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Abstract

Tunable filtersare promising foreducing the size of communication systems by replasivitch
filter bank, also they are gaining more attention for satellite applications which will need to change
the frequency barsd One of he main requirements for tunable filtéssto maintainlow passband
insertion lossand high stopband rejectiaver the tuning range The key to achierg this goal is
using high quality factofhigh-Q) resonators such abreedimensional D) structure resonators
(dielectric resonat@r coaxial resonater waveguideresonatorsetc.). For highQ tunable filters, ot
only dothe resonators need to have high unloa@gthe tuning elements also need to have low loss.
Over the past years,akious tuning techniqgues have beemployedto realize tunable filtes,
including solid-state tuning, mechanical tuning, piezoelectric tuning, magnetic tuningMandS
tuning. All of these techniques have both advantages and drawbacks in terms of insestiDiC los
power consumption, tuning speed, Amearity, and reliability.

The objective of the research presented in this thesis is to investigate the feasibility ofietsihg
insulating transition (MIT) material and phasehange materia(PCM) to realize high-Q tunable/
reconfigurable filtersfor base station in communication and satellite applicatidtabrication
methods oMIT material V& (Vanadium Dioxide) and PCM GeTe (Germanium Telluride) are first
investigated to obtain optimal MIT/PCM materialgtwhigh resistivity ratio between different states.

RF switches basedn bothVO; and GeTeéntegrated with micrdeaters are then develop&tO,-
basedvariable attenuators are realizadbothX-band and K#&and. A switch capacitor bank is also
desigredand fabricatedintegrating GeTe RF switches and MIM (meitedulatormetal) capacitors in
asix-layer microfabrication process.

A novel structure for wideband dielectric substiaased filtes is developed. The cavity of the
filter is separated into two thin dielectric substrates (DSs), a metal frame for holding the dielectric
substrates, and two metal covers. The filter is compact in size and ideal for integration with antennas
because of g relatively thin profile. Since it uses separated DSs attached to the two sides of the metal
frame, the input/output probe can be placed at the middle of the cavity, leading to a significant

increase in the input/output coupling compared to conventioigkecttic resonator filters.
v



Additionally, the filter structure lends itself to realizing relatively large values of-iesanator
coupling. A fivepole Chebyshev filter with a fractional bandwidth of 9.6%, a-fmle filter having

two transmission zes with a fractional bandwidth of 9%, and a thpede filter with a fractional
bandwidth of 13%are designed, fabricated and tested. The filter structure promises to be useful in
sub6 GHz 5Gbase statiompplications that require the use of loast, mirature, highQ wideband

filters with a thin profile.

Furthermore, aovel tuning structure with multiple strip linesdeveloped in this workrhe tuning
structureis designed temploy RF switchego tune 3D filters eliminaing the need to use variable
capacitor loadingwhichisk nown t o degr ad @ overhhe turiing Fahge.r”Téa@nd | oaded
threepole filters with combline configuration are designed, fabricated and measured with wire
bonding, MEMS switchs andVO, switches. With wire bonding, adif thetuningstates demonstrate
measured) higher than 2000, wreaswith the fabricated/O, switches, theneasured) was lower
The test data confirrhoweverthe tunability and feasibility of using the proposed tuningeste to
realizea reasonablbigh-Q tunable filters that maintai@ values over the tuning range. A DiBaded
threepole tunable filter is designed, fabricated, and measured. The results show the potential of

realizing a tunabldielectricfilter with a low lossVOz-based switch.
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Chapter 1

Introdu ction

1.1 Motivation

High-Q tunable filters are particularly promising componefaisthe basestation ofmodern
multiband wireless communication systems and satellite applications. The need for tunability and
reconfigurability in wireless communication systems is due to thenvamsbes of bands that are
packed in each system, resulting in a significant esmein the number of filters required.
However, the availability and implementation of tunable filters may significantly reduce how
many filters are needed, thus resulting in significant size and cost reductions in certain wireless
communication systems.

Tunable filters can also reduce costs for the network operator in the following way. Cansider
remote radio units (RRU) installed on top of standarestbBey communication towers. After
serving only a few years, the frequency or bandwidth of the wirsletem needs to be changed.
With tunable/reconfigurable hardware, the change can be done remotely without reinstalling the

RRU. Reduction in mass is especially important for decreasing launching foosssitellite



applications. Tunable/reconfigurable filters can help simplify satellite systems by reducing mass
and size while still meeting the necessary requirements.

The main criticalrequirementdor tunable filtes arehigh-Q, outof-band rejection, tuning
range,size, power handling, linearityyndtuning sped. In order to achieve a hig@ tunable
filter, the resonators need to be hiQlandthe tuning elementust berelatively low loss.

Over the years, various tuning techniques have been applied to tunadie fiticluding
mechanical tuning, magnetic tuning, piezoelectric tuning, and MEMS tuning. Mechanical tuning
can realize higtQ and is easy to implement, but it is a bulky approach and results in low tuning
speeds. Ferritbased magnetic tuning offers atfasvitching speed and can handle high power,
but it is also a bulky approach and suffers from high DC power consumption. Piezoelectric
tuning possesses the advantages of mechanical tuning and a relatively small sizeffénst
only a limited tuning rage[2]. On the other hand, MEMS tuning is known to have low loss, high
power handling, and high linearity. However, reliability is still problemwith RF MEMS
devices.

To address this challengmetatinsulatingtransition(MIT) material such a¥O, and phase
change materialPCM) such as GeTe will be investigated as tuning elements. MITHB&déd
tuning elements offer low loss, fast tuning speed, low power consumption, and high reliability. In
addition, they are easily amenaldé monolithic integrationwith a wide range of tunablRF

devices such as tunable filters, phase shifters, impedance tuners and variable attenuators.

1.2 Objectives

The objective of the research presented in this thesis is to investigate the feasibility of using
metatinsulatingtransition (MIT) material and phsechange materia(PCM) to realize highQ
tunable or reconfigurable filters. The ultimate objective is to realize-Qighnable filters
through the integration of higQ 3D resonators with MIT/PCMbased tuning elements.

The research is divided into seakmain tasksas follows



1 Development of V@and GeTe RF switches
This taskincludes the development of a fabrication proces§©@3 and GeTe films at the
University of Waterloo. ltinvolves investigaing the development and optimization of a
fabrication process for the realizationlodv loss, high isolatiomMIT/PCM-based switches.

1 Development and demonstration of MIT/PCM tunable devices such as integrated switch
capacitor bank and variable attenuators
The researchin this taskincludes design and development of fabrication processes for
realizing tunable passive devices integdatith MIT/PCM switches.

1 Development of 3D filters that are easily amenable to integrating withfG&Iebased
tuning elementsor the realization of MIT/PCMasedunable filters.
This taskinvolves thedesign and development of tuning structures ¢émaploy MIT/PCM
switches for tuning 3D filters such as 3D combline filters and dielectric resonator filters.

1.3 Thesis Outline

Following the motivation and objectivggesented hergn Chapter 1, Chapter 2 gridesan
overview of the properties, fabrication proeessand applications of metaisulatortransition
material VQ and phasehange material GeTdt also summarizes the worleported in the
literature on tunable filtersin Chapter 3,a VO, deposition method with RF sputtering is
discussedalong withRF switches and variable attenuators realized withftlmm VVO,. This is
followed by an overview ofceTebased RF switches and capacitor banks. Chapter 4 presents a
wideband dielectric substrabmsed filter. The design, fabrication, and measurement results for
threepole, five-pole, and four-pole filters are presented and discussed, followedthey
presentabn of a new assembly structure to improve @ef the filter. Tunable filteremploying
VO, switches are introduced in ChapterTsvo-pole andthreepole tunable combline filterare
desigred, fabricatedandmeasurd with both commerciaRF MEMS switche and VQ switches
for comparison A dielectric substratbased tunable filteemploying VO, switches is then
presented. Finally, a brief summary of the contributions of the thesis with proposed future work

is given in Chapter 6.



Chapter 2

Literature Survey

Metakinsulator transition(MIT) materials such as Vand phas&hange material§PCM)
such as GeTare capable obwitchng betweena metal state andn insulator state when
subjected t@xternal excitatiofi3-4]. Both MIT and PCM haveyairedincreasingattention in RF
and microwaveapplications due teheir ability to build highperformance RF switchg$§-13]
and tunable or reconfigurable devi¢#4-20].

MIT materialshawe beenof interestfor more than half a centuryvhen Morin reported the
phase tragitions in binary transitiometal oxideg22]. Morin concluded thatransitiormetal
oxidessuchas VO V O  exhibitOncreasedn resisivityOby several orders of
magnitude when their temperatun@psfrom high to low across their transmission temperature
[23]. Figure 2-1 showsthe metatinsulatortransitiontemperature (#it) of some transitin-metal
oxides. Among these materials, thetTo f V O (68 ) is near room

the moststudied strongly correlated MIT mater[aR].
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Figure 2-1. Metakinsulatortransitiontemperature (Wir) of selected oxidefulk crystals)23].

2.1 Properties andFabricaton Met h o d s

2.1.1VOFProperties

Vanadium oxide \{ O) is gaining interest among MIT

in its resistance during the metakulaor transition near room temperature (around 68 .
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The structural transformation o crystal lattice from a monocliniM1) phase ina low
temperature insulator totatragonal/rutile(R) phase ina high temperature metal has also been
reported during thenetatinsulatortransitiono f  Y2@Error! Reference source not found.
The structurs of the two states are shown kiigure 2-3. Figure 2-3 (a) shows the R phase of
VOo.. In this phasgeall the V atoms are equglspaced along@ linear chain of V@ octahedrks
parallel to the crystallographicaxis (cr), with V-V distances of 2.84. During the MIT from
the metallic R phase to an insulating M1 phase, two distinctive setsvofligtanceq2.65 and

3.12A) will form due to the pairing and tilting of V{»ctahedrks, as shown irFigure 2-3 (b).

am

(@) (b)

Figure 2-3. Crystallographic structures ¥OFE (a) metallic (rutile) structure abovewr; (b) insulated
(monoclinic) structure belowwir. Large and small spheres denote vanadium (V) and oxygen (O) atoms,

respectivelyError! Reference source not found.

2.1.2V0O, PhaseTransition M echanism

There are basically four types of insulatd@toch-Wilson insulatos, Mott-Hubbard insulate
Peierls insulatay, and Anderson insulatef21]. Except forBloch-Wilson insulatos, the other

three typs areall able to perform a metahsulator transitio(MIT). The MIT of Mott-Hubbard
7



insulatos occursdue to eletron-electron inteactions [26], whereasthe MIT of the Peierls
insulatos isdue to electrosphonon interaction8] and the MIT of Anderson insulatcaused
by disorderinduced localizatioi29]. The MIT mechanism of V@is till under debate between
Mott-Hubbardtypeinsulatos anda Peierlstype insulatos, but recent experimentg@0][31] and
theoretical[32] research shows that we need to move beyond standard-lsargleMott and

Peierls transition models

2.1.2.10ptical excitation

By using optical excitation, manyesearchershave reported ultréast insulatoito-metal
transition at the scale gicosecond or faster Becker et al, realized a gstransition time of
sputtered VQ thin film using optical pumyprobe methods with 780m Ti: sapphire laser as
pump sourcg33]. Cavalleri and colleaguesbtained al00fs to 50ps transition time using the
same method with 860m 50fs optical pulse as the pump souf8d]. Employing a terahertz
pump-probe methodKubler, et al, achievedl30fs and about 1@s byusingthetemporal delay
time of the first cycle of electronic conductivity change #raksaturaion of conductivity change
as the criteria for determiimg the phase transitiof35]. Kim, et al, reported &800-s transition
time by using a tire-resolved Xray diffraction method witla 788nm 20-fs optical pulse as the
pump sourcg36]. A four-dimensional ultrafast electron microscopys utilized by Lobastov
and his colleagues wita 770-nm femtosecond laser puldepm which they achieved & 1+0.1
ps transition timg37].

In light of thesereportedresults VO, emerges as possible material to realize ultrafast optical
switches. Howevemost of the results showeahinsulatorto-metal transitionwhile few reports
studied the time scale of transition fromthe metallic stateto the insulabr state More
investigationson this form of transitiomeed to be dongd8]. If such a ultrafast switchwere to
be electrically excited, it muld be able to compet&ith the current silicorbased logic devices

[21].



2.1.2.2Thermal excitation

Thermal excitation is very straigfdrward: simply by heating/O, to above 68 t he
resistivity drops up to five orders according to the quality of the Y. The transition
temperature (Wit) can be different due to different substrate and depostbmdlitions. It can
also be changed by doping. As shownFigure 2-2 (a), when the temperature exceeds 62
resistivity dropssignificantly as the temperature increases; after 75 i t becomes a
constant. Hysteresis affects the resistivity of heating and cooling the tM@ film. The
temperature span of hysteresis can vary from 0.1 t o 1@l ong di fferent

orien@tions[21], [39].

2.1.2.3Electrical excitation

The electrichfield control of VO metatinsulator transition is desirable for fast and reliable
electronic devices. Some experiments are done for electrical excitation and to specify whether
VO: is a Motttype insulator or a Peiertgpe one. Stefanovich et al. denstmated an experiment
to trigger VQ metatinsulator transition with an electrical field at room temperature. Their
results suggest that the meiagulator transition in V@is purely an electronic (Mottdubbard)
transition. They also claimed that the Mott transition inaOChoul d be consi der ed
mechani smo t hat i n ilikeirangitionrs aceomparied bya symmetry chahgei er |
from monoclinic to tetagonal[40]. Furthermore, Sieu Ha et al. demonstrated an abrupt drop in

insertion loss using both DC voltage and RF poyé}.

2.1.3V0O; Deposition Techniques

The vanadium oxide system is a large and complex farkilyure 2-4 shows the phase
diagram of the vanadium oxide system. In addition to,Vthere are around 20 different
vanadium oxide components, some of which (e.gQs:\and \L0Os) also have metahsulator
transition abilities. The transition temperatufer V>Os and \AOs are around123  [42] and
280 [43], respectively. However, most of the vanadium oxide does not hasefpansition

ability.



Several vanadium oxides, such Vag0s, VeO11, VeOi3, V7O13, and \.Os, have a V/O ratio
close to VQ, which makes it difficult to deposit high quality (i.e., high purity) ¥@xygen
partial pressure and temperature are two key fadtothe VQ deposition process:igure 2-5
shows the effect on performance of different oxygen flow rates, Wiglere 2-6 illustrates the
effect on resistivity ratio due to different substrate temperatures during deposition. Only a well
optimized depositing process can achieve more than thressood magnitude in resistance
change. In order to obtain high quality tfilm VO, various technique have been used, such as
sputtering [3][10][11][48], pulse laser deposition (PLDO)2][14][15][41], chemical vapor
deposition[47], solgel coating[49], epitaxial growth50], and electron beam evaporatif@i].

Two of the most popular VOdepositionstechniques in recent times are sputtering and PLD,

which will be reviewed in a later section.

T T T T T T T T T ‘lrjiquid
120’0 [ \\ ]
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> | 3 !
1000 | + g,
V305 + g" = VeOu |+ VO, l‘\
800 1 VyOrs + Liq. \ |
—_— 708°C V13 1q.
2 i S|ES 680°C || 676°C
H Bm = VO VOx Vzoa g" t "V7013 |l
Q
N V_?z = VgOi3 || VaO5-+
400 VeOis H
V304 4 | V7Oua VeOyis [+ V30,
+ Sl +
V405 = | vo, V40,
200 - V307
o) V+0
3 205

x in VO,

Figure 2-4. Phase diagram of vanadium oxide sysfé4j.
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2.1.3.1Sputtering

Sputtering is one of the most commonly used physical vapor depa$tuid) processs[52].
Figure 2-7 shows three of the mepopularmethods used for sputteringC, RF, and magnetron
sputtering. As shown ifrigure 2-7, DC sputtering utilize a DC dischargeand RF sputtering
uses a capacitor to set the DC bias and an impednatming network coupling tthe reactive

load. Comparé to DC sputtering, RF sputtering can operat@ kiwer sputtering gas pressure

15 oma (@)
Mo.,’
. i "‘
01 e \\. \A Occergannnn,. .
"
0.014 Sput. T = .
cawiees 350°C H-N -.g.--m
o \
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and lower voltage while producirgghigher deposition rate. Magnetron sputteriag useeither

DC or RF sputtering plus a planar magnetron, winelps both types ofsputteringto obtain a

higher deposition rat3].
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Figure2-7. (a) DC sputtering apparatus; (b) RF sputtering appar@us)agnetron sputtering apparatus
[53][54].

2.1.3.2Pulsedaser deposition

Pulsed laser depositiqiPLD) is a relatively new deposition technique used for oxide growth.
A typical experimental arrangement for PLD is showrFigure 2-8. A high-powesed pulsed
laser beam is used in PlLEbcusng on the target inside a vacuum chambEne targetthen
vaporizes and a thin filmis depositedn the substrate. In recent years, PLD has become the most

popular techniqudor VO thin-film fabrication because it sh@aaa highly oriented crystalline

12



structure even without any peshnealing [38]. High quality thinfims VO2 have been
successfully deposited on both (0001) and (1010) sapphire substrates wiihlPLD

Substrate

/
= 4

Focusing
Lens
A =248 nm
Pulsed Laser Beam

To Vacuum
Pumps

Figure 2-8. Typical experimental arrangement 8tD [53].

2.2 Properties andFabrication M ethods of GeTe

2.2.1Properties of GeTe

The two stable phases of GeTe are a highly resistive amorphous phase and a highly conductive
crystalline one. Switching between the two phases can be realized by different temperature pulses.
A diagram of the heat profiles used to switch between amor@ralsrystalline phases is shown
in Figure 2-9. According to Khoo, sputtered GeTe is usually in an amorphousS&te\ lower
temperature (Jabout 190 ) and a longer timeframe are needed to transfer GeTe to a crystalline
phase. Moreover, in order to revetsansfer it back to the amorphousagk, a short and high
temperature (habout 750 ) p neleds ® be applied, since a nalench process is required
to take GeTe to the melting point and then rapidly cool it to create amorphous glass.

Figure 2-10 shows a fiveorderof-resistance change in GeTe thin film, which is realized by
using a micreheater to apply a heat pulpq. It also shows that different pulse widths (heating
times) can be applied to trigger the transition with different temperatures, making it more flexible

for different applications.
13
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Figure 2-9. Diagram showing heat profiles used to switch between two pf#ses
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Figure2-10. Measurement results of: a) pulse voltagamorphized b) pulse voltage to crystallifd].

2.2.2DepositionMethods of GeTe

Several processes have been applied to deposit GeTe thin film. Khoo et al. used)ifEron
sputtering from stoichiometric targets and fabricated GeTe with different substrate temperatures.
Amorphous GeTe is realized for all films with different tempeaeg{b5]. Gwin also used RF
magnetron sputtering and obtained GeTe film with five orders of resistance ¢a@hd&lasma
enhanced chemical vapor deposition of conformal GeTe was deposited by Gourvefi7t al.
Pulsed laser deposition was used to fabricate GeheGeTeShTes, and more than five orders
of sheet resistance change were realized by Bouska[6Bhl. Meanwhile, Jung used a vapor

liquid-solid method to deposit GeTe nanowifg8].
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2.3 Applications of VO2 and GeTe

VO is already beng used for numerous applicatioms¢ludingsmart thermochromic windows
[60], microbolometerd61], spatial ligh modulators[62], optical switching[63] i [64], and
electrical switching[49]. More applications @n be seen inFigure 2-11 from Zheng Yan@
sumnary [23]. In recent yearssome studies about the potential application of ¥@d GeTe in
millimeter waves and RF microwave fieklhave been reportd8-17]. In the rest of this sectign

we will discuss some of the RF and microwave applioand VO,/GeTe

2.3.1V0O,/GeTe-based RFSwitches

Table 2-1 lists four papers forRF switches based on MOAIl of them show good RF
performance, especialljl3], whose resultshow anON-state insertion los®f <1 dB andan
OFFstate isolatiorof >12dB up to 220GHz Thisis promising formillimeter waveapplications

Table2-2 lists four RF switches based on GePe can be seen, the power consumptiofy]n

is only 82mW in one switching cyclaeyhich isvery important for pdable applications.

Table2-1. VO,-based RFBwitches

Reference Order of ON-state Insertion OFF-tate SwitchingTime
Resistivity Loss Isolation
Change of VQ
[9] 3 3dB @ 30GHz >21 up to Several hundred
Crunteanu e8l. 35GHz nanoseconds
[11] 4 <0.2dBupto 50| >21.5dB up to 50 N/A
Hillman etal. GHz GHz
[12] 5 <5dB up to 20 >30dB up to N/A
Pan etl. GHz 20GHz
[13] N/A <1dB up to 220 >12dB up to 220 N/A
Hillman etal. GHz GHz

Table2-2. GeTebased RBwitches

15



Reference ON-state DC | InsertionLoss Cutoff SwitchingTime Power

Resistance Frequency Consumption

[6] 5q 0.6dB till 20 3.7THz 600.5ps per 92mW in one
Wang etal. GHz cycle switching cycle
[7] 3.9q 0.5dB till 20 ~4THz 404 ps per 82mW in one
Wang etal. GHz cycle switching cycle

[8] N/A 0.63dB @ 25 N/A 0.520ps N/A
Shim etal. GHz tuning speed

[9] 1.2q 0.3dB @ 7.3THz N/A 0.5W to switch
El-Hinnawy 20GHz between states|

Tunable
materials

Charge
control circuit
elements

Thermal
computing

Energy
dissipation

Figure2-11. Potential applications 6fO; [23].
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2.3.2V0; and GeTebased RFTunable Filters

Several attempts have been made to realize tunable or reconfigurabke usileg VQ
switches. Julien Givernaud and colleagues designédwétchable stop band filtérwith a
switchable ON or OFF rejection bandand afdiscrete tunable stepand filteld with a stop
bandwidth anditunablepositionbased on V@[14]. David Bouyge and colleagues designed two
reconfigurable bandpass filters based on spld resonators and \WGswitches[15][16]. The
first designs they made are showrFigure 2-12. As can be seen in the figure, the filter consists
of two splitring resonators and eight ¥Q@witches on two sides of the resonators. The VO
switches are actuated by directly applying D@sbivoltage on the VOmaterials, which
eliminates the use of micitoeaters to actuate the transition. The drawback is that high voltage is
needed to obtain low resistance of the-\8Witch due to the high resistance of the bias lines for
DC supplies. Theiswlation and measurement results are showhignre 2-13 [15]. A tuning
range close to 10% of the center frequency is realized, while the insertion loss is quite large due
to the lowQ plarar resonators themselves, along with the relatively high resistance of the VO
material. The second designa tunable filter whose resonators can be switched ON and OFF to

determine the tunable filter passbdh€].

<—— Polarization pad (Au)

<«—— Polarization line (Au)

<—— Resistive line (Cy,.4)

7 mm

«—— Metallic patch (Au)

RF switch (VO,)

SRR (Au)

(a) (b)
Figure2-12. (a) Layout of fabricated tunable bandpass filter; (b) ovezsdalv of one tunable elemgd].
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Figure2-13. Simulated (dotted lines) and measured (solid linegriios (a) andreturn lossegb) of tunable
filter [15].

A tunable bandstop filter (22289.8 GHz) is realized using a V¥®ased tunable capacitor by
Vitale and colleaguef 7]. This design uses the metal and insulator states eft&/@ontrol the

gap of a horizontal mal-air-metal (MIM) capacitor. In so doing, it realizes a tunable capacitor

18



and uses the tunable capacitor to realize a tunable filter. A bandstop filter with a tunability of 12%

in the center frequency from 223Hz to 19.8GHz is realized.

------ Simulation
154 ON '
—— OFF
-20 r . :
0 10 20 30 40
Frequency (GHz)

(b)

Figure2-14. Tunable band stop filter: (a) optical image of the band stop filter; (b) measured S21 versus
simulated S2117].

A Ku-band highQ tunable resonator and tunable tpole filter with VO, are realized65].
The designed configuration and measurement results of thpdiedilter are shown irfrigure

2-15. The tuning range is from 13.68 GHz to 14.7 GHz.
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Figure 2-15. Tunable cavity filter witthVO;: (a) design configuration of a resonator; (b) measured results for a
two pole filter[65].

GeTebased tunable filters have also been investigated recently. -BanX reconfigurable
bandpass filter was designed by Wang ef6#l], based on a GeTe RF switch and microstrip line
resonatorsFigure 2-16 shows the image of the reconfigurable tunable filter based on a GeTe
switch andits measurement and simulation results. About 600 MHz of frequency tuning is

realized with less than 3.2 dB insertion loss. An unloaded quality fa@tpof 59-73 is realized
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by this work, which is good compared to its peers. However, since it is astnigrresonater
based filter, th&), is limited by the resonator itself and cannot be f@ghKodama and Coutu Jr.
reported THz tunable splitng resonators based on GeTe. The resonance frequenbg ttaral
from 0.8 THz to 2.2 THz.

GeTe Microstrip GeTe
Portl Switch resonators Switch Port2

"""""" EM simulated
/ = Mecasured
7)) NP R SR EEPE R TR S

60 065 70 75 80 85 90 95 100
Frequency (GHz)

(b)

Figure2-16. (a) Image of bandpass filter; (b) measurement and simulation ri&s]Its

A tunable bandpass filter with GeTe was presented by Ghalem et[@F]irThe devicas a
microstrip line filter integrated with GeTe at the end of the lines which uses short laser pulses to

change the GeTe properties.
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Figure2-17. Tunable microstrip line bandpass filter with GeTe: (a) image of fabricated filter; (b) measured
results[67].

2.3.30ther Reconfigurable Applications

Yanhan Zhu ath colleagues designed a tunable do@hd terahertz bandpass filter based on
VO,, which realized ~32% of resonance frequency at around 0.5[18)z A tunable MEMS
resonator is realized by VO.-coated silicon dioxide bridges with 20% change in resonant
frequency[19]. Meanwhile,James and colleagues reported some tunable plasmonic antennas
based on VQ[20].

2.3.4Comparing MEMS and MIT/PCM Switches

RF MEMS switches have been of increasing interest to researchers over the past few decades
due to their advantages of low loss, low power consumption, high isolation and high linearity
[68]. However, the reliability and costs of RF MEMS switches continue to hinder the widespread
use of the technology. In contrast, MIT/P@¥Msed RF switches show comparable performance

to RF MEMS switchesvith promising ability to realize better reliability
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The cutoff frequency of an RF switch is given lhy= 1/ (2RorCoff), which is an important
indicator of an RF switchos FHigare2el8B8ghawsesomdRIFsS S an
switches fabricated usingarious techniques. Among these, MEM&sed switches exhibit the
highest cuoff frequencies in the range of 10 THz to 70 THz, and-¥@&sed RF switches have
cutoff frequencies comparable to MEMS switches. A M@ased RF switch with a coff
frequency 640 THz and an OMstate resistance ofdd was r eal i z e dll]pwhileHi | | ma
Madan et al. obtained a eaff frequency of 26.5 THz for an Rswitch based on VL[69].

GeTebased RF switches have relatively lower-cfit frequencies but offer low DC power
consumption due to their latclgrcapabilities. Cubff frequencies of 3.7 THz, 4 THz, and 7.3
THz were obtained for GeTe switches[@}, [7] and[9], respectively, as listechiTable2-2. A

comparison of other operating performances among MEMS switchesswi@hes, and GeTe

switches is given iTable2-3.

10°grerr

C_. [fF/mm]

100 ' Y 2 il
10? 10" 10°
R [Q-mm]
on

Figure 2-18. ON-state resistance and eoff frequencies for RF switches using different technid68%
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Table2-3 Operatingparametecomparisoramong MEMS, VQ and GeTg69].

Parameters MEMS VO, GeTe
Insertion Loss Low Low Low
Return Loss Good Good Good
Reliability Fair Good Fair
Switching Speed in ms in us inns
Power Handling High Relatively low RelativelyHigh
[70]
Steadystate Power Series switch (ImW| DC voltage switch (<1mW10]) omw
Consumption scale) Thermal actuate (10mwW to 100mV|
Parallel switch scale[13])
(Omw)

2.4High-Q Tunable Filters

High-Q tunable filters are mainly realized withCB structure resonator configurations, since
planner structures are usually relatively lossy in room temperature. Different tuning methods
have been used in the past for realizing H@gkunable filters, such as motor tuning, MEMS

tuning, piezoelectric tuning and magnetic tuning

i PCB board with
1 sSw2  C1 C2 SW1 «—— RF-MEMS

capacitor bank

Teflon PCB threade
spacer insert

Adjustable
gap

N

<+— Cavity wall

/77

(@ (b)
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Figure2-19. Tunable combline filter: (a) configuration of resonator; (b) picture ofgiale tunable filter; (c)
measured results for twmole tunable filte{71].

In [71], acombline tunable bandpass filter with center frequency of 2.5 GHz and bandwidth of
22 MHz is presented b$. Fouladi et al. As is showm Figure 2-19, RF MEMS switches are
used in conjunction with a lumped element capacitor to form a capacitor bank for tuning the
combline filter. Aquality factor rangng from 1300 to 374 over a tuning range of 110 Mklz
realized [71].

In [72], an evanescemhode tunable cavity filter is presedteThe filter is manufactured
using siliconmicromachining techniques with a microcorrugated diaphragm (MCD) tuner, as
shown inFigure 2-20 andFigure 2-21. In the study, a tuning range from 20 GHz to 40 GHz with
insertion loss between 3.1 and 1.1 dB is realized, exhibiting unld@éedn 264 to 540.
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Figure 2-20. (a) Conceptual drawing of allilicon evanescennode cavity filter with tunable center frequency

(b) cosssectional view of packaged devig#2].
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Figure2-21. (a) RF characterization sap of tworesonator alkilicon BPF, (b) front view of manufactured die
of diaphragm(c) front view of manufactured die of cavjt{d) side view of manufactured die &fC biasing
electrode (e) measured resul{g2].
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Figure 2-22. (a) Half side of inable twepole evanesceshode cavity filte; (b) fabricated picture of tubée
evanescenmode cavity filter with RFEMEMS cantileverswitch capacitance network cHip3].
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In [73], a highQ miniaturized tunable cavity filter is realized using planar capacitive RF MEMS
switch networksFigure 2-22 shows the configuration and fabricated image of the tunable filter,
MEMS circuits are fabricated on quartz substrate and then mounted inside the metal cavity.
Figure 2-23 illustrates the measurement results of the tunable filter. This work realized a

frequency coverage of 4.8/58 GHz, with an unloaded of 300-500.

0 - = T === ()
—— Measured
=== Simulated
-20
-10
g g
= 40 <
& %)
-20
-60
-80 1 -30
3 4 5 6 7

Frequency (GHz)

Figure2-23. Measured and fitte§-parameters for threfdter response§73].
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Chapter 3
MIT /PCM-based RF Switches and

Reconfigurable RF Passivdevices

3.1VO,-basedSeries andParallel RF Switches

3.1.1Introduction

Over the past few decadesetakinsulator transitiormaterialhas beenwidely used in optical
and other engineering applicatioriie phenomenon gfhase transitions in binary transition
metd oxideswasfirst reported irf75] by Morin, whoconcludedhattransitionmetal oxides such
as VQ, V20s;, VO and TyOs would exhibit increasesin resistvity by several orders of
magnitude when their temperatuleopped below their transmission temperatuf22]. VO: is
one of thebestknown metalinsulator transition materials due to its neaomtemperature

transitiontemperaturef approximately68 °C. The resistivity of VQ drops dramatically when it
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is heatedpast itstransition temperaturevhich has been fountb be consistently repeatabie
[76].

In recent years, VOhasgained increasingattention in RF and microwawapplications as it
offers an appealing aveaufor constructinghigh performance RFHFnicrowave switchesand
tunable device§l7][69][76][77]. VO2-based switches with small insertion loss were realized in
millimeter-wave frequency irj76], however these series switchetave very high dimensional
constraints and requira complexand costlyfabrication processwhich prevents them from
beingwidely accepted irield applications.Although the work presented if69][77] proposed
simpler fabrication processes for fabricating Méased RF switcheshe RF performance ofé¢h
switches still haa large room for improvement.

This chaptemproposes two heatémtegrded VO2>-based RF switchefsbricated with asimple
four-mask coppebase proces®n an alumina substrateThe combined use o& copper
conductive layer andhe low-loss alumina substrate pes/the way for lowcost, high

performancé/O, RF switches.

3.1.2V0O; Deposition and Characterization

Figure3-1 shows the RF sputtieg system used for théO, depositionin the Quantum Nano
Centre (QNC)of University of WaterlooThe parameters fatepositing thethin-film VO2 with
the reactive REputering systemaresummarized infable 3-1. The vanadium targetised in the
depositionhas adiameter of 2nches and a thickness of 0.25 inches.

Figure 3-2 depicts the XRD pattern for two thifilm V Ox with different O, ratios during
reactive RF sputtering. When t@e ratio is 10%, the XRD pattemmatches th& O, model well,
but when theO; ratio is 12.5%, it matchethe V.Os model insteadThe AFM scanning results
are shown irFFigure3-3. As can be seen, the high®; hill in Fig. 3-3 (a) is 140 nm, while the
highestV20s hill in Fig. 3-3 (b) is 206 nm. Furthermore, th@:- film is much smoother than the
V205 film. Both tess were used to determine proper sputtering conditions and optimize film

quality.
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Figure 3-2. X-ray diffraction (XRD) pattern for thinfilm VO,: (a) thinfilm V20Os; (b) thinfilm VO 2; (c) thin
film V205 [74].

Table3-1. VO, depositionparameters

Parameter Value
RF power 200 Wats
Chambetbasepressure 2¢Torr
Depositionpressure 3 mTorr
Substratéemperature 500°C
O ratio 10.00%
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Figure3-3. AFM scanning pictureqa) thinfilm V20s; (b) thin-film VO; (c) thin-film V 20s.
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Figure3-4. Sheet resistance of \6Ghin-film versus voltage applied to micteeater

Figure 3-4 shows the hysteres@irve of the Beet resistance of the sputtered M{lin versus

the voltage applied to the micteater. The sheet resaincerangesrom 48q/ o 47k o IThe
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measuremensetup is shownat the top right corner oFigure 3-4, in which one pair oDC
probesis used to apply voltages for heater contmhile the other pailis used to measure the

VO resistance

3.1.3Design andFabrication

The basic geomass of the saies andthe parallel VO2-based RF switcheare presented in
Figure 3-5. The 3Dexplodedillustration of the two designs is presented-igure 3-6, showing
all layers and theimaterials. The CPW line of both the series switch and the parallel switch is
designed with a signal line width of 24 um, a gap of 10 um, and a length of 600 pm.

The microheater desigedin the series switch has a width &6 pmand a length 0200 pm
whereas th microheaterin the parallekwitch consists otwo separate t$hape heateroils. The
heaterline for the parallel switchs carefully routed t@void overlap with the signal CPW line,
therebyhelpng to reduce theparasitic capacitance amdprovingtheinsertion loss performance
for the switch Figure3-7 shows thecopperbasedvO; fabrication procesased for realizing the
two switch designsAs can be seen,®00-nm SiQ layer isfirst depositecon analumina (AkOs)
substrate as a thermadolation layer with a plasmenhanced chemical vapor deposition
(PECVD) systemThen, a60-nm chromium (Cr)layer is deposited with-beam evaporation,

followed by patterning fomicro-heaters and bias pads.

Gap DC Bias Micro-heater

RF in RF out




Gap DC Bias Micro-
heater

RF out

(b)

Figure3-5. Design structure of V@based switchesa) series switch; If) parallel switch.

Copper lum Copper lum
VO, 250nm VO, 250nm
SiN; 500nm SiN, 500nm
Cr 60nm Cr 60nm
Si0, 500nm

Si0, 500nm
Alumina 25mil
Alumina 25mil

(a) (b)

Figure3-6. 3D viewof each layer of the designed Y0ased switchesa) series switch; §) parallel switch.
The sheet resistance of tB&-nm Cr thinfilm is measured to b& 0  gNext, a 500nm SNy
layer is depositedvith PECVD as the barrier lagr between the patterned Cr layer and the
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upcoming VQ layer. A 250-nm VO is then deposited with Rfeactive sputteringndpatterned
along with the underlying SiNlayer to allow the required conductive contacts between the Cr
resistive lines and the upcoming copper layénally, a I-um copper layer is deposited with e
beam evaporatigrpatterned for the transmission line portions of the RF switches.

The parameter for depositing thethin-film VO2 with the reactive RFsputteringsystemare
summarized irmmable3-1. The Vanadium targeised in the depositidmas adiameter of 2 inches
and a thickness of 0.25 inché$hotographof the two fabricated switches are showrFigure
3-8.

Cr |0,

€Y (b)

(© (d)

Cr

(e)

Figure3-7. Copperbasednsulatoron-alumina VQ fabricationprocess
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Figure3-8. FabricatedVO,-based switchesa) series switch; If) parallel switch.
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3.1.4Simulation and M easurementResults

The HFSS EM simulation results for the series switch and parallel switches are shown in
Figure 3-9. Both simulations used \A3heet resistance of &% / for the high resistivity state,
and 4 8orthe/low rebistivity state. The simulation results for the series switch show an
insertion loss <1 dB from DC to 75 GHz whtre swich isin the ON state andanisolation of
30 dB fromDC to 75 GHz wherit is in the OFF stateFor the parallel switcghthe insertion loss
from DC to 75 GHz is less than 1.4 dBthe ON state, while the isolation is larger than 25idB

the OFF state.
— D = — E 0 ___________ Fay 0 E
m T m o T ( ]_' -----------------
S5 — s210N = = 10 =
%_10 —- S11ON L. % —S21 0N ---S21 OFF -5 L
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Figure3-9. EM simulation results: &) series switch(b) parallel switch.
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Figure3-10. Measurement results of series swit@):switch ON, (b) switch OFF.
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Figure 3-10 shows the measurement results of the series switch B6nto 20 GHz. The
insertion loss of the series switch is less than 0.4t dBe ON state, andheisolation is from 28
dB to 32 dBin the OFF statekigure 3-11 shows the measurement results of the parallel switch.
An insertion loss of less than 0.4 dB washieved fronDC to 20 GHz dong with an isolation
ranging from 25 to 28 dB frorDC to 20 GHz.Based on these measurement resuits parallel
switch demonstrate slightly better insertion loss, especially at low frequency, while the series

switchdemonstratebetter isolation.
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Figure3-11. Measurement results of parallel swit¢h) switch ON; (b) switch OFF.
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Figure3-12. Measurement and simulation comparison for-Qate insertiotoss (S21 ON) and OF§tate

isolation (S21 OFF):d) series switch(b) parallel switch
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A comparison between measurement and simulation results is givguie 3-12. As shown
in the figure the measurement and simulation results mgtéte wellfor both series and parallel
switches with ONstate insertion loss (S21 ON) and Gstkte isolation (S21 OFF).

3.1.5Summary

In this section two VO2>-based RF switchewere fabricated witha simple copperbased
fabrication process on an alumina substratee smulation results showthe potential for these
switches tooperate up to 75 GHZ he RF neasurementesultsfrom DC to 20 GHz match the
simulation, demonstrating excellent RF performanidee proposedabrication processallows

monolithicintegration ofVO»>-basedswitches with a wide range of RF circuits.

3.2V0O,-basedVariable Attenuator

3.2.1Introduction

A variable attenuator is a crucial device that can control signal level adaptively. It can also be
employed to help in matching source and load impedances for active devices in order to achieve
maximum power transfer or better matching. It is especiallgfulisin various wireless
communication applications such as radar systems and control gain for specific receiver input
[79]. In addition to FET-basedattenuatord80], PIN diodes are commonly employed in the
design of variable attenuator81]. However, the performance of semicondudiased
attenuators degrageonsiderably when operating at millimetgave frequencies. More recently,
graphene was proposed [B2]-[83] to realize variable attenuatorsut the measured insertion
loss was relatively high.

For the first time, ahin-film VO2 is employedhereto realizea millimeterwave variable
attenuator The thinfilm VO2 is monolithically integrated witta 0-dB coupler and biakeater
circuit on a single chip.Although our foas is todemonstratehe feasibility of realizing a 30
GHz attenuator, Vefilms are capablef operaing at much higher frequencieas shown if13]

and[18], [84]. The attenuator concept presented in shiglycan be employed to realizesmak
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size variable attenuataovith low insertion loss and broad attenuation rafayea wide range of

microwave andnillimeter-wave applications

3.2.2Design and Fabrication

The schematic of the variable attenuator is showfignre3-13. It consistsof a 0-dB branch
line couplerintegrated withthree tunal® resistos. Figure 3-14 shows a 3Dstructureof the
variable attenuator. The-dB coupler, the V@ films, and the heater are all integrated
monolithically on an alumina substrat€onventionalattenuators that use diodes as variable
resistors requir®C blocks and bias circuits for operation.[81], the attenuator was designed to
operate at 2 GHz. At millimetevave frequencies, the size thfe bias circuitof the diodeis
comparable or even larger than the coupler itsg&lfthin-flm VO, offers better liearity

performance thado diodes and can serve atunable resistor at millimetevave frequenes

Port1 Port2

Input

Output

Figure3-13. Schematic of variable attenuator.
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Figure3-14. 3D view of each layer of variabétenuatostructure.
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Figure3-15. Imageof fabricated variablettenuator showing dimensions for 30 GHz variadttenuatof85].
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The variable attenuators are fabricated with the same fabrication process discussed in section
3.1.3 Figure 3-15 shows a imageof the fabricated variable attenuatdihe overall size is 3.2
mm x 2.3 mnfor the 30 GHz vagble attenuator ar8l4 mm x 6 mm fothe 10 GHz attenuator.
Micro-heaters are inserted under the gap of the signal linettendround ofthe coplanar
waveguide(CPW) line so that there is no overlap between the mieater and the signal line.
This can significantly reduce the pattis capacitance from the signal line to ground, which will

then lowerthe insertion loss of the attenuator.

3.2.3Simulation and M easurementResults

The sheetresistance of the thiflm VO3 is determined by théhickness andhie quality of the
film in the fabrication process. Hence, a characterization of thesti€et resistance is performed
with a simple structure, as shown kigure 3-16 (a). The measurement is done with four DC
probes The top two pads are connected to the Yigh for measuring the sheet resistance, while
the bottom two pads are for Dilas Figure 3-16 (b) shows le sheet resistance of the sputtered
thin-film VO. versus the vahge applied to the microeater When the applied voltage is from 8
V to 14 V, a change c$heet resistance sbservedf r om 4 8 kg// 11 .diffefende Bf

three orders of magnitude is realizedttoe change of sheet resistance.
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Figure3-16. Graph depicting (akst structurand (b)sheet resistance (in logarithmic scale) of\@ thin-

film versus voltage applied to the mieheate.

The simulation results of the 10 GHz variable attenuator are showigune 3-17 (a) and

(b). An attenuation of 2.5 dB to 23 dB is obtained as the sheet resistance of ilenth@® is
varied from 48 q/l to 47 kaq/ T .Figiré3els8(@amcur ed r es
The measurement is done while Port 2 and Port 4 of-thé80 coupl er are terminat
loads. The device exhibits a variable attenuation range of 9 dB with a return loss of 10 dB from
9.5to 11.5GHz.

The simulation results for the 30 GHz variable attenuator are shokgure3-19 (a) and (b).
An attenuation of 3.1 dB to 17 dB is obtainedtlas sheet resistance of the tfilm VO is
varied from 48 q/l1 to 47 kqFibure3Xlfagananb)aTheur ed r e ¢
measuremdrnis done while Port 2 and Port 4 ofthel(B coupl er are terminated
The device exhibits a variable attenuation range of 13 dB with a return loss of 15 dB from 27 to

33 GHz.
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Figure3-17. EM simulation result$or 10 GHz variable attenuator: (ajsertion loss; (bdeturn loss.
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It should be mentioned that heater size in the test structlrigune 3-16 (a) differs from that
used in the attenuator given kigure 3-15. However, boththe test structure and the attenuator
are fabricated in the same wafer. In the measurement, we used the same bias voltage for all
resistors, which in turn varied the resistors by the same amount. Better return loss performance
can be achieved by using nreynchronous tuning, where the resistors are biased differently. The
measured insertion loss is slightly larger than that obtained by simulation due to radiation loss,
since the device was tested without cavity housing. The performance can be furtheednprov

through increased optimization of the attenuator fabrication process and better qualitynvO

3.2.4Summary

In this section, 10 GHz and 30 GHz variable attenuators were designed, fabricated, and
measuredA monolithic fabrication process for the Y®ased attenuator on a single chip was
described in detail. Micrbeaters using Cr were fabricated on the same chip for thermally
actuating the thidilm VO». This variable attenuator promises to be useful in a wide range of

millimeter wave applications.

3.3GeTebased RFSwitches

3.3.1Design andFabrication

The basic geomats of the series GeTdased RF switchesre presented irFigure 3-22. The
3D explodedillustration of the designsis presented irFigure 3-22 (a), showingall layers and
their materialsFigure 3-2 depicts an image of the fabricated switthe CPW line othe switch
is designed with a signal line width of 24 um, a gap of 1Q and a length of 600 puntThe
micro-heater is designed withlangth of 20Qum and a width o# um and B um. An outline of
the fabrication process is givenkigure 3-23.

In this process, a 2iBich by 2.5inch alumna substrate with a thickness of 25 mil is uskd
100-nm thinfilm tungsten (W) layer is first deposited and patterned for the rhieeter. The

100nm W layer is deposited with DC sputtering and patterned with RIE. Nextna6BiN
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layer is depositedy PECVD to form abarrier layer between the patternéd/ layer and the
upcomingGeTe and Adayers. A 150-nm thinfilm GeTe is then deposited with DC sputtering
and patterned with [ifoff, after which a 3561m gold layer is deposited withk@amevaporation
and patterned with l#off. Following the gold layer, a 50m SiQ passivation layer is deposited
with DC sputtering and patterned with Hdif.

SiO2 50 nm

Gold 350 nm

GeTe 150 nm

SiNX 60 nm

W 100 nm

Alumina 635 pm

i

Figure3-21. 3D view for each layer of design&keTebasedseriesswitch
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Figure3-22. Image of fabricated GeTe series switch.
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Figure 3-23. Fabrication process for Gebased series switch.

3.3.2Simulation and M easurementResults

Alumina

GeTebased series switches with the abawentioned fabrication process are design and

fabricated. Since the SiNayer between thheater and the GeTe layer is only 100 nm, the switch

performance is significantly influenced by the width of the heater. The simulated and measured

resul

ts

for two series switches
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Electromagnetic (EM) simulations of the switches are performed using ANSYS Electronics
desktop.Figure 3-24 illustrates the simulated S parameters for ¢hdes switch with a heater
width(Wheater) of 4 em. The i sasetumiossemallertban 0.E2r ger
dB for the OFFstate from DC to 25 GHz. The insertion loss is smaller than 0.2 di thie
returnlossis from DC to 30 GHz.

The smulation results fothe W_heaterof 15 um is illustrated inFigure 3-25. The isolation is
larger than 12 dB witla return loss smaller than 0.5 dB fibre OFF state from DC to 25 GHz.

The insertion loss is smaller than 0.55 dBewthe returnioss >14 dB from DC to 25 GHz.

The RF performance of the switches is measured withplwvbonwafer measurements using
a vector network analyzer up to 25 GHheTmeasured S parameter for the series switch with a
W_heaterof 4 umiis illustrated inFigure 3-26. At the OFF state, the switch shows an isolation of
> 26 dB, while the return loss is < 0.45 dB from DC to 25 GHz. At the ON state, an insertion loss
of < 0.9 dB and a return loss of > 15 dB from DC to 25 GHz are realized.

Figure 3-27 illustrates the measured S parameter for the series switch with a W_diehfer
pm. In the OFF state, the switch shows an isolation of > 12 dB, while the return loss is < 1 dB
from DC to 25 GHz. In the ON state, an insertion lobs 1.9 dB and a return loss of > 8 dB

from DC to 25 GHz are realized.

0.0—; 0 0 —0.0
1 Switch OFF | ] Switch ON
2014 20 103 0.1
g RS 6
= 0.2 40 = = ] 02 —
— g o, - - (=N
W ] 8 E w B30 - E
-037: *-60 _40_: "“"-"_,_j)-- ;_03
'04 1 L L I L L L 80 'SG u LI I L L I L Y I L L i 04
0 5 10 15 20 25 0 5 10 15 20 25
Frequency [GHz] Frequency [GHz]

(a) (b)
Figure 3-24. Simulation results for W_heater = 4 um: (a) switch Oy ;switch ON
53



S11 [dB]

0 5

10 15 20 25
Frequency [GHZ]

(a)

80

lapl 1S

Figure 3-25. Simulation results for W_heater=1%n(a) switch OFF; (b) switch ON.
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Figure 3-26. Measurementesuls for W_heater=4 um: (a) switch OFF; (b) switch ON.
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Figure 3-27. Measurementesults for W_heater=15 um: (a) switch OFF; (b) switch ON.

3.3.3Summary

Microfabrication processes for Ge'based RF switches were developed and two series
switches with different heater width were designed, fabricated, and measured. The performance
of the two switches show that with this process, the heater width for theviRfh ss very

important for realizing low insertion loss and good isolation.

3.4GeTebased4-Bit Capacitor Bank

3.4.1Introduction

Switched capacitor banks are key components in reconfigurable RF devices such as tunable
filters [71] and impedance tunej®4]. The semiconductor capacitor bank$dr] and the MEMS
switch-based capacitor banks [B8] are conmercialized capacitor banks with performances
suitable for lower frequency applications. A MEN&sed switch capacitor bank was recently
published in[89] with an operational frequency range eii@ GHz. However, the capacitance
range achieved wamly 0.151.2 pF and was realized using a standard CMOS process, which is

difficult to integrate moalithically with high-Q passive circuits.
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The integration of commercial capacitor banks with tunable filters or impedance tuners usually
requires the use of fliphip technology or wirdbonding. This in turn adds additional losses and
reduces the selesonance frequency of the capacitor bank. The advantage of using Phase
Change Material (PCM) technology is that its fabrication process is compatible wihirthin
technology, making it easy to monolithically integrate the PCM capacitor bank with passive
planar circuits for the realization of tunable filters and impedance tuners.

Metatinsulatortransition (MIT) material such aganadium oxide (O2) and PCM such as
germanium tellurideGeTeg have recently been researched for RF applications ¥ased sees
and parallel RF switches are presenteff#][76]. GeTebased RF switches are reported with an
excellent figureof-merit in [90]-[92], while a GeTebased RF switclintegratedwith a planar
tunable filter ha been reported ifP0]. The MIT and PCM technologies have the potential to be
used in monolithic realizatiaof a wide range of reconfigurable devices.

In the present studya capacitor bank utilizingt GeTebas@ RF switch is presentddr the
first time witha verycompact sizenddemonstrating a large capacitance range from 0.48 pF to
4.53 @~ The capacitor bank is realized with dayer microfabrication process based on a glass
substrate with low thermal oductivity. The capacitor bank is formed by integrating four PCM

switches with metainsulatormetal (MIM) capacitors integrated on a single chip.

3.4.2Design andFabrication

The schematic of the proposeebid capacitor bank isllustratedin Figure 3-28, showing
GeTebased RF switche$S: to &) connected in seriesvith capacitors (€ to Gi). The
capacitance values are chosen to be 0.25 pF, 0.5 pFahdE pFat 5 GHz and he parasitic
capacitor is presented ag i@ the figure. G represents the minimum capacitance value, or State
1, of the possible 16 states of the capacitor bank, with all switches OFF.

The 3DEM simulation model of the-bit capadior bank is shown ifrigure 3-30, illustrating
the four MIM capacitors andhe four GeTebased RF serieswitches. The capacitors are built
using goldfor the top and bottom metal layeesd SiQ for the insulator layer. The switches are

realized with phasehanging material GeTe amdCr-W-Cr sandwiched micrbeater. The GeTe
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switches have a width of 40 pmaady ap of 2 & m, -heathrs heea width ef 15ni c r o
pm and a length of 60 um. A barrier layerSiNy is used between the heater and the GeTe layer,
due to its relatively high thermal conductivity.

An outline of the fabrication process is giverFigure3-29. A 3-inch glass substrate is used
in this fabrication process due to the much better thermal isolation it can offer in comparison with
silicon or alumina waferdn this process, a @N-Cr sandwiched layer was first deposited and
patterned fothe micreheater. The top and bottom Cr layers are botmr&0deposited with-e
beam evaporation; the bottom Cr is used as an adhesion layer, while the top Cr layer is used for
protecting the W when etching the Sikyer. The 12éhm W layer was depositedith DC
sputtering, and the @N-Cr layer is patterned with RIE. Next, a 20 SiN layer is deposited
by PECVDas the barrielayer between the patterned-@/-Cr layer and the upcominGeTe and
Au-1 layer. A 140-nm thinfilm GeTe is then deposited with@sputtering and patterned with
lift -off, after which a 306hm gold layer (Aul) is deposited with -eeam evaporation and
patterned with liftoff. A 220-nm SiQ layer is deposited next, with D§puttering and patterned
with lift-off. Lastly, a 506nm gold layer is deposited with-bBeam evaporation and patterned
with lift -off.

Figure 3-28. Schematic of it capacitor bank
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Glass Substrate

(a)
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(b) Glass Substrate
GeTe
‘ SiNX Cr-W-Cr
Glass Substrate
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GeTe
Ai“'l * SiN; Cr-W-Cr
) Glass Substrate
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Glass Substrate
(e)

Cr-W-Cr

® Glass Substrate

Figure3-29. Fabrication process for Gee-based switched capacitor bg®i8].
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Switch 1

CPW Port

Figure3-30. Simulation model for 4it capacitor bank

600 pm

MIM
capacitor

900 pm

Micro
2-pm gap heater
connected
with GeTe

Fig. 3-31. Imageof fabricated 4bit capacitor bank.

The parameters fodepositing thethin-film W and GeTe withDC sputteringsystemare

summarized imMable3-2. Both W and GeTe sputtering targéeve a diameter of Anches and a
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thicknessof 0.25 inchesPhotograph=of the 4bit capacitor bank are shown kg. 3-31 The

total size of the capacitor bank is 0.9 mm x 0.6 mm, including the CPW port and DC pad for
measurement. In real applications, when the capacitor bank is integrated monolithically with
other circuits on the same substrate, the size of the capacitor bank can be potentially reduced to

0.5 mm x 0.4 mm.

Table3-2. Summary of W and GeTdepositionparameters

Material Parameter Value
DC Power 80 Watts
Chamber Base Pressure 2 eTorr
w Deposition Pressure 3 mTorr
Substrate Temperature 500°C
Deposition Rate 16 nm/min
DC Power 60 Watts
Chamber Base Pressure 2 eTorr
GeTe Deposition Pressure 2.5 mTorr
Substratéfemperature Room Temperature
Deposition Rate 28 nm/min

3.4.3Simulation and M easurementResults

The 4bit capacitor bank is simulated using HFSS for the 3D model shovagure 3-30.
Figure 3-32 illustrates the EM simulation results for the 16 states. The results aHow pF
parasitic capacitance at state 1 when all the GeTe switches are OFF. At 1 GHz, the capacitor
tuning range is from 0.1 pF to 3.1 pF, while atl8z5the tuning range is from 0.1 pF to 4.4 pF.
The simulation results for all states show no-segbnance up to 9 GHz.

Figure 3-33 shows the circuit model of the presentelidcapacitor bank. Each of the MIM
capacitos can be modeled with a capagite G, a parallel resistance,R a series inductance
Lsn, and a series resistancenRThe values of these elements are extracted from the EM

simulation results of the individual MIM capacitors. The PCM switches are simply modeled as
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resistors in the ON statey land G are the parasitic inductance and capacitance of the circuit
respectiely, mainly due to the CPW port, connection lines, and rvieater. The series
resistances Ko f the capacitors were found to, be
regectively. These are the dominant parameters that affe tladue of the capacitoramk. It
should be notechowever, that a much bett@®rcan be achieved with the use of larger dimensions
for the MIM capacitors and a thicker SiCayer. Thus, one has to compromise between the
overall chip size and the achievaQ)evalue.

Figure 3-34 illustrates the measurement results of thbit4capacitor bankindicating a
capacitor tuning range of 0.45 pF to 2.84 pF at 1 GHz, and 0.48 pF tpF1&8® GHzHence, it
almosthasa capacitor ratio of 10:1 at 6 GHz, which is a very large tuning rdfigere 3-35
shows statel, 8 and 16 of the-Bit capacitor bank othe Smith chartAs can be seen from the
chart the capacitor bank does not exhibit gelfonance up to 8 GHz, which makes it suitédale

reconfigurable/tunable RF passive device applicatimes a frequency band &fGHz to 6 GHz.
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Figure 3-32. Simulation results for-bit capacitor bank.
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Figure 3-33. Circuit model for 4bit capacitor bank.
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Figure 3-34. Measurement results forkit capacitor bank.
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freq (100.0MHz to 8.000GHz)
Figure 3-35. Measurementesultsplottedon a $nith chart.

3.4.4Summary

In this section, a-bit GeTebased capacitor bank was designed, fabricated and measured. As
well, a monolithic fabrication process for the Gdiased capacitor bank on glass substrate was
presented imetail. Goldbased MIM capacitors were fabricated and integrated with Ga$ed
RF switches, and @WV-Cr sandwiched structures were utilized for realizing good adhesion and a
low sheet resistance resistor layer for mibeaters. The presented capacitank is highly
compact in size, offering a wide tuning range and the convenience of monolithic integration with

other RF components.
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Chapter 4
Wid eband Dielectric Substrate-based
Cavity Filter

4.1 Introduction

Filters are essential components in wireless communication and radar systems. Three
dimensional (3D) filters such agO, waveguide[94] T [95], dielectric resonator®6] i [97],
substrate integrated waveguidg8] and combline structuref@9] are widely used in these
systems due to their high qualitQ) factor. The use of dielectric resonators (DR) can
significantly reduce filter size while achieving highvalues and excellent thermal stability, even
with cavity enclosures made of aluminyi®0]. Traditionally, dielectric resonators are mounted
inside a cavitynetal enclosure, either sitting on a support made of low dielectric constant such as

Teflon[100] 71 [101] or directly on the cavity wallgLl02] i [103]. However, these types of filter
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structures are limited to fractional bandwidth designs of less than 5%, and assembly and
integration is considered a major productiont ¢astor.

An alternative approach was developedlid4] that uses a single piece of higfhceramic
substrate, which promises to produce low profile desigasraduce the cost of assembly and
integration. However, the structure proposed[104] is applicable to narrowbandwidth
applications. This is attributed to the natwf the dielectric resonator mode use{lid4], which
is a variation ofTEH modes. More recently, miniature dielectric resonator filter designs with the
capability of realizing relatively wide bandwid{B.2%) have been proposed [h05] i [106].
However, such structures require extensive machining of the dielectric resonators. Not only does
this add to the cost and desigmuaexity, but the spurious mode is close to the passband. A
dualtmode compact dielectric resonator filter is reportedli®7], which realized a framnal
bandwidth of 10.5%. However, only a tvpole filter is reported with a single cavity, no results
were reported ifil07] that demonstrate thedsibility of achieving large inteesonator coupling
values that are needed to realize wideband highorder filters.

In view of the typical filter requirements for s@ébGHz 5G systems, there is a need for
filters which are wideband (around 10%), l8s, compact in size, and have a thin profile.

This study proposes a dielectric substrate (Be&¥ed filter, constructed using two metal
covers and a metal frame holding two thin high dielectric constant substgateg1.5). The
frame is assembladlith the two metal covers to form the filter, as showfigure4-1.

The main features of the proposed filter structure are as follows:

(1) The structure makes it possible to realize relativelyaghideband dielectric filters.
(2) The structure is easy to asdale due to the unique design of attaching the DS tonttal

frame. The dielectric substrates are implemented by dicing a larger size substrate, which

can also help to reduce cost, particularly when dealing with filters in large orders.

(3) The filter is conpact in size and has a relatively thin profile, which makes it amenable to
ease of integration with antennas.

(4) Since the thickness of the DS is suitable for microfabrication, it offers the potergatef
of realizing tunable dielectric filtensith tuning elementslirectly deposited on the DSs.
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4.2 Proposed Compact DSoaded Cavity Resonator

The 3D view ofthe proposed structure for the B@aded cavity resonator is shownFkigure
4-1. The cavity consists of a metal frame, two DSs, and two covers. The two metal covers and the
frame after mounting the DSsre bolted together usirsgrews.Figure4-2 shows thedielectric
substrates used in this study, the origin&ls as ordered are shown in (a) and the diced DSs are
shown in (b).

The electric field (Hield) of the resonator obtained witigenmode simulation is shown in
Figure4-3. In Figure4-3 (b), the Efield is relatively large between the two dielectric substrates,
which makes it possible to insert a probebetweenthat helpsto realiz a relatively large
input/output coupling.

For conventional DRoaded cavity mode resonatd@6], it is not easy to realize strong input
and output coupling. This is attrilaitle to the fact hat for conventional DRoaded cavities
operating in the fundamentaEH mode the electric field is concentrated inside the BRts
center not on the resonator top and bottom surfaddss, in turn, makes itchallengingto

achievestrong input/outputouplings.

Cover 2
Metal frame u

Positioning

Cover 1 grooves

.

Dielectric
substrate

Figure4-1 3D diagram of proposed DR®aded cavity resonator.
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(@) (b)

Figure4-2 Image of the dielectric substrate. (a) DSs not diced; (ls) di&d

Metal frame T h

Dielectric )
Air box

substrate _

/b-

(@) (b)

Figure4-3 Diagram(a) and electrical field of the used resonance m&jief(the proposed R loadedcavity

resonator

4.2.1Comparing ProposedStructure with Other DS-loaded Cavity ResonatorStructures

Figure4-4 shows different configurations of BiSaded cavity resonatorgjith all the cavities
the same size. In (@& DS witha thickness of 3nm is floating in the middle of the cavityt |
should be rantioned that in the actual desigime DSwould be supported bgdielectric material

with low dielectric constansuch as Teflon. In (bjwo thinner DSseach with a thickness of 1.5
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mm, are separateat a distance of 1.6 mmTrhe DSs in this figurare also floating in the middle
of the cavity. In (c)the same DS as (a) is usegwith the DS touching the bottom of the cavity.
In (d), two thin DSsidentical tothoseshownin (b) areused with the DSs touching the bottom of
the cavity. The DSs in(e) and (f) are the same #®se in(c) and (d) respectivelywith the DSs
touching both the top and bottom surfac&ke proposed cavity structure with the two DSs
attached to the metal franie shown inproposediesign(g). All the cavity structures shown in
Fig. 3 havethe same cavity dimensions of 9 mm x 8.5 mm x 8.5.mnthickness of 3 mm is
used when there is a sindgk and a thickness of 1tbm is used when there are two DSs.

Table4-1 shows the eigenmode simulation results of the seven resonator configurations. All
simulationmodels inFigure 4-4 use DS witha dielectric constant o#1.5anda loss tangent of
0.00012at 5 GHz The input group delay is simulated with thput port as shown irFigure4-5.

The input probdnas a diameter df.3 mm anda length o6 mm. The distance between the probe
and the [3s (0.18 mm) is kept the same fahe cavity resonators.

From the comparison given ifable 4-1, we can see that configurationg), (f) and our
proposed design (g) offer the lowest fundamental mode frequencies among the severfigesigns
they have the potential to provide a miniatdiker design). The input group delay for
configuration(e) is 5.01ns, which is 4.4 times larger than that of the proposed structure (g). The
high value of the input group deldgr (e) translates to a lowanput coupling value, indicating
that much widebandwidths can be realized by design [¢pte that esonatorge) and (f) have a
Q value that is almost 50%ahof our proposed design (g).

Since the main objective is to design a miniature wideband filter, proposed design (g) seems to
be the optimuntonfiguration among the seven cavity configuratidluistratedin Fig. 3. As we
will show later the use of theproposed resonator (g)so makes it possible realize large inter

resonator coupling valse
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Figure4-4 Several structures for DiBaded cavity resonators.{f)g) i s a side view of the
(gd) is the 3D view of the resonators.
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Figure4-5 Input group delay fostructure(e), (f), and (g) inFigure4-4 with one port EM simulation.

Table4-1 EM simulation results of different structures

Mode 1 Mode 2  Spurious free Quality Input group delay for Ease of
Structures t t window factor Mode 1 (ns) assembly
(GHz) (GH2z) (GHz2)
(a) 768 857 0.89 4870 8.68 Easy
(b) 8.82 9.33 0.51 4850 5.33 Easy
(©) 6.47 7.17 0.70 3000 2.87 Easy
(d) 735  7.83 0.48 3070 6.37 Easy
(e) 451 6.10 1.61 900 5.01 Not easy
® 514  6.93 1.79 870 1.14 Not easy
Proposed  4.99 7.62 2.63 1880 1.15 Easy

)

Note: 1.Input groups are simulated with the same input port as sholigune4-5. The input probe is 1.3 mnr
in diameter and 6 mm in length.

2. The distance between the probe and the DRs is 0.18mm. For (a), (b), (c) and (d), the location o
strongest electrical field is not at the center. prabe is placed at the location of the strongest
electrical field, but not at the center, which can give maximum coupling.

3. For the electrical field shape of TEH mode, please see page 574 of reference [15].
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4.2.2 Choosing DSThickness

Figure4-6 shows the impact aksonator thickness on resonant frequesnd spurious free
window, if the thickness of the DS increases frdmmm to 2mm. Figure 4-6 (a), (b) and (c)
show respectivelythat the resonance frequency drops from 5.55 GHz to 4.72 GH@, diheps
from 2020 to182Q and the spurioufree range decreases from 2.96 GHz toGHE. Thus, when
consideringobtaining both aigherQ and larger spurious free rangethinner DS is prefable.

While not having a very high resonant frequency, a DS thickness of 1.vasmselectedor our

designs.
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Figure4-6 Change of parameters versus different thicknesses of DS: (a) change of resonance frequency; (b)

charge ofQ; (c) change of spurious free window.

4.2 .3Inter -resonator Coupling

For the proposed DiBbaded cavity resonator, there are two different coupling approaches that
are capable of realizing strong intesonator couplingszigure 4-7 shows the electrical field of
the first coupling type when the adjacent resonators are next to each other along the z direction
(same axis ashewn in Figure 4-3 (b)). We can see that the first modeRigure 4-7 (a) is
forming a magnetic wall between the resonators, while the second mddgune 4-7 (b) is

forming an electrical wall between thespnators. The inteesonator coupling M is thys]:

o — p
wherefo is the center frequency of the filtee,is the resonance frequency of the resonance
mode withanelectrical wall between the two resonatcaindf is the resonance frequency of the
resonance mode withmagnetic wall between the two resonators.
Figure4-8 shows the electrical field of thesond coupling type when the adjacent resonators
are next to each other along the x direction (same axis as shotgure 4-3 (b)). Both
couplings are reded when realizing folded filter structures describeckarlier Folding the

filter makes it easy to realize transmission zeros.
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Figure4-7 Electrical field of the coupled resonator in vertical coupling, (a) 3D view of the arrangement of the

coupling resoators; (b) first mode; (c) second mode
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Figure4-8 Electrical field of coupled resonator in vertical coupling: (a) 3D viewonfpling resonator
arrangement; (b) first mode; (c) second mode.
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4.2.4Advantages ofAssembly for theProposedStructure

Figure4-9 shows the metal frame of a single resonator with thed3Sembled. The size of the
DSs are designed to be slightly smaller so that they wilenbtely fill the positioning grooves.
The gapshown inFigure 4-9 is designed to be 0.2 mmA slight shift of the DSs due to
misalignment during assembly will not causgignificant shift of the resonant frequency

Figure 4-10 shows the frequency shift versus misalignment of the DSs inthethr and z
directions. This indicates thawith the positioning groovehe resonance fgeiency shift is small
enough to be compensated by tuning. It should be mentioned that suslofdvetjuency shift

due to assembly misalignmeate alsoobserved when dealing with conventional dielectric

resonator filters.
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Figure4-9 Side view of the metal frame when the DS is mounted.
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Figure4-10 Eigenmode simulation for resonance frequeray resonance frequency versus DS misalignment

along y axis (Shift_y); (b) resonance frequency versus DS misalignment along z axis (Shift_z).
74



4.3 Two-pole Filter with Vertical Coupling

The 3D diagram for the disassemblggb-pole filter is shown irFigure 4-11. The filter has
two covers, four diced DSs, and one metal frame for holding the B@se 4-12 shows the
fabricated pictures of thivo-pole filter). The size of the filter is 24 mm x 17 mm x 14.8 mm
excludingthe input and output connectoiifhe DSs araliced from atwo-inch square dielectric
substrate with thickness of 1.5 mm using a conventional dicingasalown inFigure4-2.

The EM simulation model for thewo-pole filter is shown in Figure 4-13. We assign the
boundary condition of the abbox to be copperfFigure 4-14 shows the measured results versus
EM simulation results Measurement results show the center frequency of the filterG$i5.3
with insertion loss of 0.221B andbandwidth of 190MHz at 25dB return loss. This give a
quality factor of445for thetwo-pole filter.

Metal frame

Input port
. b ]

Cover 1

Dielectric
substrate




(b)

Figure4-12 Picture of the fabricatetivo-pole filter, (a)disassembled filter; (b) assembled filter.
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Figure4-14 Smulationand measurement resultstab-pole filter with larger span.
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4.4 Five-pole Filter with Parallel Coupling

A 3D diagram ofa five-pole filter is shown irFigure4-15. The filter consists of two covers,
ten diced DSs, and one metal frame for holding the @®siplingirises are designed on the
covers for controlling the inteesonator couplirgy Although d DSs have the same width, the
heights are slightly changed to account for iris loading.

Figure4-16 shows the fabricated pictures of the fpele filter. The size of the fidtr is 53 mm
x 17 mm x 14 mmexcluding the input and output ports.

The EM simulation model for the fivgole filter isillustratedin Figure 4-17, while Figure
4-18 depictsthe EM simulation results and measurement resoitghe filter. The measurement
resultsindicatethat the center frequency of the filter is 5 GMath aninsertionloss of 0.6 dB
and a bandwidth of 480 MHz at20-dB return loss. This give @-factor of 449 for the fivgole

filter.

Positioning

grooves
Cover 1 .
- Coupling
Irises

Dielectric
substrate

Figure4-15 3D diagram ofive-pole filter.
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(b)

Figure4-16 Picture of fabricated fivgole filter: (a)disassembled filter and (b) assembled fi(tetal size 17

mm x 14 mm x 53 mm).
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Figure4-17 EM simulation model fofive-pole filter.
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Figure4-18 Simulation and measurement result$iad-pole filter with larger span

4.5 Four-pole Filter with Transmission Zeros

A 3D diagram ofafour-pole filter is shown irFigure4-19. The filter uses eight diced D&ad
two Teflon blocks with copper rods to provide negative coupl@ayplingirises are designed on
both the cover and the metal frame for controlling inésonator coupling. The rods fogalizing
negative coupling are first insert@do the Teflon blocks and then placed in the grooves on the
covers.

Figure 4-20 shows the pictures of the fabricated fqale filter disassembled in (a) and
assembled in (b). The size of the filter is 26 mm x 28 mm x 15 emgiuding the input and
output connectors.

The EM simulation model for the foyoole filter is shown irFigure 4-21, while Figure 4-22
illustratesthe EM simuléion and measurement resuftg the filter. The neasurement results

showthat the center frequency of the filter isGHz, with an insertion loss of 0.68IB anda
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