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ABSTRACT 

The advances in modern communication systems have brought about devices with more 

functionality, better performance, smaller size, lighter weight and lower cost. Meanwhile, the 

requirement for newer devices has become more demanding than ever. Tunability and 

flexibility are both long-desired features. Tunable devices are ‘smart’ in the sense that they can 

adapt to the dynamic environment or varying user demand as well as correct the minor 

deviations due to manufacturing fluctuations, therefore making it possible to reduce system 

complexity and overall cost. It is also desired that electronics be flexible to provide 

conformability and portability. 

Previously, tunable devices on flexible substrates have been realized mainly by dicing 

and assembling. This approach is straightforward and easy to carry out. However, it will become 

a “mission impossible” when it comes to assembling a large amount of rigid devices on a 

flexible substrate. Moreover, the operating frequency is often limited by the parasitic effect of 

the interconnection between the diced device and the rest of the circuit on the flexible 

substrate. A recent effort utilized a strain-sharing Si/SiGe/Si nanomembrane to transfer a 

device onto a flexible substrate. This approach works very well for silicon based devices with 

small dimensions, such as transistors and varactor diodes. Large-scale fabrication capability is 

still under investigation. 

A new transfer technique is proposed and studied in this research. Tunable BST (Barium 

Strontium Titanate) IDCs (inter-digital capacitors) are first fabricated on a silicon substrate. The 

devices are then transferred onto a flexible LCP (liquid crystalline polymer) substrate using 
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wafer bonding of the silicon substrate to the LCP substrate, followed by silicon etching. This 

approach allows for monolithic fabrication so that the transferred devices can operate in 

millimeter wave frequency. The tunability, capacitance, Q factor and equivalent circuit are 

studied. The simulated and measured performances are compared. BST capacitors on LCP 

substrates are also compared with those on sapphire substrates to prove that this transfer 

process does not impair the performance. 

A primary study of a reflectarray antenna unit cell is also conducted for loss and phase 

swing performance. The BST thin film layout and bias line positions are studied in order to 

reduce the total loss. Transferring a full-size BST-based reflectarray antenna onto an LCP 

substrate is the ultimate goal, and this work is ongoing at the University of Central Florida 

(UCF). 

HFSS is used to simulate the devices and to prove the concept. All of the devices are 

fabricated in the clean room at UCF. Probe station measurements and waveguide 

measurements are performed on the capacitors and reflectarray antenna unit cells 

respectively. 

This work is the first comprehensive demonstration of this novel transfer technique. 
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CHAPTER ONE:  
INTRODUCTION 

Advances in science and technology since the vacuum tube era have brought about the 

rapid evolution in electronic devices. While the ever-increasing demands of enhanced 

functionality, downscaled dimension and reduced cost have attracted the spotlight during the 

20th century, tunability and flexibility are emerging needs for contemporary electronics. The 

driving force behind this recent focus of interest is indisputable. Tunable devices are ‘smart’ in 

the sense that they can adapt to the dynamic environment, varying user demands as well as 

correct the minor deviations due to manufacturing fluctuations. This favorable feature makes it 

possible to reduce system complexity and thus overall cost. On the other hand, flexible 

electronics are desired for their many virtues, such as conformability, portability – being light 

and able to be rolled up and deployed – and low-cost, thanks to the use of lightweight, flexible 

and inexpensive substrates.  

A lot of research effort and progress has been made in the area of tunable radio 

frequency (RF) and microwave devices and in the field of flexible electronics respectively. Only 

during recent years has the possibility of combining the two wonderful properties become 

evident.  

1.1 Frequency-agile Technologies 

Tunable RF and microwave devices are often referred to as frequency-agile devices 

because of their ability to quickly shift the operating frequency to accommodate different 
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needs. This category includes filters, phase shifters, matching networks, and voltage controlled 

oscillators (VCO), to name a few. The frequency band for RF and microwave devices generally 

covers anywhere from 20 kHz to 300 GHz. The three most frequently used technologies that are 

available in the commercial market are semiconductors, micro-electro-mechanical systems 

(MEMS) and ferroelectric materials [1] – [3]. 

1.1.1 Semiconductors 

The semiconductor-based varactor diode is the earliest-matured technology among the 

three technologies mentioned above in the electronics industry. It utilizes a reversely biased PN 

junction to realize capacitance tuning, as shown in Figure 1 - 1 [4]. As the reverse bias voltage 

increases, the width of the depletion region grows, thus the capacitance decreases, and vice 

versa. This effect is equivalent to changing the distance between the plates of a metal-

insulator-metal capacitor in order to adjust its capacitance [5].  

 

Figure 1 - 1 Varactor Diode 

Because of its tuning mechanism, the varactor diode offers fast and continuous tuning, 

yet it is inexpensive for mass production. However, it has disadvantages that limit its 
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applications, such as low quality factor at microwave frequencies, nonlinear C/V characteristics 

and low power handling capacity.  

Presently, varactor diodes are being used in two main areas: tunable filters and VCOs [6] 

– [10]. Their main operating frequencies are within several GHz. 

The tunable filters have always been a popular research topic. An early study of a 

varactor-diode-based coplanar waveguide (CPW) slotline bandpass filter in the 1990’s showed a 

tuning bandwidth of 600 MHz at the center frequency of 3 GHz (20% tuning) with a maximum 

insertion loss of 2.15 dB. This tuning was achieved with a maximum bias voltage of 25 V [6]. A 

later study of a varactor-diode-tuned filter using a suspended stripline showed a tuning range 

from 0.7 to 1.33 GHz (60% tuning) with less than 3 dB of insertion loss. The maximum bias 

voltage applied was 30 V [7]. More recent research results showed several resonator-based 

two-pole filters using varactor diodes as tuning elements with a tuning range of 0.85 to 1.4 GHz 

(50% tuning) with no more than 3.5 dB of insertion loss. A maximum bias voltage of 22 V was 

used [8].  

The VCOs have also been studied extensively. Research in the 1990’s showed a VCO 

utilizing a varactor diode achieved a tuning of 9% at 4 GHz with a control voltage of 1 – 3 V. The 

phase noise was measured at -106 dBc/Hz at 1 MHz and -85 dBc/Hz at 100 kHz [9]. A more 

recent study of a varactor-diode-tuned VCO showed an improved phase noise of -110.5 – 108 

dBc/Hz at 100 kHz that can be tuned from 5.4 to 5.8 GHz with a maximum bias voltage of 26 V 

[10].  
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1.1.2 MEMS 

RF MEMS switches and capacitors belong to another popular category of frequency-

agile technology. MEMS – from its name, micro-electro-mechanical systems – traditionally refer 

to miniature structures (usually sub-millimeter in dimension) that combine mechanical and 

electrical functions. A demonstration of a basic MEMS switch and capacitor is shown in Figure 1 

- 2 [1]. Upon applying an electrostatic force, the device changes its state from isolating position 

(OFF) to conducting position (ON). Based on the type of dielectric material, this ON state can be 

either conductive – a switch – or capacitive – a capacitor, as the demonstration in Figure 1 - 2 

shows. This mechanism means that the tuning of the basic MEMS devices is typically discrete: 

on and off [11] [12]. However, with some special designs, MEMS devices can be made to 

perform continuous tuning.  

 

Figure 1 - 2 RF MEMS switch and capacitor 

Substrate
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Post Post

Post Post

Metal
Conducting or 
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MEMS devices are generally small and light. They provide a very wide tuning range, high 

quality factor, high power handling capacity and low power consumption. However, because of 

the need of packaging and the integrated circuit (IC) foundry for microfabrication, MEMS 

devices are relatively expensive. The parasitic losses in the packages and other circuit 

connections create a limitation on the operation frequency. Additionally, their reliability has 

been an area of concern. Several failure mechanisms need to be studied in detail and taken into 

consideration during design and manufacturing, which include, but are not limited to, 

mechanical failures, electromechanical breakdown, material deterioration, excessive intrinsic 

stress, improper packaging techniques and environmental effects [13].  

Recent research has shown a promising future for RF MEMS technologies. They can be 

used as switches or variable capacitors in antennas, phase shifters, tunable filters, etc.  

RF MEMS switches with a figure of merit (FOM) of 2 THz were reported in the 1990’s by 

Goldsmith et al. [14]. This FOM is comparable to that of PIN diodes, which are well-known for 

their excellent FOM performance. W-band RF MEMS switches were also reported in [15]. An 

isolation of 20 dB and an insertion loss of 0.25 dB were measured from a single and a T-match 

design. An isolation of 30 to 40 dB and an insertion loss of 0.4 dB were measured from a π-

match design.  

Although RF MEMS varactors are slower than other varactor types, their high level of 

performance is indisputable. A MEMS parallel plate varactor with discrete tuning was fabricated 

and measured by Chiao et al. [16], resulting in a maximum capacitance of 35 pF and a minimum 

capacitance of 0.5 pF, measured using a low frequency capacitance meter. Its breakdown 
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voltage, over 200 V, was much higher than that of a varactor diode. Another recent report of a 

MEMS tunable capacitor with a continuous tuning range of 8.4:1 showed a high Q factor of 

greater than 200 measured over the frequencies from 225 to 400 MHz [17]. Both of these 

devices showed an exceptional tuning capacity which is superior to either the varactor diode or 

the ferroelectric tunable capacitor.  

RF MEMS switch or varactor based antennas require extra caution during design, since 

antennas are generally very sensitive to surrounding structures and feeding variations. An early 

effort of a tunable antenna integrating MEMS technology demonstrated a scanning angle of 48o 

at 17.5 GHz. Directivity was estimated to be around 38 [18]. A V-band 2-D beam-steering 

antenna applying MEMS technology was reported in [19]. This antenna was driven by magnetic 

force and reached a maximum scanning angle of 40o. 

An RF MEMS phase shifter design can employ many different topologies, such as 

loaded-line phase shifters, reflection phase shifters, delay line phase shifters, etc. Although 

MEMS phase shifters provide much lower loss than those based on monolithic microwave 

integrated circuit (MMIC) technology, they suffer from slow tuning speed, normally in the order 

of microseconds (µs). A 0 – 60 GHz wide band loaded line phase shifter has been developed in 

[20], with a phase shift of 118o and an insertion loss of 2 dB when measured at 60 GHz. A phase 

shift of 84o and insertion loss of 1.8 dB was measured at 40 GHz. The return loss was better 

than 10 dB for both cases. Two other W-band loaded line phase shifters have also been 

demonstrated in [21]. For the 3-bit distributed microelectromechanical transmission line 

(DMTL) configuration, phase shifts of 45o, 90o, 135o, 180o, 225o, 270o and 315o were achieved, 
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and an average insertion loss of 2.7 dB and a return loss better than 10 dB were measured at 78 

GHz. For the 2-bit DMTL configuration, phase shifts of 89o, 180o and 272o were achieved, and an 

average insertion loss of 2.2 dB and return loss better than 11 dB was measured at 81 GHz. A 

reflection phase shifter was reported in [22]. This 4-bit circuit provided a phase shift from 0 to 

337.5o in 22.5o steps. An average insertion loss of 1.4 dB and a return loss better than 11 dB 

were measured for all 16 states. Two delay line phase shifters, one with 3-bit and the other 

with 4-bit, were reported in [23]. The 3-bit phase shifter had an average insertion loss of 1.7 dB 

and a return loss better than 13 dB for all 16 states from 0o to 337.5o with 22.5o increments. 

The 4-bit phase shifter had an average insertion loss of 2.25 dB and a return loss better than 15 

dB for all 8 states from 0o to 315o with 45o increments. 

RF MEMS tunable filters have been studied intensively for all frequency bands. A 

differential 4-bit MEMS band-pass filter designed from 6.5 to 10 GHz was reported in [24]. A 

44% tuning range was achieved with return loss better than 16 dB for the whole frequency 

range. Insertion losses of 4.1 dB and 5.6 dB were measured at 9.8 and 6.5 GHz respectively. 

Fractional bandwidths of 4.7% and 5.5% were obtained. A Ku-band RF MEMS tunable band-pass 

filter was reported in [25]. A tunability of 44% (from 9.55 to 14.95 GHz), an insertion loss less 

than 3.2 dB, a return loss better than 15 dB and a fractional bandwidth of 5.3-5.8% were 

measured. A miniature three-pole slow-wave RF MEMS band pass filter at 18-22 GHz was 

developed in [26]. This filter exhibited a tuning range of 14% (from 18.6 to 21.4 GHz), an 

insertion loss of 3.85-4.15 dB and a fractional bandwidth of 7.5%.  
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In addition to RF and microwave applications, MEMS devices have made their way into 

numerous fields in the last half a century, for instance, fluidics, thermodynamics, acoustics, 

electromagnetics, chemistry, biology, optics, etc [27] – [29]. Therefore the name MEMS has also 

outgrown its classical definition as many MEMS devices nowadays do not involve mechanical 

movement anymore.  

1.1.3 Ferroelectric Materials 

A tunable ferroelectric device is an electrical device whose principle of operation is 

based on the use and properties of ferroelectric materials with an electrical field dependent 

permittivity [30]. An illustration of the material dielectric constant being tuned by an external 

DC bias voltage is shown in Figure 1 - 3 [31]. This bell-shape curve indicates that, as the bias 

voltage increases (regardless of its polarity), the relative permittivity εr decreases.  

 

Figure 1 - 3 Electrical field dependent permittivity 

0 +V-V

BST Permittivity
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Ferroelectric materials have been studied in the RF and microwave realms since the 

1950s, yet only during the past two decades has enormous development progress been made. 

Because of their material properties – high dielectric constant, good tunability, high breakdown 

voltage and monolithic processing compatibility – ferroelectric materials, such as BST (BaxSr1-

xTiO3), PZT (PbZrxTi1-xO3), SBT (SrBi2Ta2O9), etc, are being used in various RF and microwave 

devices [32]. Among those, BST is most frequently studied because of its overall advantages 

compared with other ferroelectric materials. Hence the focus of this dissertation is going to be 

placed on the BST material, specifically on its fabrication on flexible substrates.  

BST being such a good candidate for tunable RF and microwave applications, a 

significant amount of research has been conducted regarding the device implementation of BST 

materials, for example, BST-based tunable capacitors, filters, phase shifters, and so on.  

The very fundamental research efforts were made towards BST capacitors, since BST 

material is primarily a dielectric. Both metal-insulator-metal (MIM) capacitor and inter-digital 

capacitor (IDC) structures have been studied for capacitance, tunability, quality factor (Q), 

linearity, etc. A BST capacitor with MIM structure was reported in [33]. Tunability of 71% (3.4:1) 

was achieved with a bias voltage of 9 V at frequencies from 45 to 500 MHz, and a Q factor of 

over 60 was obtained at 50 MHz for a 65 pF capacitor measured at 0V, which is comparable to 

that of similar semiconductor based varactor diodes. The linearity of BST MIM capacitors was 

improved in [34] by stacking multiple capacitors in series. The third-order intercept point at 

input (IIP3) was improved by 16 dB. A tunability of 50% (2:1) was measured with a bias voltage 

of 10 V, and a Q factor from 39 to 49 was obtained for a 1.4 pF capacitor at 1.3 GHz. The BST 
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varactors with MIM structure usually offer better tunability than those with IDC structure, while 

the fabrication complexity of BST IDC is usually lower. A BST IDC with a tunability of 21% at a 

30-V maximum bias voltage was reported in [35]. Its capacitance was measured from 0.78 to 

0.62 pF and a Q factor was measured from 17.1 to 25 with 0 to 30 V bias voltages at 2.5 GHz. A 

more recently research on a BST IDC working from low frequency to 50 GHz was presented in 

[36]. This capacitor exhibited a tunability of 63% with a 5 V DC bias. At 0 bias it has a 

capacitance of 0.2 pF and a Q factor of 50 around 30 GHz.  

Other tunable RF and microwave devices based on BST capacitors have also been 

studied extensively. Tunable filters play a substantial role in a variety of applications in modern 

communication systems. For this reason, they have been investigated for different frequency 

bands from VHF to Ka-band and above [37] – [40]. A low-pass filter (LPF) and a band-pass filter 

(BPF) applying BST MIM capacitors and other lumped elements were studied in [37]. For the 

LPF, an insertion loss of 2 dB, a return loss better than 7 dB, and a tunability of 40% (120 – 170 

MHz) with tuning voltages of 0 – 9 V were measured up to 500 MHz. For the BPF, an insertion 

loss of 3 dB, a return loss better than 7 dB, and a tunability of 57% (176 – 276 MHz) with tuning 

voltages of 0 – 6 V were obtained. An S-band BPF applying BST IDC structure was investigated in 

[38]. Measurements showed an insertion loss of 5.1 dB at 0 V biasing, 3.3 dB at 200 V biasing 

and a return loss better than 13 dB for all bias voltages. A tunability of 16% (2.44 – 2.88 GHz) 

with up to 200 V biasing was also obtained. A Ku-band miniaturized (2mm by 6mm) slow-wave 

tunable BPF utilizing BST IDC structure is demonstrated in [39]. This BPF exhibited an insertion 

loss of 5.4 dB at 0 V biasing and 3.3 dB at 30 V biasing. The return loss was measured to be 
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better than 10 dB, and a tunability of 20% (11.5 – 14 GHz) was also achieved. A Ka-band tunable 

BPF using BST capacitors was studied in [40]. This filter presented an insertion loss of 6.9 dB at 0 

V biasing and 2.5 dB at 30 V biasing. A return loss of 24 – 13 dB and a tunability of 17% (29 – 34 

GHz) were also measured.  

Phase shifters are essential components in phased array antennas. Various topologies 

can be employed with BST capacitors as tuning elements. Two all-pass-network-based phase 

shifter working at 20 GHz and 30 GHz respectively using BST capacitors were proposed in [41]. 

The 20-GHz phase shifter reached a maximum phase shift of 330o at 21.7 GHz with a bias 

voltage of 60 V. The insertion loss was 6.1 dB for 0 V biasing and 4 dB for 20 and 30 V biasing. 

The return loss was better than 10 dB with bias voltages below 30 V and better than 4 dB with 

bias voltages up to 60 V. The 30-GHz phase shifter achieved a maximum phase shift of 360o at 

32 GHz with a bias voltage of 60 V. The insertion loss was 7 dB for 0 V biasing and less than 5 dB 

for 10 to 40 V biasing. The return loss was better than 10 dB with bias voltages below 30 V and 

better than 4 dB with bias voltages up to 60 V. Two reflection-type phase shifters applying 

Lange couplers and BST IDCs were fabricated and measured in [42]. With bias voltages of 0 – 

160 V, the phase shifter using a straight-type Lange coupler showed a maximum phase shift of 

over 90o with an insertion loss better than 2 dB measured at the frequency range of 1.9 – 2.5 

GHz. The return loss was better than 14 dB. The phase shifter making use of a folded-type 

Lange coupler achieved over 130o phase shifter with an insertion loss better than 2.3 dB and a 

return loss better than 19 dB at 2.2 – 2.6 GHz. Two BST-IDC-tuned phase shifters employing left-

handed transmission line topologies were described in [43]. With bias voltages of 0 – 160 V, 
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maximum phase shifters of 413o for design-I and 412o for design-II were obtained; maximum 

insertion losses of 10.3 dB or 8 dB and return loss better than 15 dB or 10 dB were also 

measured at 10 GHz for design-I and design-II respectively. A phase shifter consisting of a CPW 

line periodically loaded with BST IDC was described in [44]. A phase shift of 360o was achieved 

with 40 V biasing at 30 GHz, and insertion losses of below 5 dB and around 15 dB were also 

measured for bias voltages of 40 V and 0 V respectively. No return loss data was reported in the 

study. A similar phase shifter applying the same topology was also reported in [45]. This phase 

shift was characterized up to 30 GHz, with a phase shift of 310o measured with a 35 V bias 

voltage at 30 GHz, a maximum insertion loss of 3.6 dB and a return loss better than 12 dB.  

1.1.4 A Comparison of the Current Available Tunable Technologies 

Since each tunable technology has its pros and cons, a comparison of these technologies 

is shown in Table 1 - 1 [1] [2] [46].  

  



13 
 

Table 1 - 1 Comparison of current available tunable technologies 

 Varactor Diode MEMS Ferroelectric 

Tunability High High Moderate to High 

Tuning Speed Fast Slow Fast 

Continuous Tuning Continuous Discrete (typically) Continuous 

Control Voltage Low High Low to High 

Loss Moderate Low Moderate 

Power Consumption Poor Excellent Excellent 

Reliability Good Poor Excellent 

Cost Moderate Moderate Low 

Packaging Requirement Need Need No Need 

1.2 Flexible Electronics 

Flexible electronics, as the name implies, mean electronic circuitries and devices 

fabricated on flexible substrates with the benefit that they can conform to a desired shape or 

flex before, during or after their use. The very first device was a single-crystalline silicon solar 

cell that was demonstrated in the 1960’s. Since then, the flexible electronics industry has 

become a wide-open area and has been expanding rapidly [47].  
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A few recent applications of flexible electronics can be found in the free e-book “A 

Foldable World” [48]. In 2003, the world’s first polymer-based transistor completely produced 

using continuous mass printing was presented at the Institute for Print and Media Technology 

at Chemnitz University of Technology. Later, the first fully printed ring oscillator on transparent 

and flexible substrate applying seven stages using the same printing technology was also 

created by the same institute [49]. Though the performance of either the transistors or the ring 

oscillators was not yet comparable to the semiconductor counterparts, the breakthrough of this 

technology still attracted a lot of attentions. In 2007, fully transparent and medically flexible 

nanowire transistors (NWTs) on plastic substrates were reported in [50]. These devices 

exhibited high-performance n-type transistor characteristics with about 82% optical 

transparency. In 2008, a novel way of collecting solar energy using a flexible nano-antenna 

electromagnetic collector (NEC) was developed in [51]. These nano-antennas can take in 

infrared energy that is from both sunlight and the earth’s heat and convert it with higher 

efficiency than conventional solar cells. In later years, more advanced flexible electronics have 

been reported by both academic and industrial research institutes. Sony demonstrated for the 

first time a 4.1-inch super-thin (about 80 µm thick) organic light-emitting diode (OLED) display 

with a 432 × 240 resolution (121 ppi) and a 1000:1 contrast ratio. This display was so thin that it 

could be wrapped around a pencil while continuing to display images and videos [52]. Bio-

compatible LED arrays capable of bending, stretching and being implanted under the skin using 

traditional semiconductor GaAs (Gallium Arsenide) and conventional metals were introduced in 

[53]. This technology can be used to activate drugs, monitor medical conditions or perform 
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other biomedical tasks inside human bodies. A thin, flexible secondary Li-ion paper battery 

applying carbon nanotube (CNT) thin films was also reported in [54]. This battery was only 300-

µm-thick, yet exhibited robust mechanical flexibility (being able to bend down to less than 6 

mm) and high energy density (108 mWh/g). Tests showed that this new prototype was capable 

of recharging up to 300 times without failure. All-printed and roll-to-roll-printable 1-bit radio 

frequency identification (RFID) tags on plastic foils were demonstrated in [55]. Operating at 

13.56 MHz, these RFID tags could generate 102.8 Hz of clock signal as the tags approached the 

RFID reader.  

1.2.1 Materials and Fabrication Techniques for Flexible Electronics 

Popular flexible substrates that serve as replacements for conventional rigid substrates 

include, but are not limited to, thin glass, organic polymers (plastics) and metal foil [47]. Thin 

glass is the standard substrate in current flat panel display technology; organic polymers such 

as polyethylene terephthalate (PET), polyethylene naphthalate (PEN), and polyimide (PI), are 

being researched to bear silicon-based devices; metal foil substrates are very attractive for 

emissive or reflective displays. A number of requirements need to be met in the following areas 

so that these materials can be used as the substrate for flexible electronics: surface roughness, 

mechanical properties, chemical properties, thermal and thermo-mechanical properties, optical 

properties, electrical and magnetic properties, etc.  

Of the options discussed above, the liquid crystalline polymer (LCP), a class of aromatic 

polyester polymer, exhibits unique electrical, physical and chemical properties, which makes it 
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favorable for RF and microwave applications. Section 1.2.2 will talk about different applications 

of this substrate.  

Two industrial approaches are being used for flexible electronics manufacturing: (1) 

transfer of a complete device or circuit to flexible substrates, and (2) direct fabrication of 

circuitry on flexible substrates. Either approach requires all components to comply with 

bending to a certain extent without compromising performance.  

For the transfer approach, the whole device or circuit is first fabricated on a traditional 

rigid substrate such as a silicon or GaAs wafer, then diced and wire-bonded onto a flexible 

substrate. Wire-bonding has long been used in research and industry. This method provides 

high-performance devices comparable to those on rigid substrates. However it suffers from 

small surface area coverage, high cost and high-frequency operation restriction resulting from 

the inductive effects of the bond wires.  

The direct fabrication approach is also used in many applications. It allows large-area 

mass production with all components fabricated directly onto the flexible substrate. Not all 

flexible substrates are compatible with the existing microfabrication processes, mostly because 

of the high-temperature related procedures. Innovative techniques are being investigated, 

including additive printing of each layer of the devices, the printing of masks and etching, etc.  

1.2.2 LCP State-of-the-art Applications 

LCP material has drawn a lot of attention in the RF and microwave field because of its 

low relative dielectric constant, low dissipation factor and low lamination temperature. Recent 
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research and development have shown that LCP is probably the best polymer for multilayer 

packaging, because while it is flexible, lighter and much less expensive, it also exhibits device 

performance comparable to traditional metal and ceramic hermetic packages.  

Immersion tests of patch antennas fabricated on three different flexible substrates were 

carried out in [56]. Results showed that the LCP substrate was superior to the other two low-

moisture-absorption-substrates tested, since it showed no measureable changes in weight or 

antenna resonance frequency after up to 16-days of submersion in water. It has also been 

found that LCP materials can be used as a low-cost substitutes for standard hermetic materials 

for monolithic microwave integrated circuit (MMIC) packaging applications in RF, microwave 

and millimeter wave (MMW) frequencies. The packaging capability of the LCP substrates was 

investigated as early as 1995 [57]. It was concluded that the packaged devices can be made 

hermetic and the weight was only half to one fourth of the ceramic-packaged devices. The cost 

was about one fifth of that for ceramic packaging. Recent research has showed even more 

capacities of this substrate. LCP substrates with laser-micromachined cavities were used as the 

packaging substrate for MMIC and RF MEMS devices. Results measured up to 40 GHz showed 

that no significant difference was found between the devices with and without LCP packaging. 

For millimeter wave (MMW) applications, LCP substrate was studied as the substrate/packaging 

material for a low-loss integrated waveguide (IWG), a microstrip line-to-IWG transition and an 

IWG bandpass filter (BPF) in [59]. The insertion loss was measured at 0.12 dB/mm for the IWG 

and 0.14 dB for the microstrip line-to-IWG transition at 60 GHz. The three-pole BPF with a 

center frequency of 61.1 GHz achieved a 3-dB bandwidth of 13.4%, an insertion loss of 1.8 dB 
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and a rejection of greater than 15 dB. For all the applications demonstrated, LCP substrate has 

been proven as an excellent RF and microwave substrate and a system-level packaging 

material.  

Various antennas and power amplifiers on LCP substrates were also studied and 

compared with those on rigid substrates. An RFID tag antenna covering both the European (866 

MHz – 868 MHz) and North American (902 MHz – 928 MHz) RFID UHF frequency bands was 

fabricated on 4-mil-thick LCP substrate in [60]. The measured return loss was better than 10 dB, 

which was in agreement with the simulation. Dual-frequency (14 GHz and 35 GHz), dual-

polarization microstrip antenna arrays were demonstrated in [61]. The return losses for both 

frequencies were better than 15 dB, and the measured bandwidths agreed with simulation 

results. A CPW-fed micromachined stacked patch antenna was presented in [62]. The LCP 

material was used to mechanically support and form cavities to protect the radiating and 

parasitic patch elements. Measurement results showed a gain of 7.6 dBi and a bandwidth of 

44%. A flexible ultra-wideband (UWB) elliptical slot antenna on LCP substrate was investigated 

for breast cancer detection in [63]. This CPW-fed antenna was capable of detecting small 

tumors with a size below 2 mm. The preliminary results of using a conformal 3-element array 

showed very promising sensitivity enhancement. A 6 – 18 GHz push-pull power amplifier (PA) 

module on a LCP substrate was studied in [64]. With very low even-order distortions, this PA 

showed a P1dB power of 31 dBm and a 2nd order harmonic distortion reduction of over 20 dB 

compared to a single PA throughout the passband.  
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1.3 Tunable and Flexible – The Newly-mingled Field 

As both tunability and flexibility are much desired features, many research groups have 

invented new techniques that can realize this combination in the RF and microwave regions. 

The following attempts are the most cutting-edge accomplishments and thus are not 

commercially available yet.  

One simple concept is to mount tunable components onto a flexible substrate to realize 

both tunability and flexibility. An example can be found in [65], in which a low-loss and 

compact-sized X-band analog tunable filter was fabricated and measured on a flexible LCP 

substrate. Tunable BST capacitor chips were surface-mounted onto the substrate using silver 

epoxy and ribbon bond. This design was flexible and about 50% smaller than a conventional 

open-loop resonator filter, and yet achieved a tuning of 12%, a return loss of better than 10 dB 

and an insertion loss of 1.8 – 5.5 dB. However, as mentioned in the previous section, this 

method has limitations, such as the extent of flexibility and the operation frequency. 

Specifically, the bond wires used in the circuit will add in a considerable inductive effect as the 

operation frequency increases.  

Another remarkable approach is based on silicon-nanomembrane (SiNM), as described 

in detail in [66]. Silicon based devices, such as diodes (varactors) and transistors, can first be 

fabricated on the silicon nanomembrane, which is an elastically strain-sharing multilayer 

structure consisting of Si-SiGe-Si layers. This multilayer structure is originally positioned on a 

buried oxide (BOX) layer on a silicon wafer. By removing the BOX layer, the SiNM layer with the 

device is released from the silicon wafer, and can then be transferred onto a foreign substrate, 



20 
 

including a flexible substrate. For instance, SiNM-based PIN diodes on flexible plastic substrates 

were demonstrated in [67]. Measurement showed typical rectifying characteristics. An insertion 

loss of less than 1.7 dB and isolation better than 20 dB were achieved from DC up to 5 GHz at 

low bias conditions. This approach is an innovation of the monolithic fabrication of silicon-

based devices. Nevertheless, the possibility of large-scale fabrication is still under investigation.  

Another notable method is to take advantage of the packaging capability of flexible 

materials to realize reconfigurable system-on-package (SOP). In [68], two reconfigurable RF 

MEMS phased array antennas were integrated into a SOP on LCP substrates. LCP substrates, in 

this case, were used as the RF substrates as well as the packaging materials. Working at 14 GHz, 

both antennas (one using a single layer SOP and the other using a multilayer SOP) exhibited low 

loss characteristics and were able to achieve 12o of beam steering. In [69], tunable frequency-

selective surfaces (FSS) and electromagnetic-bandgap (EBG) structures on rigid-flex Kapton 

substrates were fabricated using a newly-developed MEMS process. Kapton substrate is all 

dielectric and after the special treatment is semi-flexible. The FSS switching between Ku-band 

and Ka-band showed center frequencies of 17.8 GHz and 21.3 GHz at down-state and up-state, 

respectively. The measured ±90o bandwidth for the EBG was 1.91% (bias on) and 1.29% (bias 

off). Another example demonstrated that MEMS sensors, a flow sensor and a tactile sensor, can 

be fabricated directly onto the flexible LCP substrate [70]. The flow sensor tested with flow 

rates from 0 to 20 m/s showed an expected velocity-squared relationship. The tactile sensor 

displayed a hysteretic behavior originally, which disappeared after flexing the device for a few 

times.  



21 
 

BST-based tunable capacitors have also been made on copper foil with the use of 

controlled oxygen pressure [71] or in a nearly inert atmosphere [72] during annealing. The core 

of both techniques is to prevent copper from oxidazing in the high temperature annealing 

process. The drawback for this technique is that copper is not a typical RF and microwave 

substrate, therefore the applications for BST thin film on copper foil are limited.  

The use of liquid crystal as the dielectric material of a tunable capacitor working in RF 

and microwave frequencies was also presented in [73]. With a control voltage of 5 V, a quality 

factor of 310 was measured at 4 GHz, and a tunability of 25.4% was obtained at 5 GHz. This 

approach is suitable for preparing tunable devices on flexible substrates, especially for 

transparent applications.  

In this work, the possibility of BST thin film on LCP substrate is investigated, and a new 

transfer technique incorporating wafer-bonding and substrate-etching is proposed. This will be 

discussed in detail in Chapter 2. 

1.4 Dissertation Outline 

This dissertation consists of five major sections. 

The first chapter is an introduction to tunable and flexible electronics. It covers the 

motivation of this work, and the state-of-the-art research in tunable components, flexible 

devices, and smart flexible electronics. 
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Chapter 2 is everything about BST – Barium Strontium Titanate. Material properties, 

deposition techniques, analytical techniques and a new transfer technique are all discussed in 

detail. 

Chapter 3 talks about our research of a new transfer technique to realize BST-based 

tunable capacitors on flexible LCP (liquid crystalline polymer) substrates. Simulation, 

fabrication, measurement, results and detailed discussions are presented. 

Chapter 4 focuses on our primary study of a BST-based reflectarray antenna. Unit cell 

optimization is studied and the results are verified by either simulation or measurement or 

both. 

This dissertation is concluded in chapter 5. Future work based on this research is also 

proposed. 
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CHAPTER TWO:  
BST – A SMART MATERIAL 

BST, Barium Strontium Titanate, is considered a smart material mainly because of its 

electric-field-dependent permittivity. It also has other good qualities such as high permittivity 

and a high breakdown voltage. This chapter will focus on different aspects of this material, 

including physical and electrical properties, fabrication methods, material characterization and 

a new transfer technique that makes it possible to have BST thin films on flexible LCP 

substrates. 

2.1 BST Material Properties 

2.1.1 Ferroelectric Phenomenology 

Ba1-xSrxTiO3 is a continuous solid solution between two basic substances, BaTiO3 and 

SrTiO3. Since both of them have the perovskite crystal structure, BST naturally inherited the 

same structure. Figure 2 - 1 shows a BST perovskite crystalline lattice, where a large Barium (Ba) 

or Strontium (Sr) atom (red) occupies the center position of the cube, eight Titanium (Ti) atoms 

(blue) sit in the corners, and twelve Oxygen (O) atoms (green) take the midpoint of each edge. 

The yellow atoms are oxygen ions from adjacent molecules that share the titanium ion in that 

corner.  
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Figure 2 - 1 BST molecule structure 

Although BST is usually considered a ferroelectric material, it undergoes two different 

phases, namely ferroelectric phase and paraelectric phase, separated by a transition 

temperature called the Curie temperature, TC [74]. BST material is in the ferroelectric phase 

when the temperature is below TC. In this phase, the BST material demonstrates a spontaneous 

(zero field) polarization. The direction of this spontaneous polarization can be reversed by 

applying an electric field (not exceeding the breakdown limit of the crystal). This polarization 

reorientation creates a hysteresis loop, as shown in Figure 2 - 2 (a). This phenomenon indicates 

that there is a memory effect in the ferroelectric phase, which can be utilized in nonvolatile 

memory applications. Above the Curie temperature the hysteretic effect disappears, and the 

BST material enters the paraelectric phase, see Figure 2 - 2 (b) [75]. The paraelectric phase is 

very useful for dynamic random access memories (DRAM) and tunable capacitor applications.  
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Figure 2 - 2 polarization of BST material (a) Ferroelectric and (b) paraelectric 

Research shows that the Curie temperature TC is a function of the stoichiometry of the 

BST composition, specifically, it decreases with increasing Sr content, as shown in [76]. 

Therefore, the Curie temperature of the BST material can be adjusted by controlling the ratio 

between BaTiO3 and SrTiO3 in the BST compound, so that the BST material will exhibit the 

desired phase – ferroelectric or paraelectric – in the temperature range that the device is set to 

work. For all the applications presented in this dissertation, the BST thin film in the paraelectric 

phase is used. 

2.1.2 Bulk vs. Thin Film BST 

BST material takes two forms – bulk and thin film – and they behave quite differently. 

The permittivity of BST bulk ceramic is extremely high, typically in the thousands, and it 

increases sharply when the temperature is in the close vicinity of the Curie point TC. This 

behavior shows up in both the ferroelectric and paraelectric phases. On the other hand, the 
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permittivity of BST in the thin film form is much lower, usually in the hundreds, and there is no 

sharp peak observed with temperature variation. An example is shown in [77].  

For the BST thin film particularly, the permittivity also varies with film thickness, as 

shown in [78]. A thicker film provides higher permittivity as well as higher tunability. Therefore, 

a certain thickness is needed in order to reach a specific value for both the permittivity and the 

tunability.  

In this dissertation we are studying BST thin films on LCP substrates and sapphire 

substrates for applications in tunable capacitors, phase shifters and reflectarray antennas.  

2.1.3 BST Thin Film Electrical Properties 

Originated from the perovskite crystal structure, the BST thin film possesses a few 

unique electrical properties that make it an excellent candidate for RF and microwave 

applications. Some of these properties are listed below. 

1. High permittivity. 

Thin film BST permittivity is usually in the hundreds, depending on the BST composition 

(Ba:Sr ratio), the thickness of the film and the level of crystallization. A better crystallized BST 

thin film can be obtained by optimizing the deposition conditions, such as substrate 

temperature, annealing temperature, ambient pressure, gas mixture, etc, during both 

deposition and annealing processes. Thicker film and better crystallization ensures higher 
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permittivity, and the higher permittivity allows smaller device dimensions and therefore a 

compact design.  

2. Tuning capability. 

Tunability is the most favorable feature for tunable electronics, and is mainly 

determined by the BST composition (Ba:Sr ratio), doping in the material and the level of film 

crystallization. BST thin film has demonstrated a tunability of nearly 75% in [80], which is 

equivalent to a ratio of 4:1 for maximum to minimum permittivity.  

Tunability is defined by: 

           
         

    
 

 ( 2 - 1 ) 

3. Moderate loss. 

Material loss is a regular concern for all device manufacturing. BST thin film loss tangent 

ranges from beyond 0.01 to 0.1[79], and is affected mainly by lattice defects and interfacial 

contaminations.  

4. Fast tuning. 
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BST tuning originates from its dipole reorientation, thus its tuning speed is as fast as the 

rate of its electric polarization, which is normally in the picoseconds range. This is critical for 

applications that require fast response, like multipliers and phase shifters.  

5. Continuous tuning 

The dipole-reorientation-originated tuning is also continuous. Therefore, with a proper 

bias voltage, the BST permittivity can reach any value between the minimum and maximum of 

that particular film.  

6. Non-linear behavior 

The non-linear relationship between the electric field (bias voltage) and the permittivity, 

as shown in Figure 1 - 3, makes it possible for the BST thin film to be used in frequency 

conversion devices, such as multipliers and mixers.  

7. High power handling capacity 

High breakdown voltage of more than 2×106 V/cm has been reported in [80]. This 

ensures that BST thin film can handle large RF signals and thus can be used in high power 

devices.  

8. Low power consumption or leakage current 
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Leakage current is the main cause for power consumption. Devices made from BST thin 

films exhibit low leakage current density in the order of 10-8 A/cm2 [81].  

9. High frequency device feasibility 

BST thin film based devices are compatible with the existing semiconductor 

manufacturing process. This lack of a packaging requirement enables the integration with other 

parts of the circuit components, thus leading to low cost applications in RF and microwave even 

millimeter wave (MMW) frequencies.  

2.2 BST Deposition Techniques 

The most commonly used BST deposition techniques in research and in industry are the 

RF magnetron sputter deposition, pulsed laser deposition (PLD), sol-gel, chemical vapor 

deposition (CVD) including metal-organic chemical vapor deposition (MOCVD) and combustion 

chemical vapor deposition (CCVD). Since RF magnetron sputtering is employed in this work, it is 

explained here in detail. A brief description of the other processes is also given in the following 

sections.  

2.2.1 RF Magnetron Sputter Deposition 

Sputter deposition falls into the physical vapor deposition (PVD) category. It is a process 

of depositing thin films by ejecting material atoms or molecules from a source material onto a 

substrate using atom bombardment, which is excited by accelerating ionized neutral gas 
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molecules in a vacuum environment. A typical system is illustrated in Figure 2 - 3 (a) [82]. The 

source material is also called a ‘target’, also shown in Figure 2 - 3 (b), which is mounted in a 

‘gun’ located at the bottom of the system.  
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Figure 2 - 3 An RF sputtering system, (a) diagram, (b) targets, and (c) the inside picture of a 3-gun sputtering 
system 

The use of a magnetron – by placing a magnet below the target in the gun – can 

considerably improve the deposition rate. Both DC power and RF power can be used in the 
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magnetron sputtering system. DC magnetron sputtering is only good for conducting materials 

while RF magnetron sputtering can be used for both conducting and non-conducting materials. 

The top view of an open magnetron sputtering system with 3 guns is shown in Figure 2 - 3 (c). 

This system is capable of loading up to 3 different materials in the same chamber. Therefore, 3 

different thin films or the combination of any of them may be deposited in the same vacuum.  

When the RF magnetron sputtering process starts, the magnetic field traps a good 

number of free electrons right above the target. This greatly increases the chance of the neutral 

gas molecules getting ionized by these electrons. The positively charged ions (ionized neutral 

gas molecules) are then attracted towards the target by the cathode connected to gun and 

strike the target in an accelerated fashion. The target is then eroded by these ions through 

momentum transfer and the source material is ejected as neutral particles – in the form of 

individual atoms and/or clusters of atoms or molecules – traveling in a straight line onto the 

substrate. Thin film deposition is achieved as a result.  

An AJA ATC 1800 magnetron sputtering system is used to deposit BST thin films in this 

work. With three guns and two power sources, one DC and one RF, this system can deposit 

three different types of thin films alternatively or a combination of two materials.  

2.2.2 Pulsed Laser Deposition PLD 

PLD is also classified as a PVD process. It utilizes a focused pulsed laser beam with high 

power to strike a material target in such a way that the material is vaporized and deposited 

onto a substrate [83]. Although a series of events occur during this whole process, the 
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deposited thin film keeps the exact same chemical composition as the target material. The 

uniqueness of this deposition is that the energy source (laser) is placed outside the chamber, 

thus the operating pressure can be controlled in a wide range from ultra high vacuum (UHV) to 

a fraction of the atmosphere pressure. Additionally, film thickness can be controlled by varying 

the number of laser pulses.  

Detailed BST thin film deposition parameters using PLD technique can be found in [84]. 

2.2.3 Sol-gel 

The sol-gel process is a wet-chemical deposition technique that employs a ‘sol’ (usually a 

colloidal solution) as the precursor to evolve towards the formation of a solid ‘gel’ phase [85]. A 

thin film can be obtained by spin-coating or dip-coating a substrate. Other forms, such as fiber, 

powder, porous and dense materials, can also be produced by appropriate treatment. A drying 

or thermal procedure is often needed afterwards for further poly-condensation or mechanical 

property and stability enhancement.  

A detailed description of BST thin film deposited by the sol-gel process can be found in 

[86]. 

2.2.4 Chemical Vapor Deposition CVD 

The CVD process makes use of the reaction and/or decomposition of volatile precursors 

in gaseous state to produce the thin film when they pass over or come into contact with a 

heated substrate. CVD is extremely versatile and can be used to process a wide range of metals 
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and ceramics. Substrate temperature, chamber pressure and precursor concentration are the 

control parameters that will yield the desired thin film product [87].  

The CVD process can be further classified into many different categories, among which 

MOCVD [88] and CCVD [89] are being used for BST thin film deposition. 

2.3 BST Analytical Techniques 

After a BST thin film is deposited onto a substrate, both its material composition and the 

degree of crystallization need to be characterized.  

In this work, the atomic ratio of Ba:Sr:Ti:O is analyzed by a General IONIX 1.7 MU 

Tandetron Rutherford Backscattering Spectroscopy (RBS) system, whose primary application is 

to obtain a quantitative composition of a material and a depth profiling of individual elements. 

This is accomplished by measuring the backscattering of a beam of high energy ion – typically 

helium ions with energy of a few MeV – impinging on a thin film sample. The detection limits 

are 1-10 atomic percent for low atomic number elements and 0-100 parts per million (ppm) for 

high atomic number elements, which indicates a better sensitivity for heavier elements.  

An example of the measured data of a BST thin film using RBS is shown in Figure 2 - 4. 

The line in black is the experimental spectrum or the raw data, and the line in red is the fit for 

elemental profiles generated by computer simulation. As we can see that the curve exhibits a 

staircase structure, which is typical for RBS measurement. Each step is associated with one of 

the elements in the thin film or the substrate. The X-axis of the plot is associated with the 

energy of the backscattered particles. The front edge position of each step defines the type of 
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an element, and the width of the step indicates a constant concentration of that element, 

which can be further used to calculate the thickness of the thin film consisting of this element. 

However, the substrate is an exception for obtaining thickness data, because the substrate is 

usually much thicker than the detection limit of the RBS system. The Y-axis of the plot is the 

yield or counts of the detected backscattered particles per unit energy, which is proportional to 

the square of the atomic number. Therefore, equal concentrations of light and heavy elements 

will produce different yields in the RBS spectrum. In Figure 2 - 4, the signal from the silicon 

substrate (located near channel 450) overlaps with that from the oxygen atoms (located near 

channel 300). Other signals located near channel 650, channel 750 and channel 800 are from 

the titanium, strontium and barium atoms respectively.  



36 
 

 

Figure 2 - 4 Sample data of an RBS measurement 

BST crystallization is examined by a Rigaku D/MAX X-Ray Diffraction (XRD) system in this 

study, which can determine the crystal structure and lattice parameters of a crystalline 

material. This is achieved by measuring the intensity of X-rays beams diffracted by the thin film 

under investigation. According to Bragg’s Law, diffraction occurs only when the X-ray beam is 

incident at a certain angle that causes constructive interference. Therefore by plotting the 

intensity of the diffracted X-ray beams versus the incident angle, crystal orientation can be 

identified. Furthermore, by comparing the measured data with that in a database, an unknown 

crystalline phase and orientation of a sample can be labeled. An example of an XRD 

measurement is shown in Figure 2 - 5. The X-axis is associated with the angle of the incident X-
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ray, 2θ to be exact. The Y-axis is the intensity of the X-ray detected. The strongest peak near 2θ 

= 31 corresponds to a crystal orientation of <110> for BST thin film. The rest of the peaks 

associated with other crystal orientations are considerably smaller compared to the <110> 

peak, which indicates that this thin film is primarily consisting of crystal orientation <110>.  

 

Figure 2 - 5 Sample data of an XRD measurement 

2.4 BST Transfer Technique 

BST material quality (permittivity, tunability, loss, etc) is largely determined by its 

crystallinity level, i.e. a high degree of crystallization lead to a good thin film quality. The 

crystalline structure can be achieved by a post-deposition annealing. A high temperature above 

700oC is usually required for such a process. On the other hand, most flexible substrates have a 

melting point well below 700oC. For instance the melting temperature for an LCP substrate is 

315oC. This creates a difficult dilemma that prevents the BST thin film from being deposited and 

annealed directly on the flexible substrates.  
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A new transfer technique is therefore proposed [90]. BST thin film is firstly deposited on 

a rigid substrate which can endure the high temperature process for BST fabrication. This 

substrate is then wafer-bonded with a flexible substrate with the BST thin film sandwiched in 

between. Subsequently, the rigid substrate is removed completely, leaving the BST thin film on 

the flexible substrate. This process is illustrated in Figure 2 - 6. 

 

Figure 2 - 6 BST transfer technique 

One of the keys to the success of the transfer is the choice of the rigid substrate. It must 

meet a list of requirements:  

1. This substrate must be compatible with the BST fabrication process and all the other 

fabrication procedures needed for the BST-based device manufacturing.  

2. The removal of this substrate must be easy enough.  

3. It is very much preferred that this substrate is inexpensive so that it can be used as a 

sacrificial substrate.  

BST

Rigid Substrate

Flexible Substrate
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In this work, a test grade silicon wafer with <100> crystalline orientation is used as the 

rigid substrate. It is available at less than $10/pc. Moreover, silicon etching is a matured process 

in the semiconductor industry, and the etching rate can reach as high as several 

microns/minute, as seen in Appendix A [91].  
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CHAPTER THREE:  
BST CAPACITOR ON FLEXIBLE SUBSTRATE 

BST capacitors have traditionally been fabricated on rigid substrates because of the high 

temperature requirement of the BST thin film fabrication process. On the other hand, the 

melting points of most flexible substrates are relatively low, usually in the low hundreds. In this 

chapter, we are going to investigate the possibility of making BST-based RF and microwave 

devices on the flexible LCP substrates. A new transfer technique that enables BST thin film 

fabrication on the LCP substrate is proposed.  

This chapter is organized as follows. The BST inter-digital capacitor (IDC) layout design is 

first introduced, followed by the experiment of BST thin film fabrication on silicon substrates. 

The simulation, fabrication and measurement procedures for making the BST IDC on a flexible 

LCP substrate are then presented. Finally results are discussed as a conclusion of the chapter.  

3.1 Layout Design of BST capacitors 

A capacitor is a passive two-terminal component used to temporarily store electric 

charges. It generally contains two physically separated conductors and at least one 

nonconductor. Depending on how the conductors are placed with respect to the nonconductor, 

capacitors fall into two different layout types: MIM (metal-insulator-metal) and IDC (inter-

digital capacitor).  

The MIM capacitor is also referred to as a parallel plate capacitor, as shown in Figure 3 - 

1. Two metal plates are placed in parallel and are separated by an electrical insulator – a 
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dielectric layer. Equal and opposite charges are held on the inner surface of the two conductor 

plates, which therefore develop an electric field in the insulator originating from one plate and 

ending on the other.  

 

Figure 3 - 1 Capacitor with MIM structure 

The capacitance of an MIM capacitor can be easily calculated using equation (3 - 1).  

    
 

 
 

 ( 3 - 1 ) 

The capacitor with an IDC structure has a pair of comb-like thin film conductors formed 

on the same surface of an insulator or a dielectric layer, as shown in Figure 3 - 2. Like the MIM 

structure, the electric field is contained between the two pairs of conductors, originating from 

one set and ending on the other. Because of the fact that the electric field is not entirely 

enclosed within the dielectric layer, the capacitance of the IDC structure is much smaller than 

that of the MIM structure with the same area. The IDC structure, however, offers higher quality 

factor and works very well as a lumped circuit element in RF and microwave circuits, especially 

at the RF and microwave frequency range.  
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Figure 3 - 2 Capacitor with IDC structure 

The IDC capacitance calculation is more intensive than that of the MIM case. It can be 

approximated as in equations (3 – 2) – (3 – 7) [92]. 

  
     

  

   

    

     
       

 ( 3 - 2 ) 

where l is the length of fingers in microns (μm), N is the number of fingers, and εre is the 

effective dielectric constant of the microstrip line of width w (the width of fingers). The ratio of 

the complete elliptic integral of first kind K(k) and its complement K’(k) is given by equation (3 – 

3).  
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 ( 3 - 4 ) 
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 ( 3 - 5 ) 

  
   

 
 

 ( 3 - 6 ) 

         
 ( 3 - 7 ) 

where w is the width of fingers and g is the gap size between two adjacent fingers, with 

units both in µm. 

For BST-based capacitors, the IDC structure is preferred, since it usually requires only 

one step lithography process to pattern the electrodes. Moreover, the MIM structure requires 

using high quality metal, such as platinum, as the bottom electrode that can resist oxidation 

during the high-temperature procedure for BST thin film processing. Nonetheless, the process 

for making IDC structure doesn’t limit the type of metal that can be used for the electrodes, 

hence copper, which is inexpensive and highly conductive, can be used. The focus this chapter 

will be on BST-based IDC structures that will be fabricated on flexible LCP substrates.  

3.2 BST Thin Film on a Silicon Substrate 

Before talking about the BST thin films on the LCP substrates, we need to first look into 

how to make good quality BST thin films on the silicon substrates, since these BST thin films will 

then be transferred onto the LCP substrates, as described in Section 2.4.  



44 
 

3.2.1 Thermal Incompatibility between BST Thin Film and Silicon Substrate 

BST and silicon are not thermally compatible. There is a large difference between the 

coefficients of thermal expansion (CTE) of these two materials. CTE is a measure of fractional 

change in dimension per degree change in temperature at a fixed pressure. It is usually 

expressed in parts-per-million/oC (ppm/oC). The CTE for silicon material is 2.6 ppm/oC, while the 

CTE for BST thin film is about 10 ppm/oC [93] [94] at room temperature and atmospheric 

pressure.  

Right after the RF magnetron sputtering deposition, the BST thin film is mostly 

amorphous. High-temperature annealing process of over 700oC is required in order to 

crystallize the BST thin film. The big mismatch in CTE between the BST thin film and the silicon 

substrate will cause BST film to crack during annealing, as shown in Figure 3 - 3. Depending on 

the annealing condition, the extent of cracking varies. Generally, the higher the annealing 

temperature and longer the annealing time, the worse the cracking in the BST thin film.  

Parameters for both sputtering and annealing processes need to be properly designed in 

order to reduce the strain and stress in the BST thin film and the silicon substrate, thereby, 

eliminating BST thin film cracking. 
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Figure 3 - 3 Different BST thin film cracking observed under the microscope with the same magnification 

(a) No cracking

(b) Light cracking

(c) Morderate cracking

(d) Heavy cracking

(e) Severe cracking with film peeling off
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3.2.2 Deposition and Annealing Parameters for BST Thin Film on a Silicon Substrate 

During our experiments, it was found that when the substrate temperature is elevated 

during the sputtering process, the annealing temperature can also be increased accordingly 

without causing cracking in the BST thin film. The parameters used in this work for sputtering 

and annealing the BST thin film on the silicon substrate are listed as follows: 

 RF magnetron sputtering 

Substrate temperature:  650 oC 

RF power:    200 W 

Chamber pressure:   20 mTorr 

Ar:O2: 10 sccm :   5 sccm (sccm: standard cubic centimeter per minute) 

 Oven annealing in atmosphere with O2 flow 

Temperature:    700 oC 

Duration:    2 hours 

3.2.3 Material Characterization of the BST Thin Film on a Silicon Substrate 

After the BST thin film was deposited and annealed on the silicon substrate, Rutherford 

Backscattering Spectrometry (RBS) and X-ray diffraction (XRD) were performed to inspect the 

material composition and crystallization respectively.  
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The RBS result of the BST thin film deposited by a Ba0.5Sr0.5TiO3 target is shown in Figure 

3 - 4. This plot shows that the BST thin film has an atomic ratio of Ba:Sr:Ti:O = 7.4:10:25.8:56.8, 

which can be approximated to a composition of Ba0.57Sr0.43TiO3 with Ti-excess. This result shows 

that the composition of the deposited BST thin film is a little different from the nominated 

composition of the target: Ba0.5Sr0.5TiO3. The reason of this difference is unclear.  

 

Figure 3 - 4 RBS result of a BST thin film on a silicon substrate 

Although the RBS result is not exactly the same as the target composition, the XRD 

result still showed strong crystallization, as shown in Figure 3 - 5. A few known crystal 

orientations were also labeled in the same plot. It is noticed that <110> orientation is much 
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stronger than other orientations. Therefore, the BST crystalline structure is mainly composed of 

the <110> orientation.  

 

Figure 3 - 5 XRD result of a BST thin film on a silicon substrate 

3.3 BST IDC on Flexible LCP Substrate – Simulation 

A BST IDC on LCP substrate was first simulated in Ansoft HFSS (High Frequency Structure 

Simulator). The structure was design based on a 50-Ohm CPW line layout, as shown in Figure 3 - 

6. The BST IDC is constructed with 10 (5 on each electrode) 50-μm-long by 4-μm-wide by 1-μm-

thick metal fingers (pink), separated by 4 μm gaps between each other. CPW signal lines of 50-

μm long by 76-μm wide (the same width as the total of the 10 fingers) by 1-μm thick are then 

connected with each finger set. Ground plans (pink) of the same thickness (1 μm) are formed 

on both sides of the signal line, and then connected with each other in order to form a common 
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ground with the same potential in the simulation. This layout also provides the convenience of 

defining a lumped port (blue) and an integration line (not shown in the picture) connecting the 

signal line and the ground. The BST thin film (green) of 350-nm thick is placed right above the 

finger area. This arrangement is the result of the transfer process which transfers the BST IDC 

from a silicon substrate to an LCP substrate. The result of the transfer process is that the device 

is placed upside down. The details of the process will be explained in the section 3.4. A 200-μm-

thick LCP layer is used as the substrate carrying the BST IDC. Two lumped ports (blue) are 

created at the end of each signal line connecting to the ground plane. An air box with radiation 

boundary is lastly built to enclose the whole structure.  

 

Figure 3 - 6 HFSS simulation for BST IDC on LCP substrate 

This layout was simulated with a solution frequency of 50 GHz, which was the highest 

frequency in the frequency sweep as well as in the measurement. A frequency sweep was 
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performed from 0.01 GHz to 50 GHz. Convergence was reached at a few hundred thousands of 

tetrahedra.  

The S-parameters were first computed from HFSS simulation. The reflection coefficient 

(S11 or S22) is shown in Figure 3 - 7. As expected, the S11 curves roughly follow the R=1 circle, 

since this BST IDC is mainly a series capacitor on a 50-Ohm CPW line.  

 

Figure 3 - 7 Simulated variation of S11 with the BST permittivity εr  

A lumped element equivalent circuit model is shown in Figure 3 - 8. This circuit includes 

the major impedance (in purple dashed circle) consisting of a series capacitor and a series 

resistor, and the parasitic of the circuit (in green dashed circle) consisting of a shunt capacitor 

and a shunt conductor. The S-parameters are first converted to Y-parameters, and then the Y-

parameters are used to calculate the lumped element values following equations (3 – 8) – (3 – 

14). The conversion from S-parameters to Y-parameters is listed in Appendix B. 
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Figure 3 - 8 BST IDC lumped element equivalent circuit 
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The extracted Cs, Rs, Cp, Gp and Q factor are plotted in Figure 3 - 9 through Figure 3 - 13. 

The BST permittivity is the only variable tuned from 120 to 240, with the BST loss tangent set at 

0.05 in these simulations.  
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Figure 3 - 9 Extracted series capacitance Cs from HFSS simulation 

 

Figure 3 - 10 Extracted series resistance Rs from HFSS simulation 

 

Figure 3 - 11 Extracted parasitic capacitance Cp from HFSS simulation 
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Figure 3 - 12 Extracted parasitic conductance Gp from HFSS simulation 

 

Figure 3 - 13 Extracted Q factor from HFSS simulation 

From the plots for the extracted lumped elements, it is observed that the series 

capacitance Cs, which is also the main capacitance of the IDC structure, increases with the 

increase of BST permittivity. This is consistent with the theory that IDC capacitance increases 

with dielectric permittivity. It also increases with frequency especially when it’s approaching 

the self-resonance frequency, as seen in Figure 3 - 9. In this case, the self-resonance frequency 

is greater than 50 GHz, so the sharp peak in capacitance near the resonance is not shown in the 

plot, but still enough increase can be observed. Series resistance Rs is below 10 Ohms in most of 
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the simulated frequencies and it decreases with frequency. Also, higher permittivity provides 

lower Rs, as shown in Figure 3 - 10. Parasitic capacitance Cp is about one magnitude smaller 

than that of the main capacitance Cs, as shown in Figure 3 - 11. Parasitic conductance is in the 

10-5 range, which is fairly small, as shown in Figure 3 - 12. Q factor curves of different BST 

permittivity are very similar in readings, and they generally decrease with frequency after the 

peak at around 1 GHz. It is also observed that higher permittivity leads to slightly lower Q, as 

shown in Figure 3 - 13.  

3.4 BST IDC on Flexible LCP Substrate – Fabrication and Transfer 

The fabrication of BST IDC on LCP started with using a rigid silicon wafer as a sacrificial 

substrate. Test grade N-type single-side-polished (SSP) silicon wafers with <100> crystalline 

orientation were chosen for their quality, ease of processing and price considerations. After the 

silicon wafers were cleaned using acetone-methanol-deionized water (DI water), a 700-nm-

thick SiO2 layer was first grown on the silicon wafer in a wet oxidation oven at 1100 oC. This 

layer was mainly served as a protection for the BST thin film and the LCP substrate during the 

silicon etching process. There are a few reasons that the SiO2 thin film was chosen in this 

process. First, it is very easy to grow SiO2 on bare silicon wafers. Second, both the BST thin film 

and the LCP substrate do not resist KOH solution, while the etching rate for SiO2 in KOH 

solution is at least two magnitudes slower than that for silicon. Therefore, SiO2 layer can be 

used as the etching stopper / protection for both the BST and the LCP. Third, SiO2 is 

transparent. After the BST IDCs are transferred onto the LCP substrate, measurement windows 
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need to be opened in order to expose the CPW lines for the CPW probe contact. Transparent 

SiO2 layer makes it easier for alignment as for where to open the measurement windows. Last 

but not the least, SiO2 can be etched easily in a buffered oxide etch (BOE) solution. 

After the SiO2 was thermally grown on the silicon wafer, BST thin film of 350 nm was 

deposited on this SiO2/Si substrate using RF magnetron sputtering with a substrate 

temperature of 650 oC, as mentioned in section 3.2.2. Shipley 1813, a positive photoresist (PR), 

was then used in the photolithographic process to create a mask for BST thin film wet etching. 

The spin rate was set to 3000 revolutions per minute (rpm), which gave a PR thickness of about 

1.3 µm. This thickness is enough for most etching processes. A commercially available HF 

solution diluted to 2% was used to etch the BST thin film. The BST etching process is not 

straightforward, for the BST thin film is transparent and it is difficult to tell if etching is finished 

or not. Since the BST thin film presents the same effect as the SiO2 thin film (color chart) that 

the interference of light reflected by the surface of the BST thin film and that reflected by the 

thin film or substrate right underneath the BST thin film gives a certain color to the film when 

the BST thin film is of a certain thickness. Therefore, during the etching process, when the 

thickness of the BST thin film kept reducing, the color seen at a certain angle changed 

accordingly. From our experience, a proper rate of color changing implies a good rate of 

etching. When it comes close to the end of the etching process, the color of the BST thin film 

appears very dark mixed with navy and a tiny bit of red, which is not observed when the film is 

relatively thick. When this color is observed, it means the wafer is ready to be taken out of the 

etchant soon. It is also very important that the BST thin film is etched before annealing, since 



56 
 

the BST thin film will become very resistant to the etchant after the high temperature annealing 

process, during which the BST thin film is crystallized to some extent. Although HF solution with 

higher concentration, for example 10% and above, can be used to etch such films, it tends to 

peel off PR as well. This makes it impossible to obtain well-defined BST patterns after etching.  

After the BST thin film etching was finished, the PR on the wafer was cleaned up before 

the wafer was sent to be annealed. This clean-up process included the acetone-methanol-DI 

water rinse, followed by a plasma asher process to clean up any PR residuals if any. The BST 

thin film annealing took place in a programmable box oven. The temperature was set to 700 oC 

for 2 hours, with a ramp-up rate of 10o/min. The chamber stayed at atmosphere pressure at all 

times and an oxygen flow was provided during this process.  

After annealing, another layer of Shipley 1813 PR was spun and patterned, preparing for 

the metal lift-off process. In this process, the spin rate was set to 1000 rpm, which gave a PR 

thickness of about 2 µm. This thickness was the least requirement for lifting-off metal fingers 

and CPW line patterns of 1 µm. After the PR was exposed by a mask aligner, it needed to go 

through some special treatment in order to create a side wall profile that was vertical or with 

an overhang. This is extremely important for our lift-off process because of the small features in 

the design: 4-µm-wide finger patterns separated by the 4-µm-wide gaps. The wafer with the 

exposed PR was soaked in chlorobenzene solution for 16 minutes. The purpose of this step was 

to harden the top layer of the PR to make it harder to develop away. When the wafer was being 

developed in CD-26 developer, the layer which was not hardened tend to be developed faster 

than the layer that was, which created an overhanging or under-cutting effect if seen from the 
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side, as shown in Figure 3 - 14. The longer the soaking time is, the thicker the hardened layer is 

and the longer it takes for the PR to be developed. Also, the development time is going to be 

different from the case without chlorobenzene soaking. Again, this recipe is not universal, 

therefore, soaking and developing time for different applications may need to be adjusted 

accordingly.  

 

Figure 3 - 14 PR overhanging or under-cutting effect 

After the PR was developed and the wafer was rinsed and blow-dried, another plasma 

asher process was performed to clean up the pattern edges and the PR residuals. No hard bake 

was needed, since this PR was going to be used in the lift-off process, and it was preferred that 

the PR could be striped easily after the metal thin film was deposited on top of the PR layer.  

A multilayer metal consisting of Cr-Cu-Cr (20nm-800nm-100nm) with a total thickness of 

about 1 μm was deposited by the E-beam evaporator without breaking the vacuum. Copper 

was the main conducting layer in this multilayer structure, and the two chromium layers were 

employed as an adhesion layer (between the copper and the BST layers) and an oxidization 

protection layer (to prevent copper from oxidizing in air), respectively. A lifted-off process then 

Substrate

PR PR Hardened Region
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took place in acetone using an ultrasonic cleaner. After this was finished, the BST IDCs were all 

on the silicon wafer.  

As BST IDCs were on the silicon substrate, the whole wafer was wafer-bonded with pre-

baked LCP substrate using a wafer bonder. The purpose of the pre-baking was to remove any 

moisture in the LCP material. BST IDC was physically sandwiched between the silicon wafer and 

the LCP substrate during wafer-bonding. Oxide on the rough side of the silicon wafer (the side 

without the BST IDCs) needed to be removed using BOE before silicon etching, because the 

etching rate for SiO2 in KOH solution is very slow, as mentioned before. Silicon etching was 

performed with the help of a home-made fixture, shown in Figure 3 - 15, to protect the LCP 

substrate from being attacked from the side. When the silicon-LCP substrate was clamped in 

this tool, only the bare silicon wafer (with oxide removed) was exposed to the KOH solution.  

 

Figure 3 - 15 A fixture used in silicon etching process to protect the LCP substrate from being etched by silicon 
etchant 

The etching process was stopped by the SiO2 thin film once the silicon was gone. By then 

the BST IDCs were physically transferred onto the LCP substrate with a transparent layer of SiO2 
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covering the entire surface. For measurement purpose, windows needed to be opened in the 

SiO2 layer in order to provide access for the CPW probes to get in contact with the metal CPW 

lines. This was accomplished by using Shipley 1813 PR spun at 3000 rpm and BOE solution for 

etching the SiO2 thin film. After that, the whole process was finished, and the BST IDCs on the 

LCP substrate were ready to be measured. 

This fabrication process described above is illustrated in Figure 3 - 16. The detailed 

recipe for each step is also listed in Appendix C.  

 

Figure 3 - 16 Fabrication process for the BST IDC on LCP substrate 

The fabricated BST IDCs on LCP, shown in Figure 3 - 17 , were observed under the 

microscope to check for defects. There are over 500 BST IDCs on the 3-inch LCP substrate in 

Figure 3 - 17 (a).  
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Figure 3 - 17 BST IDC on an LCP substrate (a) bent (b) under the microscope 

3.5 BST IDC on Flexible LCP Substrate – Measurement Setup 

A two port measurement was performed using an Agilent 110 GHz N5250A PNA 

network analyzer on a Cascade Microtech M150 probe station, as shown in Figure 3 - 18. Two 

bias tees from Picosecond Pulse Labs were used to provide DC bias voltage up to 100V on each 

probe, shown in Figure 3 - 19. The function of the bias tee is to combine the DC and AD signals, 

at the same time prevent them from disturbing each other. The DC signal is provided through 

DC and GND pins, the AC signal is provided through AC port, and the signal coming out from 

AC+DC port is the total of the AC and DC signals. Since a +100 V and a –100 V were provided to 

the two bias tees separately, a total of 200 V voltage difference could be reached across the 

two probes. A pair of Infinity GSG 150 CPW probes from Cascade Microtech was used for 

probing the devices, as shown in Figure 3 - 20.  

(a) (b)
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Figure 3 - 18 Agilent 110 GHz N5250A PNA and Cascade Microtech M150 probe station 

 

Figure 3 - 19 Picosecond Pulse Labs model 5543 bias tee 
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Figure 3 - 20 BST IDC being measured using Cascade Microtech GSG 150 probes 

The PNA was set to perform a measurement from 10 MHz to 50 GHz with an IF 

bandwidth of 70 Hz and a number of points of 1601. The approximate time for each sweep was 

about 20 seconds. After an SOLT calibration, the BST IDCs were measured, and the results are 

shown in section 3.6.  

3.6 Measurement Results and Discussions 

3.6.1 Measured Results of BST IDC on LCP Substrate 

The S11 values for the BST IDC on the LCP substrate were first measured, as shown in 

Figure 3 - 21. Since the CPW line was designed at 50 Ω, S11 curves follow the circle of R = 1. DC 

bias voltage was varied from 0 V to 200 V with 40-V step.  



63 
 

 

Figure 3 - 21 S11 with DC bias voltage variation for the BST IDC on LCP substrate 

From S-parameters, Cs, Rs, Cp, Gp and Q factor were extracted using the same equivalent 

circuit in Figure 3 - 8 and the equations (3 – 8) – (3 – 14). These results are shown in Figure 3 - 

22 through Figure 3 - 26. 

 

Figure 3 - 22 Extracted series capacitance Cs with DC bias voltage variation for the BST IDC on LCP substrate 
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Figure 3 - 23 Extracted series resistance Rs with DC bias voltage variation for the BST IDC on LCP substrate 

 

Figure 3 - 24 Extracted parasitic capacitance Cp with DC bias voltage variation for the BST IDC on LCP substrate 

 

Figure 3 - 25 Extracted parasitic Conductance Gp with DC bias voltage variation for the BST IDC on LCP substrate 
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Figure 3 - 26 Extracted Q factor with DC bias voltage variation for the BST IDC on LCP substrate 
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capacitance. There is also a slight increase of Cs with frequency, especially at higher 

frequencies. This is caused by the non-ideal effect of capacitors – self-resonance frequency.  
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value when frequency increases but before it reaches the self-resonance frequency, since the 

inductance effect is included. When the frequency approaches the self-resonance frequency, a 

sharp peak in capacitance may be observed. In equation (3 - 15), the resistive effect is ignored 

in order to simplify the calculation.  

            
 

                  
 

 

    
 
        

 

 ( 3 - 15 ) 

In our case in Figure 3 - 22, the self-resonance frequency is greater than 50 GHz, no 

sharp peak is observed yet, but still some self-resonance effect starts to show up that causes 

the capacitance to increase at high frequencies.  

The series resistance Rs, The parasitic capacitance Cp, and The parasitic conductance Gp 

are fairly close for all bias conditions. The series resistance Rs is below 10 Ohms when the 

frequency is greater than 5 GHz, and it stays at around 5 Ohms at higher frequencies. The 

parasitic capacitance Cp is over one magnitude smaller than the main capacitance Cs. The 

parasitic conductance Gp is below 0.0006 S for the entire measured frequencies, which is pretty 

small. The Q factor decreases with frequency in general and a higher bias voltage gives a little 

higher Q.  

After the values for the lumped element equivalent was extracted, tunability was also 

calculated. Tunability is defined by equation (3 – 16) or equation (3 – 17). The BST tunability for 

the BST IDC versus frequency is plotted in Figure 3 - 27, in which a measured tunability over 

22% is obtained for the entire measured frequencies.  
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 ( 3 - 16 ) 

           
         

    
 

 ( 3 - 17 ) 

 

Figure 3 - 27 Extracted tunability for the BST IDC on LCP substrate 
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Figure 3 - 28 Measured S11 vs. simulated S11 

In Figure 3 - 28 both the simulated and measured S11 curves roughly follow the R = 1 

circle, with the curve biased at lower voltage (having higher permittivity) longer than the one 

biased at higher voltage (having lower permittivity).  

 

Figure 3 - 29 Measured Cs vs. simulated Cs 
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in magnitude while measured curves increase slowly throughout the whole frequency range. 

The reason is that BST permittivity in the simulation is set to a constant value with respect to 

frequency, while in reality the BST permittivity decreases slightly with frequency. Therefore, the 

effect of permittivity decrease (equivalent to capacitance decrease) partially counteracts the 

effect of capacitance increase due to self-resonance. The permittivity values extracted for the 

entire measured frequency range will be discussed in section 3.6.4.  

 

Figure 3 - 30 Measured Rs vs. simulated Rs 

Both simulated and measured Rs curves are very close in Figure 3 - 30.  
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Figure 3 - 31 Measured Cp vs. simulated Cp 

The measured and simulated Cp in Figure 3 - 31 both showed lack of variation with 

frequency. The only difference is that the simulated data is much smoother than the measured 

one.  

 

Figure 3 - 32 Measured Gp vs. simulated Gp 

Gp data in Figure 3 - 32 again was close in magnitude especially at lower frequencies. 

More ripples were observed in the measured data especially at higher frequencies.  
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Figure 3 - 33 Measured Q factor vs. simulated Q factor 

The measured and simulated Q factor curves in Figure 3 - 33 share the same trend and 

both have a peak at around 1 GHz. It is observed that the Q factor from the simulation is much 

higher than that obtained from the measurement at lower frequencies, while the values are 

very close at higher frequencies. The reason for this is a result of loss tangent settings in HFSS 

simulation. The BST loss tangent is set to a constant value for the whole frequency sweep. 

However in reality, the BST loss tangent varies with frequency. Therefore, from Figure 3 - 33 it is 

obvious that at lower frequency the measured data has a loss tangent value higher than that in 

simulation, which causes lower Q factor readings. At higher frequency, the measured BST loss 

tangent values are close to those in simulation. The loss tangent extraction is performed in 

section 3.6.4. Another difference is that the measured curve has more ripples / oscillations than 

the simulated data due to PNA measurement limitations as the device impedance moves away 

from 50 Ohms [95]. This is especially evident at higher biasing. This is observed in Cp and Gp 

curves as well.  
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3.6.3 BST IDC Comparison of Measured Results on an LCP and a Sapphire Substrates 

BST IDCs were also made on sapphire wafers, following the same fabrication procedures 

for the BST IDCs made on silicon wafers. BST IDC on a sapphire wafer was also measured using 

the same measurement setup as shown in section 3.5. Results of S11, Cs, Rs, Cp, Gp and Q factor 

biased at 0 V (lowest bias voltage) and 200 V (highest bias voltage) are compared with those 

measured on LCP substrate, as shown in Figure 3 - 34 through Figure 3 - 39. All data 

comparisons showed good agreement between the BST IDC on LCP substrate and that on 

sapphire wafer. This indicates that the added flexibility does not impair the performance of the 

capacitors.  

 

Figure 3 - 34 S11 measured on an LCP substrate vs. on a sapphire substrate 
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Figure 3 - 35 Cs measured on an LCP substrate vs. on a sapphire substrate 

 

Figure 3 - 36 Rs measured on an LCP substrate vs. on a sapphire substrate 

 

Figure 3 - 37 Cp measured on an LCP substrate vs. on a sapphire substrate 
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Figure 3 - 38 Gp measured on an LCP substrate vs. on a sapphire substrate 

 

Figure 3 - 39 Q factor measured on an LCP substrate vs. on a sapphire substrate 
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permittivity and loss tangent values. However, this method provides us with a quick way of 

knowing where those numbers stand.  

 

Figure 3 - 40 Extracted BST permittivity vs. frequency for different DC bias voltages 

 

Figure 3 - 41 Extracted BST loss tangent vs. frequency for different DC bias voltages 
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measured capacitance with the simulated one in section 3.6.2.  
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As for the BST loss tangent in Figure 3 - 41, it is almost a constant with frequency up to 

about 40 GHz, and then it decreases dramatically. Also a few oscillations in the curve are 

observed at higher bias voltages. The reason for both the drop with frequency and the 

oscillations is unclear.  

With these extracted data, the permittivity and loss tangent are examined for their 

dependence on the DC biasing voltages at three discrete frequency points, 10 GHz, 30 GHz and 

50 GHz. The values are shown in Figure 3 - 42 through Figure 3 - 44. 

 

Figure 3 - 42 Extracted BST permittivity and loss tangent vs. bias voltage at 10 GHz 

 

Figure 3 - 43 Extracted BST permittivity and loss tangent vs. bias voltage at 30 GHz 
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Figure 3 - 44 Extracted BST permittivity and loss tangent vs. bias voltage at 50 GHz 
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CHAPTER FOUR:  
BST-BASED REFLECTARRAY ANTENNA UNIT CELL 

A reflectarray antenna is the child of the marriage of a parabolic reflector and a phased 

array. Different tuning mechanisms, including varactor, MEMS and BST thick film, have been 

investigated and implemented in the past to realize the reflectarray antenna tuning. In this 

chapter, we are going to explore the potential of BST thin film being used for tuning the 

reflectarray antenna unit cell. The design of the bias lines that can introduce additional loss into 

the unit cell is also discussed. This primarily study can be further extended to making 

reflectarray antennas on the LCP or other flexible substrates, if combined with the the transfer 

technique presented in chapter three.  

This chapter is organized as follows. The origin of the reflectarray antennas is first 

introduced, followed by a quick overview of the current technologies used for reflectarray 

antenna tuning. The design, simulation, fabrication, measurement and results for a BST-thin-

film-based reflectarray antenna unit cell are then presented. The study of the bias line 

optimization is carried out as a conclusion for the chapter as well as a prelude for future 

research.  
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4.1 Why Reflectarray Antenna? 

4.1.1 Advantages and Disadvantages of Parabolic Reflector and Phased Array 

A high-gain antenna is a necessity for modern communication systems. Among various 

types of antennas, parabolic reflectors and phased arrays are most frequently used in high-gain 

applications. Each of these two antennas has its advantages and disadvantages.  

A parabolic reflector is named after its physical shape – parabolic – and its working 

mechanism – to reflect electromagnetic (EM) waves. It is structurally simple for having one 

dish-like main component. This kind of structure doesn’t require complicated power dividing 

circuitry and the antenna itself is low loss and highly efficient. However, the curved surface is 

hard to build, especially at higher frequencies. Function-wise, the parabolic reflector lacks 

electronic beam scanning capability.  

On the other hand, a phased array antenna is well-known for its wide-angle beam 

steering ability. It consists of an array of radiating elements, and each element is accompanied 

by a phase shifter. This array of radiating elements usually takes a linear form (1-dimentional) 

or a planar arrangement (2-dimentional). Due to the need of the phase shifters, beam-forming 

controllers, amplifier modules and other related circuitry, a phased array antenna can be bulky, 

complicated and expensive. Moreover, all these components will contribute to the total loss of 

the phased array antenna as well.  

A new type of antenna array is needed, which can combine the main advantages of both 

a parabolic reflector and a phased array as well as abate the disadvantages of both. This 

antenna is named ‘reflectarray antenna’. 
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4.1.2 Reflectarray Antenna 

A reflectarray antenna evolves from two traditional antennas: a parabolic reflector and 

a phased array. It takes the form of either a flat or a slightly curved reflecting surface made up 

of many radiating elements [96]. Like the parabolic reflector, a feed antenna is used to spatially 

illuminate the reflectarray antenna elements. Also similar to the phased array, all the 

reflectarray antenna elements are designed to reradiate the incident wave in such a way that 

the electrical phases in the far-field form a planar phase front. No complicated phase shifters, 

power dividers and other circuitry are needed. Different types of antennas can be used as the 

radiating elements, for example, printed microstrip patches, open-ended waveguides, dipoles 

or rings.  

The reflectarray antenna basically inherits the main advantages from both the parabolic 

reflector and the phased array antennas. High-gain is an obvious virtue since it is an asset from 

both parent antennas. Originating from the parabolic reflector, good efficiency over 50% can be 

achieved for a very large aperture. On the other hand, the reflectarray antenna can realize 

wide-angle beam steering of 50o and above, the same as the phased array antenna. Also, due to 

the elimination of resistive loss generated by the power divider and other related circuitry, the 

total loss of the reflectarray antenna is relatively low. Furthermore, the comparably simple 

structure allows for easy and low-cost manufacturing, especially in the case of the microstrip-

patch-based reflectarray antenna. An example is shown in Figure 4 - 1. This chapter will be 

focused on the investigation of the microstrip-patch-based reflectarray antenna unit cell.  
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Figure 4 - 1 A 7 by 7 microstrip-patch-antenna-based reflectarray antenna 

Despite all the advantages, there is one disadvantage – the limited bandwidth, which is 

generally below 10% – that cannot be ignored. By carefully selecting the radiating elements and 

designing the entire structure, this can be improved. Since the multitudes of benefits of the 

reflectarray antenna overweigh the drawbacks, the reflectarray antenna remains a hot topic for 

research, development and numerous applications.  

4.2 Available Technologies for the Tunable Microstrip Patch Reflectarray antenna 

Currently four approaches are being used to integrate a tunable device or tuning 

mechanism into the microstrip patch reflectarray antenna unit cell to realize tuning.  
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The first technique is to load varactor diodes in the through-slot located in the middle of 

the patch of a unit cell. This variable capacitive loading changes the resonant frequency of the 

unit cell, thus realizing beam steering of the array. A phase swing of 320o and a reflection loss of 

3.5 dB have been measured at 5.5 GHz with this configuration. [97] 

A similar approach is to load a reflectarray antenna unit cell patch with a shunt varactor 

diode between the patch and the ground. This has the same effect as changing the resonant 

frequency of the unit cell to achieve beam steering of the array. A phase swing of nearly 360o 

and a loss of about 2.5 dB have been measured at 5 GHz using this method. [98] 

Another technique utilizes a slot in the ground plane loaded with MEMS switches. Using 

different configurations of the MEMS switches, the effective slot length can be changed, 

leading to a resonant frequency variation and therefore beam steering. A phase swing of nearly 

150o and a maximum loss of 1.6 dB have been measured at 2 GHz from this prototype. [99] 

The three techniques mentioned above share a common trait: lumped elements, either 

varactor diodes or MEMS switches, are used in the configuration. As a result, the operating 

frequency is limited by the parasitic effect within the interconnections or the inductive effect of 

the bonding wires between the tuning elements and antennas [100]. Therefore, a new 

reflectarray antenna unit cell design is needed to eliminate the use of lumped elements while 

retaining the tuning ability.  

The last technique, also the focus of this chapter, enables tunability without the use of 

lumped elements. This reflectarray antenna unit cell design is based on the voltage-dependent 

permittivity of BST material. By cutting a through-slot in the middle of the patch in the direction 
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that is perpendicular to the E-field, a capacitive loading is created. When BST thin film or thick 

film is deposited in the gap area, changing the permittivity of the BST film is equivalent to 

changing the capacitive loading, and thus allowing the resonant frequency to be shifted. This 

configuration can be found in Figure 4 - 2. [100] 

 

Figure 4 - 2 A reflectarray antenna with BST-based capacitive loading 

A previous attempt using this configuration and BST thick film (5 µm) has been made, 

during which a phase swing of 250o and a maximum loss of 18 dB have been measured at 10.5 

GHz. [101] It is noticed from this data that the operating frequency when compared with the 
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cases applying lumped elements has increased from 5 GHz and below to the X-band at 10 GHz. 

However, loss performance of 14 – 18 dB is not as satisfactory.  

This chapter focuses on improving the loss performance by properly designing the 

pattern of BST thin film and bias lines. BST thin film is employed in the unit cell design.  

4.3 BST-thin-film-based Reflectarray Antenna Unit Cell Design 

The BST-thin-film-based reflectarray antenna unit cell design includes three aspects: 

patch size design, BST thin film layout and bias line positions. The patch size generally decides 

the resonant frequency; while the BST thin film layout and bias line positions determine the 

additional losses that are introduced into the system.  

4.3.1 Patch Size Design 

The patch size design for the reflectarray antenna unit cell follows the rules of the patch 

antenna design [102]. For a rectangular patch with no gap, the width (the dimension 

perpendicular to the E field) for getting efficient radiation can be calculated by equation (4 – 1).  

  
 

   
 

 

    
 

 ( 4 - 1 ) 

here, c is the velocity of light in free-space, fr is the radiating frequency and εr is the 

permittivity of the substrate.  
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The length (the dimension parallel to the E field) is calculated by equations (4 – 2) and (4 

– 4). 

  
 

         
     

 ( 4 - 2 ) 

        
            

 
 
       

              
 
 
     

 

 ( 4 - 3 ) 

      
    

 
 
    

 
       

 

 
 

 ( 4 - 4 ) 

here, εreff is called effective permittivity and is determined by the permittivity, εr, and 

the thickness, h, of the substrate, and the width, w, of the transmission line. 

In our design, a sapphire wafer (permittivity = 10) with a thickness of 0.43 mm was used 

as the substrate of the reflectarray antenna unit cell. εreff was calculated to be 8.85.  

W = 6.34 mm and L = 4.68 mm were calculated as the initial values for the HFSS 

simulation. Among these two parameters, the length L decides the resonant frequency. The 

width has little effect over either the resonant frequency or the loss performance. Therefore, 

the patch is shaped as a square in this discussion. The diagram is shown in Figure 4 - 3. 
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Figure 4 - 3 Reflectarray antenna unit cell with a square patch 

A waveguide simulation was set up in HFSS, as shown in Figure 4 - 4, to prove the 

concept. A unit cell consists of a 430-μm-thick sapphire substrate cut into an X-band waveguide 

size of 22.86 mm by 10.16 mm, a 2-μm-thick square copper patch sized 4.5 mm by 4.5 mm on 

the front side of the sapphire substrate and a 2-μm-thick copper ground on the back side. The 

X-band waveguide measures 10 mm in length, which is a little over one quarter wavelength of 

an EM wave at 8 GHz in free space, which is the lowest frequency in this simulation.  

substrate

patch

BST
gap

ground plane

substrate

patch

Lumped C

gap

ground plane

substrate

patch

ground plane



87 
 

 

Figure 4 - 4 HFSS waveguide simulation of a reflectarray antenna unit cell with a square patch 

The simulated S11 magnitude and phase are shown in Figure 4 - 5.  
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Figure 4 - 5 HFSS simulation of a reflectarray antenna unit cell with a square patch (a) S11 magnitude, (b) S11 
phase 

A resonant frequency of 10 GHz and a loss of 1 dB were obtained in Figure 4 - 5 (a). The 

phase change of about 250o at around 10 GHz, the resonant frequency, was also measured in 

Figure 4 - 5 (b). Therefore, it is concluded that the theoretical equations work well for a square 

patch with no gap, while the effect of a gap in the middle of the patch still needs to be 

investigated and is described in the next section. 
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4.3.2 Proof of Concept: Lumped Capacitor vs. BST-loaded Gap 

When a gap is created in the middle of a square patch, it is equivalent to adding a 

capacitive load to the patch. When the slot is loaded with lumped varactors, the resonant 

frequency can be changed through the capacitance variation [97].It needs to be proven that, 

when the gap is loaded with BST thin film and by varying the BST permittivity, the BST-loaded 

unit cell will give the similar results as the varactor-loaded slot. 

Two waveguide simulations were carried out in HFSS with different layouts of the unit 

cells. Figure 4 - 6 (a) is a unit cell loaded with a lumped capacitor in the gap, while Figure 4 - 6 

(b) is a unit cell loaded with BST thin film in the gap area. The HFSS simulation set up was the 

same as that in Figure 4 - 4. The only difference was that the square patch was replaced by a 

patch with a gap either loaded with a lumped varactor or a BST thin film.  

 

Figure 4 - 6 Reflectarray antenna unit cell (a) lumped capacitor loading, (b) BST loading 

Simulation showed that by varying the lumped capacitance and BST permittivity 

respectively, the resonant frequency and the phase can be changed, as shown in Figure 4 - 7 
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and Figure 4 - 8. It is worth mentioning that since the patch is now capacitively loaded, the 

resonant frequency is going to be shifted towards higher frequency, if compared with the 

rectangular patch of the same size. In order to keep the resonant frequency at around 10 GHz, 

the patch size needs to be adjusted. A patch size of 6.5 mm by 6.5 mm with a gap of 20 µm was 

used in the following simulations.  

 

Figure 4 - 7 HFSS simulation results of a reflectarray antenna unit cell with lumped capacitor loading. (a) S11 
magnitude, (b) S11 phase, and (c) phase swing 

In Figure 4 - 7, when the lumped capacitance is tuned from 0.6 pF to 0.3 pF, it is 

observed that the resonant frequency changes from 9.94 GHz to 10.42 GHz in (a), the phase 
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curve also shifts with the resonant frequency in the same direction in (b), and a phase swing of 

233o is obtained at 10.17 GHz in (c). 

 

Figure 4 - 8 HFSS simulation results of a reflectarray antenna unit cell with BST loading. (a) S11 magnitude, (b) 
S11 phase, and (c) phase swing 

In Figure 4 - 8, with the BST permittivity tuned from 600 to 300, it is observed that the 

resonant frequency changes from 9.97 GHz to 10.4 GHz in (a), the phase curve shifts with the 

resonant frequency in the same fashion in (b), and a phase swing of 246o at 10.31 GHz is 

obtained in (c). The maximum loss is less than 12 dB, and the loss performance for the patch 

also worsens with the increase of the BST permittivity, as shown in Figure 4 - 8 (a).  
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These simulation results have proved that a patch loaded with BST thin film is as 

effective as that loaded with a lumped varactor to realize resonant frequency tuning and phase 

shifting. The next step is to find a proper design to reduce the total loss of the whole structure. 

This includes the BST thin film layout design and the bias line configuration.  

4.3.3 BST thin film Layout Design 

There are two different ways to design the BST thin film layout: BST thin film covering 

the whole surface, as shown in Figure 4 - 9 (a), and BST thin film covering only the gap area, as 

shown in Figure 4 - 9 (b). It is obvious that the layout in (a) is easier for fabrication 

considerations, since BST thin film etching is not required. For performance considerations, the 

two layouts need to be compared.  

 

Figure 4 - 9 Different designs of BST thin film layout (a) BST thin film covering the entire substrate, (b) BST thin 
film only under the gap area 

Since the DC bias voltage is applied directly on the patches, a voltage difference is going 

to be created across the gap area. Therefore, only the BST thin film in the gap area will present 

a voltage controlled permittivity. The BST thin film outside the gap and the patch area that is 

exposed to the incident wave will contribute to additional loss considerably compared with the 
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case where BST thin film only exists in the gap area. In Figure 4 - 10 a difference of 4 dB for the 

loss performance was simulated. Therefore, the layout in Figure 4 - 9 (b) is chosen in our design.  

 

Figure 4 - 10 S11 magnitude comparison of reflectarray antenna unit cells with small BST thin film and large BST 
thin film 

4.3.4 Bias Line Layout Design 

Properly designed bias lines are needed in order to apply DC bias voltages to the BST 

thin film while at the same time having the least contribution to the loss performance. Five 

different configurations can be used: three horizontally positioned, as shown in Figure 4 - 11 

(b), (d) and (f), and two vertically positioned bias lines, as shown in Figure 4 - 11 (c) and (e).  
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Figure 4 - 11 Different bias line configurations for reflectarray antenna unit cell (a) no bias line, (b) horizontal 
bias lines in the middle, (c) vertical bias lines in the middle, (d) horizontal bias lines in the center, (e) vertical bias 

lines in the corner, (f) horizontal bias lines in the corner 

All five cases were simulated in HFSS. It needs to be mentioned that the BST thin films 

were not applied in any of these simulations in order to ensure sufficient accuracy in the result 

before the simulation computer runs out of memory. The current density plots were compared 

for all cases, in which the disturbance due to the bias lines can be easily observed, as shown in 

Figure 4 - 12. The surface current density at the resonance in each case was plotted: (a) without 

bias lines; (b) – (f) with different bias lines.  
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Figure 4 - 12 Current distribution for reflectarray antenna unit cell with different bias lines (a) no bias line, (b) 
horizontal bias lines in the middle, (c) vertical bias lines in the middle, (d) horizontal bias lines in the center, (e) 

vertical bias lines in the corner, (f) horizontal bias lines in the corner 

From Figure 4 - 12 it is clear that case (b) (with horizontal bias lines connected near the 

middle of the sides) most resembles case (a) (without bias lines), since the bias lines in this case 

has the least distortion to the current distribution. Moreover, if high-impedance bias lines are 

employed by using high resistivity metal or using thin and narrow lines, the bias lines will 

appear more like open to the patch, introducing even less loss to the unit cell. This conclusion 
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can also be reached by looking at the reflection magnitude and phase for all five cases, as 

shown in Figure 4 - 13.  

 

Figure 4 - 13 HFSS simulation of S11 for different bias line configurations (a) S11 magnitude of unit cells with 
horizontal bias lines and without bias line, (b) S11 magnitude of unit cells with vertical bias lines and without 
bias line, (c) S11 phase of unit cells with horizontal bias lines and without bias line, (d) S11 phase of unit cells 

with vertical bias lines and without bias line 

It is observed that all the horizontal bias lines have similar resonant frequencies at 

around 11.1 GHz, shown in Figure 4 - 13 (a), which are very close to the case without bias lines. 
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A large phase change at resonance is also obtained for each case, as shown in Figure 4 - 13 (c). 

The difference in loss can reach as much as 18 dB for the different bias line positions. Vertical 

bias line cases not only show a large loss at resonance, as shown in Figure 4 - 13 (b), but also 

show a resonant frequency difference of at least 500 MHz compared to the case without bias 

lines, as shown in Figure 4 - 13 (d). One case with vertical bias lines in the middle of the patch 

also shows a much smaller phase change compared to the other cases. Therefore, it is 

concluded that the horizontal bias lines do not affect the resonant frequency, while the vertical 

bias lines do. Moreover, the position of the horizontal bias lines is very important. In the case 

without BST thin film, bias lines positioned in the middle along the side of each half-patch give 

the least additional loss, less than 1 dB to be exact. It should be pointed out that since these 

structures were simulated without BST thin film, the resonant frequency shifted from 10 GHz to 

around 11 GHz. 

Using the patch size (6.5 mm by 6.5 mm with 20 µm gap), the BST layout (only in the gap 

area) and the bias line arrangement (in the middle of each half patch) discussed above, the unit 

cell simulation was performed for the X-band.  

4.4 X-band Reflectarray Antenna Unit Cell Simulation 

An X-band reflectarray antenna unit cell was simulated in HFSS with the BST permittivity 

being the only variable, as shown in Figure 4 - 14. A 430-μm-thick sapphire substrate is placed 

at the end of an X-band waveguide of 10 mm in length. The front side of the sapphire substrate 

has a copper patch with a 20-µm gap cut horizontally across the middle, a BST thin film in the 
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gap area, a pair of chromium bias lines and a pair of copper soldering pads. The copper patch 

measures 6.5 mm in both length and width, and 2 µm in thickness. The BST thin film measures 

6.7 mm in length, 220 µm in width and 350 nm in thickness. This size is designed to be 100 µm 

bigger than the gap in both length and width, so when it comes to fabrication, it is easy to align 

the BST thin film and the copper patch. The bias lines are 20-µm wide and 0.3-µm thick 

connecting the patch and the soldering pads, with the two ends of each line overlapping with 

both a patch and a soldering pad. The width and thickness are designed relatively small in order 

to obtain high resistivity in the lines. The size of the soldering pads is 2.mm in length, 1.5 mm in 

width and 2 µm in thickness.  

 

Figure 4 - 14 HFSS waveguide simulation of a reflectarray antenna unit cell with BST loading and bias lines 

In this simulation, the BST permittivity was varied from 600 to 300 with a constant loss 

tangent of 0.1. The solution frequency was set to 12 GHz, the highest in the frequency sweep. 

The simulated results are shown in Figure 4 - 15.  
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Figure 4 - 15 HFSS simulation results of a reflectarray antenna unit cell with BST loading. (a) S11 magnitude, (b) 
S11 phase, and (c) phase swing. 

With the BST permittivity tuned from 600 to 300, as shown in Figure 4 - 15, the resonant 

frequency varies from 9.96 GHz to 10.40 GHz in (a), the phase curve shifts with the resonant 

frequency in the same direction in (b), and a phase swing of 239o is also obtained at 10.15 GHz 

in (c). The maximum loss is measured at 21.81 dB for BST permittivity equals 600.  

The loss performance of a unit cell with bias lines connected in the middle of each half 

patch was compared with that without bias lines in Figure 4 - 8, and the results are shown in 

Table 4 - 1.  
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Table 4 - 1 Compare loss performance of reflectarray antenna unit cells with and without bias lines 

 

Max. Loss for 
Simulated Reflectarray 

Unit Cell with Bias 
Lines (Mid) 

Max. Loss for 
Simulated Reflectarray 
Unit Cell without Bias 

Lines 

Additional 
Loss Caused by 
Optimized Bias 

Lines 

BST permittivity 
= 600 

21.81 dB @ 9.96 GHz 11.89 dB @ 9.97 GHz 9.92 dB 

BST permittivity 
= 500 

16.27 dB @ 10.12 GHz 10.59 dB @ 10.05 GHz 5.68 dB 

BST permittivity 
= 400 

13.57 dB @ 10.21 GHz 8.84 dB @ 10.19 GHz 4.73 dB 

BST permittivity 
= 300 

9.97 dB @ 10.40 GHz 6.52 dB @ 10.44 GHz 3.45 dB 

From this comparison it is clear that the bias lines introduced nearly 10 dB of additional 

loss when BST permittivity equals 600, which is different than what has been concluded in 

section 4.3.4 that a good bias line design should add in no more than 1 dB of loss. The reason 

for this discrepancy was found during a further study of the bias line positions, which will be 

discussed in section 4.8.  

4.5 X-band Reflectarray Antenna Unit Cell Fabrication 

A BST-based reflectarray antenna unit cell was fabricated following the steps illustrated 

in Figure 4 - 16. A sapphire wafer was first cut into a size of 22.86 mm by 10.16 mm, the same 

size as the cross section of an X-band waveguide. A 350-nm-thick BST thin-film was deposited 

using RF magnetron sputtering with a substrate temperature of 400 oC. It needs to be 

mentioned that this temperature is different from the one used in section 3.4, which was 650 

oC on a silicon substrate. The reason is that a different substrate – sapphire – was used in the 
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reflectarray antenna unit cell fabrication. Sapphire has a CTE of around 10, which is very close 

to that of the BST material. So the thermal mismatch problem during the annealing process no 

longer exists. Therefore, the BST thin film on a sapphire substrate can be deposited at a lower 

temperature (400 oC) and then annealed at a higher temperature (900 oC, due to our 

equipment limitations).  

After the BST thin film was deposited, Shipley 1813 (spun at a rate of 3000 rpm) was 

used as an etching mask for wet-etching the BST thin film. A commercially available HF solution 

diluted to 1% was used as an etchant. This concentration was different from that used in 

section 3.4, which was 2%. Since the BST thin film was deposited at lower temperature, 400 oC 

in this case, its etching was relatively easy. In order to have clearly defined patterns, the etching 

rate needs to be controlled within a limit so that over-etching can be prevented. The 1% 

solution etched the BST thin film in about 5 minutes and the patterns looked very neat when 

checked under a microscope. Also as mentioned before, the BST thin film was sized 200 µm 

larger than the gap in both length and width. This oversize approach can alleviate the negative 

effects from the misalignment in photolithographic process as well as the possible over-etching 

of the BST thin film.  

After the substrate with etched BST thin film was rinsed using acetone-methanol-DI 

water and cleaned in a plasma asher, it was annealed at 900o for 20 hours in a box oven with an 

oxygen flow under atmospheric pressure. This annealing process had to happen after BST 

etching since the annealed BST thin film is very resistant to etchant.  
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After annealing, chromium bias lines of 20 um wide and 300 nm thick were then 

deposited and patterned using liftoff. Shipley 1813 (spun at 3000 rpm) was again used. The 

resistance of each bias line measured about 3 kΩ using a digital multimeter. The sequence of 

bias line deposition and patch deposition could not be altered. The bias lines were designed at 

300-nm thick, while the patch was designed at 2 µm thick. The overlaps between the bias lines 

and the patch were also needed to ensure good electrical connection. If the bias lines were 

deposited first, followed by the patch deposition, the thick patch pattern could easily cover the 

thin bias lines in the areas where the two overlapped. If this process were reversed, the thin 

bias lines were going to be disconnected at the 2-µm step of the patch edge.  

After the bias lines were defined, a patch and a pair of soldering pads made of a Cr-Cu-

Cr (30nm-1.8µm-150nm) multilayer with a total thickness of around 2 µm were deposited in an 

E-beam evaporator without breaking the vacuum, and patterned by liftoff. AZ 4620 was used as 

the PR in the lift-off process, since it can provide a thickness of at least several microns, 

depending on the spin speed. In our work, 3000 rpm was used, which created a PR thick film of 

about 8 µm. By now, the front side of the unit cell has been completed. On the back side of the 

substrate, the ground plane, a copper layer of 2 µm was deposited using E-beam evaporator.  

This concluded the fabrication of a reflectarray antenna unit cell. The detailed recipe for 

each step is also listed in Appendix D. Wires for connecting the unit cell with a DC power supply 

will be soldered onto the soldering pads before taking measurement.  
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Figure 4 - 16 Reflectarray antenna unit cell fabrication procedure for the front side 

The fabricated BST-based reflectarray antenna unit cell was checked under a 

microscope. A close view of the BST thin film and the gap is shown in Figure 4 - 17.  

Sapphire wafer is cut to the 

size of an X-band waveguide.  

BST thin film is deposited onto 

the sapphire substrate.

BST thin film is etched in 

diluted HF solution.

Cr bias lines are deposited and 

patterned using lift-off.

A copper patch and solder pads 

are deposited and patterned 

using lift-off. A copper ground is 

also deposited on the back of 

the substrate. 
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Figure 4 - 17 Reflectarray antenna unit cell illustration and microscopic pictures 

4.6 X-band Reflectarray Antenna Unit Cell Measurement Setup 

The fabricated reflectarray antenna unit cell was then measured using an X-band 

waveguide. A flange was built to hold the unit cell in place and at the same time to provide a 

seal for the EM wave. This setup is shown in Figure 4 - 18. The unit cell substrate was placed in 

the concave rectangle in the center of the flange, which had about the same size as the unit cell 

in length, width and thickness. During measurement, four screws were used to align the flange 

with the waveguide, and at the same time to tighten the two in order to prevent signal leaking.  

BST
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Figure 4 - 18 Reflectarray antenna unit cell measurement setup 

The waveguide was then connected to an Agilent network analyzer to perform a 1-port 

S-parameter measurement. DC bias voltage was supplied through the wires soldered onto the 

soldering pads on the unit cell substrate. A total of 400 V (the sum of a +200 V and a –200 V) 

was used to bias the two half-patches. Measurement results are discussed in the next section. 

4.7 Results and Discussions 

The S-parameter results obtained from the measurement are shown in Figure 4 - 19.  

X-band 

Waveguide

Flange with 

RA Unit Cell



106 
 

 

Figure 4 - 19 Reflectarray antenna unit cell measurement results (a) S11 magnitude, (b) S11 phase, and (c) phase 
swing 
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It is observed from Figure 4 - 19 (a) that the unit cell exhibits a maximum loss of 23 dB 

when biased at 0 V and 3.6 dB when biased at 400 V. The losses at the resonant frequency 

decrease with different bias voltages. The total loss is less than 10 dB when a DC bias voltage of 

100 V (equivalent to 5 V/um) and above is applied, which is at least 4 dB better than the 

previous attempt [101]. The resonance frequency of the patch increases from 9.93 GHz to 10.45 

GHz, corresponding to a DC bias voltage increase of 0-400 V (equivalent to 20 V/um).  

The measured reflection phase is plotted in Figure 4 - 19 (b). It is observed that varying 

the DC bias voltage across the gap can cause the reflection phase of the unit cell to change. This 

phenomenon is the key for designing a large-scale reflectarray antenna using BST-tuning. 

Figure 4 - 19 (c) shows the maximum phase swing at different frequencies. This 

maximum phase swing is calculated from the phase difference between 0 and 400 V biasing. A 

maximum phase swing of 263 degree is obtained at 10.15 GHz, and a bandwidth of 240 MHz for 

a phase shift greater than 250 degrees is also obtained.  

The measured loss performance is also compared with the simulated one, as shown in 

Table 4 - 2.  
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Table 4 - 2 Compare loss performance of measured and simulated reflectarray antenna unit cells 

DC Bias Voltage 

Max. Loss for 
Measured 

Reflectarray Unit Cell 
with Bias Lines (Mid) 

BST Permittivity 

Max. Loss for 
Simulated 

Reflectarray Unit Cell 
with Bias Lines (Mid) 

0 V 23.15 dB @ 9.93 GHz 600 21.81 dB @ 9.96 GHz 

100 V 9.56 dB @ 10.12 GHz 500 16.27 dB @ 10.12 GHz 

200 V 5.5 dB @ 10.28 GHz 400 13.57 dB @ 10.21 GHz 

300 V 4.06 dB @ 10.37 GHz 300 9.97 dB @ 10.40 GHz 

400 V 3.61 dB @ 10.45 GHz   

From this table, it is observed that the measured and simulated data shares a few 

similarities. The maximum loss measured at 23.15 dB is very close to that simulated at 21.81 

dB. Both results have a trend that the resonant frequency increases and the maximum loss 

decreases with either increased bias voltage or decreased BST permittivity. Though the loss at 

400-V biasing is much less than that when the BST permittivity equals 300, the resonant 

frequencies of the two cases are still close. This difference in loss is caused by the decrease of 

BST loss tangent with frequency, which can be easily seen after extracting the BST permittivity 

and loss tangent from the measured data.  

By comparing the measurement with the simulation, the BST permittivity and loss 

tangent are then extracted at 10 GHz, as shown in Figure 4 - 20. 
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Figure 4 - 20 Extracted BST permittivity and loss tangent 

It is observed that both BST permittivity and loss tangent decrease with DC bias voltage. 

Figure 4 - 20 shows that, as DC bias voltage increases from 0 to 400 V, BST permittivity 

decreases from 600 to 310, which is approximately a 2:1 ratio of change, and the BST loss 

tangent also decreases from 0.105 to 0.016. It is noticed that above 100 V, the BST loss tangent 

is relatively low (below 0.05), which results in a low return loss of less than 10 dB in the 

measurement. It further drops to below 0.02 when the bias voltage increases to more than 300 

V, which introduces even less loss to the unit cell. The measured return loss of 3.6 dB is by far 

the lowest measured result to our knowledge.  
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difference between the two scenarios was ignored. In order to cut the simulation time and 

resources, the BST thin film was not employed in the simulations for different bias line layout 

study, while in the unit cell study the BST thin film with a permittivity of up to 600 was 

simulated. So the difference was like 600 – 300 (the BST permittivity variation) to 10 (the 

permittivity of the sapphire substrate). The focus of this section is to find out the exact position 

of the optimized bias lines and to verify our findings by HFSS simulation.  

4.8.1 Optimum Bias Line Position 

As discussed in section 4.3.2, a patch loaded with a BST thin film is equivalent to that 

loaded with a lumped capacitor. Therefore, to reduce the simulation complexity, unit cells with 

gaps loaded with lumped capacitors were simulated and E field at the resonant frequency for 

each case was plotted in Figure 4 - 21. 

 

Figure 4 - 21 E-field shifts with lumped capacitance variation 

0 pF 1 pF
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It is found that when the equivalent capacitance increases from 0 pF to 1 pF, the 

optimum point for connecting the bias lines, the weakest location of the E-field, moves towards 

the gap. The larger the BST permittivity (the bigger the lumped capacitance), the closer the 

optimum point is to the gap. With all factors considered, a connection point needs to be 

optimized for the case when the loss caused by the patch itself is the highest, such that the 

worst loss performance of the unit cell is not going to be further worsened. As discussed in 

section 4.3.2 for the patch only study, with all other conditions the same, higher BST 

permittivity (equivalent to 0-V biasing) introduces higher total loss. Moreover, the BST loss 

tangent is higher at lower bias voltages, as discussed in section 3.6.4. Therefore, the loss of the 

unit cell without bias lines is the highest at 0-V biasing, and the optimum bias lines should be 

designed for 0-V DC bias voltage. Based on the simulation results in section 4.3.2, an optimum 

bias line position was found to be about 1 mm away from the gap along the side of the 6.5 mm 

by 6.5 mm patch.  

4.8.2 X-band Unit Cell Simulation 

An HFSS simulation was performed using the optimized bias line design, and the results 

are shown in Figure 4 - 22. 
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Figure 4 - 22 HFSS simulation results of a reflectarray antenna unit cell with BST loading and optimized bias lines. 
(a) S11 magnitude, (b) S11 phase, and (c) phase swing 
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without bias lines in Figure 4 - 8, and the results are shown in Table 4 - 3.  
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Table 4 - 3 Compare loss performance of reflectarray antenna unit cells with optimized bias lines and without 
bias lines 

BST permittivity 

Max. Loss for 
Simulated Reflectarray 

Unit Cell with 
Optimized Bias Lines 

Max. Loss for 
Simulated Reflectarray 
Unit Cell without Bias 

Lines 

Additional 
Loss Caused by 
Optimized Bias 

Lines 

600 12.21 dB @ 9.98 GHz 11.89 dB @ 9.97 GHz 0.32 dB 

500 10.61 dB @ 10.12 GHz 10.59 dB @ 10.05 GHz 0.02 dB 

400 9.22 dB @ 10.24 GHz 8.84 dB @ 10.19 GHz 0.38 dB 

300 7.51 dB @ 10.44 GHz 6.52 dB @ 10.44 GHz 0.99 dB 

When the BST permittivity varied from 600 to 400, the additional loss introduced by the 

bias lines was less than 0.4 dB. It is small enough to reach a conclusion that this bias line 

configuration has been optimized for a permittivity range of 600 – 400. When the BST 

permittivity dropped to 300, the additional loss increased to 0.99 dB. Therefore, this bias line 

configuration is no longer optimized.  

The work of the X-band reflectarray antenna unit cell fabrication and measurement is 

still ongoing at UCF by the time this dissertation is finished. The result will be published in a 

separate paper.  

4.9 A Possible Upgrade – Ka-band Unit Cell Simulation 

Since the structure of this BST-based reflectarray antenna unit cell does not include any 

lumped element and any extra wire connection, this configuration can be easily extended into 

higher frequency, such as the Ka-band. To prove this concept, a Ka-band simulation in HFSS was 

performed, as shown in Figure 4 - 23. The layout of the patch and the BST thin film were 
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designed the same way as that in the X-band design. The patch length and width, 2 mm by 1.5 

mm, were calculated following equations (4 – 1) to (4 – 4). Bias lines are not employed since 

this is an initial study. HFSS results are also shown in Figure 4 - 24.  

 

Figure 4 - 23 HFSS waveguide simulation of a reflectarray antenna unit cell in Ka-band 
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Figure 4 - 24 HFSS simulation results of a reflectarray antenna unit cell in Ka-band (a) S11 magnitude, (b) S11 
phase, and (c) phase swing 
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With BST permittivity tuned from 600 to 300, resonant frequency varies from 31.65 GHz 

to 32.7 GHz with a maximum loss of 2.66 dB. A phase swing of 86o is also obtained at 32.15 

GHz. It can be concluded that this BST-loaded reflectarray antenna unit cell works very well in 

Ka-band.  

  



117 
 

CHAPTER FIVE:  
CONCLUSION AND FUTURE WORK 

Smart flexible electronics were studied in this dissertation. 

BST material properties were first examined for its composition and crystallization. RBS 

measurement showed a composition of Ba:Sr:Ti:O = 7.4:10.0:25.8:56.8, which can be 

approximated to a composition of Ba0.57Sr0.43TiO3 with the excess of Ti atoms in the deposited 

thin film. XRD measurement showed a strong <110> crystalline orientation. 

Tunable BST IDCs were simulated, fabricated and transferred onto a flexible LCP 

substrate by using a novel monolithic transfer technique. Measurement was performed from 10 

MHz to 50 GHz on a Cascade probe station, and 2-prot S-parameters were obtained. Post data 

analysis showed a tunability of more than 22% for the entire measured frequency range. 

Lumped element values, Cs, Rs, Cp and Gp, for the equivalent circuit were calculated from Y-

parameters, which were converted from the S-parameters. Capacitance from 0.07 to 0.135 was 

measured at different DC bias voltages from 0 to 200 V, and Q factors of better than 24 at 10 

GHz and better than 10 at 30 GHz was obtained. This is the first time that such a high Q factor 

has been reported from a tunable BST capacitor on a flexible LCP substrate. Simulation and 

measurement showed good agreement. The comparison between the BST IDCs on an LCP 

substrate and those on a sapphire substrate fabricated using the exact same recipe ensured 

that this transfer process did not impair the performance of the tunable capacitors. 

A reflectarray antenna unit cell was also designed, fabricated, simulated and measured 

in X-band. The simulated results agreed very well with the measured ones. A loss as low as 3.6 
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dB was achieved when the unit cell was bias at 400 V, which is, to our knowledge, the lowest 

measured return loss for the same configuration. A maximum phase swing of 263o was 

obtained at 10.15 GHz, and a bandwidth of 240 MHz for a phase shift greater than 250o was 

also measured. A further study of the bias line positions showed that the optimum location 

changes with the capacitive loading in the gap. For our case, the horizontal bias lines placed 1 

mm away from the gap improves the overall performance to about 12 dB or less, obtained from 

the simulation result. 

The research presented in this dissertation is a prelude for the future work in the 

tunable and flexible electronics field. Based on the BST thin film transfer technique, other 

tunable devices, such as phase shifters, tunable filters, etc, may be made monolithically on the 

LCP or other flexible substrates. An X-band and a Ka-band phase shifters employing BST tuning 

are being fabricated on LCP substrates at UCF. The reflectarray unit cell study in this work can 

also be extended to a full-size array. Using the same transfer technique, this reflectarray 

antenna can be made on a flexible substrate. 
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APPENDIX A:  
SILICON ETCHING RATE BY KOH SOLUTION 
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Silicon wafers can be etched by wet chemical solutions such as KOH, TMAH (Tetra 

Methyl Ammonium Hydroxide), EDP (Ethylene Diamine Pyrocatechol), etc. Etching rate is 

largely dependent on various facts, specifically, silicon crystallographic orientation, etchant 

type, solution concentration and temperature. Based on which chemical solution is used, 

etching can be isotropic or anisotropic.  

The following table listed the silicon etching rate of N-type <100> silicon wafers (the 

type of silicon wafers used in all our fabrications) in KOH solution (the etchant used in all our 

fabrications) with temperature variations at different solution concentration [103]. KOH etching 

for N-type <100> silicon wafer is anisotropic, which is not a concern for our application. Since 

we are etching away the entire silicon wafer, etching rate is placed as the first priority.  

Table A - 1 Silicon wafer etching rate in KOH solution 

 20oC 30oC 40oC 50oC 60oC 70oC 80oC 90oC 100oC 

20% 4 7 12 15 26 49 87 149 250 

25% 2 4 9 14 25 48 85 146 240 

30% 2 3 8 13 24 46 80 136 225 

35% 1 3 7 12 23 41 73 124 206 

40% 1 3 6 11 21 37 64 111 185 

45% 1 3 5 10 17 29 54 95 160 

50% 1 2 4 8 14 25 46 78 131 

  



121 
 

APPENDIX B:  
CONVERSION OF S-PARAMETERS TO Y-PARAMETERS 
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The data obtained from network analyzer is in the form of *.sNp, N port S-parameters. 

Therefore it needs to be converted to Y-parameters in order to extract the capacitance, 

resistance, conductance Q factor, etc, for BST IDCs. The following table lists the conversion from 

S-parameters to Y-parameters [104].  

Table A - 2 S-parameter to Y-parameter conversion for 2-port network with the same characteristic impedance 
for both ports 

Y11 
                       

  
    

  

Y12 

     
  

   

Y21 

     
  

   

Y22 
                       

  
   

*  Y0 is the characteristic admittance of the ports. 

**                         
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APPENDIX C:  
BST IDC ON LCP SUBSTRATE FABRICATION 
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Table A - 3 BST IDC on LCP fabrication recipe 

Silicon wafer 
Preparation 

silicon wafer cleaning Acetone – methanol – DI water rinse and N2 blow dry 

silicon oxidation Wet oxidation at 1100 oC for 90 minutes 

BST 
Deposition & 
Patterning & 

Annealing 

BST thin film deposition 

RF magnetron sputtering for 16 hours  
Substrate temperature = 650 oC 
RF power = 200 W 
Chamber pressure  = 20 mTorr 
Ar:O2 = 10 sccm : 5 sccm 

photolithography 

Spin Shipley 1813 at 3000 rpm for 30 seconds 
Soft bake at 100 oC for 3 minutes 
Expose for 10 seconds 
Develop in CD26 for 50 seconds 
DI water rinse and N2 blow dry 
Hard bake at 100 oC for 10 minutes 

BST wet etching 
2% HF etching for about 10 minutes 
DI water rinse and N2 blow dry 

wafer cleaning 
Acetone – methanol – DI water rinse and N2 blow dry 
Plasma ashing at 150 W for 3 minutes 

BST annealing 700 oC for 2 hours with 10 oC/hr ramp-up rate 

Finger 
Deposition & 

Patterning 

photolithography 

Spin Shipley 1813 at 1000 rpm for 40 seconds 
Soft bake at 100 oC for 5 minutes 
Soak in Chlorobenzene for 16 minutes 
DI water rinse and N2 blow dry 
Expose for 15 seconds 
Develop in CD26 for 60 seconds 
DI water rinse and N2 blow dry 

Cr-Cu-Cr E-beam 
evaporation 

Deposit in the same vacuum for Cr (20 nm), Cu (800 
nm) and Cr (100nm) 

lift-off In acetone and ultrasonic bathing for about 5 minutes 

wafer cleaning 
Acetone – methanol – DI water rinse and N2 blow dry 
Plasma asher at 150 W for 3 minutes 

Silicon - LCP 
Wafer 

Bonding 

Pre-heating 
Pre-heat Si wafer, LCP substrate and LCP bonding film 
at 125 oC for 2 hours 

Wafer bonding 
282 oC and 300 psi for 30 min with appropriate 
ramping in temperature and pressure [105] 
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Silicon 
Etching 

Preparation 
Clamp the multilayer wafer in the fixture with the 
rough side of the Si wafer exposed to air 

silicon oxide etching 
BOE etching for about 10 minutes 
DI water rinse and N2 blow dry 

silicon etching 
20% KOH at 95 oC for about 2 hours 
DI water rinse and N2 blow dry 

Silicon Oxide 
Window 

photolithography 

Spin Shipley 1813 at 3000 rpm for 30 seconds 
Soft bake at 100 oC for 3 minutes 
Expose for 10 seconds 
Develop in CD26 for 50 seconds 
DI water rinse and N2 blow dry 
Hard bake at 100 oC for 10 minutes 

oxide etching 
BOE etching for about 10 minutes 
DI water rinse and N2 blow dry 

wafer cleaning Acetone – methanol – DI water rinse and N2 blow dry 
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APPENDIX D:  
BST-BASED REFLECTARRAY ANTENNA UNIT CELL FABRICATION 
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Table A - 4 BST-based reflectarray antenna unit cell fabrication recipe 

Sapphire 
Preparation 

sapphire cleaning Acetone – methanol – DI water rinse and N2 blow dry 

BST 
Deposition 

BST thin film deposition 

RF magnetron sputtering for 7 hours  
Substrate temperature = 400 oC 
RF power = 200 W 
Chamber pressure  = 5 mTorr 
Ar:O2 = 20 sccm : 2.5 sccm 

Sapphire 
Cutting 

Diamond saw cutting Cutting speed: 1 mm/min 

BST 
Patterning & 

Annealing 

photolithography 

Spin Shipley 1813 at 3000 rpm for 30 seconds 
Soft bake at 100 oC for 3 minutes 
Expose for 10 seconds 
Develop in CD26 for 50 seconds 
DI water rinse and N2 blow dry 
Hard bake at 100 oC for 10 minutes 

BST Wet Etching 
1% HF for about 8 minutes 
DI water rinse and N2 blow dry 

wafer cleaning 
Acetone – methanol – DI water rinse and N2 blow dry 
Plasma asher at 150 W for 3 minutes 

BST annealing 900 oC for 20 hours with 10 oC/hr ramp-up rate 

Bias Line 
Deposition 

and 
Patterning 

photolithography 

Spin Shipley 1813 at 3000 rpm for 30 seconds 
Soft bake at 100 oC for 3 minutes 
Expose for 10 seconds 
Develop in CD26 for 50 seconds 
DI water rinse and N2 blow dry 

E-beam evaporation Deposit Cr (300 nm) 

Lift-off Soak in acetone for less than 1 minute 

wafer cleaning 
Acetone – methanol – DI water rinse and N2 blow dry 
Plasma asher at 150 W for 3 minutes 

Patch and 
Soldering 

Pads 
Deposition 

and 
Patterning 

photolithography 

Spin AZ 4620 at 3000 rpm for 40 seconds 
Soft bake at 95 oC for 5 minutes 
Expose for 40 seconds 
Develop in AZ400K+DI water(1:3) for 90 seconds 
DI water rinse and N2 blow dry 

E-beam evaporation 
Deposit in the same vacuum for Cr (30 nm), Cu (1800 
nm) and Cr (150nm) 

Lift-off In acetone and ultrasonic bathing for about 5 minutes 

wafer cleaning Acetone – methanol – DI water rinse and N2 blow dry 
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Ground Plane 
Deposition 

E-beam evaporation Deposit Cu (1000 nm) 
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