitance 𝐶𝑗,𝑗+1 = 𝐶𝑎𝑖𝑟 + 𝐶𝑑𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 , as the air is ignored. This means the calculated gaps
would be smaller than the required gaps. This simplifies the expression and a first-order equation
can be generated.
𝐶𝑗,𝑗+1 𝜀
𝜋𝑆
= ln {coth ( )}
𝜀0
𝜋
4ℎ

(A.40)

This allows for an estimate of 𝑆:

𝑆=

𝐶𝑗,𝑗+1 𝜋
4ℎ
arccoth (𝑒 𝜀0 𝜀 )
𝜋

(A.41)

which completes design as the widths, and spacings between transmission lines have been
generated. The widths will be larger than necessary as the fringe fields from transmission line to
ground were ignored, while the gaps will be smaller than necessary as the capacitance through the
air is ignored. This concludes the calculations for the dimensions. The following code is written
to generate the dimensions given the order of the filter, frequency range, and bandwidth.
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clear all
eta = 376.7;
ep = 3.2; % we derive this from LineCalc knowing the substrate
h = 0.600;%mm
t = 0.035;%mm
vp = 3e8/sqrt(ep); % velocity of propagation
speed_vac = 3e8;
n = 2;
g = [1 2 2 1]; % be careful with the coefficients
w_1_prime = 1;
w = 0.10;
Ya = 0.020;
yaj_y = 0.677;
theta = pi/4; %assume rad
freq = 1.5e9;
% prepare values to generate normalized capacitances
l_over_y = yaj_y*(cot(theta) + theta * csc(theta)^2)/2;
GT1_YA = w*l_over_y/(g(1)*g(2)*w_1_prime);
GTN_YA = w*l_over_y/(g(n+1)*g(n+2)*w_1_prime);
for i = 2:n
J_j_jnext_YA(i) = w/w_1_prime*sqrt(l_over_y^2/g(i)/g(i+1));
end

% normalized capacitances between line and gnd
C_norm_front = eta*Ya/sqrt(ep);
C_norm(1) = C_norm_front*(1-sqrt(GT1_YA));
C_norm(2) = C_norm_front*(yaj_y - 1 + GT1_YA J_j_jnext_YA(2)*tan(theta))+C_norm(1);
C_norm(n+2) = C_norm_front*(1-sqrt(GTN_YA));
for i = 3:n % assuming we get this many values; n may be of lower order
C_norm(i) = C_norm_front*(yaj_y - J_j_jnext_YA(i-1)*tan(theta)J_j_jnext_YA(i)*tan(theta));
end
C_norm(n+1) = C_norm_front*(yaj_y - 1 + GTN_YA J_j_jnext_YA(n)*tan(theta))+C_norm(n+2);
% capacitance between lines
C_adj(1) = C_norm_front - C_norm(1);
for i = 2:n
C_adj(i) = C_norm_front*(J_j_jnext_YA(i)*tan(theta));
end
C_adj(n+1) = C_norm_front - C_norm(n+2);

% microstrip equations
for i = 1:n+2
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ms_w(i) = C_norm(i)*h/ep;
end
C_j = C_norm*ep;
C_j_j1 = C_adj*ep;
%{
for i = 1:n+1
zoe(i) = 1/(vp*C_j(i)*8.854e-12);
zoo(i) = 1/(vp*(C_j(i)+2*C_j_j1(i))*8.854e-12);
end
coupl = (zoe-zoo)./(zoe+zoo);
for i = 1:n+1
A = exp(C_j_j1(i)*pi);
B = exp(C_j_j1(i)/pi);
B = 1/B;
k_prime(i) = ((A-2)/(A+2))^2;
k1(i) = sqrt(1-k_prime(i));
k2(i) = ((2-B)/(2+B))^2;
if k1(i)^2 <= 0.5
k(i) = k1(i);
else
k(i) = k2(i);
end
c_s(i) = 2*(ms_w(i))*k(i)/(1-k(i));
end
%}
for i = 1:n+1
spacing(i) = 4*h/pi *atanh(1/exp(C_adj(i)*pi/ep));
end
lumped_C = Ya*yaj_y*cot(theta)/(freq);
ms_w
%c_s;
zoe
zoo
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Appendix B
Proof of Semicircular Fit for Impedance Spectroscopy
The derivation for the equivalent resistance in Figure 6-3 is given by:
𝑍 = 𝑅𝐿 +

𝑅𝑃
1 + (𝑗𝜔𝑅𝑃 𝐶𝑃 )

(B.1)

which can be split into its real, and imaginary components.
𝑍 = 𝑅𝐿 +

𝑅𝑃 − 𝑗𝜔𝑅𝑃2 𝐶𝑃
1 + (𝜔𝑅𝑃 𝐶𝑃 )2

𝑍𝑟𝑒𝑎𝑙 = 𝑅𝐿 +
𝑍𝑖𝑚𝑎𝑔 =

(B.2)

𝑅𝑃
1 + (𝜔𝑅𝑃 𝐶𝑃 )2

(B.3)

𝜔𝑅𝑃2 𝐶𝑃
1 + (𝜔𝑅𝑃 𝐶𝑃 )2

(B.4)

If we take 𝑍𝑟𝑒𝑎𝑙 , and subtract the series resistance, we get
𝑍𝑟𝑒𝑎𝑙 − 𝑅𝐿 =

𝑅𝑃
1 + (𝜔𝑅𝑃 𝐶𝑃 )2

This is helpful as another operation we can perform is to subtract

(B.5)

𝑅𝑃
,
2

to arrive at:

𝑅𝑃
𝑅𝑃 − 𝜔2 𝑅𝑃3 𝐶𝑃2
=
2
2(1 + 𝜔 2 𝑅𝑃2 𝐶𝑃2 )

(B.6)

𝑅𝑃 2 (𝑅𝑃 − 𝜔2 𝑅𝑃3 𝐶𝑃2 )2
) =
2
4(1 + 𝜔 2 𝑅𝑃2 𝐶𝑃2 )2

(B.7)

𝑍𝑟𝑒𝑎𝑙 − 𝑅𝐿 −

After squaring both sides, we see:
(𝑍𝑟𝑒𝑎𝑙 − 𝑅𝐿 −

This is helpful because when we add both sides by the imaginary impedance, we arrive at the
following expression:
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(𝑅𝑃 − 𝜔2 𝑅𝑃3 𝐶𝑃2 )2
𝑅𝑃 2
𝜔2 𝑅𝑃4 𝐶𝑃2
2
(𝑍𝑟𝑒𝑎𝑙 − 𝑅𝐿 − ) + 𝑍𝑖𝑚𝑎𝑔
=
+
2
4(1 + 𝜔 2 𝑅𝑃2 𝐶𝑃2 )2 (1 + 𝜔 2 𝑅𝑃2 𝐶𝑃2 )2

(B.8)

We can simplify the RHS by making the common denominator, as well expanding the necessary
brackets.
𝑅𝑃 2
𝑅𝑃2 − 2𝜔2 𝑅𝑃4 𝐶𝑃2 + 𝜔4 𝑅𝑃6 𝐶𝑃4
4𝜔2 𝑅𝑃4 𝐶𝑃2
2
(𝑍𝑟𝑒𝑎𝑙 − 𝑅𝐿 − ) + 𝑍𝑖𝑚𝑎𝑔 =
+
2
4(1 + 𝜔 2 𝑅𝑃2 𝐶𝑃2 )2
4(1 + 𝜔 2 𝑅𝑃2 𝐶𝑃2 )2

(B.9)

After combining the like terms, we see the following result:
(𝑍𝑟𝑒𝑎𝑙 − 𝑅𝐿 −

𝑅𝑃 2
𝑅𝑃2 + 2𝜔2 𝑅𝑃4 𝐶𝑃2 + 𝜔4 𝑅𝑃6 𝐶𝑃4
2
) + 𝑍𝑖𝑚𝑎𝑔
=
2
4(1 + 𝜔 2 𝑅𝑃2 𝐶𝑃2 )2

(B.10)

After factoring 𝑅𝑝2, we arrive at:
(𝑍𝑟𝑒𝑎𝑙 − 𝑅𝐿 −

𝑅𝑃 2
1 + 2𝜔2 𝑅𝑃2 𝐶𝑃2 + 𝜔4 𝑅𝑃4 𝐶𝑃4
2
) + 𝑍𝑖𝑚𝑎𝑔
= 𝑅𝑃2
2
4(1 + 2𝜔 2 𝑅𝑃2 𝐶𝑃2 + 𝜔 4 𝑅𝑃4 𝐶𝑃4 )

(B.11)

Which allows us to eliminate a lot of terms, leaving us with:
𝑅𝑃 2
𝑅𝑃 2
2
(𝑍𝑟𝑒𝑎𝑙 − 𝑅𝐿 − ) + 𝑍𝑖𝑚𝑎𝑔 = ( )
2
2

(B.12)

This is the equation of a circle which has its centre shifted somewhere on the positive real axis,
assuming the 𝑅𝑃 , 𝐶𝑃 , 𝑅𝑃 are unchanging. This result is supported [47] by literary sources, and by
experiments. This result also means the right-most right intercept is the 𝑅𝑝 value.
The measured voltage is complex:
𝑉𝑟𝑒𝑎𝑙 + 𝑗𝑉𝑖𝑚𝑎𝑔 = 𝑉𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑

where
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(B.13)

𝑉𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 =

𝑉𝑅𝐿
𝑅𝐿 + 𝑍𝐶𝑟𝑒𝑎𝑙 + 𝑗𝑍𝐶𝑖𝑚𝑎𝑔

(B.14)

Where
𝑅

𝑍𝐶𝑟𝑒𝑎𝑙 = 1+𝜔2 𝑅𝑃 2 𝐶 2
𝑃 𝑃

(B.15)

and
𝑍𝐶𝑖𝑚𝑎𝑔 = −

2
𝜔𝑅𝑃
𝐶𝑃
2 𝐶2
2
1+𝜔 𝑅𝑃
𝑃

(B.15)

This substitution is to ensure the RC tank’s impedance is captured together, and the load resistor
is considered separate – this is due to the measurement being dependent on 𝑅𝐿 which can be
changed over the course of the measurement, while the capacitor is fixed.
𝑉𝑟𝑒𝑎𝑙 + 𝑗𝑉𝑖𝑚𝑎𝑔 =

𝑉𝑅𝐿
𝑅𝐿 + 𝑍𝐶𝑟𝑒𝑎𝑙 + 𝑗𝑍𝐶𝑖𝑚𝑎𝑔

(B.16)

This equation can be split into the real, and imaginary components:
𝑉𝑅𝐿 = 𝑉𝑟𝑒𝑎𝑙 𝑅𝐿 + 𝑉𝑟𝑒𝑎𝑙 𝑍𝐶𝑟𝑒𝑎𝑙 − 𝑉𝑖𝑚𝑎𝑔 𝑍𝐶𝑖𝑚𝑎𝑔

(B.17)

0 = 𝑉𝑟𝑒𝑎𝑙 𝑍𝐶𝑖𝑚𝑎𝑔 + 𝑉𝑖𝑚𝑎𝑔 𝑅𝐿 + 𝑍𝐶𝑟𝑒𝑎𝑙 𝑉𝑖𝑚𝑎𝑔

(B.18)

Using the voltages measured, it is possible to calculate the measured 𝑍𝐶𝑖𝑚𝑎𝑔 , 𝑍𝐶𝑟𝑒𝑎𝑙 . After solving
for 𝑍𝐶𝑖𝑚𝑎𝑔 in terms of 𝑍𝐶𝑟𝑒𝑎𝑙 using the bottom equation, it is then understood that
𝑍𝐶𝑖𝑚𝑎𝑔 = −

𝑉𝑖𝑚𝑎𝑔 𝑅𝐿 + 𝑉𝑖𝑚𝑎𝑔 𝑍𝐶𝑟𝑒𝑎𝑙
𝑉𝑟𝑒𝑎𝑙

(B.19)

By substituting this into the top equation, 𝑍𝐶𝑟𝑒𝑎𝑙 can be found:
𝑍𝐶𝑟𝑒𝑎𝑙 (𝑉𝑟𝑒𝑎𝑙 +

2
2
𝑉𝑖𝑚𝑎𝑔
𝑉𝑖𝑚𝑎𝑔
) = 𝑅𝐿 (𝑉 − 𝑉𝑟𝑒𝑎𝑙 −
)
𝑉𝑟𝑒𝑎𝑙
𝑉𝑟𝑒𝑎𝑙
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(B.20)

To simplify the expression, let 𝐴 = (𝑉𝑟𝑒𝑎𝑙 +

2
𝑉𝑖𝑚𝑎𝑔

𝑉𝑟𝑒𝑎𝑙

), and 𝐵 = (𝑉 − 𝑉𝑟𝑒𝑎𝑙 −

2
𝑉𝑖𝑚𝑎𝑔

𝑉𝑟𝑒𝑎𝑙

). This

simplifies into:
𝑍𝐶𝑟𝑒𝑎𝑙 =

𝐵𝑅𝐿
𝐴

(B.21)

Which can then be used to find the imaginary impedance with an implicit 𝑗:

𝑍𝐶𝑖𝑚𝑎𝑔 = −

𝑉𝑖𝑚𝑎𝑔 𝑅𝐿 +

𝑉𝑖𝑚𝑎𝑔 𝑅𝐿 𝐵
𝐴

(B.22)

𝑉𝑟𝑒𝑎𝑙

These impedances are the representation of the capacitance’s real, and imaginary impedances in
series form. To convert back into a parallel tank, the following equations are needed:
𝑄=

1
𝜔𝑍𝐶𝑟𝑒𝑎𝑙 𝑍𝐶𝑖𝑚𝑎𝑔

𝑅𝑝 = 𝑍𝐶𝑟𝑒𝑎𝑙 (1 + 𝑄 2 )
𝐶𝐶𝑖𝑚𝑎𝑔 =

(B.23)

(B.24)

1
𝑗𝜔𝑍𝐶𝑖𝑚𝑎𝑔

(B.25)

𝑄2
1 + 𝑄2

(B.26)

𝐶𝑝 = 𝐶𝐶𝑖𝑚𝑎𝑔

This result is also useful in explaining a feature of the measurement, as the impedances measured
move around the circle in a counter-clockwise fashion. This is the equation of a circle which has
its center shifted somewhere on the positive real axis, assuming the 𝑅𝑃 , 𝐶𝑃 , 𝑅𝑃 are unchanging.
This result is supported [47] by literary sources, and by experiments. This result also means the
right-most right intercept is the 𝑅𝑝 value. For ease of readability the plot is presented as moving
clockwise by flipping the y-axis. Data from 4-27-7-3 is shown in Figure 0-3.
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Figure 0-3 Fitted circular regression of capacitor 4-27-7-3 to the impedance plot.
The x-intercept on the right hand side is the parallel resistance, 𝑅𝑃 of the cell. Determining the
capacitance of each of the samples was done by subtracting the capacitance measured by the cell
capacitance, as the two capacitors are in parallel, shown below. It was noted the parallel
resistance of the varactors were all large, and were ignored for the sake of modelling. Figure 0-4
shows the equivalent circuit used for extracting the varactor capacitance.
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Figure 0-4 Equivalent circuit for above measurement.
The cell capacitance was simply subtracted from the raw data to calculate the varactor
capacitance from the measurement.
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Appendix C
Sedimentation of BST in Methanol
Stokes’ Law was used to determine the settling velocity of the system [52].
𝑣𝑡 =

𝑔𝑑2 (𝜌𝑝 − 𝜌𝑓 )
18𝜇

C.1)

Where
-

𝑣𝑡 is the terminal velocity

-

𝑔 is the acceleration due to gravity 9.81𝑚/𝑠 2

-

𝑑 is particle diameter

-

𝜌𝑝 is the density of the particle, 4910 𝑘𝑔/𝑚3

-

𝜌𝑓 is the density of the fluid methanol, 792 𝑘𝑔/𝑚3

-

𝜇 is the viscosity of methanol, 0.588 𝑚𝑃𝑎 ∙ 𝑠

The height of the bottle was 0.04 𝑚 tall, such that the time needed is represented by
𝑡 = 0.04/𝑣𝑡

(C.2)

A plot of this relationship is shown in. Figure 0-5.

Figure 0-5 Relationship between grain diameter and time needed to sediment to the bottom
of the 𝟒 𝒄𝒎 tall container.
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