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ABSTRACT

DESIGN AND FABRICATION OF RF MEMS
SWITCHES AND INSTRUMENTATION FOR
PERFORMANCE EVALUATION

Atasoy, Halil Ibrahim
M. Sc., Department of Electrical and Electronics Engineering
Supervisor: Assoc. Prof. Dr. Simsek Demir

Co-Supervisor: Prof. Dr. Tayfun Akin

September 2007, 156 pages

This thesis presents the RF and mechanical design of a metal-to-metal contact RF
MEMS switch. Metal-to-metal contact RF MEMS switches are especially preferred
in low frequency bands where capacitive switches suffer from isolation due to the
limited reactance. Frequency band of operation of the designed switch is from DC to
beyond X-band. Measured insertion loss of the structure is less than 0.2 dB, return
loss is better than 30 dB, and isolation is better than 20 dB up to 20 GHz. Isolation is
greater than 25 dB below 10 GHz. Hence, for wideband applications, this switch

offers very low loss and high isolation.

Time domain measurement is necessary for the investigation of the dynamic

behavior of the devices, determination of the ‘pull in’ and ‘pull out’ voltages of the

v



membranes, switching time and power handling of the devices. Also, failure and
degradation of the switches can be monitored using the time domain setup. For these
purposes a time domain setup is constructed. Moreover, failure mechanisms of the
RF MEMS devices are investigated and a power electronic circuitry is constructed
for the biasing of RF MEMS switches. Advantage of the biasing circuitry over the
direct DC biasing is the multi-shape, high voltage output waveform capability.
Lifetimes of the RF MEMS devices are investigated under different bias
configurations. Finally, for measurement of complicated RF MEMS structures
composed of large number of switches, a bias waveform distribution network is
constructed where conventional systems are not adequate because of the high voltage
levels. By this way, the necessary instrumentation is completed for controlling a

large scale RF MEMS system.

Keywords: RF MEMS, metal-to-metal contact switch, EM modeling, mechanical
modeling, switching time setup, power handling, reliability, biasing, distribution

network, power electronics, actuation waveforms.



(0Y/

RF MEMS ANAHTAR TASARIMI VE URETIMI VE
PERFORMANS DEGERLENDIRME SiSTEMIi

Atasoy, Halil Ibrahim
Yiiksek Lisans, Elektrik ve Elektronik Miithendisligi Boliimii
Tez Yoneticisi: Dog¢. Dr. Simsek Demir

Ortak Tez Yoneticisi: Prof. Dr. Tayfun Akin

Eyliil 2007, 156 sayfa

Bu tezde metal metal kontakli anahtarlarin RF ve mekanik tasarimlari anlatilmistir.
Metal metal kontakli anahtarlar, kapasitif anahtarlarin sinirli reaktans gostermesinden
dolay1, 6zellikle diisiik frekansli uygulamalarda tercih edilmektedir. Tasarlanan
anahtar igin calisma bandi DC’den baslayarak X-bandi igermektedir. Uretilen
yapilarda 20 GHz’e kadar o6lgiilen araya sokma kaybi 0.2 dB’den daha diistik, doniis
yitimi 30 dB’den yiiksek ve yalittm 20 dB’den yliksek olarak dl¢iilmiistiir. Ayni yapi
icin 10 GHz’e kadar yalitim 25 dB’den yliksek olarak ol¢iilmiistiir. Bu tip anahtarlar,
genis bantli uygulamalarda, diigiik araya sokma kaybi ve yiliksek yalitim

saglamaktadir.

Yapinin dinamik analizinin yapilabilmesi, hareketlendirme ve geri birakma

potansiyellerinin 6l¢limii, anahtarlama siiresi ve RF yiik kaldirimi degerlerinin
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Olclimii i¢in zamana bagli Slgiimlerinin yapilmas1 gereklidir. Bununla birlikte,
Olciilen elemanlardaki aksama ve bozulmalar, zamana baghh olarak ayirt
edilebilmektedir. Bu nedenle, zamana bagl degisikliklerin izlenebilecegi bir
donanim iretilmistir. Ayrica RF MEMS yapilarin bozulma nedenleri incelenerek,
hareketlendirme dalgalarinin olusturulmasi i¢in bir gii¢ elektronigi devresi tasarlanip
tiretilmistir. Uretilen gii¢ elektronigi devresiyle, anahtarlar dogrudan DC beslenmek
yerine, degisken dalgali, tek veya c¢ift kutuplu ve c¢ok seviyeli dalgalarla
beslenebilecektir. RF MEMS vyapilarin yagsam siiresi, farkli hareketlendirme

dalgalar1 altinda Slgtilmiistiir.

Bu tezde son olarak, iiretilen anahtarlarin karmasik sistemlerde kullanilmasina
olanak saglamak ya da bu devrelerin iiretim sonrasi dl¢limlerini gergeklestirebilmek
icin  kontrol devresi gelistirilmistir. RF MEMS devre -elemanlarinin
hareketlendirilmesi yiiksek gerilimli dalgalarla saglanmaktadir.  Yiiksek gerilimli
dalgalarin kontrol ve dagitimi i¢in diisiik gerilimlerde kullanilan devre elemanlar
yeterli olmamaktadir. Dagitim kart1 anahtarlarin acilip kapanmasini, gereksinimlere
gore kontrol edecek sekilde tasarlanmistir. Bdylece, biiylik dlgekli RF MEMS

sistemlerin kontrolii mumkiin olacaktir.

Anahtar sozcilikler: RF MEMS, metal metal kontakli anahtar, elektromanyetik
modelleme, mekanik modelleme, dinamik analiz donanimi, RF yiik kaldirim,
giivenilirlik, hareketlendirme, dagitim devresi, gilic elektronigi, hareketlendirme

dalgalari.

vil



To My Mother and
My Father

viil



ACKNOWLEDGEMENTS

First, I wish to express my acknowledgements to my advisors Prof. Simsek Demir
and Prof. Tayfun Akin for their supervision, guidance and encouragement during my

graduate studies.

I also would like to thank Prof. Ozlem Aydin Civi and Prof. Sencer Kog for their
contributions and support during my research. I am thankful to Prof. Altunkal Hizal
for giving the chance of studying in Millimeter and Microwave laboratories.
Especially, I would like to thank Prof. Ahmet M. Hava, for his help and guidance,

during the design of the power electronics circuitry.

I am particularly grateful to my senior, Mehmet Unlii for his encouragements,
inspiration and share of knowledge throughout my research. Moreover, I would like
to thank him for his helps during the construction of the distribution circuitry. Also,
I would like to express my appreciation to my senior, Dr. Kagan Topalli for his share
of knowledge throughout my graduate studies. Without their process backgrounds,

tenacity and consistency, it would be harder to reach any achievements.

I would like to thank Mustafa Se¢men for his time and share of his RF background. I
am particularly thankful to my dear friends at METU RF MEMS Research group,
Ipek Istanbulluoglu, Engin Ufuk Temogin (currently in Aselsan, Ankara) and Omer
Bayraktar for proving an enjoyable research environment. It would be much harder

for me to accomplish my graduate studies without them.

I would like to thank Reha Kepenek for his time and efforts during the wirebonds.

Also way to home would not be so enjoyable without him.

X



I would like to thank to my friends and seniors at METU VLSI Research Group
members for their helps and friendship during my research. Also I appreciate the
work and support of staff of the METU MET fabrication facilities. I also would like
to thank Orhan Akar for share of his deep process knowledge.

I would like to thank TUBITAK (The Scientific and Technical Research Council of
Turkey) for their support during my M. Sc. Studies with their scholarship.

Especially, I would like to thank my mother and father. Life would be difficult

without their love and support.



TABLE OF CONTENTS

ABSTRACT ...ttt s v

OZ oot vi

DEDICATION ...ttt vii

ACKNOWLEDGEMENTS ..ottt ix

TABLE OF CONTENTS .....oooiiiiriiieeeeeese et Xi

LIST OF TABLES ...ttt Xiv

LIST OF FIGURES ..ottt XV
CHAPTERS

I.  INTRODUCTION ...cooiiiiiiieiieieieiestesestesieett ettt 1

1.1, REMEMS SWiItCh ...couiiiiiiiiiiiicieeete e 2

1.2.  Lifetime of RF MEMS DEVICES .......cooueriiriieriiiienienieeieeieseeie e 6

1.3. System INtEZration ........c.cceecueeeiiieeeiiieeiiee e e eee et eesveeeseveeeseaeeeeaeeas 12

1.4.  Research Objectives and Organization of Thesis.......c..cccceevercvereencnnicnnen. 13

2. DESIGN AND MODELING OF METAL-TO-METAL CONTACT RF MEMS

SWITCH ...ttt ettt sttt et sat ettt e et e bt eteeneesaeens 16
2.1.  Description of RF MEMS SWitCh........ccocoveiiiiiiiiieieeceeeecee e, 17
2.2.  Circuit Modeling of Series SWItChes ..........ccoceeveriiniiiiniiniecicnceeen 21

2.2.1.  Coplanar Waveguide Transmission Line Design and Modeling ....... 24
2.2.2. LSS 0 the CPW ..o 26
2.2.3. Up-State Capacitance and Resistance..........ccceevvveevcvieenciieescieeeennen. 27
2.2.4.  Up-State Circuit Model of the Series Switch.........ccccoveevenicnnnenne. 28
2.2.5.  Down State Circuit Model of the Series Switch ..........cccceeverienenne. 31
2.3, Mechanical MOdEIING ........ccceveiiiriiiiiieiieeiieeieeeeee e 34
2.3.1. Mechanical Spring Design .........cceecveeeiiieeiiieeieecee e 34
232, Actuation VOItAZE .....cccueeiuiieiieiiieieeeeete e 40

xi



2.3.3. SWItChING TIME ....ccvviiiiiieeiiie et e e 41

2.3.4.  Comparison with the SImulations ...........ccccoeoveviriiniininicnineee, 43
2.4, RF Measurement SETUP .....ccccveeerieeeriieeiiieeiieeeieeeeireesneeesireeesieeesieeesneees 43
2.5. Switching Time and Power Handling Measurement .............c.cccceeuenneenee. 44

2.5.1. MeasuremMENt SETUP .....eeeeriiiieeieiiiieeeeiiee et ee e et e e e e e eeeeee e 45

2.5.2. Time Domain Measurements .............coceereeeieenieenieenieenie e eseee e 48

2.5.3.  Power Handling Measurements ..............cceeceeeueenieeiieenieesieenie e 53
2.0, SUINIMATY ..eeiiiiiiiiiieeeiie ettt ettt e et e et e e st e e s bt e esabtessabeesnaseessseesnneeas 56

FABRICATION OF METAL-TO-METAL CONTACT SWITCHES ............. 57
3.1, Mask Production ..........coc.ooiiiiiiiiieiiieeeee e 58
3.2.  Fabrication Techniques and Required Layers for RF MEMS Technology 60
330 Process FIOW ...c..cooiiiiiiiiiiiiiiecee et 64
R TR I 0130 0 A USRS 71

BIASING SCHEME AND LIFETIME OF MEMS STRUCTURES................ 72
4.1.  Failure MechaniSms ...........ccecueeiiiiiiiiniieiiiesiie et 73
4.2, Dielectric CRarging .........ccceevieeiiierieeiierieecieesite et e seeeteesaeeereesseeeseesaeeens 76
4.3. Waveshaping Bias CirCUlt..........ccccuieriiiiiiiiiieniieeriee et 86

4.3.1.  PoWer MOSFET ..ot 88

4.3.2. GAte DIIVET ....eiiiiiiiiictie ettt st 89

4.3.2.1. DC coupled drive CITCUILS .....eeveieeiieiieeiieiie et 90
4.3.2.2. Electrically isolated drive CIrcuitS.......cccueeeveerieecieenieeieenieeieens 90
4.3.2.3. Cascode connected drive CITCUILS .......eerueerieeniieiieeniieeieeiie e 91
4.3.24. ThytiStor drive CIFCUILS .....cccuieiiieiieriie ettt 91
4.3.3. INVETEET ..ot 92
4.3.3.1. Pulse Width Modulated Inverters...........cccceveeveeienienenieneenens 92
4.3.3.2. Square Wave INVETErs ......ccccuvveeiiriiiieieiiiee et 92
4.3.3.3. Single Phase Inverters with Voltage Cancellation..................... 93
4.3.34. Bridge INVEIters.......covvuiiiiiieiieiieeie ettt 94
4.3.3.5. Multilevel Bridge INVerters.........cocueevvvevieeiiienieeiiecieeieeeee e 95
4.3.4. SNUDDET CITCUILS....eouieiiiiiiie ittt 96

xii



4.3.5. Finalized DeSI@N ....cccvviieiiiieiiiecieeee ettt e 97

4.4. Available Waveforms and Corresponding Lifetimes.........ccccceceevereicnnnene 101
4410 DO BIAS .ottt e 102
4.4.2. Uni-level DC Bias.......ccccovoiiiiriiinieieeieseeee e 103
4.4.3. Uni-level Pulsating DC Bias ........ccccoeovieviiiieniiieeiie e 103
4.4.4. Bi-1evel DC Bias ..c..coiiiiiiiiiieeceee e 104
4.4.5.  Bi-level Pulsating DC Bias ........cccceoiriiniiiiniiniiiceicnecesienieee 104
4.4.6.  Bi-polar, Uni-level DC Bias........cccccevviiiiiiiniieiienieciieceeeee e 105
4.4.7.  Bi-polar, Pulsating Uni-level DC Bias.........cccccceevveeiienienieeieenen 107
4.4.8. Bi-polar, Pulsating Bi-level DC Bias.........cccccoeevvieeciieniieeeiee e 108

4.5, SUIMIMATY .ottt ettt st et e 110

5.  BIASING DISTRIBUTION OF RF MEMS SYSTEMS......cccoviiiiniiienine. 112

5.1.  Distribution Control CirCUit .........cecuereerieiierienieieeieseee e 113

5.2.  High Voltage Distribution CirCuit...........ccccuveerieeeiieeeiieeeieeeieeeevee e 115

5.3, Layout Of CIICUILS ..cccueriiriieiieiiniienieeieret ettt 118

5.4. Integration with MEMS ... ....ccooiiiiiiiii e 120

5.5. Operation of the Final Circuit ..........cccevvuieiiieriieiienieeieecie e 122

T O TN U1 101 00 USRS 124

6. CONCLUSION AND FUTURE WORK........cccovieiieiiieieeieeeeeee e 125
REFERENCES ... .ottt 130
APPENDIX A .ottt 136
APPENDIX B ...ttt 141
APPENDIX C ..ottt 143
APPENDIX D ..ottt s 146
APPENDIX E ..ottt 154

xiil



LIST OF TABLES

Table 2-1: Modeling results for the up-state of series switch. “Fitted” results are
obtained by fitting to EM simulation of discrete sections..........c..cceceveeuerunenne. 30

Table 2-2: Modeling results for the downstate of series switch. “Fitted” results are

obtained by fitting to EM simulation of discrete sections............ccccceeerveeennnennn. 32
Table 2-3: Comparison of mechanical simulations with modeling. ............c...c..c...... 43
Table 2-4: Switching time measurements of several capacitive switch types........... 50

Table 2-5: Power handling measurement of the A1 type switch for hot switching... 55
Table 4-1: Switching lifetime measurements of type Al capacitive switch according

to applied Dias tYPE. .ooeeeriieiieiie e 109

Xiv



LIST OF FIGURES

Figure 1-1: Material deformation on structural layer (a) typical creep graph, and

(b) typical fatigue Graph. ........ccocoviiiiieiiieiiieiee e 7
Figure 1-2: Stiction of the cantilever type bridge. ..........ccoeeeveieviieniiirieriieeeeee e 8
Figure 1-3: Residues under the bridge, coming from the fabrication. ......................... 9
Figure 1-4: Charging of the dielectric due to applied electrical stress...........cc.cou...... 10

Figure 2-1: MEMS structural view. (a) Isometric view of MEMS switch, (b) side
VIEW, AN (C) TOP VIEW. .eeiuiieiieeiieeiieeiieeteeeiie et estteeteeteeesaeesaeeesbeeseessseenseeesseenns 18
Figure 2-2: Different RF MEMS switch types. (a) Shunt capacitive switch, (b) Series
metal-to-metal contact switch, (c) Inline capacitive switch, and (d) Shunt metal-
to-metal contact SWItCH. ......cocueviiiiiiiiiiiiec e 20
Figure 2-3: SEM picture of the series metal-to-metal contact switch, showing bridge,
anchor and transmission 11N€ SECHIONS. ........eeruieriiiiiiiiieiie e 22
Figure 2-4: A closer SEM picture of the switch showing contact area of the switch.

Bias line is covered with dielectric and a bumper is formed for better contacts.

............................................................................................................................ 23
Figure 2-5: Electric field distribution of CPW and parameters used in the modeling.

............................................................................................................................ 24
Figure 2-6: Up-state circuit modeling of the series switch. ........cccceocevviviiniincnnenne. 28
Figure 2-7: Results of up-state modeling of the series switch. ..........ccccecveevierirennn. 30
Figure 2-8: Down-state circuit modeling of the series switch. ..........ccccevvviernnennne. 31
Figure 2-9: Results of downstate modeling of the series switch..........c.ccoeceeiieenie. 33

Figure 2-10: Results of downstate modeling of the series switch with reduced Cy. .. 33

Figure 2-11: Conventions used for the mechanical modeling. ..........ccccevervieniennne. 35
Figure 2-12: RF measurement setup used for on-wafer measurements...................... 44
Figure 2-13: Circuit diagram of the demodulating circuit. .........ccccoceeviriiriinennncnnn. 45

XV



Figure 2-14: Demodulating CIrCUIL. .......ccuvieiiieeiiieeciee et 46

Figure 2-15: DC blocks formed by WR90-SMA adapters. ........cccccecervvenveneeiennenne. 47
Figure 2-16: Time domain measurement SETUP. ........ccvereerueriereenierieneeneereseenaeene 48
Figure 2-17: Output of the measurement SEtUP.........ccceevveeuerierienierienierieeee e 49

Figure 2-18: Switching time of the metal-to-metal contact switch. (a) Rise time, and

(D) FAll tIME@...eeieiiieeiiieeiee ettt ettt e eeeave e e tb e e e areeeaneeens 52
Figure 2-19: Output power of the switch at a switching frequency of 52 Hz............. 53
Figure 3-1: Switch placement on total layout. ............ccceeviieiiieniiiiiieniieieeeeeen 59
Figure 3-2: 2000 A Si-Cr layer deposition on substrate using sputtering.................. 67
Figure 3-3: Si-Cr patterning using buffered HF.............cccoooviiiiiiiiiiiie 67
Figure 3-4: Ti/Au (300 A/5000 A) layer deposition using sputtering. ..................... 68
Figure 3-5: 3 um gold electroplating. ...........cccooevuieiiiiiiieniieienie e 68
Figure 3-6: Base metal etching of redundant parts. ...........ccecceeveeriiieiieniiienienieeen, 69
Figure 3-7: Deposition and patterning of Si,Ny dielectric layer. .............ccccoeeeeine 69
Figure 3-8: Sacrificial layer deposition and definition of anchor regions. ................ 70
Figure 3-9: Structural layer deposition and lithography. .........cccceoeriieniininiinenncnn 70
Figure 3-10: Removal of the sacrificial [ayer. .........cccccceevviieniiniiiiniiciieieeeee e, 71
Figure 4-1: Charge trapping mechanism modeled as a resistor, capacitor circuit. .... 77
Figure 4-2: Distribution of charges and fields on a cross section of switch. ............. 80

Figure 4-3: Variation on the capacitance according to the deflection of membrane. 82

Figure 4-4: With increased applied voltages, deflection of the switch. ..................... 83
Figure 4-5: Relation of applied voltage and capacitance of the device. .................... 84
Figure 4-6: Variation of the C-V curve with increased parasitic charges.................. 85
Figure 4-7: Constructed power electronic CirCUItry. ........ccceevereeriereeneenieneeneeeenn 87
Figure 4-8: One leg switch mode INVETter.........cccoviiriiriiriiiieienieeeeeeeeee e 93

Figure 4-9: Inverter topologies (a) Half bridge inverter, and (b) Full bridge inverter.

............................................................................................................................ 94
Figure 4-10: Multilevel, two phase bridge INVerter. ..........cccceeevveeeeciieercieeeriee e 95
Figure 4-11: Component layout of the finalized waveshaping circuit....................... 98
Figure 4-12: Optocoupler driver CIrCUIL. .......ccverviieriierieeiieeie et 99

XVi



Figure 4-13: Simplified schematic of the high voltage waveform generator circuit.

Figure 4-14: A sample output from the waveshaping bias circuit. ...........ccoceevueenene 102
Figure 4-15: Uni-polar output waveforms. (a) DC bias, (b) Uni-level DC bias,
(c) Pulsating uni-level DC bias, (d) Bi-level DC bias, and (e) Pulsating bi-level
DIC DS, 1ttt ettt e 106
Figure 4-16: Bi-polar output waveforms. (a) Bi-polar uni-level DC bias,
(b) Bi-polar pulsating Uni-level DC bias, (c¢) Switch down duration of bi-polar

pulsating uni-level DC bias, and (d) Switch down duration of bi-polar pulsating

bi-1eVEl DIC bIas. ...oouvieuiiiiiiiiiiiicie e 107
Figure 5-1: Distribution control CirCUit. ...........ceeeueerieriiieriieniienie e 113
Figure 5-2: High voltage distribution CIrCUiL. ........ccceevvveeriieriiieniieeieenie e 115

Figure 5-3: Simplified schematic and interconnection of the distribution control

circuit and the high voltage distribution Circuit. .........cccccveeeciveerciieenieeeiee e, 118
Figure 5-4: Layout of distribution control CirCuit. ..........ccceevvueerieniiieniiiiierieeeene, 119
Figure 5-5: Layout of high voltage distribution Circuit...........ccoceeverviereenerieneenens 120
Figure 5-6: Connection card to the MEMS devices (up to 4 bias cards). ................ 121
Figure 5-7: Connection card to the MEMS devices (up to 2 bias cards). ................ 121
Figure 5-8: Schematic of the automated measurement setup.........c.c.ceceeveevueriennnene 123
Figure 5-9: Different states of matching network (S21 @ 15 GHz)........................ 124

xXvil



CHAPTER 1

INTRODUCTION

Micro Electro Mechanical Systems (MEMS) has emerged in the 70’s with sensors
and actuators. According to the available process techniques, accelerometers,
gyroscopes and pressure sensors are developed wusing surface and bulk
micromachining techniques. MEMS systems use the mechanical movement of the
devices and alter the electrical performance. Hence, electrical and mechanical

functionality is combined on the same device.

The RF Micro Electro Mechanical Systems (RF MEMS) has emerged in 90’s and
demonstrated superior RF performance [1]-[11]. Due to its low insertion loss, high
isolation, low intermodulation distortion (IMD) combined with low power
consumption, RF MEMS devices are promising candidates for the low cost and high
performance systems. In the initial designs, polysilicon is used for the structures and
results in higher losses. By introducing metallic membranes to the device, lower

insertion loss can be obtained.

As in the case of a MEMS device, operation of the RF MEMS devices rely on the
movement of a membrane placed on a transmission line. With the movement of the
membrane, impedance of the transmission line varies and hence electrical
performance of the line is tuned with the mechanical movement of the membrane. In
ideal case, one of the states corresponds to total reflection of the transmitted signal

and in other state; signal can be transmitted without any disturbance.



There are problematic issues, related to the reliability of the RF MEMS devices.
Several researchers are exploring the reasons behind the degradation; however
failure mechanisms are not totally clarified and need considerable amount of work.

Packaging and integration are among the other contemporary research topics.

1.1. RF MEMS Switch

RF MEMS switches can be used in the high frequency applications due to the low
loss and high isolation characteristics of the devices [1]-[11]. A typical device
consists of a transmission line for the transmission of the signal and a movable
electrode placed on top of the transmission line section. A common substrate is used
for the fabrication of the devices, like high resistivity silicon, quartz, glass or GaAs.
Coplanar waveguides or microstrip lines are utilized for the transmission medium.
Different actuation mechanisms are used for actuating the membrane. Electrostatic
actuation is widely used due to the ease of integration with the RF devices and it is
the most mature one among the other actuation mechanisms. Thermal, piezoelectric

and magnetostatic type of actuation mechanisms are also present in the literature.

Type of the switches can be divided into two subgroups according to the behavior of
the switching mechanism. An ideal series switch, as the name implies, is placed
between the input and output terminals and transmits the signal in the ‘down’ state of
the switch and isolates the terminals in the ‘up’ state by disconnecting the terminals
from each other. Shunt switches are placed between the ground terminal and signal
line connecting the two ports. In the ‘down’ state of the switch both terminals are
shorted to the ground and switch isolates the ports. In the ‘up’ state of the switch,
ports are directly connected to each other and signal transmission is enabled.
Performance of the switch is restricted by the parasitic elements and devices can

operate in a limited frequency band.



RF MEMS switches can be divided into two subgroups according to the type of their
contact formation. For the capacitive type RF MEMS switches, contact is formed by
means of variable capacitance between transmission lines. Hence, by varying the
capacitance between the lines, effective impedance is changed. For an ideal short
circuit, high capacitance values are desired between the transmission lines. For the
reverse case, capacitance should be lowered to have an open circuit. In general, for
the operation of the capacitive type switches, limiting factor is the capacitance (in the
order of fF) between the transmission line and the membrane in the ‘down’ state of
the switch. Since mechanical considerations are also effective in the operation of the
device, parallel plate capacitance can not exceed some practical values and leads to
poor contact formation. With the increased frequencies, impedance of the
capacitance decreases and forms a better contact. Therefore, capacitive types of
switches are not suitable for lower frequency bands. Moreover, parasitic capacitance
in the ‘up’ state of the switch becomes dominant with increased frequency and

should be considered in the design steps.

The second subgroup is the metal-to-metal contact switches. As the name implies,
contact is formed by the touching two metal lines. By forming a metal contact
between the transmission lines, a short is obtained and by breaking the metal contacts
an open is obtained. Limiting factors for the RF performance of the switches are the
contact resistance of the touching materials and parasitic capacitance between the
plates. In the ‘down’ state of the switch, a metal-to-metal contact is formed between
the plates. Quality of the contact and hence the effective series resistance determines
the low frequency band performance of the structure. With improved contact quality
of the switch, RF performance also improves. Hence, for the lower frequency band
contact resistance should be optimized. With proper contacts, switch is capable of
operating in a wide frequency band. A limitation comes from the ‘up’ state
capacitance of the switch. Due to the mechanical considerations, contacting plates
are separated by a finite distance from each other and hence, parasitic capacitance is

introduced between the two plates. With the increased frequency, parasitic



capacitance between the lines reduces the impedance and degrades the isolation.

Therefore, ideal open is transformed to finite impedance and can not isolate the

transmission lines. In general, metal-to-metal contact switches are used in the

applications requiring wideband operation and at low frequency bands. Details of

the RF MEMS switches are given in Chapter 2.

The major advantages of the RF MEMS switches over the other competitors in the

market can be expressed as:

Low power consumption: RF MEMS devices consume no DC power and
only power loss comes during the switching of the device. Hence systems
constructed using RF MEMS device are applicable to the portable systems

and satellite applications.

Low insertion loss: Insertion loss introduced by the switch comes from the
substrate loss and metallic losses. With the use of high conductivity materials
and low tangent loss substrates, insertion loss of a switch can be much lower
than the semiconductor rivals. With reduced losses in the system some of the
amplifying stages can be removed, which leads to reduced power
consumption. PIN diodes offers the nearly same insertion loss characteristic,
however power consumption of the diodes are high compared to the MEMS

devices.

High isolation: Reduced parasitic capacitances results in high isolation for
the ‘off” switches. Also, ‘on’ switches provide low impedance to ground and
provide high isolation. Hence, there is no need to pi or tee designs to enhance
the isolation of the switches, reducing the complexity of the designs.
Especially, metal-to-metal switches provide high isolation in the low
frequency bands and capacitive type switches offer high isolation in higher

frequency bands.



Low IMD: Switch is constructed using mechanical movement of membranes
on substrate. Hence, intermodulation distortion products are very small
compared to semiconductor switches, which results in linear operation of

devices.

Low cost: RF MEMS devices are fabricated using surface micromachining
process and can be built on low cost glass or high resistivity silicon

substrates.

RF MEMS have superior RF performance and ideally zero power consumption,

however suffer from the mechanical and fabrication related issues:

Low switching speed: Since switching action relies on the mechanical
movement of the membrane, switching speed is determined by the
mechanical properties of the material and mechanical design. Switching
speed of a RF MEMS device is in the order of microseconds. For a
semiconductor device, switching speed is in the order of nanoseconds.
RF MEMS switches cannot be used in the applications requiring high

switching speeds.

Packaging: For the reliable operation, RF MEMS devices require controlled
environment and needs hermetic packaging. Hermetic seals are expensive
and long-term reliability is not explored. In addition, package can alter the

behavior of the switch.

Reliability: Most of the devices stated in the literature is a prototype and can
not become a commercial product because of the limited lifetime of the
devices. Capacitive contact devices suffer from the dielectric degradation

and metal-to-metal contact switches degrades due to wear out of contact



materials. For a reliable operation, successful operation of the devices should

be verified from 1 to 10 years for switching cycle exceeding 10 billions.

e Power handling: Power handling of the MEMS devices is several watts and
for increased lifetime, input power should be reduced. For moderate power
levels, RF properties of the RF MEMS devices are better than PIN diodes and
FET switches, however for the higher power levels, MEMS devices are not

operational and can not be used for high power applications.

e High actuation voltage: Due to the RF requirements of the switch like
increased isolation, 2 to 4 um gaps are designed. For the electrostatic
actuation, 20 to 80 V need to be applied to the switch due to small forces
between the electrodes and hence actuation voltage increases. Such a high
voltage level is not present in a semiconductor-based system and separate

actuators are needed.

1.2. Lifetime of RF MEMS Devices

There is variety of RF MEMS designs in the literature, however only limited number
of commercially available device has been announced [12]-[14]. The major reason
behind low number of commercial devices is the short lifetime of the RF MEMS
devices. Several research groups are investigating the lifetime and the failure modes
affecting the lifetime of the devices [16]-[21]. Some commercially available
products rise in the market however; methods underlying a reliable operation are not

published yet.

For the investigation of the lifetime of the RF MEMS device, one has to identify the
reasons behind the failure. Several possible modes affecting the lifetime of the

MEMS devices can be stated as:



e Creep and Fatigue: Creep is the mechanical deformation that continues to
increase under the same applied force. Hence, material deforms to relieve
stress applied on it. Creep is observed in metallic membranes and higher
melting point materials or compounds should be selected for reducing creep
on membranes. Also heating due to RF power can increase the effect of

creep on the membranes. Figure 1-1 (a) shows a typical creep graph of a

material.
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Figure 1-1: Material deformation on structural layer (a) typical creep graph, and

(b) typical fatigue graph.

Fatigue is the progressive structural damage due to the repeated stress on the
membrane. Figure 1-1 (b) shows a typical fatigue graph of a material.
Investigation on some specific materials reveals that fatigue is reduced in the

micro scale structure than its macro scale counterparts.

e Stiction: Observed in the process steps and during the operation of devices.
Stiction, in fabrication is observed in the release step of the process and is out

of scope of this thesis. With increased surface interaction energy between the



contacting surfaces, restoring spring forces are not sufficient to overcome the
surface interaction forces and stiction is observed. Dominant modes
constituting the surface interaction energies are capillary condensation, Van
der Waals forces, hydrogen bridging and solid bridging. Capillary forces are
most dominant in the humid environments and humidity should be removed
for increased lifetimes. Figure 1-2 presents the stiction of the cantilever type

membrane.

Figure 1-2: Stiction of the cantilever type bridge.



Contamination: For the reliable operation of the MEMS devices, controlled
environment is necessary. Residues coming from the process or environment
can degrade the contact of the bridges. Moreover, controlled humidity is
required. Hence hermetic or near hermetic packages filled with inert gases
should be used. Figure 1-3 presents process related residues under the bridge

results in possible failure of the switch.

Polyimide
Residues

Figure 1-3: Residues under the bridge, coming from the fabrication.

Dielectric charging: Charging is observed in the isolation layers of the RF
MEMS switches. Due to increased stressing levels of the dielectric layers,
trapped charges induce attraction between the actuation plates and ‘pull in’ or
‘pull out’ voltages can drift from the original values. Hence, stiction related

to the charging or increase in the actuation voltage can be observed.



In the lifetime of the RF MEMS devices dielectric charging plays an important role.
With the increased number of charge trapped behavior of the device shifts from the
ideal situation leading to a degradation or even total failure of the switch. Figure 1-4
illustrates the dielectric charging mechanism in the isolation layer of the MEMS

device.

SR T I I T

Figure 1-4: Charging of the dielectric due to applied electrical stress.

Charging is studied by other researchers and an equation relating the applied stress,
total trap density of material and trapped charge density in time is presented [16].
Hence, parasitic charge trapped on dielectric layers can be modeled as a function of
applied stress and material properties. Equation given by Zafar [16] s
mathematically modeled by Van Spengen [17]. According to the solution of given
mathematical model, charging can be modeled as a charging capacitor. With
increased charging rates, lifetimes of the devices are very limited. According to the
model, lifetime mostly depends on the applied stressing time and not to the
frequency of the biasing. Hence, device can operate for a specified period
independent of the frequency of the switching. Injection rate is determined by the

material properties and applied electrical stress on the materials. According to

10



Goldsmith [21], applied electrical stress strongly affects the lifetime of the devices

and for a 5 to 7 volts of reduced bias voltages lifetime improves about a decade.

According to model presented in [17], a possible improvement method based on
actuation voltage waveform is proposed in this thesis and a custom circuit is
designed and fabricated to generate the specific waveform for the improvement of
the lifetime of MEMS devices. Idea is based on the charging and discharging of the
capacitance that stores the parasitic charges and obtain a neutral parasitic charge
distribution along the dielectric layer. Also for further improving the lifetime of the
MEMS devices, applied voltages are reduced according to studies of Goldsmith and

lifetime of the devices according to the applied bias waveforms are measured.

Biasing equipment is proposed for the generation of special wave shapes. Wave
shape generation circuit utilizes the power electronic circuitry for the generation of
high voltage and high-speed waveforms and used for the actuation of the RF MEMS

devices. Some of the equipments used in constructing the circuitry is:

e Power MOSFET: Power MOSFET is similar to the conventional MOSFET;
however, it can withstand increased voltage and current levels. In general, it
is used for routing the power to load. Power MOSFET enables switching
with higher speeds than ordinary power switches. High speed is required due
to the mechanical response time of the MEMS devices. With lower switching
speeds, the RF MEMS switch can respond to the variations in the applied

actuation voltage and modulate the RF power in an undesired manner.

e Gate driver: Gate drivers are used for controlling the switching of the power
MOSFET. Since high voltages present in the system, logic controls cannot
turn on and off the power switches. Gate drivers perform a translation
between the logic circuits and power circuits. It amplifies the incoming

message signal to a power signal, sufficient to operate the power circuit.
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Different topologies exist for the construction of the gate driver and pros and
cons for each topology. Two different gate drivers are used in conjunction in

order to get desired performance in final design.

e Inverter: Inverter is a power converter and used for converting DC power to
AC power. Inverter is similar to the CMOS inverters in the logic design and
used for the shaping output signal. According to the control mechanisms

square wave or sinusoidal like waveforms can be obtained at the output.

e Bridge: Constructed using one or more inverters. With the use of bridges,
neutral point to load can be provided to load. With multilevel bridge inverter
design, amplitude switching multi shape output can be generated according to

the logic circuitries.

e Snubber: Snubbers are used for reducing the electrical stress on the
components. Design is carried according to functionality, cost and design

complexity of the circuit.

Different bias waveforms are generated using the waveform generating circuitry and
effects of biasing on the lifetime of the devices are observed. Since RF MEMS
switches are used as individual parts of the design or part of other components,

failure and degradation should be inspected carefully for the reliability of the system.

1.3. System Integration

For the integration of MEMS switches into the part of other components, control of
the system becomes complicated due to the increased combination of the switches.
Aim of the RF MEMS design is not focused on a single switch. With the use of

several switches, designs that are more complicated are projected. Hence, with the
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increased number of switches control of the devices becomes complicated. Since
every component in the systems performs different tasks, control of the elements
should be separated from each other. However, controlling so many devices at the
same time can be difficult due to the applied high voltage bias waveforms.
Conventional circuits cannot be used for the routing actuation waveforms due to the
increased voltage levels and hence design of a custom circuit is necessary. With the
increased combination of the switch states, measurements of the devices are also

tedious and can be carried by use of an automated measurement setup.

In order to use the same configuration in different type of system requirements and
structures, circuit should be able to adopt itself to variations in the RF MEMS
product.

1.4. Research Objectives and Organization of Thesis

The main objectives of this thesis are to design and fabricate a metal-to-metal contact
switch and characterize the lifetime of the MEMS devices. Furthermore,
investigating the dielectric failure and improving the lifetime of the devices with
custom wave shapes are intended. Also for the characterization of the devices in the

system level, an automated measurement setup is introduced.

The specific objectives in the frame of this thesis can be summarized as:

e Metal-to-metal contact RF MEMS switch design: Metal contact switches
offers excellent characteristic in a broad band and hence utilization of this
type of switches in the design can improve the overall performance. Low
loss and high isolation can be achieved with the use of the metal contact

switch.
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Moreover, mechanical properties should be investigated and designed to
operate in quick and reliable manner. Also for understanding and improving
the switch, RF performance should be modeled and investigated for possible

improvements.

e Fabrication: Most important part of the thesis is to obtain a reliable, high
performance product. Hence, fabrication of the devices plays an important
role in the design of the devices. Therefore, process cycle and development

is important for the products.

e Lifetime improvements: A commercial product should perform at least
billion cycles before the failure and this number can be increased according
to the requirements of the application. Hence, lifetime of the MEMS devices
should be investigated carefully. Failure modes affecting the devices should

be investigated and possible enhancements established.

e Measurement and operation of system: For the integrated systems, manual
control is not fast and accurate. Hence, an automated measurement is
required. Moreover, during the operation of the system, it should manipulate
the required operations automatically. Hence, an integrated system with the

MEMS product is necessary.

This thesis includes the accomplishments up to date according to the stated

objectives in six chapters.

Introduction chapter is followed by the Chapter 2 and explains the design and
modeling of the RF MEMS devices. RF design parameters and mechanical design
are given. RF measurements with the time domain switching results are also covered

in this chapter.
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Chapter 3 presents the fabrication process used for the manufacturing the switches.
Chapter 4 focuses on the lifetime and reliability of the devices. Failure modes and
related degradation is explained. A custom wave shape generator circuit for the

biasing MEMS devices is presented.

Chapter 5 presents an automated measurement setup for the measurement and

operation of systems composed of increased number of switches.

Chapter 6 concludes the thesis with a discussion on the future work requiring further

research.
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CHAPTER 2

DESIGN AND MODELING OF METAL-TO-METAL
CONTACT RF MEMS SWITCH

RF MEMS switches are used for microwave signal routing in communication
systems, antennas, front-end transreceive systems, phase shifters, tunable filters, and
switching networks. RF MEMS have the advantages of wideband operation, low
power consumption, cost efficiency, and superior RF characteristics like low
insertion loss, low intermodulation products, and high isolation.  Possible
competitors in the market are PIN diodes and FET switches. PIN diodes also offer
low insertion loss; however suffer from difficult integration, complicated biasing
circuitry and high power consumption, which causes problems in the system
integration due to increased power dissipation and complexity of designs. On the
other hand, for the FET devices, system level integration is simpler due to
straightforward biasing circuit and lower power consumption; however, it introduces
high insertion loss at microwave frequencies, hence requires amplifying sections

after switching.

There are two basic types of the RF MEMS switches, which are metal-to-metal
contact and capacitive contact switches. Both types operate based on the same
principle. Switch acts like an open or short circuit for isolating and transmission line
for transmitting the signal. Each type of switch either reflects or transmits the

incoming signal due to low loss nature of the RF MEMS structures.
This chapter focuses on the metal-to-metal contact switches. Section 2.1 explains the

basics of the RF MEMS and Section 2.2 covers the RF design of the metal-to-metal
contact RF MEMS switch. Section 2.3 presents the mechanical modeling of
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switches. Then, switching time modeling and comparisons with the simulations will

be presented. Finally, Section 2.5 covers, power handling and switching time tests.

2.1. Description of RF MEMS Switch

An RF MEMS switch is composed of a transmission line and a mechanically
movable system used for the routing of RF signals. CPW or microstrip lines can be
used for transmission line. Mechanically movable system forms a connection
between the input and output terminals or connects both ports to ground or open

circuited. Hence, signal is transmitted or reflected over the mechanical movable part.

The mechanical membrane of RF MEMS switches are composed of two main
structures, which are the movable plate and an actuation electrode. Figure 2-1
depicts the general structure of a RF MEMS switch. Idea of switching is based on
mechanical movement of the micromachined cantilever or fixed-fixed beam
structures with the help of electrostatic, thermal, magnetostatic or piezoelectric
forces acting on the movable plate. With altering the position of movable plate,
separation between membrane and signal line is changed, hence variation in the

performance is obtained.

With the ‘up’ and ‘down’ movement of the switch, capacitive or metallic contact is
formed between the input and output ports according to desired specifications. For
the parallel capacitive contact type switches, switching is carried by means of
altering the effective capacitance between the signal and transmission line. In the
‘up’ state of the switch signal is transmitted to the output port, where in ‘down’ state
due to increased capacitive coupling signal is reflected back in a certain frequency
band. In a series switch, signal transmission is interrupted by a slot in the signal line.
For the transmission of the signal, membrane forms capacitive coupling between the

input and output signal line. Performance of capacitive contact switches is limited

17



by the mechanical properties of the membrane, since capacitances about tens of pF
can be achieved due to increased size of the switches. Hence, this type of switch is

suitable for high frequency operation.

(a)

MEMS Bridge

ll Dielectric Al GSPI | |
H

Substrate Wind

(b) (c)
. Substrate . Dielectric
Base Metal . Membrane

Figure 2-1: MEMS structural view. (a) Isometric view of MEMS switch, (b) side

view, and (c) top view.

18



For the metal-to-metal contact switches, switching is performed by the metallic
contact of the transmission lines and the bridge. Parallel switch transmits the signal
in the ‘up’ state of the membrane and reflects the signal in the ‘down’ state of the
membrane. Membrane is placed perpendicular to the transmission line and for the
‘up’ state signal can be transmitted without any disturbance. In the ‘down’ state of
the switch membrane forms short circuit between the signal and ground planes,
therefore signal reflects back. Series switch operates very similar to the capacitive
contact case. Signal line is interrupted by a slot in the signal line for the ‘up’ state of
the membrane, hence signal reflects back from the open circuited line. In order to
transmit signal membrane forms a connection over the cut in the signal line. This
connection is maintained by metal-to-metal contacts, when membrane touches the
signal line. Contacts are formed between the metal signal lines and membrane
portions, and hence signal can be transmitted over the membrane. In the metal-to-
metal contact type switches insertion loss is mainly determined by the quality of the
contact formation and good quality contacts offers wideband operation. Limitation
generally comes from the overlap between the signal line and membrane in ‘up’
state, since capacitive coupling between the plates causes reduced isolation with

increase in frequency.

Independent of the switch type, each switch needs to be actuated; the most common
actuation mechanism is electrostatic actuation due to the ease of fabrication steps,
low power requirement and reduced complexity of the designs. All of the designs,
covered in this thesis, are based on the electrostatic actuation. Electrostatically
actuated switches consist of an actuation electrode and a movable plate. In general,
for the actuation of the movable plate, actuation electrode is placed underneath. In
addition, some designs in literature contain more than one electrode for mechanical
stability, power handling and improved rise and fall times of the membrane [15]. For
the capacitive contact designs, signal line can be used as an actuation electrode,

however for the metal-to-metal contact switches this is not the usual way, since
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Figure 2-2: Different RF MEMS switch types. (a) Shunt capacitive switch, (b) Series
metal-to-metal contact switch, (¢) Inline capacitive switch, and (d) Shunt metal-to-

metal contact switch.

potential difference between the plates will lead to possible deformations on the
contact points or even worse welding of the metal plates to each other. This problem
can be solved by introducing separate actuation plates and isolating from both lines.
Same procedure can also be applied to capacitive contact types. Separate actuation
plates in capacitive contact designs used for the reduced actuation voltages due to

larger pad area. This reduces the coupling between signal and ground planes with
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decreased metallization and increased power handling because of smaller signal and

membrane interaction.

Using cantilever or fixed-fixed beams is the most common way to implement a
movable membrane. Mechanical support of the membranes is formed by the anchors
connecting the beams to rigid bodies. According to placement of the anchor point
membrane is designated as cantilever or fixed-fixed. Cantilever type of membrane is
supported from the single edge. Other ends are free to move and maximum vertical
displacement occurs in opposite tip of the anchor. For fixed-fixed beams, membrane
is supported from two opposite edge and remaining edges are free to move.
Deflection is at its maximum in the middle of anchors and hence midpoint is suitable

for the analog tuning of capacitance because of increased tuning range.

Typical values for switch geometry are 300-500 um of bridge length and 40-120 um
bridge width. According to process conditions, bridge height can be between 1-4pum.
Actuation electrodes are placed at least 100 pm away from the anchor points of the
cantilever switches. For the fixed-fixed beam designs, electrodes are longer than
200 um. Membrane thickness is 1-2 pum according to materials used and desired
mechanical properties of the switch. Dielectric layer with permittivity &. of 5-7 and
thickness of 100-300 nm is used for capacitance formation and DC isolation layer.
Usual actuation voltages are around 10-80 V due to constrains in the mechanical

designs and lifetime limitations for the switches [44].

2.2. Circuit Modeling of Series Switches

Series switch covered in this chapter is composed of two transmission lines in the
input and output ports and an 80 um length slot separates two signal lines. Ground
planes are connected to each other. On top of the slot, fixed-fixed membrane is

placed. In addition, actuation electrode is placed on the slot underneath the
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membrane. Nitride layer covers the actuation electrode, in order to prevent possible
short circuits. With this topology, compact designs can be implemented. Anchors
placed to the recesses in the ground plane in order to reduce the coupling between the
signal and ground planes. Input and output transmission lines are selected as 22um
/176pum /22pm for better input and output matching since resulting system yields
port impedance of 50 Q as calculated in Section 2.2.1. Figure 2-3 shows picture of

fabricated metal-to-metal contact series switch.

ME T L = Bk

Figure 2-3: SEM picture of the series metal-to-metal contact switch, showing bridge,

anchor and transmission line sections.
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Figure 2-4: A closer SEM picture of the switch showing contact area of the switch.

Bias line is covered with dielectric and a bumper is formed for better contacts.

Down state of the series switch can be modeled by three sections of transmission
lines. Two short section of transmission line represents the input and output lines of
switch. Membrane part is modeled by another short transmission line section.
Contact points are modeled as a series resistance due to the DC contact resistance.

Additional shunt resistance is added for the representation of the bias resistance.

Up state of the switch is fundamentally very similar to the model given in the down
state. Contacts are modeled as a capacitance due to the parallel plate capacitance
between the signal and the bridge plates. Only additional component for the

modeling upstate situation is the coupling between the input output lines over the
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actuation electrode, whose effects are suppressed in the down state by the membrane.

Effect of the coupling is shown by a series capacitance and resistance pair.

Parameters used for the modeling are based on physical structure of the switch.
Capacitance value can be found from the parallel plate capacitance formulation
adding the fringing fields. Resistance values can be calculated from the physical
dimension of the bias resistance. However, for simplicity, parasitic capacitances are

fitted from the measured S-parameters.

2.2.1. Coplanar Waveguide Transmission Line Design and Modeling

Transmission lines are needed for guiding the microwave signals into the RF MEMS
switch. Figure 2-5 presents the side view of the CPW line and field distribution over
the medium. CPW structures are easy to design and integrate with the MEMS
structures. Since transmission lines constitute an important portion of the switch,

care should be taken in the design of the CPW lines.
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Figure 2-5: Electric field distribution of CPW and parameters used in the modeling.

-

24



According to the [22], following equations relate dimensions to the electrical
properties of the CPW for a given width (W), gap (G) and thickness (¢) of the CPW
line, together with the height of the dielectric substrate (H):

_ tanh(zW/4H)
' tanh[z(W +2G)/4H| @D
W
W +2G (e-2)
k= 1-k’ i=12 (2-3)
K(k,)
— (2-4)
Kk, KT,)
Kk, ) Klk,
£,y =1+q(e, -1) (2-5)
, _ 607 1
" ey KWb) KK, (2-6)
Klk ) Kk,

where K(k) denotes the elliptic integral. Using the equations above, an equivalent
impedance of 50.1 Q is calculated for the given physical dimensions of transmission
line as 22um /176pum /22um, which is consistent with electromagnetic simulations

and measurements. These equations are verified to be used for design purposes.
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2.2.2. Loss of the CPW

Substrate losses and the conductor losses constitute the total loss of the transmission

line. Using the notation shown in Figure 2-5 substrate loss can be found as:

_ sinh(zW/4H)
£ sinh[7z(W +2G)/4H | 2-7)

(I K(k3) K(ké)
Tk () k() 2-8)
o - 8.6867 ¢, ¢(tand)) (2-9)

¢ Eopr

where tand, is the loss tangent of the dielectric.

In addition, conductor losses can be found from:

2
S=|—— (2-10)
oUc
R =L @2-11)
S 50_
R 4z 1+k
R.= s 7+In —k,In 2 2-12
c 4W(1—k22)1{2(k2)( ( P j 2 [l_kzn ( )
kR 47w 1 1+k
R. = 2 ¢ 7r+ln(—]——ln 2 2-13
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R.+R
a, = 8.686% (2-14)

Total loss can be expressed as:
atot = ad + ac (2-15)

Evaluating the loss formulas gives 29 dB/m conductor losses and 6 dB/m dielectric

losses. Hence, total loss of the line is 35 dB/m.

2.2.3. Up-State Capacitance and Resistance

Up-state capacitance is formed by series connection of a parallel plate capacitance,
between the signal and membrane plates. Combination of these capacitances
determines the isolation of the switch at the high frequency band. Hence parallel
plate capacitances should be considered during the mechanical design of the

membrane.
Due to the actuation electrode, a parasitic capacitance forms in the shunt arm of the
upstate capacitance. Value of the parasitic capacitance can be found from the fitting

of the measured and modeled values.

Including the fringing field capacitances, parallel plate capacitance can be expressed

as [23]:

W y 0.222 / 0.728

W

c, =50[1.15(—j+2.8.(w+w)(—j +4.12.g(—] ] (2-16)
g g g
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where ¢ denotes the metallization thickness of the plates, g is the gap between the
electrodes, and w and W are width and length of the overlap area . For the resistance

calculation, well know formula for the resistance is used. p is the resistivity of the

material, ¢ is the length, and 4 is the area.

lp
R=— 2-17
y 2-17)
2.2.4. Up-State Circuit Model of the Series Switch
Figure 2-6 shows the upstate modeling of the series switch.
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Figure 2-6: Up-state circuit modeling of the series switch.

For modeling of input and output transmission lines, short length transmission lines
are introduced to circuit model. Parameters of the short length lines can be found
using the transmission line formulations and the physical dimensions of the CPW
lines. C,, is the parallel plate capacitance between the signal line and membrane,
placed after the input and output transmission lines for modeling the capacitive

coupling at contact regions of the switch. Capacitance value can be found using the
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formula given in Equation (2-16). For each contact region, one capacitance is
inserted to the model, yielding two series connected capacitances between the input
and output transmission lines. R, stands for the bias electrode used for the DC
feeding of the movable membrane. Lower bias electrode values will lead to higher
RF loss on the switch and higher bias electrode values will consume chip area and
cause delay on the bias line. Hence, optimization on bias electrodes, according to the

specifications of the system is necessary.

For evaluation of the parasitic components, ADS Momentum is utilized. The
parasitic component is a gap between two coplanar metal plates. This structure is
constructed as a gap between two transmission lines and simulated using
Momentum. S-parameters of the simulation is imported to the circuit simulator of
ADS and compared with the results of the circuit constructed using two transmission
lines and a series capacitance in between. Parameters of the transmission lines are
kept same as the simulated structure. Hence, the parasitic capacitance between the
transmission lines is the only unknown variable. The value of the parasitic
capacitance is evaluated by comparing the Momentum simulation and circuit
simulation results. On the other hand, the empirical formulations for interdigital
capacitances that are constructed by separation of coplanar metal plates are also

evaluated; however, they did not give the same results.

The parasitic coupling capacitance (C,) between the signal line and actuation
electrode can be found using the method provided. Moreover, center conductor of
the switch is perturbed due to the bridge structure. This perturbation is modeled as a

capacitance (Cy), which is evaluated again in Momentum.
Finally, the resistance of the bias electrode placed underneath the bridge is calculated

from Equation (2-17). Table 2-1 gives component values evaluated using the

calculation and fitting.
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Table 2-1: Modeling results for the up-state of series switch. “Fitted” results are

obtained by fitting to EM simulation of discrete sections.

Z Cr Cop G Ry Re
Q) | () | (dF) | (F) | k) | (©Q)
Calculated 50.1 - 12 - 17.76 | 1184
Fitted (EM simulation) - 11.72 - 8.65 - -

Figure 2-7 demonstrates obtained results from the circuit modeling and

measurements. Moreover, full-wave electromagnetic simulation is carried in a 3D
electromagnetic field simulator, HFSS 9.2 and compared with the measurements.

For the measurement of the devices 40 V bipolar actuation wave is applied (for
further details, see Chapter 4).
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Figure 2-7: Results of up-state modeling of the series switch.
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2.2.5. Down State Circuit Model of the Series Switch

Figure 2-8 demonstrates the downstate circuit modeling of the series switch with

lumped components.
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Figure 2-8: Down-state circuit modeling of the series switch.

Downstate modeling of the switch is very similar to the up state modeling of the
switch. Difference between the two states is the model used for the contact. In the
down state of the switch, capacitance between the membrane and the signal line does
not exists, since membrane and signal lines forms a metallic contact in the
down-state of the switch. Hence, capacitances are replaced by series resistances, due
to the contact resistance of the metal-metal contacts. With improved contact pressure
and material selection, better contact resistances can be achieved. The parasitic arm
used for the modeling of the up state is ignored in downstate, since the series
resistance, between the input and output ports of the switch, is much lower than the
capacitive coupling between the ports, due to metal-metal contacts. Hence, in the

total switch response, this parasitic arm can be totally ignored.

R, and Cr are evaluated at the up-state modeling section. Hence, the contact
resistance (R;) is the only unknown parameter. R; is evaluated using parameter
fitting. Table 2-2 gives component values evaluated, using the calculation and

fitting.
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Table 2-2: Modeling results for the downstate of series switch. “Fitted” results are

obtained by fitting to EM simulation of discrete sections.

Z | ¢ | R Ry R.
Q| dF) | @ | kQ) | ()

Calculated 50.1 - - 17.76 1184

Fitted (EM Simulation) - 11.72 | 0.33 - -

Figure 2-9 presents obtained results from the circuit modeling, measurement, and
HFSS simulation. For the measurement of the devices 40 V bipolar actuation wave

is applied (for further details, see Chapter 4).

As can be seen from Figure 2-9, results of the circuit simulation and measurement
are not in a good agreement. For better matching, value of Cris reduced to the 4.5 fF
and better match is obtained. Figure 2-9 presents obtained results from the circuit

modeling for reduced Cy, measurement, and HFSS simulation.

For this case, measurement and circuit simulation are in quite well agreement.
Reason behind the reduced capacitance can be the bridge layer over the recessed
ground plane. The bridge layer extending to the slots on the ground plane acts like a

series capacitance, reducing the effective capacitance.
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Figure 2-9: Results of downstate modeling of the series switch.
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Figure 2-10: Results of downstate modeling of the series switch with reduced Cr.
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2.3. Mechanical Modeling

In MEMS systems, design of the mechanical parts has crucial importance for overall
system performance. Parameters like actuation voltage and switching time of the
switch is closely correlated with the mechanical design of the switch. Most of the
semiconductor-based systems operate in 0-5V range and sub-microsecond time
scales. However, actuation voltages of the RF MEMS systems are in the range of
10-80V and typical switching time values are in the order of tenths of msec to few

usec. Hence careful design procedure should be followed for proper operation.

2.3.1. Mechanical Spring Design

Membranes deforms from its original position, under the effect of the applied forces.
Understanding and using the deformation of beams forms the first step of the MEMS
design. Analysis of the fixed-fixed beams carried in this part of the thesis. Cantilever
type structures are very similar in the derivations and left to reader. Also,
deformation of the bodies is assumed to be small and analysis will be carried

according to this assumption.

In MEMS applications, in order to obtain smaller actuation voltages, bias electrode
and movable membrane kept larger. Furthermore, actuation electrode is as large as
possible and covers the whole membrane for saving bridge area, and reducing
actuation voltage at the same time. Hence, for most of the designs force acting on
the membrane is uniform. Figure 2-11 depicts the conventions used in the

derivations in the mechanical modeling.
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Figure 2-11: Conventions used for the mechanical modeling.

For a concentrated load, applied to a distance of “a” from the anchor of a fixed-fixed
beam, L denotes the length of the beam, w stands for the width of the beam, g is the
suspended air gap of the membrane and W is width for the actuation electrode.

Forces and moments acting on the beams can be found as [24]:

d*v

M= EIE (2-18)
- jTM (2-19)
q=5" (2-20)

q= EI% 2-21)

where v is the deflection of the beam, V' is the shear force, M is the moment, E is the

Young’s modulus and / is the moment of inertia. For any x on the beam (x<a)
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3 Pab’® b?

M = 2 + PF(3a +b)x forx<a (2-22)
— 2 f—
0—_ (a—L) Px(zl,gl—;Za( L+ X)) (2-23)
2 2
__ (a—L) Px"(—3al +2ax + Lx) (2-24)

6EIL

V' is the deflection of the any point on the membrane. For the evaluation of the

behavior of midpoint, under the affects of the applied forces entirely on the beam:

L
X== 2-25
2 (2-25)

- _J‘z (a—L)* Px*(-3al + 2ax + Lx)
o 6EIL (2-26)

2
L4

== 227
Yo = T 3R4E] (2-27)

For a particular case, integration limits can be changed. For the loads concentrated

(33

in the centre “y” away from the anchor, evaluation of the integrals yield:

4

L ;
— 4+ y(-L+

) ::_(16 YEL+Y)) (2-28)

“ 24EI

or for the case where loads are applied between “y” and “z” away from the anchor.
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—y(-L+y)’ +z(-L+2z)’
g =) ) (2:29)

For an applied force, one can obtain the deflection in the centre using the Equations
(2-28) and (2-29), since we know from the definition of the spring constant one can
define an effective spring constant as:

F=kx (2-30)

and for a distributed load P, effective force on the line is

P
_r 2-31
g 7 (2-31)
4
y - L P (2-32)
384E7 L
P 1
k =——384EI ork =—384EI (2-33)
L’P L

where [ is the second moment of inertia defined as:
I= j y2dA (2-34)

For beam of width w and thickness ¢ evaluation of Equation (2-34) gives:
I=—— (2-35)

Hence, substituting in Equation (2-33) gives:
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_ 32Ewr’

k i

(2-36)

Carrying the same analysis for the loads concentrated on the centre, one can find the

spring constant as:

32Ewt’

- 2-37
20W =20LW?3 +W* @-37)

For the design of the cantilever type beams same approach can be used.

In addition, effects introduced in the production steps, which results in residual
stress, affect the behavior and spring constant of membrane. Bending of the beam
related to the residual stress can be derived. Lateral forces acting on the bridge due
to the uniaxial residual stress are given by [25]. For an applied force “P”, “a”
distance to anchor of beam, vertical deflection is “u”. Due to the applied force beam

stretches and forces acting on the beam can be found as:

F=oc(l-v)tw (2-38)
L wEA) o WE(A,)
F=F+ » and F, = F + (—-a) (2-39)

where o 1s the uniaxial residual stress and v is the Poisson’s ratio. Forces F; and F»
opposes the applied force P. Hence, vector addition of F; and F, gives the P.

Assuming deflections are small, vertical components of the forces are found to be:

F._+F,_ =P (2-40)

1ver 2ver
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Flyp
a l—a

=P (2-41)

= a(l —a)P

= (2-42)

Using, similarity of the triangles deflection in the center of the line is

B (l—a)P
L 2F

2

(2-43)

For the distributed uniaxial residual stress over the beam, total deflection is:

_’p
8F

1(l-a)P
v, =2|, da (2-44)
é J; 2F

Using same definitions as in the case of the Equation (2-44), spring constants for the

distributed load and concentrated in the middle are given:

P
7 8F
kdistributed = IZP :T (2'45)
8F
8F

k. = -
centered 31 _ 2y (2 46)

Total spring constant of the device can be found by summing up two spring constants
together. Hence total spring constant becomes the forces acting due to the stiffness
of the beam and the residual stresses coming from the process conditions or previous

deformations of the membrane.
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2.3.2. Actuation Voltage

Movement of the electrostatic actuation is based on the electrostatic forces acting
between the plates due to the potential difference across the plates. Initially
membrane and actuation electrodes are modeled as a capacitor and the fringing fields
neglected for the simplicity of the analysis. Force acting on the plates can be found

as:

W = %CV2 where C = W—W (2-47)

stored
g

where E is the stored energy on the capacitor and the g is the distance between the

plates.

(2-48)

Equating the electrostatic forces and mechanical spring constants gives displacement

for an applied voltage V-

1 awlW
EVZ gz = k(g[nitial - g) (2_49)
2
) \/2k(g,ml -2)g (2-50)
awlW

For the actuation voltage derivation with respect to g and substituting in Equation

(2-50), actuation voltage is found to be:
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2g,

gunstable = T (2_5 1)

3
= 2 2k(g[m'tial ) (2_52)
3\/5 awlW

Also carrying a similar analysis for the hold down voltage one can find the following

equations:

20 ok
v, = |~8daSnia (2-53)
g, egwW

2.3.3. Switching Time

Switching time of the semiconductor devices are in the order of nsecs. However, due
to the mechanical limitations of the MEMS most of the RF MEMS switches operate
in the psecs. Understanding the operation of the switching time mechanism is
crucial for this reason. In most of the cases, RF MEMS shows excellent RF
characteristics like low insertion loss and high isolation, however switching time is

the limiting factor for application areas of MEMS devices.

For our particular case, switching time mostly depends on the formation of the
metallic contact. In the release stage of the switch, metallic contact behaves like a
capacitive contact. Due to low contact area, capacitive coupling is low and hence
isolation is high. For the reverse case, same procedure applies. Hence, for the metal-
to-metal switch under investigation, mechanical properties of membrane are not
dominant in switching time. However, response time of the switch is determined by

the mechanical properties.
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For the analysis of the switching time, following assumptions are made for simplicity
of the analysis:
e The electrostatic force between the bridge and the actuation electrode is
constant.

e Damping is small. (b=0)
Using the d’ Alembert principle [26], the following analysis is carried:

2
mdj‘+b@+kx=F (2-54)
dr?  dt

where m is the effective mass, x is the displacement from original position, b is the

damping, £ is the spring constant and F is the external force.

—~ma’x— jwbx +kx=F (2-55)

(2-56)

(2-57)
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2.3.4. Comparison with the Simulations

Mechanical simulations of the metal-to-metal contact switch are carried with the
ANSYS Multiphysics 9.0 by Dr. David Elata'. According to the simulations

following data is obtained.

Table 2-3: Comparison of mechanical simulations with modeling.

Actuation Voltage | Switching Time | Applied Voltage
V) (usec) V)
ANSYS 22.5 5.7 35
Modeling 17 9.7 35

By using the formulation provided, results similar to the FEM (Finite Element

Modeling) solution is obtained as given in Table 2-3.

2.4. RF Measurement Setup

For the on-wafer s-parameter measurements, a network analyzer with a manual probe
station is used. Figure 2-12 illustrates the measurement setup used for the on-wafer

measurements of the RF devices.

RF measurements are carried with HP 8720D 0.5 — 20 GHz vector network analyzer.
For probing components, Cascade Microtech Summit 9000 manual probe station is

used. Picoprobe 40-A-GSG-150P CPW probes with on wafer SOLT calibration are

' AMICOM FP6 NoE partner; Technion University, Tel Aviv, Israel
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used for connection to devices. For biasing devices and protection of the network

analyzer, Picosecond 5542-230 bias tees are connected to the RF lines.

/- 0 pgp 220 Analyzer
g oaa (Agilent 8720D)
T TF
MEMS

device

Summit 8000
Manual Probe
Station

Figure 2-12: RF measurement setup used for on-wafer measurements.

2.5. Switching Time and Power Handling Measurement

Industry uses figure of merits to judge the different technologies and different
components, like switching time, power handling, IMD (Intermodulation Distortion),
capacitor on/off ratio, insertion loss, isolation, etc. For the analysis of the
component, full characterization of the stated parameters is necessary. However, due
to the high voltage requirement of the RF MEMS devices, measurement of these
parameters cannot be done with customary equipments and special equipments are
required. For the measurement of the switching time of the switch, a custom system

is designed and produced.
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2.5.1. Measurement Setup

With the “on” and “off” states of the switch, output waveform is AM modulated and
with proper detector circuit, demodulation of output signal is possible. Detectors are
used for converting the amplitude-modulated signals to baseband signals. Basic
detector topology is a halfwave rectifying circuit constructed using a diode and
resistor capacitor pair. Figure 2-13 demonstrates the circuit diagram of the
constructed detector circuit. Diode charges the capacitor and capacitor discharges

over the shunt resistance. Detector time constant is defined as:

r=R-C (2-58)

and for proper operation, time constant should be smaller than the successive peaks

of the message signal and larger than the period of carrier signal.

T, >t>T, (2-59)

A (I+m(t)cos(wt) H A, (I+m()

C R

Figure 2-13: Circuit diagram of the demodulating circuit.
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Figure 2-14: Demodulating circuit.

However, in the actual circuit, instead of the diode, Schottky diode of a HEMT
transistor is used (FHX13LG) and for the low pass filter input impedance of the
oscilloscope is used (HP54645D). Also for further amplification of the small signals,
additional amplifying sections can be added after the diode section (LF353). Figure

2-14 shows the demodulating diode section of the switching time setup.

After introducing an RF generator and bias voltage for the modulation, necessary
components for the switching time equipment are completed. For the RF signal
source HP 8350B is used and for modulating the bias voltage of RF MEMS switch,
custom waveform generator is used. Details of the waveform generator are given in

Chapter 4.
The RF power at a certain frequency is fed to the switch, output of the switch is

connected to the demodulating circuit, and behavior of the switch is observed on the

oscilloscope. Using a high voltage waveform generating circuit, the switch is opened
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and closed at a low frequency (~100Hz). Hence, switching time can be observed on
the screen. However, the high voltage waveform circuit can produce up to 100V.
Such a high voltage can damage the RF source and demodulating circuit. In order to
prevent a possible damage in the system, DC blocks are needed. Available bias tee
has an attenuation of 20 dB and is not sufficient for proper operation. For higher
attenuation levels two back to back WR90 waveguides are used. Moreover, for the
total isolation of the lines, a dielectric layer placed between the adapters and
connected using non-conducting wires. Figure 2-15 shows the constructed DC
block. Hence, total isolation better than 150 dB is achieved with new topology.
Furthermore, instead of the waveguides, couplers can be used for saving space

according to desired frequency bands.

Figure 2-15: DC blocks formed by WR90-SMA adapters.

Total system is formed by a signal source, followed by a switch to be measured and
connected to biasing circuit over a bias tee. The RF signal generator and the
demodulation circuit is protected against high voltage using two DC blocks at input
and output ports of the MEMS switch. The output of the switch is connected to a
demodulating circuit and an oscilloscope for better visualization. Figure 2-16

illustrates the general structure of the time domain measurement setup.
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Figure 2-16: Time domain measurement setup.

2.5.2. Time Domain Measurements

Operation of the system given in Figure 2-16 is based on the tracking the signal level
difference on the demodulation circuit and hence several measurement can be carried
at the same measurement cycle. Function of the detector diode is the power level
detection. Hence tracing the time domain data gives rise and fall times of the switch.
Moreover, with the precise control of the applied bias voltage, actuation voltage can
be deduced from the measurement. With the actuation and de-actuation of the

switch, diode reading changes, hence actuation and release voltages can be found.

An AM modulated signal is generated using HP 83640A 8360 series synthesized
sweeper and fed to the input of the demodulating diode. With the demodulator and
oscilloscope section shown in Figure 2-16, rise and fall times better than 1 psec can
be measured, therefore this setup can be used for most of the RF MEMS switches
without any particular problem. Resolution of the system is limited by the resolution
of the oscilloscope and can be increased by the additional amplifying sections,
however is not necessary for this case (~5mV resolution). Figure 2-17 presents a

sample measurement result of an RF MEMS switch.
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Figure 2-17: Output of the measurement setup.
Both capacitive and metal-to metal contact switches are measured using the same
setup.  Initial measurements are carried on the capacitive type switches.

Measurement results are compatible with the expected results.

Fall time of the switch (up to down movement of bridge) is mainly determined by the
applied actuation voltage and mechanical spring design of the switch. For the
measured devices, fall times of 5 to 65 pusec are observed. Rise time (down to up
movement) of the switch is caused by the restoration forces of the membrane and
expected to be much lower than the fall time of the same switch. According to the
measurement results rise times of 15 to 140 psec is observed. Measurements are
taken with a carrier frequency of 71 kHz and a message signal of 14 Hz. Table 2-4

gives measurement results of the capacitive type RF MEMS switches.

As can be seen from the Table 2-4, switches that have lower actuation voltages have
larger rise times and hence lower spring constants. Type C2 switch has long
meandered arms and therefore its spring constant is low. Types B1, B2, B3 and A1l
have a bridge width of 50 um. Type A2 has a bridge width of 80 um. Types B4 and
B5 have a bridge width of 100 um. All switch types have a bridge length of 320 um.
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Types C1 and C2 have meandered bridge arms. Detailed description is given in
appendice. Differences between the same types of bridges are due to the process
related stress and can be solved by optimizing process conditions. However, in
general with wider bridges, actuation voltage tends to be smaller and rise times

increases.

Measurement of the metal-to-metal switches cannot be carried with same carrier
frequency due to increased impedance of the bias electrodes and has to be lowered
for proper biasing. After reducing the carrier frequency down to 330 Hz and
switching frequency of 54 Hz, switching response of the metal-to-metal contact

switch is measured.

Table 2-4: Switching time measurements of several capacitive switch types

Switch types | Actuation Voltage | Fall Time | Rise Time
V) (usec) (usec)
Al 24 10 37
A2 23 10 38
B1 18 10 16
B2 22 5 24
B3 21 10 15
B4 23 20 26
B5 16 20 15
C1 11 50 97
C2 10 65 138
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Figure 2-18 presents the switching time measurements of the metal-to-metal contact
switch. Measured rise time is 1.75 usec and fall time is 1.6 usec for an bipolar
actuation of +/- 40 V. Both rise time and fall time of the switch are less than 2 psec,
which is faster than any of the capacitive type switches. In addition, measured
response is faster than the simulated and the modeled values. These measured values
are comparable to the reported best values in the literature [28], and [29]. As the
spring constant of the beams increases, the switching times decreases. On the other
hand, actuation voltage also increases. A switch with 0.4 pusec switching time and

120V actuation voltage is the reported fastest RF MEMS switch.

In case of the capacitive switches, switching time is related to the mechanical
movement of the membrane. Since the capacitance is varied with the movement of
the bridge layer, faster movement of the bridge results in faster switching time for the
switch. For the metal-to-metal contact type switch, switching time is not limited by
the mechanical characteristics of the membrane. Capacitance of the contact region is
very small and variation on this parasitic capacitance can be ignored. At the down
state of the switch, with the increased contact pressure between the layers capacitive
contact is replaced with the metallic contact. Switching time of the metal-to-metal
contact switch depends to the formation of the metallic contact. Quality of the

contact formed and time of contact formation determines the switching time.
Investigating the rise time and fall time of the switch reveals that, transitions of the

switch are clean and hence bouncing is not observed during the actuation and release

states.

51



£ 27187 500087 Stop £ H 507 £ 3336F 50008 Stop £ H 17w

Falli1 j:No edges Rise{l J: 1.75us tise{] N0 edges Falli1 j: 1.60us

~ Source | +3 Select: Measure Theashalds ©ca Persist Clear |« Grid
Rise Sl

1 Rise Display 18%

(a) (b)

Figure 2-18: Switching time of the metal-to-metal contact switch. (a) Rise time, and

(b) Fall time

For better visualization of the contact degradation, output power of the demodulator
is recorded for increased switching cycles. With an applied voltage of 32 V and
switching frequency of 52 Hz, diode output is recorded. Initially diode reading is at
310 mV and with increased number of switching, diode output falls down to 13 mV.

Figure 2-19 illustrates the power and number of switching relation.

For the direct contact of metallic surfaces, contact forces and applied pressure should
be high. With increased number of switching, contact points wear out and pressure
between the metal surfaces decreases due to smoothed surfaces and hence output
power of diode degrades. After 7000 switching, contacts act like capacitive type and
diode reading reduces to 13 mV. To be able to get faster switching times, contact
formation should be as fast as possible. Harder material deposition to the contact

points and additional dimples can solve the problem.
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Figure 2-19: Output power of the switch at a switching frequency of 52 Hz.

2.5.3. Power Handling Measurements

Power handling of the switches are mainly depends on the mechanical design of the
switches and the materials used in fabrication of the switch. For the measurement of
the power handling of the switches, setup shown in Figure 2-16 is used with some

minor modifications.

The measurement setup is calibrated for the evaluation of the exact power level,

applied on the switch. Calibration procedure is as follows:

Initially, power level output from the HP 8350B is measured using E4408B spectrum
analyzer for various power levels of HP 8350B. Then, output of the signal source is
connected to the input port of the probe station. RF probes are connected to each
other with a short length, low loss, and 50 Q transmission line. Hence, introduced by

the transmission line section is minimized. Finally, output power from the output
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port of the probe station is measured. Therefore, difference between the input and
output port power of the probe station reveals the power dissipated on the
transmission lines of the probe station. Probes and transmission lines used in the
probe station is identical. Hence, power loss on a single line can be found as half of

the total loss on the probe station.

There are various definitions for power handling, such as hot switching, cold
switching, average power, and peak power [29]. For the hot switching, RF power is
present at the ports of the switch during switching. Hence, switch experiences stress
on its contacts. In the case cold switching, RF power is removed from system.
Therefore, stress on the contacts is reduced. Hence, expected lifetime of the switches
is increased. There is a limit that can be applied to the switches due to the heating of
the materials used in the switch. With increased power levels applied to the switch,
power dissipation increases. Excessive heating of the switch may cause material
deformations and degradation on the switch performance. The heat that can be
handled by the switch limits average power. In pulsed applications, instantaneous
power handling of the switch should be exceeded. Moreover, average of the RF

pulse should be lower than average power handling of the switch.

Power handling of the type Al switch is measured and compared with the metal-to-
metal contact switch. Up to 20 dBm input power, which is the limit of the signal
source, both switch types are operational. Table 2-5 shows the hot switching
response of the type Al switch at § GHz. Switch is actuated with bipolar actuation
waveform of magnitude +/- 10 V. With increased power levels, output power of the
demodulating section also increases. Hence, switch is functional up to 20 dBm of

input power.

54



Table 2-5: Power handling measurement of the A1 type switch for hot switching.

Applied Power | Up-Diode Output | Down-Diode Output
(dBm) (mV) (mV)
5 -24.7 -16.2
10 -88.2 -65.1
15 -174.5 -150
16 -191 -167
18 -230 -206
19 -249 -221
20 -265 -234

For the case of the metal-to-metal switches, for a bipolar actuation waveform of
magnitude +/- 40V, diode readings are -ImV and -240 mV for the ‘up’ and ‘down’

states of the switch respectively.

Time domain setup is not sufficient for the measurement of the power handling and
an amplifying section is required for increased RF power levels. Therefore, two
amplifying sections are added to the output of the signal generator. For the input
stage, Eudyna FLM8569-15F X-band internally matched FET amplifier is used.
Output stage is formed with the Fujitsu FMM5057VF 7.1-8.5 GHZ power amplifier
MMIC. Hence, output power of the signal source can be increased. Demodulating
diode experiences high power levels with such configuration and 12 dB attenuator is

connected in series for the protection of the diode section.

With new configuration, power handling of the type Al switch is measured. It is
observed that switch can handle 4 W (36dBm) of RF power at 8 GHz. Lifetime of
the switch for higher power levels are under investigation. In [30], it is reported that,

for their capacitive switch 5.5W is the catastrophic failure RF power level.
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Measurements with metal-to-metal contact switches shows that, this type of switch
cannot handle 250 mW input power for hot switching applications. However, for

cold switching this type of switches are operational.

2.6. Summary

Chapter 2 presented metal-to-metal contact switch design for the wideband RF
MEMS systems. Switches are developed, fabricated and tested. Electromagnetic
modeling including loss of the transmission lines, upstate and downstate modeling of
the components in conjunction with mechanic modeling including, actuation voltage
and switching time has presented. Equivalent circuit modeling is presented and
compared with the electromagnetic simulators and the measurement of the devices.
For the characterization of the switches, a time domain measurement setup has
constructed for the dynamic behavior of the components. Switching time and power
handling measurements have taken with new setup. In addition, measurement data

has compared with the modeling results.
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CHAPTER 33

FABRICATION OF METAL-TO-METAL CONTACT
SWITCHES

For the fabrication of the MEMS devices, METU Micro Electronics Facillities
(METU MET) is used. This facility is specialized on the fabrication on several
MEMS devices like microsensors, microbolometers, gyroscopes and RF MEMS.
Hence, for the production of the metal-to-metal RF MEMS switches, process
developed in the METU MET is used”.

Fabrication is based on the surface micromachining techniques due to thin layers of
materials for the construction of the overall structure. First step is the design and
layout drawing of the devices composed of several masks. At the fabrication steps,
deposition of thin layers of materials followed by patterning of the layers using
photolithography and finally etching of the remaining parts. Total structure is
formed by stacking of several layers. For the movable parts, sacrificial layers are
used and removed at the end of the process. Section 3.1 presents the masks required
in the fabrication steps. Section 3.2 defines the production steps and materials used
during the fabrication steps. Finally, Section 3.3 gives the process flow of the

METU RF MEMS process.

> Researchers involved in the development of the RF MEMS processes are:
My. Hiiseyin Sagkol, Mr. Mehmet Unlii, Dr. Kagan Topalli, Ms. Ipek Istanbulloglu,
M. Engin Ufuk Temogin, and Mr. Halil Ibrahim Atasoy.
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3.1. Mask Production

Masks are used for the definition of the process areas optically. For this purpose
mask are build on an optically transparent materials and intended portions of the
mask are covered by a opaque materials. Hence, ultraviolet light send from one side

is selectively transferred to the other side.

The photoresist is a light sensitive material used in the microfabrication processes.
Spin coating or spray coating can be used for the applying uniform layer of
photoresist on wafer. Using the selective transmission of light and photo definable
photo resist layer, pattern on the mask can be transferred on to the wafer. According
to the polarity of the photoresist used, after the development stage UV absorbed
regions dissolve (positive) or unabsorbed regions dissolve (negative) in developer.

Hence, desired pattern is transferred to wafer.

For the mask drawings CADENCE IC design 4.4.5 is used. For the production of the
masks mask maker available in the METU MET is used. Masks are built on a 5 inch
x 5 inch quartz substrates and chrome coating is used for the opaque material. 7
different masks are used for the processing. Definition of each mask layer given

briefly and detailed description will be presented in following sections.

Mask #1: (clear field mask) Resistive bias line implementation. Used for

patterning highly resistive bias lines.

Mask #2: (dark field mask) Electroplating mask. Thick electroplating

metallization used for reducing line losses.

Mask #3: (clear field mask) Base metallization mask. Thin metallization

used for CPW lines.
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Mask #4: (clear field mask) Dielectric mask.

Isolation layer is used for

protection against short circuit or capacitance formation.

Mask #5: (dark field mask) Anchor mask. Placements of anchor areas are

defined.

Mask #6: (clear filed mask) Structural layer mask. A movable portion of the

switch is defined.

Mask #7: (clear filed mask) Backside metallization mask.

For the

compatibility of the designs, backside is selectively etched.

Figure 3-1: Switch placement on total layout.
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Process steps of the metal-to-metal switch are same with the conventional process

steps developed for RF MEMS devices. Only difference is the variation in purpose

of some layers. Also processing is similar to other devices and can be produced in
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the same run. Indeed a special wafer is not prepared for this specific switch type and

produced on the same wafer with capacitive type switches.

3.2. Fabrication Techniques and Required Layers for RF MEMS
Technology

Fabrication is based on the surface micromachining technology. Basic production
steps are, thin film deposition, lithography, electroplating and etching. Figure 2-1(b)
shows the general view for a sample RF MEMS device. General structure composed
of a base metallization for transmission line formation, thick electroplating for
reducing losses, dielectric layer for the isolation and a movable membrane section.
Movable membrane formed by a use of sacrificial layer. Membrane constructed on

sacrificial layer and at the end of process, sacrificial layer is removed.

Process yield and reliability of the product highly depends on the materials and
interaction between the materials. Hence, selection of the materials, process
conditions, process types and equipments are important for the overall production
and device performance. In order to obtain best characteristic form the devices,

optimization on the processing conditions are necessary.

Substrate section is mostly depends on the RF concerns. However due to the
integration with other technologies, special care should be taken if integration is
necessary. Several substrate types are used for the production of the RF MEMS
devices. High resistivity silicon with the use of insulation layers can be used for the
substrate material. Semi insulating GaAs can be used due to easier integration with
the active devices. Hence amplifying sections can also be built on the same
substrate. LTCC is also used as substrate. With LTCC substrates, packaging of the
MEMS is possible, since LTCC is used in the packaging industry. Glass, alumina
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and quartz is also used for the substrate, since all offer low dielectric loss. Glass is

selected for the reduced dielectric losses and low cost of the substrates.

Base metal is constructed using gold, aluminum, copper or nickel. Higher
conductivity materials selected for the reduction of losses on transmission lines.
Some hard materials like platinum, tungsten, titanium, gold-palladium alloys or
proprietary alloys are used in the contact formation. Since gold is a noble metal,
effects of the subsequent process steps is lower, which is not the case especially for
copper. In addition, deposition of gold is easier due to the soft nature of the gold,;

hence, gold base metal is selected.

Isolation materials are used for preventing DC shorts between the movable
membrane and actuation electrodes on device. According to the actuation voltages
applied, thickness of the dielectric should be modified. For higher actuation
voltages, thicker dielectric layers can be used according to applied electric field
stress. Several dielectric types used in the RF MEMS processes are, silicon nitride
(SixNy), aluminum nitride (AIN), strontium-titanate-oxide (SrTiOs), barium-
strontium-titanate (BST), tantalum pentoxide (Ta,Os), lead zirconium titanate (PZT)
and hafnium dioxide (HfO;). According to the available instrumentation silicon

nitride is used for the dielectric. Silicon nitride has a dielectric strength of 10" V/cm.

The sacrificial layer forms scaffolding for the construction of the bridge. At the end
of the process, it is removed from the structure. Hence, it should be non-volatile
during the process steps. However, at the end of the process it can be removed under
the structural layer without residue, introducing residual stress or deformation to rest
of the structure. Also for the proper operation and uniformity of the process,
deposition should be uniform along the wafer. There are several sacrificial layers
presented in the literature. Some of them are photoresist, silicon oxide, polyimide or
copper. Photoresist and copper can be easily affected by the process conditions and

chemicals used during the fabrication. Photoresist outgas in hot environments and
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causes cracks on the structural layer and easily dissolve with acetone. In addition,
copper is sensitive to most of the chemicals in the environment and even reacts with
the air and DI. Moreover, most critical issue in the copper sacrificial layer is the
uniformity. Copper electroplating gives non-uniform results in sacrificial layer
thickness for most of the structures. Hence, polyimide process is optimized and
used. Polyimide is resistant against most of the chemicals used in the process steps
and does not affected from the higher temperatures after curing. Polyimide is coated
with spinning and uniformity is much better than copper. For the removal of the

polyimide, wet etching with SVC or dry etching with RIE is used.

Structural layer is the movable part of the RF MEMS device and mechanical
properties of the structural layer play an important role in the overall design
parameters and system performance (Section 2.4). Residual stress introduced in the
fabrication steps results in increased spring constant values and even worse, total
buckling of the membrane. Formation of the structural layer is based on the
sputtering or electroplating of the metal layers or stack of the metal layers. In
addition, silicon nitride can be used as movable membrane with metal plates
implemented on the membrane. In the METU process, sputtered gold layer is used
as structural layer due to the higher conductivity and ease of the fabrication. In
addition, gold material is durable and does not affect form the environmental

conditions.

To be able to get more familiar with the processing terms several fabrication terms

are explained in detail below:

Deposition of the thin material is collecting aerosol particles in a surface. Deposition
can be carried in two ways. In the physical vapor deposition technique, in a vacuum
environment, material is transformed in to aerosol form by means of evaporation or
bombardment of energetic ions and collected on another surface. For the chemical

vapor deposition technique, wafers are exposed to precursors and react with the
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substrate or decompose on substrate surface. Several available chemical deposition
techniques are CVD and Plasma enhanced CVD (PECVD). In the PECVD process,
plasma is used for the enhancing process and hence deposition can be obtained with
much lower temperature values. Hence, materials, which cannot withstand high
temperatures like gold, can be used in the fabrication. In the METU MET
evaporation, sputtering, PECVD are available and hence used in the process of the
RF MEMS. CVD is also available; however not compatible due to the increased
process temperature with the materials is used and hence not used in the process

steps.

Photolithography is used for the pattering before process. Patterning the surface
according to the mask, defines the regions allowed for the removing thin film. Using
the UV light to transfer the pattern on to the light sensitive chemical called
photoresist (PR) and developing the photoresist in a special chemical gives desired
pattern. Photoresist coated to the wafer with the help of the spinning, where a 3-6 ml
of photoresist dispensed on the center of the wafer and spin at a certain frequency to
obtain uniform layer on the wafer. Most of the photoresists types are soft baked after
spinning due to the sticky nature of the photoresist and removing solvents in the
photoresist. Hence, after soft bake 0.3 um to 3 um thick photoresist is obtained
according to the type of the photoresist. The spinning process is followed by the
exposure. High intensity light is applied to PR, using mask between as protective
layer and chemical changes occur on the light sensitive PR. Exposure stage is
followed by the development stage. Some of the photoresist is removed in a special
chemical called developer. Developers are TMAH or NaOH based according to the
resist used. According to the photoresist type, light interfering PR strips (positive
PR) or light interfering PR stands (negative PR). Hence, pattern on the mask is
transferred to the PR. In some of the PR hard baking is required in order to obtain a

rigid structure as in the case of polyimide.
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The last step of the process is the etching. Etching can be made in two ways. In
“wet” etching part that are not protected by PR is etched, generally selective etchant
according to the thin film material types is used. However, wet etching can cause
undercuts and “dry” etching techniques are utilized for anisotropic etching. Instead
of the etching process, electroplating can take place. Wafer is placed in a chemical
solution for the plating and current used for coating surface. However, wafer should
be conductive for the electroplating and total surface is covered with a conductive
material before the photolithography. Anode is connected to the depositing material,
cathode is connected to the wafer, and both are in a conductive chemical solution.
When current flow, material dissolves from anode in to the solution and collects on

the cathode.

After the etching or electroplating steps, photolithography step finishes. However,

remaining PR parts has to be removed for the following process steps.

3.3. Process Flow

This section briefly presents the process cycle developed in METU MET.

e Wafer cleaning: For possible organic/inorganic residues, wafers are cleaned
using Piranha solution. Piranha is a hot mixture of sulfuric acid and

hydrogen peroxide.
e Surface roughness: In order to increase adhesion between the substrate and
deposited layers, polished surfaces are etched slightly with buffered HF.

Buffered HF contains NH4F and HF.

e Resistive lines: Bias lines, used for the actuation of the MEMS devices are

deposited and patterned in the first mask. 2000 A thick Si-Cr layer is
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deposited and after photolithography, etched using buffered HF. Figure 3-2
and Figure 3-3 depicts deposition and patterning of the Si-Cr layer.

Base metal deposition: Base metal layer used for the construction of the
transmission lines is sputter deposited. Seed layer is composed of a thin layer
of Ti (300 A) for increasing adhesion between the substrate and gold layer.
5000 A Au is deposited for reducing line losses and reducing current density

in electroplating stage. Figure 3-4 shows deposition of Ti/Au layers.

Electroplating on base metal: Sputtered base metal is thin and has to be
thicken for the lowering line losses. Thick PR layer is deposited and
patterned and 3um gold layer is electroplated in a cyanide-based gold
electroplating solution. Figure 3-5 shows the deposition of electroplating

layer.

Post etching of base metal: Redundant part of the base metal, after
electroplating stage is patterned and etched using selective Au and Ti

etchants. Figure 3-6 shows the removal of redundant base metal layer.

Dielectric deposition: A dielectric layer, used for the short circuit prevention
and capacitance formation, is deposited. This layer is a 3000 A thick Si,N,
layer deposited with PECVD equipment. After the lithography, etching is
carried with reactive ion etching (RIE) technique. RIE is a dry etching
technique, undercuts are small, and process is reliable compared to wet

etching. Figure 3-7 depicts the formation of dielectric layer.

Sacrificial layer deposition: For the sacrificial layer formation, a photo
definable polyimide (P12737) is used. Photolithography stage is same with
other photoresists, however contaminates the environment, hence special care

should be taken. 2 pum of polyimide is deposited and anchor regions are
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defined with the photolithography stage. For the robustness of the material,
the wafer is hard baked in oven after the photolithography stage. Figure 3-8

shows deposited and patterned sacrificial layer section.

Structural layer deposition: One pm thick gold layer is deposited via
sputtering on sacrificial layer. Anchor areas defined by previous lithography
stage are forms the anchors of the switch and connect the movable membrane
to the base metal. After the lithography step, remaining gold layer is etched
with selective gold etchant. In addition, top plates of other structures are
formed with the structural layer mask. Figure 3-9 shows finalized structural

layer.

Sacrificial layer removal: For the easier removal of the sacrificial layer, etch
holes are implemented in the structural layer. Hence, isotropic etchants can
etch from various locations of the sacrificial layer, resulting faster removal of
the layer. Several etch mechanism are utilized for the removal of the
sacrificial layer. In the “wet” etching, photoresist striping chemical called
SVC175 is used. Wet etching is completed by the critical point drying of the
wafer. Critical point drier is used for preventing stiction of the bridges. IPA
is replaced by liquid CO; and then evaporated rapidly to overcome surface
tension of liquids. In “dry” etching, RIE is used to form oxygen plasma in
chamber. In addition, CF,4 is added to process, for faster removal of the
polyimide residues. Figure 3-10 shows the finalized structure after the

removal of the sacrificial layer.

Finalization: After the release of the wafer, devices are ready to measure.
However, after the release stage, wafer cannot be diced due to the mechanical
vibration of the dicer. Hence, dicing should be carried before the release

stage of the devices.
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Process explained above is used for the capacitive and series switch implementation
and system constructed using these components. In addition, MIM capacitors and

inductors can be fabricated.

Substrate [ Sputtered Si-Cr M

Figure 3-2: 2000 A Si-Cr layer deposition on substrate using sputtering.

Substrate [1 Sputtered Si-Cr

Figure 3-3: Si-Cr patterning using buffered HF.
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Substrate [ Sputtered Si-Cr
Sputtered Ti [l Sputtered Au []

Figure 3-4: Ti/Au (300 A/5000 A) layer deposition using sputtering.

Substrate [ Sputtered Si-Cr
Sputtered Ti Il Sputtered Au []
Electroplated Au M

Figure 3-5: 3 um gold electroplating.
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Substrate ] Sputtered Si-Cr
Sputtered Ti [l Sputtered Au  []
Electroplated Au M

Figure 3-6: Base metal etching of redundant parts.

I e

Substrate I Sputtered Si-Cr M
Sputtered Ti B Sputtered Au
Electroplated Au B SixNy |

Figure 3-7: Deposition and patterning of SixNy dielectric layer.
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Substrate [ Sputtered Si-Cr M
Sputtered Ti B Sputtered Au
Electroplated Au [ | Si,Ny [ |
Sacrificial Layer [

Figure 3-8: Sacrificial layer deposition and definition of anchor regions.

Substrate [ Sputtered Si-Cr M
Sputtered Ti B Sputtered Au

Electroplated Au [ | Si,Ny [ |
Sacrificial Layer [  Structural Layer [

Figure 3-9: Structural layer deposition and lithography.
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Substrate Sputtered Si-Cr [l
Sputtered Ti B Sputtered Au
Electroplated Au B Si,N, |
Sacrificial Layer Structural Layer

Figure 3-10: Removal of the sacrificial layer.

3.4. Summary

Chapter 3 explained the tool used for the design of the layouts of the RF MEMS
devices. Surface micromachining and photolithography process are explained
briefly. Steps of micromachining are covered. Moreover, definition and objectives
of the mask layers used in the fabrication are provided. Effects of substrate and
material selection on the performance and reliability of MEMS devices are
discussed. Pros and cons of some materials used in the fabrication are given.

Finally, pictorial process flow is presented.
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CHAPTER 4

BIASING SCHEME AND LIFETIME OF MEMS
STRUCTURES

With the improvements in RF MEMS devices, demand for commercially available
components arise. RF MEMS has outstanding performance compared to other
technologies; also it offers potentials for wide range of RF applications. However,
only limited numbers of commercially available components are announced [12]-
[14]. Main limiting factor for the commercial products is the reliability of the
devices. Considerable amount of research effort is devoted to increase reliability of

the RF MEMS devices [17]-[21].

RF and mechanical performance of a MEMS switch can be affected from various
factors. For clarifying the reliability issues of a switch, failure modes are investigated
and modeled to observe the influence of these effects on the lifetime and behavior of

devices.

For the improvement of the lifetime of the switches, environmental conditions,
fabrication steps, materials used in the process are need to be controlled. In addition
to these, actuation voltage waveforms are critical. Special equipments are needed for
the generation of the desired actuation waveforms [32], [33]. For integrating the RF
MEMS switches to practical applications, development of equipments for generating
the desired waveforms are also necessary. One of the major contributions of this
thesis is the design, implementation and development of specific equipments. Using
these equipments, several actuation voltage waveforms are proposed for improving
the reliability of the RF MEMS switches. In the following parts, failure mechanisms

are explained in detail and charging of the dielectric layer is modeled. Moreover, for
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the reducing the affects of the charging a custom circuit capable of producing
specific high voltage bias waveforms is presented. In addition, relationship between
the applied bias waveforms and lifetime of the devices are observed. Section 4.1
covers the common degradation and failure mechanisms of the RF MEMS devices.
Section 4.2 explains the most severe failure mode, dielectric degradation, in detail.
Section 4.3 presents design of a power electronic circuitry for improving dielectric
degradation. Finally, Section 4.4 gives the waveforms available with constructed

circuitry and measured lifetime of the switches with applied bias waveforms.

4.1. Failure Mechanisms

According to studies in the literature, identified degradation and failure mechanisms
are stiction, dielectric charging, contamination, creep, fatigue and friction. These
failure modes are investigated by researchers in macro scale; however in micro scale
effects of most these failure modes are unknown. Stiction is mainly due to the
surface interaction energies. Contamination is based on the environmental effects.
Creep and fatigue is determined by the mechanical properties of the membrane.
Dielectric charging is related to the applied stresses on the dielectric layer and nature
of the used dielectric layer. Friction between the contacting surfaces is formed

according to the materials and roughness of the materials.

Creep is the plastic deformation that continues to increase under same applied forces.
Metal membranes are affected from the creep. In general, higher melting point
materials are resistant to creep. In the operation of the switch, bridge material can
warm up due to RF power carried on switch. According to the power level
transmitted and duty cycle of the switching operation, temperature of the membrane
can exceed the environmental temperature and effects of creep may become severe.

Hence, care should be taken in the mechanical design of the membrane and selection
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of materials used. In the micro scale structures, it is found that Al is resistant to the

creep than the macro scale structures.

Fatigue is caused by the repeated stresses in the membranes. Failure introduced with
fatigue starts with a crack and widens with repeated movement of the membrane.
However, expected degradation in the metal membrane is in the order of billions and
100 billions is reported in the literature [34]. Creep and fatigue is the limiting factor
for the reliability of the metallic membranes of RF MEMS devices and expected
failures related to mechanical failures are bounded with at least billion cycles.
Hence, for the failures less than billion cycles other failure mechanism should be

blamed.

Stiction is the short form of the “static friction” and used for the total failure of the
device. Membrane cannot be separated from the bottom plate by the restoring forces
of the membrane, and hence stiction occurs. Stiction is observed after the actuation
cycle. Membrane touches bottom plate and due to the surface interaction forces can
not return to its original position in the removal of the external forces. Surface
interaction energy opposes the restoring forces of membrane. Surface interaction
energy arises from the capillary condensation, van der Waals forces, hydrogen

bonding and solid bridging between the surfaces.

Capillary condensation is due to the water vapor in the environment. Water vapor
tends to condense in cracks and forms a thin layer on the surface. Hence, when two
surfaces touch each other, water layer presents between the two surfaces. Surface
tension of the water causes capillary action. For example, some insect species or a
needle can float on the water surface using the surface tension of the water. Since
surface tension decreases the pressure inside the water layer, surface interaction
between the plates increases. Surface tension is caused by the interaction of water
molecules and molecules on the surface tries to minimize the surface area of water

layer. Reducing the water environment in the environment reduces the capillary
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condensation. Filling the environment with inert gases or providing a vacuum
environment can enhance the lifetime of the device. Surface roughness of the
surfaces affects the capillary condensation. Capillary forces on the rough surfaces
are lower than the smooth surfaces. In the rough surfaces, contacting surfaces are
reduced compared to the smooth surfaces and hence interaction energy between the

surfaces is reduced, yielding reduced capillary forces between the surfaces.

Van der Waals forces emerge from the dipole-dipole forces of the polar molecules.
Since effects of the van der Waals forces are small, compared to the capillary forces,
examination in the water free environment is required. For the rough surfaces van
der Waals forces are reduced and exhibit its importance in smooth surfaces. Also
medium between the surfaces are important for the strength of the induced forces.
Fluoro-hydrocarbon coatings are used for reducing surface interaction energies.
Fluoro-hydrocarbon coatings prevent the condensation of the water vapor to the

surface due to its hydrophobic nature.

Solid bridging is a problem for the soft metals. With increased pressures on the
contacting surfaces, soft metals subject to plastic deformation. Atoms on the
surfaces of the membranes come close to each other and do not know to which

surface it belongs. Hence, solid bridging forces decreased with increased roughness.

Hydrogen bridging is also possible in the MEMS devices. Surfaces covered with
materials having OH bonds, interact to each other and increase surface interaction
energy. Most of the hydrophilic materials contain OH bonds and increase the affects
introduced by the hydrogen bonding. These affects are also reduced with rough
surfaces like previous interaction forces. However effects introduced by the
hydrogen bonding is small and materials covered in this thesis does not include OH

bonds, hence no further details will be presented here.
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Contamination sources are important for the lifetime of the RF MEMS structures.
As stated previously, water vapors highly degrade the operation and lifetime of the
switches hence there should be a protective layer for the structure. In addition,
residues coming from the device fabrication and packaging can stick the surfaces
together. Hence, isolation of the mechanical part from the outer world is an
important issue for the lifetime of the switches. Using inert gases for preventing
contamination and using molecular gatherers, like Ti and Ba can reduce the

contamination of the membranes.

Contact potentials have very limited effect and can be ignored. Tribocharging is
contact electrification by rubbing surfaces to each other. Hence, voltage difference is
induced on the surfaces. Charges induced by the friction of the plates decrease with

the end of contact.

Most important of the failure mechanisms is the charging of the dielectric layers.
Charge injection due to the applied stresses causes parasitic charging on dielectric
interface and diffuses into the dielectric body. Also with the increment in the electric
fields in the dielectric layer, charge injection becomes severe. With the charging of
the dielectric, electrostatic forces generated by these charges disturb the operation of
the membrane and causes stiction or reduces the influence of the external bias
voltages. Dielectric charging can be reduced by the low electric fields applied to the

dielectric, trap free dielectrics, leaky dielectric or total removal of the dielectric layer.

4.2. Dielectric Charging

To be able to solve the dielectric charging problem faced in the lifetime
measurements of the RF MEMS devices, it is important to understand the physical
reasoning behind the charging phenomenon. According to the analytical models

presented in the literature, charge accumulation on the dielectric layers are
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investigated and charging mechanism are reduced with the utilization of special type

of actuation mechanisms.

According to the [16], parasitic charge trapped on the high-k dielectric layer, during

stressing as a function of time is given by the equations:

© —t —tp
w0 =N, g - [ (X e  ar) = gV, 1-¢ ) @-1)

o

where n(t) denotes trapped charge density, N_ is total trap density, o(r) is the

o

distribution in 7, ¢ is the elementary charge and 7, , f are the model parameters.

Charging introduced by the applied stress can be mathematically modeled as a
simple circuit [17]. Figure 4-1 demonstrates the mathematical modeling of charge

trapping as a resistor capacitor circuit.

Vi
R,
R, g
Figure 4-1: Charge trapping mechanism modeled as a resistor, capacitor circuit.
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Differential equation modeling the circuit can be found as:

dv, (?) _" _(Rl +R,)

4-2
d RC RR,C ° (4-2)
Solution for the equation givesv, as:
7(R1+Rz)t
v,(t) =v, —2—[l—-e "% 4-3
2 () 1(R1+R2)[ ] (4-3)

When we compare Equations (4-1) and (4-3), we can observe an analogy between
the equations. v, (¢) is the parasitic charge trapped, v, is multiplication of the trap
density and elementary charge. When we look at Figure 4-1, one can see that there
are two mechanisms affecting the parasitic charge trapping. R, charges the
capacitance and hence models the charging time constant together with C. Also R,

discharges the capacitance and models the discharge path of the dielectric layer.
Hence, charging and discharging of the parasitic charges take place at the same time
in dielectric layer. However, time constants for both charging and discharging

mechanism are different. Hence, substituting the time constants, 7, = R,C and

7, = R,C in Equation (4-3) gives:

7(71+T2)t
n(t)=N,g—2[l-e " ] (4-4)
(71 + Tz)

For the equilibrium condition, total trapped electric charge on the dielectric can be

found as:
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&)
n(t > o) = Noqm (4-5)

For the reduction of the trapped charges in the dielectric Equation (4-5), states that
total stored charge can be reduced by:
e Reducing trap density of material (N,), hence reducing the defects of
dielectric.
e Large 7, results in a long charging time and hence total trapped charge is
small for operational life of the switch.
e Smaller 7,, compared to 7, in order to increase discharging rate compared to

charging rate. Hence total charge accumulated on the dielectric remains low.

For decreasing the dielectric layer reasoned failures, trap free dielectrics (low N,)

and leaky dielectrics (low 7,) can be utilized. Moreover, time constants depend on

the applied stress on dielectric. An equation relating the applied voltages and time
constants are not presented, however there is a strong correlation between the applied
voltages and parasitic charging of devices. Effects of the charging are observed on
the lifetime of the devices and according to Goldsmith [21], lifetime of the switches
are related exponentially to the applied voltages. Hence, lower electric fields applied

to dielectric improve the reliability of devices.

If we investigate the effects of the charges accumulated in the dielectric layer, then
we get the full picture in the parasitic charging of the switches. When we follow the
methodology of Wibbler [20] and model the parasitic charges as a thin sheet of

charges, total effect on the switch can be found.

Figure 4-2 shows the conventions used in the derivations of the charging effects.

79



A 4
L A
~y
I
@]
Sf

i
\ X
Sa

Metal Layer Dielectric Layer

Figure 4-2: Distribution of charges and fields on a cross section of switch.

Charge on the plates and potential difference between the plates can be related to

each other by:

O, O3

O
Vl_sz_l(J’1_y2)aV2_V3: bV, =)V =-

& EoE, £yE,

(6))

o,+to,+0;,=0
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€€,V — yo,

=
EVI TV, — €D,

(4-9)

Using Equation (4-9) and integration for the charges distributed over the dielectric

and charges at the air dielectric interface results in:

&€V, —y,0,— | yo,dy
'([ (4-10)

O-l =
EY TV, —EV,

Then, let us assume a deflection of the bridge an amount of d from its original
position and hence position of the membrane becomes, y, —d. Moreover, uniform

charge distribution in the dielectric is assumed. Substituting in Equation (4-10)

gives:

2
Y
gOSrI/I_yZGi_izGZ (4_11)
o, =
gr(yl _d)+y2 _gryZ
For the forces acting on the capacitor plates, Chang [31] gives:
P, LUl 412
oy 28 (4-12)
Hence, effects of the charges on the buckling of the bridge can be related by:
2 SO_Z
F=_Q =—_""1 —}d (4-13)

Total capacitance of the device after the deflections becomes:
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1 B £,€,8
(yl_d_y2)+ Y2 &y —d-y,))+y, (4-14)
e,S £,€,8

C =

For a typical values of, total area of S =100mx100um, dielectric thickness of
v, =03um and permittivity of &, =7 and air gap of y, —y, =2um capacitance
according to the deflection of bridge is calculated. Figure 4-3 illustrates the variation

of the total capacitance according to the movement of the top plate.

10’
£ 0
= 10
B
2
=
3
3
2 107
110_: 1 1 1
0 0.5 1 Ve 2
Deflection(um)

Figure 4-3: Variation on the capacitance according to the deflection of membrane.
Substituting O = CV and solving for V' results in:

. J2kde, S 4-15)

C
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Figure 4-4 presents the deflection for an applied voltage for the problem given in

Figure 4-3 and a typical spring constant of k=1 N/m. As can be seen from the
graph, there are two solutions for a given voltage value. However, physically one
solution is unstable and bridge contacts with the dielectric for the deflections larger
than 2/3 of air gap. Figure 4-5 illustrates the variation of the capacitance of the
switch with applied voltages (graph represents the static solution). For the practical
situation, capacitance obtained in the downstate of the switch differs from its
theoretical value. Obtained capacitance values are in the 30% to 50% range of the

expected values, due to the surface roughness of the dielectric layer.

b

=~
L

Deflection{um)

Voltage(V)

Figure 4-4: With increased applied voltages, deflection of the switch.

Failure of the devices related to the charging of the dielectric is mainly due to the
shift in the C-V curve. With the injected charges, curve will deviate from its original

position.
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Figure 4-5: Relation of applied voltage and capacitance of the device.

Figure 4-6 shows the variation in the C-V characteristic with the increase in the
parasitic charges located on the air dielectric boundary of switch. As can be seen
from the graph with increase in the residual charge, a considerable shift in the C-V
curve is obtained from the Equation (4-16). Also investigating the Figure 4-5,

reveals that increased charge trapping can cause the malfunctioning of the switch.
With the negative pull out of the value exceeding the applied pull out voltage of the

structure, switch will remain in the down state hence stiction will occur. For the

reverse case, pull in value of the structure can exceed the applied bias value and
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switch cannot be actuated with the applied voltage.

be kept as small as possible.

Hence, trapped charges should
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Figure 4-6: Variation of the C-V curve with increased parasitic charges.

Investigating Equation (4-4) shows that, charging depends mainly on the applied

stressing duration and stress magnitude. If the switching frequency and applied field

strengths are constant, failure occurs after a specific time interval. Since charge

accumulated on the dielectric exceeds a specific threshold. This threshold is named

as critical amount of charge and defined by Equation (4-17) [17]:
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4.3. Waveshaping Bias Circuit

Using the circuit model shown in Figure 4-1, an analogy is constructed between the
output of the circuit and parasitic charging in the dielectric with the Equation (4-3),
in previous section. Equation (4-3) indicates that dielectric charging depends on the
stressing time of the dielectric and applied stress magnitudes on the dielectric.
Hence, applied voltages are directly related to the lifetime of the RF MEMS

structures and a special care should be taken while biasing the devices.

Investigating Equation (4-3) reveals that, magnitude of the applied voltages
determines the time constants of the charging and discharging. Moreover, polarity of
the applied fields determines the polarity of the trapped charges in the dielectric
layer. Hence, application of bipolar waveforms to the MEMS devices introduce both
positive and negative charges and increase the recombination on the dielectric, hence
total charging on the dielectric layer can be reduced. By this way, it decreases the
failure rates related to the dielectric charging in the RF MEMS structure. Further

improvements can be achieved with lower field stresses on the dielectric.

Bipolar forms applied to the MEMS devices can cause problems in the transients of
the bias waveform. Since MEMS requires high biasing waveforms for the closed
state of the bridge, membrane can return to its original position during the transients
of the bias waveform. Hence, for the proper operation of the switch, transients
should be kept as small as possible. Transition from low to high bias voltage should
be lower than the mechanical response time of the membrane and hence, circuits
capable of providing sub-microsecond transient times are required. Also, circuit
should be capable of actuating different types of RF MEMS structure, hence
application of the high voltage magnitudes are necessary for variety of the
applications. Moreover, since further improvements can be obtained with the lower
stresses applied on dielectric, application of lower voltages should be possible during

the actuation of the devices.
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In order to fulfill the specifications given, a custom power electronic circuit,
designed for the actuation of RF MEMS circuit is constructed. This section focuses
on the design and realization of the circuit and with the applied intelligent

waveforms, improvements on the lifetime of RF MEMS devices.

FEPAESEEEAEREERREREe

Figure 4-7: Constructed power electronic circuitry.

To be able to get more familiar with the power electronics terms, several modules
used for the construction of the circuit are explained in detail in following sections
[35].
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4.3.1. Power MOSFET

Power MOSFET is a specific type of MOSFET, used for handling high currents and
voltages. Main advantage compared to other semiconductor switches is the high
switching speed of the device, which is crucial for biasing of MEMS applications.
Most of the power MOSFET devices have a switching time in the range of a few tens
of nanoseconds to few hundred nanoseconds. In power applications, switches are

used for routing the power flow to load.

Operation is the same for the usual MOSFET devices. Transistor is in cutoff, when
the gate voltage is below a certain threshold voltage and behaves like an open circuit
between the drain and source terminals. During the off state of the transistor, it
should be able to withstand the voltage applied between the terminals. Hence,
transistors should be selected according to the breakdown specifications of circuit.
In the linear region, transistor is turned on with applied gate to source voltage (Vgs)
above its threshold value. Power dissipation can be reduced due to the lower drain to
source voltage (Vps) in linear region. In the active (saturation) region of the device

current is independent of the Vpg related to the Vgs.

Voltage rating of the MOSFET should not be exceeded during operation. Gate oxide
layer determines the break down voltage of Vgs. Typical values for the breakdown
of gate oxide are 20-30V. Vpgmax 1s determined by the doping concentration of the
drain drift region. Using lightly doped drain drift regions results in higher break
down voltages. Vpsmax 1S the avalanche breakdown voltage of the reverse diode

between the drain and body junction.
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4.3.2. Gate Driver

Main function of the gate driver circuit is establishing communication between the
control circuitry and power switch. Hence, it should switch the states of the power
switch from on to off and off to on. Usually faster turn on and turn off times are
desired due to the higher power consumption. During the turn on and turn of the
power switches, transistor enters the active region where power consumption is high
and hence faster transitions are desired for reduced power consumption on the
switch. Also for the MEMS applications lower transition times are required. In the
on state of the switches, driver has to maintain the required power to sustain the on
state of the switch. For the off state of the power switch, driver has to provide the
negative voltage levels for maintaining off state of the switch. Moreover, negative

bias can be applied for further improving the transition times.

Gate drivers are the interfaces between the logic circuits controlling the timing of
circuit and power switches. Since control circuits generate low power and low
voltage, which is insufficient for the control of the power switch, driver has to
amplify the incoming signal. Moreover, some applications require electrical
isolation between the control circuits and power switches and hence driver should

isolate its input for the output.

Topologies used for the design of the driver circuits, depends on the functional
characteristics of the circuit. Output forms of the driver circuit, coupling of the
signals are the main factors for the determination of the circuit topology. Unipolar
output gate drivers are simpler; however, bipolar output gate drivers are complex but
offers faster transition times compared to unipolar case. For the isolated drives,
isolated supplies are required. Also for the protection against excessive currents,
modifications can be added to the driver circuit. In bridge circuits, blanking time is

required for safer operation of the power switches. In generally speaking, faster
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switching times increases the complexity of the designs, power consumption and

requires additional power supplies.

Types of the drive circuits can be summarized as follows:

4.3.2.1. DC coupled drive circuits

For the higher frequency of operations, power switches should be turned on and off
at higher speeds. Hence, design of the driver circuits should enable the faster
switching of the power switches. Unipolar output driver circuits are slower than the
bipolar output driver circuits and hence avoided in the high-speed driving circuits.
Hence, for providing faster turn off times, negative bias is required and driver should
be compatible with bipolar output. Additional negative supplies are required for the
bipolar outputs of the drivers. For a BJT power switch, antisaturation diodes are
placed between the base and collector terminals of the transistor. Hence, diode
prevents the deep saturation of the BJT transistor and hence it operates in slightly

above its saturation value.

4.3.2.2. Electrically isolated drive circuits

Commonly, isolation is required between the controlling circuits and power switches.
Widely used tools for isolating the two circuits from each other are optocouplers,
fiber optics and transformers. Optocoupler uses light for establishing communication
between the circuits. Optocoupler utilizes a light emitting diode (LED), output
transistor and a Schmitt trigger as the circuitry. Signal coming from the control
circuit turns on the LED and light is focused on the base of the output transistor.
Light generates electron hole pairs in the light sensitive base of the output transistor
and hence transistor turns on. Collector voltage drops and Schmitt trigger alters its

state. Output of the Schmitt trigger is connected to the input of the power transistor
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and controls the operation of the device. For further reduction of coupling between
the input output ports of the optocoupler, fiber optic cables are used. Transformers
are used in the higher frequencies and duty cycles close to 50%, due to the saturation
of the core. In order to transmit lower frequencies, control signal modulated with
higher frequencies can be transmitted over the transformer. Modulation technique
enables the use of the smaller transistors and hence cheaper and introduce lower stray

capacitances.

4.3.2.3. Cascode connected drive circuits

Previous drive circuit configurations are connected in shunt to the power switches.
Hence, only a small portion of the current flow over the drive circuit. For the
cascode topology, same current flows over the drive circuit. As an example, MOS
devices have fast transitions however suffer from the lower breakdown voltages.
Cascode connecting with a BJT type transistor enhance the break down characteristic
due to the increased breakdown voltage of the BJT and provides faster transition due

to the nature of the MOS device.

4.3.2.4.  Thyristor drive circuits

Control is maintained with a short current pulse applied to the gate of the tyhristor.
Once thyristor is opened, it resumes the operation due to the regenerative action of
device. Limits for the magnitude of firing current is specified by maximum and
minimum curves in datasheets. Thyristors are usually used in the line-frequency

converters, where thyristors are naturally closed by line voltage.
In the bridge circuits blanking times should be provided for preventing cross

conduction. In the half bridge and full bridge circuits, power switches are connected

in cascade to form an inverter leg. Blanking time is required to delay the turn on
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time of the power switch, according to the turn off time of the other switch in the
inverter leg. Timing is selected according to the maximum possible storage time of

the switches to avoid cross conduction.

4.3.3. Inverter

A converter is the basic module of the power electronics systems. Inverter refers to
the converter when the average power flow is from DC to AC side, and rectifier
refers to a converter when the average power flow is from the AC to DC side.

Inverts are the basic building block of the circuit given in Figure 4-7.

4.3.3.1. Pulse Width Modulated Inverters

Switch mode inverters are used in the AC motor drives and single phase UPS. Their
function is to provide a sinusoidal output and control the phase and magnitude.
Magnitude and frequency are controlled by means of pulse-width modulation
(PWM) of the power switches. Hence, inverters using PWM are called, PWM

inverters.

4.3.3.2. Square Wave Inverters

For the square wave inverters, magnitude of the output waveform cannot be
controlled. For the magnitude control, input DC has to be controlled by other
mechanisms. The circuit is only capable of controlling the frequency of the output
waveform. Since, waveforms like square wave are generated at the output; these

types of inverters are called square wave inverters.
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Figure 4-8 illustrates the one leg inverter topology. For the square wave inverters,
power switches in the inverters legs are in conduction for 180° of the operating
frequency. Since opening both power switches at the same time results in a short
circuit of the voltage source. Hence, for the power switches, there are only two
definite states. Square wave inverters are used for reducing losses during the
switching, since power switches are switched only twice in one cycle. For the high
power applications, power switches have slow turn on, turn off times, and power loss
on the switches is considerably high. Main disadvantage of the square wave

inverters is the lack of regulation of the output waveform magnitude.
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Figure 4-8: One leg switch mode inverter.

4.3.3.3.  Single Phase Inverters with Voltage Cancellation

These types of inverters combine the properties of the pulse width modulated
inverters and square wave inverters. For the single-phase outputs, magnitude and

frequency is controlled by square waves.
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4.3.34. Bridge Inverters
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Figure 4-9: Inverter topologies (a) Half bridge inverter, and (b) Full bridge inverter.

Figure 4-9 shows the power topology of half and full bridge inverters. Half bridge
inverter consists of one ‘one leg’ inverter and has lower power rating. Full bridge
inverter consists of two ‘one leg’ inverters and has higher power rating, since voltage
output of the full bridge inverter is the twice of the half bridge inverter. Second leg
of the inverter provides a neutral point to the load. Hence for the same output power,

current reduces to half of the previous arrangement and requires less paralleling of
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power switches. Output of the full bridge inverter is the four combinations of the
switch states and corresponding voltage levels. In order to prevent any possible short
circuit across the supply, control unit should verify that either of power switches on

the same leg of the inverter is closed.

4.3.35. Multilevel Bridge Inverters
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Figure 4-10: Multilevel, two phase bridge inverter.

: . o V. 4
In the bridge inverters, output of ‘one leg’ is either ?" , Or —7" , hence output can
take only two values [36]. In the multilevel topologies, N level output is possible

V . . .
[37]. For the 3 level topology, ?", 0 or —% is possible at the output. With
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parallel combination of the legs and valid switch states, multilevel signals at the
output are possible. Figure 4-10 illustrates the power topology of the three levels,

two-phase bridge inverter.

Not all of the switches can be open on the same leg, which will lead to a short circuit
of the supply. Also, a detailed analysis shows that 7,, and 7, , operates in a
complementary manner and the same is true for 7;, and 7,,. In Figure 4-10, two
legs are shown. Legs have the very same switch configuration and hence their

switch states are the same. However, since they are connected in parallel, operation

is independent for each leg section.

4.3.4. Snubber Circuits

For the power electronic converters, stress on the components can be reduced by two
different ways. One way is to replace the components with the ones having higher
ratings. The other is the usage of snubber circuits. Final choice depends on the cost
and availability of the higher rating components and cost and complexity of the
snubber circuit. The use of the snubber circuit provides reduced electrical stresses on
the power switches during the switching of the components. Common ways of
reducing electrical stresses on the device are:
e Limiting the voltage on device during turn off transients

e Limiting the current on device during turn off transients

. di . . .
e Limiting the p on device during turn on transients
t

o dv ) ) .
e Limiting the 7 on device during turn off transients
t

There are three class of snubber circuits used widely on power electronics:
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Un-polarized series R/C snubber circuits: used to limit the maximum voltage and

dv . . . . .
= on device during reverse bias of the diodes and thyristors.
t

Polarized R/C snubber circuits: used to control turn off portion of switching and to

clamp voltages applied or limit % rating during turn off.

Polarized L/R snubber circuits: used to control turn on switching and to limit zl
t

rating during turn on.

Snubber circuits are not a fundamental part of the converter; hence advantages of the

snubbers should be compatible with the cost and complexity of the design.

4.3.5. Finalized Design

Based on the explanations above, a custom high voltage waveform generator circuit
is designed with the use of multilevel bridge topology, commercially available gate
drivers used in conjunction with optically isolated gate drivers, power HEXFET
transistors and a simple snubber circuit. Figure 4-11 illustrates the photograph of the

wave shaping circuit. In the appendice, layout of the constructed circuit is given.

Multilevel bridge circuit is used for the generation of multilevel actuation forms.
Multilevel waves are required for providing actuation and hold down voltage to the
RF MEMS switches. Hence, three-level inverter topology is used in the wave

shaping circuit design [38]. Output of the ‘one leg’ inverter can provide 0, V, or
V,+V,, to the output, V, and V_, being the isolated voltage supplies. Moreover,

for decreasing the parasitic charging due to the charge injection into the dielectric,
bipolar waves are necessary. Hence second inverter leg is needed for providing
negative bias levels to the output. Isolated supplies are required due to the second

inverter leg, since bipolar wave shape is generated by connecting the input supplies
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to the ground terminal of the load. Therefore, second leg provides the neutral point

to load.

Figure 4-11: Component layout of the finalized waveshaping circuit.

For the design of the gate drivers, speed is the primary concern. In order to switch in
a fast and reliable manner, commercial gate drivers are used. Gate drivers selected
from the website of the IRF® and IR2113 is used due to availability of the
component. IR 2113 is a MOS driving circuit owing independent high and low side
drivers [39]. Voltage is limited by 600 V, which is far above the targeted 200V
value. Final circuit is constructed on a custom PCB and 14 pin DIP package type of

driver is used. Current output of the driver circuit is up to 2000mA which is not

3 International Rectifier
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necessary for driving MOSFET devices however high current values ensures the fast
operation of the multilevel bridge circuit. Output voltage of the independent drivers

are in the 10-20 V range and sufficient for the control of the power switches.

A single gate driver is used for the control of the 7,, and 7,,, high and low sides

respectively. For the rest of the switches on the same leg, high side drivers are
required. In the initial design, high side driver of the same component is used for the
ease of the design. However, circuit is not functional since, high side driver requires
the potential of source terminal to be less than 6 V. Hence, this topology is modified

with electrically isolated gate drivers. For the control of the 7}, isolated gate drivers

are used. However, functionality of the device comes with an expense of the one
isolated voltage source for each leg of the inverter and slower operation of the power
switches. Therefore, additional two isolated supplies are required. Circuit used for
the biasing IR2113 is same as given in the datasheet and will not be presented here.
Figure 4-12 presents the electrically isolated optocoupler driver, constructed using
TLP 521. Output of the circuit can be up to 9.6 V at 200 kHz, which is sufficiently

high for turning on the power switches.

S5V 15V
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Figure 4-12: Optocoupler driver circuit.

For the power switches, discrete HEXFET power MOSFET’s are used. Components

are selected from the website of IRF and according to the availability of the
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component in market. IRF 630 is selected for the low turn on and turn off durations
[40]. N-type transistors offer 9.5 Amps drain current which is sufficiently high for a
RF MEMS application, moreover suitable for the system integration of the MEMS

components, which is presented in next chapter.

In addition, for the reduction of the ripples at the output, polarized RC snubber is
placed in the circuit. Snubber resistance is very small and placed in series with the
gate of the power switch. Component value is optimized on a separate PCB and used
in the final circuit. 10 Q is the used value for snubber resistance. A separate

capacitor is not used and gate capacitances of the power switches are used. Snubber

T dv . . :
circuit limits the = rating during turn off and reduces the ripples at the output
t

waveform. Also in the layout drawing of the circuit, placements of the power
switches are crucial for the ripple generation. Since increased line length in the
power line induces parasitic inductances, variations in the currents produce voltage
ripples at the output. Hence, for reduced ripple values, line lengths between the
power switches should be minimized. Figure 4-13 illustrates the schematic of the

finalized high voltage waveform generator circuit.
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Figure 4-13: Simplified schematic of the high voltage waveform generator circuit.

4.4. Available Waveforms and Corresponding Lifetimes

For the control and synchronization of the power switches, a PIC16F877
microcontroller is utilized. With proper programming the microcontroller, desired

waveforms can be obtained.

However, objective of the circuit is to reduce the dielectric charging and hence
increase the lifetime of the RF MEMS devices. Hence, available waveforms used for
the actuation of the MEMS devices, will be presented in this part. Figure 4-14
illustrates a sample biasing waveform generated, using the custom circuit. Rise and
fall times of the waveform are smaller than 100 nsec and hence can be used in the

switching time measurements and biasing of MEMS components.
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Figure 4-14: A sample output from the waveshaping bias circuit.

4.4.1. DC Bias

For the biasing of the RF MEMS devices, direct DC can be applied to the devices.
Magnitude of the applied bias should be higher than the actuation voltage of the
switch. Hence, device will experience maximum charge accumulation on dielectric.
As explained in part 4.3, RF MEMS device will fail to operate after a certain time.
Failure condition is defined as any visible degradation at the output response of the
switch. Therefore, 5 mV degradation at the switch response is stated as failure. Most
of the ‘failed’ switches are operational with certain degradation at their responses.
Using the setup presented in Figure 2-16, degradation in the dielectric is observed on

type B1 switches.
Initial measurements show that, for the applied DC bias to a capacitive RF MEMS

switch, degradation is observed within 6-7 secs for an applied voltage of 12 V.

Failure is sensed by the output power of diode detector. Due to the decreased
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capacitance of the RF MEMS device, input power of diode increases, hence applied
bias voltage is not sufficient to overcome the stored charges and switch fails. Early
degradation due to the charge trapping in the dielectric is most probably related to

the trap density of the material (V) and charge injection rate to the dielectric (7, ).

Figure 4-15 (a) illustrates the applied DC bias waveforms. The actual waveforms

observed on an oscilloscope are given in appendice.

4.4.2. Uni-level DC Bias

For reducing the accumulated charges in dielectric, bias on the dielectric can be
applied for a certain period. If the period of the relief state exceeds the mechanical
response time of the switch, membrane can return to upstate and observing the
difference at the output value failure of the device can be spotted. With the applied
uni-level DC bias to the RF MEMS device, actual aim is to increase the discharging
time of the dielectric. Hence trapped charges on the dielectric, recombines in the
meantime. Figure 4-15 (b) illustrates the applied uni-level DC bias waveform. For
this configuration, down time is equal to the charging time for the dielectric and up
time increases the discharging time of dielectric. For a duty cycle of 50%, effective
discharge time constant is half of the DC bias case. Degradation occurs at 35

seconds for an applied voltage of 15 V and 8120 switching of membrane.

4.4.3. Uni-level Pulsating DC Bias

Charging time can be further decreased by the pulsating the applied bias waveform
above the mechanical response time of the membrane. Hence charging time of the
dielectric can be decreased, moreover discharging time can be increased for the same
switching period. For a switching duty cycle of 50% and pulsating duty cycle of

50%, effective discharge time constant is the one fourth of the DC bias case.
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Degradation for this type of switching occurs at 45 seconds for an applied voltage of
17 V and 10440 switching. Figure 4-15 (c) illustrates the applied uni-level pulsating

DC bias waveform.

4.4.4. Bi-level DC Bias

Applying a DC bias larger than the pull down voltage of the device for a sufficient
time to enable actuation of device and reducing to the pull down voltage after the
actuation is called as bi-level DC bias. Since time constants of the dielectric material
depend to the stresses applied over the materials, reduced stresses applied will
improve the lifetime of the device. However, for the actuation of the device, initially
applied voltage magnitude definitely exceeds the pull down voltage of the switch,
which is the same case in the DC bias. However, hold down voltage of the devices is
smaller than the actuation voltage of the device. Hence, reduction of the bias voltage
reduces the charge injection rate to the dielectric and expected lifetime of the device
increases. Figure 4-15 (d) illustrates the applied bi-level DC bias waveform. In the
full cycle of the applied bias waveform up and down durations are same for uni-level
DC bias case. Degradation occurs at 60 seconds for an applied pull down voltage of

V, =15.5V and hold down voltage of V, =12 V and 8280 switching.

4.4.5. Bi-level Pulsating DC Bias

Same convention used in the uni-level pulsating DC bias can be used for improving
the bi-level DC bias. Hence, time constant for discharging reduced to the half of the
previous configuration. Degradation occurs at 70 seconds for an applied pull down

voltage of V, =19V and hold down voltage of ¥, =16 V and 9660 switching.
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Up to now uni-polar wave are applied and effects on the lifetime of the RF MEMS
devices are observed. With DC bias, switch degrades only at 7 seconds, which
indicates a poor dielectric material. With the improved bias waveforms, devices can
withstand the applied electrical stresses at most by 70 seconds, which is not
sufficient for a product. Uni-polar waveforms can be used for observing the
progressive charge accumulation on the dielectric since positive charges injected to
the dielectric and only discharging mechanism is the recombination of parasitic

charge.

4.4.6. Bi-polar, Uni-level DC Bias

For decreasing effect of the accumulated charges in dielectric, negative charge can
also be injected to the dielectric by applying negative bias voltages. Also by this
way, recombination rate can be increased due to increased number of positive and
negative charges in the dielectric. Hence, total electric field can be compensated
with opposite charges. In the case of uni-polar biasing, simplest case of bi-polar
waveform generation is the bi-polar, unilevel DC biasing. In every switching cycle,
polarity of the applied bias is reversed. Also for analogy between the uni-level DC
bias applied voltage kept constant during the down state of the switch only in the
next cycle polarity is reversed. Figure 4-16 (a) demonstrates the bi-polar, unilevel
actuation waveform. Degradation occurs at 2 hours 46 minutes for an applied

voltage of V, =13.6 V and 8.6x10° switching.
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Figure 4-15: Uni-polar output waveforms. (a) DC bias, (b) Uni-level DC bias,

(c) Pulsating uni-level DC bias, (d) Bi-level DC bias, and (e) Pulsating bi-level DC

bias.
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Figure 4-16: Bi-polar output waveforms. (a) Bi-polar uni-level DC bias,
(b) Bi-polar pulsating Uni-level DC bias, (c¢) Switch down duration of bi-polar
pulsating uni-level DC bias, and (d) Switch down duration of bi-polar pulsating bi-
level DC bias.

4.4.7. Bi-polar, Pulsating Uni-level DC Bias

In the case of the bi-polar uni-level DC bias, charge is accumulated in dielectric
during the down time of the membrane. Since actuation voltage is constant during
the actuation, only positive or negative charges accumulate on the dielectric and give
rise to failure of the device after certain duration. In order to decrease the total
charge accumulated in dielectric during the actuation of the device, small duration

bias pulses of the reverse magnitude is applied for the actuation of the device.

107



Hence, accumulation of the parasitic charge during one positive charging period
compensated with negative charging period. By this way, overall charging can be
reduced. Removing the bias results in the upstate of the device. Failure is observed
when the device cannot return its original position hence in the up state. However,
during the actuation, downstate of the membrane is very reliable and does not fail.
Figure 4-16 (b) shows the membrane up and down durations for bipolar uni-level
pulsating DC bias and Figure 4-16 (c) illustrates corresponding positive and negative
charging during the down state of the membrane. Degradation occurs around 25

hours and 42 minutes for an applied voltage of V, =13.5V and 8x107 switching.

4.4.8. Bi-polar, Pulsating Bi-level DC Bias

As in the case of Bi-level DC bias, hold down voltage can be applied to the switch
after actuation of the membrane. By utilization of two different magnitudes in same
waveform, lifetime of the device can be further increased. Hence applying a short
pulse of high voltage for actuating the membrane and reducing the applied voltage to
the hold down voltage can improve the lifetime of the devices. For the compensation
of the injected charges during the initial actuation, a negative pulse of the same
magnitude is also applied to switch. Figure 4-16 (d) illustrates corresponding
positive and negative charging during the down state of the membrane. Degradation
occurs around 28 hours and 30 minutes for an applied pull down voltage of

¥, =12.5V and hold down voltage of ¥, =9.5 and 9x10’ switching.

With improved actuation waveform schemes and utilization of the bi-polar
waveforms, lifetime of switch is increased up to 28 hours and 30 minutes for a
specific type of switch in an uncontrolled environment. Bias card improved the
lifetime of the same device from 7 seconds to 28 hours and 30 minutes, corresponds
to a 10k improvement. However, specified lifetime is not sufficient for an industrial

application since switch can withstand the bias bit more than a day. Some
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applications may require a lifetime of a decade; therefore, additional improvements

are necessary for the reliability of the devices.

Table 4-1: Switching lifetime measurements of type Al capacitive switch according

to applied bias type.
Bias Type Applied Voltage Duration # of cycles
V) (sec) #)
DC 12 6-7 -

Unilevel 15 35 8120
Unilevel pulsating 17 45 104440

Bilevel 15.2-12 60 8280

Bilevel pulsating 19-16 70 9960
Bipolar 13.6 2h46min | 8.6x10°

Bipolar pulsating unilevel 13.5 25 h 42 min 8x10’

Bipolar pulsating bilevel 12.5-9.5 28 h 30 min 9%x10’

As explained in the Chapter 4, lifetime of the switch is not related to the number of
cycles of the switch. Hence, with increasing the switching frequency of the applied
bias waveform, total number of cycles can be increased. The lifetime of the switch is
related to the ‘down’ time and electrical field stresses on the dielectric layer. In

addition, reducing the duty cycle may improve the total number of cycles.

Further improvement can be achieved with the use of controlled environment and
removing the humidity of the environment. In addition, presence of the inert gases
can improve the behavior of the device by reducing the oxidation or any other

chemical reaction of the materials used in the process like copper or aluminum, with
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the ambient air. Equipments ordered for proper measurements at controlled

environment.

4.5. Summary

In this section, common failure and degradation modes affecting the MEMS
components are identified. From the studies presented in the literature, effects of
failure modes on the MEMS devices are presented and possible improvement modes
are proposed. Creep and fatigue is observed on the structural layer of the MEMS
devices. For the lower creep on the structural layer, materials with higher melting
points should be selected. Stiction and surface interaction energy concepts are
studied and related to the material and environmental conditions, like humidity.
Humidity degrades the performance of the device and is responsible from the
increased surface interaction forces. In most of the electrostatic actuated switches,
actuation electrodes are designed to be large, in order to decrease the actuation
voltage of the switch. Hence, even low humidity can degrade the performance of the
membrane and should be avoided in the final product. Dielectric charging, which is
one of the most effective failure mode, is investigated in detail. According to the
literature survey on the dielectric charging, degradation mechanisms are identified.
Effect of the charging on the dielectric is presented by an equation and solution to
this equation is modeled as a simple RC circuit. Possible improvement methods are
presented to reduce dielectric charging. Moreover, degradation related to the
charging is modeled and variation on the behavior is identified. ~From the
mechanical models, formulations relating capacitance, applied DC voltage and
deflection are derived. According to the degradation model for the dielectric, a
power electronic circuitry is proposed and designed. Components and circuit
topologies are optimized for the improved circuit performance. Finally, lifetimes of
the devices are measured using the finalized power electronic circuitry, in an

uncontrolled environment. It is found that bipolar actuation is crucial for the RF
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MEMS components designed in METU and up to 9x10” cycle operational lifetime is
possible with the bipolar, bilevel, pulsating actuation waveforms. The highest value
of switching cycles is reported as 100x10° which corresponds to about 19 days of
operation [41]. As it is noted before, the total down time is a significant factor
determining the life-time of the switch. Therefore, the comparison of the lifetime of
our switch with that of the reported best one shows that there is about a factor of 20
(28 hrs versus 19 days). In a controlled measurement environment, this factor can be
reduced. Lifetime can be increased with the controlled environment like vacuum,
inert gas or humud free environment. Furthermore, effect of the applied stress
magnitude on the lifetime of the switches has been investigated. In addition, from
model, it is found that, the major factor affecting the lifetime of the RF MEMS
devices are not the number of cycles, but the total down time of the switch. Lifetime
of the RF MEMS devices is challenging and further investigation on the physical
structure of the dielectric and the environmental stressing conditions is required.
Contamination coming from the environment and processing stage should be reduced
for the increased yield and the lifetime of the devices. In addition, measurements
should be carried in a controlled environment. For the control of the humidity in the
environment, hermetic or semi-hermetic packages are required and ambient

environment should be filled with inert gases for possible leakages.
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CHAPTER 5

BIASING DISTRIBUTION OF RF MEMS SYSTEMS

Ultimate goal of the RF MEMS devices is the system integration of the stand-alone
components with other designs. However, integration of a single component to
another system may not be preferred due to the increased losses coming from the
bonding wires and increased voltage level requirement of the MEMS devices
compared to other technologies. Hence, MEMS reveals its advantage in the system
level integration. Since each component on systems performs different tasks
independent of the remaining components, separate control of the individual
subsystems is required for the system level operation of the devices. Due to the
complexity of the actuation waveforms (Chapter 4) and increased number of
components that need separate actuation timings, a general controlling mechanism is

required.

For a device composed of several switches placed for tuning the response of the
systems, like stub tuner [43] or a phase shifter application [44], number of the
switches can exceed 20 or even more. Separate actuation of every switch results in a
total combination, exceeding 1x10°. Measurement of the devices also needs to be
automated due to the increased number of possibilities. For accomplishing the task
specified, a custom distribution card is designed and produced. Also for the
synchronization with the other instruments, a computer interface with HP-VEE is
prepared. Section 5.1 explains the distribution control circuit, used for
synchronization between the other circuits and measurement devices. Section 5.2
explains the operation of the high voltage distribution circuit, used for the controlling

high voltage signals. Section 5.3 covers the layout design of the circuits. Section 5.4
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gives the component used for integrating the high voltage circuits and RF MEMS
devices. Last section provides simplified schematic of the system and a

measurement carried with the automated measurement system.

5.1. Distribution Control Circuit

Figure 5-1 demonstrates the distribution control circuit. The purpose of the
distribution control card is to act like a master circuit between the PC and the other
slave circuits and buffer the info coming from the PC. Hence, data coming from the
PC is stored in the registers and send to slave circuits with correct timing and address

information.

The general structure of the circuit is simple and consists of a microcontroller and
buffers. To be able to get familiar with the terms used and operation of the devices,

general information about microcontrollers are provided below:

"#METEFRFE MEMS
" DRIVER 2007
HIA

Figure 5-1: Distribution control circuit.
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In brief, a microcontroller is a complete computer on a single chip. It combines the
microprocessor, peripheral components, ROM and RAM to a single chip and hence
reduces the cost of the finalized system. Most of the microcontrollers are used for
the control, monitoring and processing systems. General structure composed of an
arithmetic logic unit, a program memory, a data memory and I/O interface.
Microcontroller fetches data, perform limited calculations and control its

environment according to the data.

Arithmetic logic unit (ALU) is designed to perform arithmetic like addition and
subtraction and logical operations like OR, AND, NOT and exclusive OR. ALU is
the heart of any microcontroller or microprocessor unit and hence it has to be fast

and powerful.

Memory elements of the microcontroller can be divided into two main groups. One
is the program memory used for the executing the program instructions. The second
is the data memory where data generated during the arithmetic operations are stored.
According to the microprocessor architecture, program memory and data memory

can be combined on the same memory.

The I/O interface is used for the communication with outer world. With the program

stored and data received from the I/O ports, microcontroller controls its environment.

Buffer circuits mainly amplify the incoming data from the microcontroller and
buffers to the output terminal. Total of 8-bit data and 3-bit address information is
carried over the buffer circuits. Output buffers are capable of sourcing up to 25 mA
and sinking 20 mA current. In addition, buffers protect the microcontroller from any

overload or short circuit due to the failure of the slave circuits.

There are one output, two input and one bi-direction output port of the circuit.

Output port is used for transmitting data to the slave circuits. 8-bit data and 3 bit
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address information is transmitted from the output port. There are two slots for the
output port for the ease of connection to the slave circuits and decreased connection
resistance. One input port is used for the computer interface. Remaining ports are
placed for the possible future applications. One input port placed with four DIP
switches, for enabling multi-mode operation with a single microcontroller. In

addition, one bi-directional port is placed for any possible outer interaction.

5.2. High Voltage Distribution Circuit

Figure 5-2 shows the high voltage distribution card. This card is a slave card and
gets input from the controller card. Distribution card is used for the control of the
high voltage signals using low voltage controls. Hence, data coming from the master

card is stored on the register of the slave card according to the address information.

E@ METURF MEMS 5047
Slave

0570341

Figure 5-2: High voltage distribution circuit.

General structure consists of an octal D-type flip-flop, 3-to-8 line demultiplexer, an
8-bit DIP switch and 8 high voltage SPDT relays. Brief description and operation of

the components can be expressed as follows [42]:
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In digital systems, data is represented as binary codes. An ‘n’ bit of binary data is
capable of representing ‘2™ elements of coded information. A decoder circuit is
capable of transforming the ‘n’ bit data to the one of the ‘2™ elements of coded
information. With an enable control added to the decoder, circuit operates as a
demultiplexer. Demultiplexer transmits the input signal to one of the 2™ elements
of the output channel. Decoder is used in the distribution circuit and checks the
address information coming from the control circuit with the data set with the DIP
switches and triggers the enable input of the register. Hence, correct data is

transmitted to the output.

Flip-flop is a data storage system used to store information in logic circuits. Data
can be stored indefinitely in the circuit, until a new data is fed to the system. Binary
input can be transferred to the output, when the enable signal high and data is hold
for the enable low duration. Generally, D flip-flops are used in the I/O systems and
asynchronous systems. A register is a group of binary cells used for holding binary
data. A group of flip-flop forms a register, since only one-bit information can be
stored in a D flip-flop. In high voltage distribution circuit, D type registers are used
for the data storage and according to the stored data, input signal is transmitted to the

relays.

Relay is a mechanical switch, operates under the control of another electric circuit.
An electromagnet is used for operation of the device and the electromagnet opens
and closes a set of contacts. Relay enables the control of high power levels with
lower power levels. The aim of the distribution card is the proper operation of the
relays, according to the data coming from the control card. The function of the relay
in the circuit is to route high voltage signals to the MEMS devices under the control
of the driver circuit. For each MEMS device a single pole, double throw (SPDT)
relay is required in the circuit. One terminal of the MEMS device is connected to the

output of the relay circuit and the other terminal is connected to the common ground
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of the waveshaping circuit. Hence, for the actuation of the device relay connects its
output to the output of the waveshaping circuit and for the release of MEMS device,
relay connects its output to the common ground. By this way, voltage difference
across the MEMS device is definite in down and up states of the device. However,
for the single pole, single throw (SPST) case, voltage across the device is indefinite
in at least one of the states and may lead to malfunction of device from possible

leakages in the circuits.

There is one input bus of the circuit. Two parallel connections are provided for the
decreased contact resistance and simplicity of interconnections. Data and address
information supplied by the distribution control circuit is received from the input
port. Output port of the device is connected to the MEMS devices. High voltage
waveforms are transmitted from the output terminal and used for the actuation of the

MEMS devices.

There are only eight relays located on the circuit. Since, a relay is needed for every
MEMS device, paralleling of the slave circuits are required. Hence using separate
address for each slave card, up to 64 switches can be controlled using a single driver
card. Also paralleling of driver card enables the control of increased number of
switches (multiples of 64). Figure 5-3 gives the simplified schematic of the system
constructed with the distribution control circuit and the high voltage distribution

circuit.
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Figure 5-3: Simplified schematic and interconnection of the distribution control

circuit and the high voltage distribution circuit.

5.3. Layout of Circuits

For the driver circuit, a PIC16F877 is selected as a microcontroller, availability and
cost of the devices. In addition, devices can be re-programmed and hence reduces
the cost of development. For the buffer circuits a 74HC367 is used due to its high
output current capability. Output buffers are capable of sourcing up to 25 mA and

sinking 20 mA of current. Figure 5-4 shows the layout of the driver circuit.
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Figure 5-4: Layout of distribution control circuit.

For the slave circuit, 74 HC574 octal D type flip-flop is used as a register due to high
output current capability of the device. Since registers are used for the control of the
relays, high output current is needed for the proper operation of the relays. Output of
the flip-flops can supply up to 25 mA. In addition, a limiting resistance added
between the register output and relay. Relays are operated at 5 V and V23026, mono
stable, and change over type contacts are used. Relays can withstand up to 125 V

AC voltagesand hence, upper limit of the operation is set by the relays.

Operation frequency of the devices is not a design parameter, since the limiting
factor for the operation is the data acquisition rate of the network analyzer. Each set
of S-parameters are measured in 10 to 15 seconds and hence operation speed of the

circuits are much faster compared to the measurement setup.
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Figure 5-5: Layout of high voltage distribution circuit.

5.4. Integration with MEMS

For the actuation of the MEMS devices, actuation waveforms have to be connected
to the pins of the RF MEMS devices. Hence, for establishing a DC connection
between the slave circuits and MEMS components, a several custom PCB’s are
produced. Figure 5-6 demonstrates a connection card, capable of integrating up to
four distribution cards and 32 high voltage pins. Figure 5-6 demonstrates a smaller
connection card, capable of integrating up to 2 distribution cards and 16 high voltage

pins.
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Figure 5-7: Connection card to the MEMS devices (up to 2 bias cards).
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5.5. Operation of the Final Circuit

Distribution control circuit and high voltage distribution circuit are operational
without high voltage waveforms applied to the circuits. Data from one can be
transmitted without any disturbance and error. However, in the integration level with
the waveshaping bias circuit (Section 4.4) errors on the transmitted data are
observed. Such an error is not expected, since high voltage lines and control lines
are electrically isolated from each other. However, measurement of the data lines
reveals that high frequency signal (up to few hundred kHz) on the power lines
couples to the data lines and induces noise on the transmitted data. With increased
voltage levels on the power lines, noise also increases and data transmission totally

collapses.

Most probably, source of the coupling between the data and the power lines is the
relay itself. Since a coil is used for actuating the relay, fields can couple to the input

port, hence control circuit, and distort the low power signals.

For the driver circuit, the problem is solved by utilization of signal processing and
filtering the input data. However, problem is much more complicated and severe for
the slave circuits. Since coupling is over the relays and placed in slave circuit, data
line can easily be disturbed from the noise. In order to solve the noise problem in the
circuit, data is sent more than once to the slave circuit to verify the transfer of the
correct information. In the final configuration, both circuits are functional in the
operation range of the MEMS devices. However, for further improving the design,

optocouplers can be inserted between the relay and the registers.
In the final stage, a computer interface is established for the automated measurement

setup using HPVEE and HPIB capabilities of the instruments. Figure 5-8 presents

the schematic of the automated measurement setup.
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Figure 5-8: Schematic of the automated measurement setup.
For demonstrating the capabilities of the automated measurement setup constructed,
a double stub matcher designed by M. Unlu using metal-to-metal contact RF MEMS

switches (Chapter 2) is measured. Figure 5-9 shows the output of the automated

measurement setup for 72 different states of the double stub matcher design.

123



Figure 5-9: Different states of matching network (S21 @ 15 GHz).

5.6. Summary

This chapter presented general information about the distribution control circuit.
Moreover, function of the high voltage distribution circuitry is explained.
Components used in the construction of the circuit are given and their operations are
explained briefly. Microcontrollers are explained briefly and their subsystems are
given. General structure, data storage and addressing verification of the high voltage
distribution circuit is presented. Communication protocol between the distribution
control and high voltage distribution control circuit is explained. Relays used in the
high voltage switching applications are explained. Layout and electrical rating of the
circuits are given. Also, integration with MEMS components is explained. Problems
encountered during the system integration and possible solution mechanisms are
presented.  Finally, an automated measurement setup is constructed with the

components described and used in the measurement of the RF MEMS devices.

124



CHAPTER 6

CONCLUSION AND FUTURE WORK

In the last decades, commercial and military applications have created an increased
demand for high-speed communication systems. Due to the increase in the demand,
markets also lead to the enabling technologies for higher communication speeds and
new functionalities. Hence, new technologies providing superior RF performance
with the increased functionalities, like increased bandwidth, multi frequency
operation and adaptive systems in compact sizes are required. Also for the cost
efficiency, integration with the current technologies and introducing new aspects to

the operation of the systems is a necessity.

With the current MEMS technology, functionality of the micromachining is
introduced to RF systems. Novel RF MEMS components are designed and superior
performance compared to semiconductor counter parts were obtained. RF MEMS
offers advantages over current PIN diode or FET switch like low insertion loss, high

isolation, low power consumption and low IMD.

In this thesis, electromagnetic and mechanical modeling of the RF MEMS metal-to-
metal contact series switches and lifetime improvements for the RF MEMS
components are presented. For this purpose, failure modes leading to degradation of
the devices are investigated. Also new equipments are constructed for examining the
failure and properties of the RF MEMS devices. Moreover, a custom setup is
constructed for applying multi-shape and multilevel high voltage bias waveforms.

Finally, for the system integration and measurement of the complicated RF MEMS
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system a bias network is produced. The main contributions demonstrated in this

thesis can be summarized as:

e For wideband RF MEMS systems, metal-to-metal contact switches are
designed, fabricated, and tested. Electromagnetic modeling including loss of
the transmission lines, upstate and downstate modeling of the components in
conjunction with mechanic modeling including, actuation voltage and
switching time is presented. Equivalent circuit model is derived, and verified
with the electromagnetic simulations, and the measurement of the devices.

This is the first metal-to-metal contact switch study in METU.

e For the dynamic behavior characterization of the switches, a time domain
measurement set-up is constructed. As stated in the following parts, actuation
waveform generation and distribution circuits are also developed to be used
in the set-up. This set-up is necessary for RE MEMS measurements and such
a comprehensive set-up is not commercially available as an instrument. For
industrial use, similar actuation waveform generation and distribution circuits

should accompany the RF MEMS components/systems.

e RF MEMS switching time and power handling measurements is taken with
the developed setup, for the first time in METU. Measurement data is

compared with the modeling results.

e The designed switch has an insertion loss of 0.2 dB, return loss of 30 dB, and
isolation of 20 dB at 20 GHz. For 10 GHz, measured insertion loss is 0.1 dB,
isolation is 25 dB, and return loss is better than 40 dB. Switching time of the
metal-to-metal contact switch is less than 2 psec and switch can handle
20 dBm input power with hot switching. The measured switching times are

comparable to the best performances reported in the literature.
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For the capacitive designs, measured power handling exceeds 36 dBm input
power. Hot switching of 36dBm power is comparable to state-of-the-art
designs. For better comparison, the effect of hot switching on the lifetime

will be studied.

Process steps required for the fabrication of the metal-to-metal contact RF
MEMS devices are explained in detail. Fabrication steps of the devices are
especially important for the mechanical characterization of the structures and
reliability of the devices. In addition, the RF characterization depends to the
fabrication stage of the components. Especially, process uniformity and
repeatability is an important issue for the yield of the larger systems. Mature
fabrication is necessary in the commercialization of the final products. Thin
film stress and its effects on the mechanical characteristic and performance of
the material should be characterized for this purpose. The deposited
dielectric layer should be defect free and total trap density should be as low
as possible. For post processing, a packaging step, compatible with the
previous process steps, can be added for the control of the ambient
environment of the switch. Moreover, the package should not distort the RF

performance of the structure.

Lifetime of the RF MEMS switches is investigated. For the proper operation
of the devices, extensive studies on the reliability are needed. Hence,
possible failure modes are investigated and results behind the degradation of
the devices clarified. However, much more work is required for the fully
characterization of the structures. Humidity and dielectric charging are stated

as main degradation mechanisms.

For reducing the dielectric charging related failure, a custom circuit is

designed and fabricated. Circuit is capable of producing multilevel and
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multi-shape high voltage waveforms. With several different types of
waveforms, lifetime of the RF MEMS devices has been investigated.
Lifetime of the capacitive contact type switches are increased up to 28 hours
of operation without any degradation and corresponding switching cycle of
9%x10" in an uncontrolled environment, i.e., in open environment laboratory
conditions. However, with control over environmental conditions, i.e.,
controlled humidity, dust, temperature, inert gas environment, etc., lifetime of
the devices can be increased. Other than this, actuation waveform is a
significant factor in the lifetime of the switches and it is shown that the

bipolar actuation waveform is necessary and sufficient for increased lifetime.

e A high voltage control and distribution circuit used for the control of the
complicated RF MEMS systems is designed. Due to the increased number of
the switches, manual control of the structure is not meaningful. Hence,
circuit is designed for the automated measurement and operation of the
system. Since, circuit needs to be operational under different conditions, like
increased switch numbers and different orientations of the switches; circuit is
designed with increased modularity. Hence, with a single controller card up
to eight distribution cards can be controlled and each control card contains
eight switches. Therefore, 64 switches can be controlled at the same time.
Moreover, with the paralleling two or more control cards, controller number

can be increased according to the requirements of the RF MEMS device.

The future works can be summarized as follows:

e Improving the contact materials of the metal-to-metal contact switches, in
order to reduce the wear out of the layers might be studied. Hence, additional
steps can be introduced to the process and dimples can be added on top of the
first metallization layer and/or under the structural layer. Harder materials

should be selected for the formation of the dimple layer. In addition,
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mechanical designs of the membrane should be able to withstand increased
pressure on the contact regions and applied stress should be below the yield

stress of the materials.

e The trap density of the materials should be reduced during the dielectric layer
deposition. In addition, different materials with lower trap density can be
used instead of the Si\Ny. For reducing trap density of the Si\Ny, CVD can be
utilized. However, most of the materials in the current process are not
compatible with the high temperatures associated with the CVD process;
hence, some of the steps can be modified according to the CVD deposition.
Moreover, for different material selection, SiO, and HfO, can be used with
less trap density than the Si,Ny. In addition, some lossy dielectrics can be

utilized, enabling the faster discharging in the isolation layer.

As a result, the work carried in this thesis is believed to be helpful in the

development of RF MEMS structures and investigation of their performance.

129



2]

[5]

REFERENCES

L. E. Larson, R. H. Hackett, M. A. Melendes, and R. F. Lobhr,
“Micromachined microwave actuator (MIMAC) technology, a new tuning
approach for microwave integrated circuits,” Microwave and Millimeter-Wave

Monolithic Circuits Symposium, IEEE, Digest of Papers, pp. 27-30, 1991.

G. M. Rebeiz, and J. B. Muldavin , “RF MEMS switches and switch circuits,”
Microwave Magazine, IEEE, Volume 2, Issue 4, pp. 59-71, 2001.

S. Shen, D. Caruth, and M. Feng , “Broadband Low Actuation Voltage RF
MEM Switches,” Gallium Arsenide Integrated Circuit (GaAs IC) Symposium,
2000, 22™ Annual pp.161-164,2000.

R. E. Mihailovic, M. Kim, J. B. Hacker, J. Studer, J. A. Higgins, and J. F.
DeNatale , “MEM Relay for Reconfigurable RF Circuits,” Microwave and
Wireless Components Letters, IEEE, Volume 11, Issue 2, pp. 53-55, 2001.

S. Dufty,C. Bozler, S. Rabe, J. Knecht, L. Travis, P. Wyatt, C. Keast, and M.
Gouker , “MEMS Microswitches for Reconfigurable Microwave Circuitry,”
Microwave and Wireless Components Letters, IEEE, Volume 11, Issue 3, pp.

106-108, 2001.

J. Ehmke, J. Brank, A. Malczewski, B. Pillans, S. Eshelman, J. Yao, and C.
Goldsmith , “RF MEMS Devices: a Brave New World for RF Technology,”

Emerging Technologies Symposium: Broadband, Wireless Internet Access,

2000 IEEE, April 2000.

130



[10]

[11]

[12]

[13]

[14]

[15]

J. B. Muldavin, and G. M. Rebeiz , “Inline Capacitive and DC-Contact MEMS
Shunt Switches,” Microwave and Wireless Components Letters, 1EEE,

Volume 11, Issue 8, pp. 334-336, 2001.

J. B. Muldavin, and G. M. Rebeiz , “All-Metal High-Isolation Series and
Series/Shunt MEMS Switches,” Microwave and Wireless Components Letters,

IEEE, Volume 11, Issue 9, pp. 373-375, 2001.

S. P. Pacheco, L. P. B. Katehi, and C. T. C. Nguyen , “Design of Low
Actuation Voltage RF MEMS Switch,” Microwave Symposium Digest., 2000
IEEE. MTT-S International Volume 1, pp. 165 — 168, 2000.

D. Peroulis, S. P. Pacheco, K. Sarabandi, L. P. B. Katehi, and C. T. C.
Nguyen, “MEMS Devices for High Isolation Switching and Tunable
Filtering,” Microwave Symposium Digest., 2000 IEEE. MTT-S International
Volume 2, pp. 1217-1220, 2000.

J. Rizk, G. L. Tan, J. B. Muldavin, and G. M. Rebeiz, “High-isolation W-band
MEMS switches,” Microwave and Wireless Components Letters, 1EEE,
Volume 11, Issue 1, pp. 10-12, 2001.

Radant MEMS Inc., http://'www.radantmems.com/radantmems/index.html,

September 2007.

TeraVicta Technologies Inc., http://www.teravicta.com, September 2007.

Raytheon Company, http://www.raytheon.com, September 2007.

S. Shyh-Chiang, and M. Feng, “Low actuation voltage RF MEMS switches
with signal frequencies from 0.25 GHz to 40 GHz,: Electron Devices Meeting,
IEDM Technical Digest. International, pp. 689 — 692, 1999.

131



[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

S. Zafar, A. Callegari, E. Gusev, and M. V. Fischetti, “Charge Trapping in
High K Gate Dielectric Stacks,” Electron Devices Meeting, 2002. IEDM. '02.
Digest International, pp. 517-520, June 2004.

W. M. Van Spengen, “MEMS Reliability, Stiction, Charging and RF MEMS,”
Ph. D. Dissertation, Interuniversitair Micro-Electronica Centrum, Belgium,

2004.

J. DeNatale, and R. Mihailovich, “RF MEMS Reliability,” TRANSDUCERS,
Solid-State  Sensors, Actuators and Microsystems, 12th International

Conference on, 2003 Volume 2, pp. 943 — 946, 2003.

T. Lisec, C. Huth, and B. Wagner , “Dielectric material impact on capacitive
RF MEMS reliability,” Microwave Conference, 2004. 34th European Volume
1, pp. 73 — 76, 2004.

J. Wibbeler, G. Pfeifer, and M. Hietschold, “Parasitic Charging of Dielectric
Surfaces in Capacitive Microelectromechanical Systems (MEMS),” Sensors

and Actuators, A: Physical. Vol. 71, no.1-2, pp. 74-80. Nov. 1998.

C. Goldsmith, J. Ehmke, A. Malczewski, B. Pillans, Z. Yao, J. Brank, and M.
Eberly , “Lifetime Characterization of Capacitive RF MEMS Switches,”
Microwave Symposium Digest, 2001 IEEE MTT-S International Volume 1,
pp. 227-230, May 2001.

R. N. Simons, “Coplanar waveguide circuits, components and systems,” New

York: John Wiley & Sons, 2001.

A. K. Goel, “High-Speed VLSI interconnections: Modeling, Analysis, and
Simulation,” New York: Wiley, 1994.

132



[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

E. P. Popov, “Mechanics of Materials,” Englewood Cliffs, N.J. : Prentice Hall
1978.

G. M. Rebeiz, “RF MEMS theory, design, and technology,” Hoboken, NJ:
John Wiley & Sons, 2003.

J. M. Gere, and S. P. Timoshenko, “Mechanics of Materials,” PWS-Kent Pub.
Co., Boston, 1990.

B. Lacroix, A. Pothier, A. Crunteanu, C. Cibert, F. Dumas-Bouchiat, C.
Champeaux, A. Catherinot,and P. Blondy, “Sub-Microsecond RF MEMS
Switched Capacitors,” Microwave Theory and Techniques, IEEE Transactions

on Volume 55, Issue 6, Part2, pp. 1314 — 1321, 2007.

B. Lakshminarayanan, G. Rebeiz, “High-Power High-Reliability Sub-
Microsecond RF MEMS Switched Capacitors,” Microwave Symposium, 2007.
IEEE/MTT-S International, pp. 1801 — 1804, 2007.

Agilent Technologies, Application Note, 5989-6032EN.

D. Peroulis, S.P. Pacheco, L.P.B. Katehi, “RF MEMS switches with enhanced
power-handling capabilities” Microwave Theory and Techniques, 1EEE
Transactions on Volume 52, Issue 1, Part 1, pp. 59 — 68, 2004.

D. K. Chang, “Fundamentals of Engineering Electromagnetics,” Addison-
Wesley Pub. Co., 1993.

M. Y. Ghannam, H. A. C. Tilmans, W. D. Raedt, and R. P. Mertens , “CMOS-
Integrated Digitally Controlled DC-DC Voltage Converter with Voltage and
Time Configurations for On-Chip High Voltage MEMS Switch Actuation,”

The 16th International Conference on Microelectronics, Proceedings. pp.

97-100, 2004.

133



[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

J. F. Saheb, J. F. Richard, R. Meingan, M. Sawan, and Y. Savaria , “System
Integration of High Voltage Electrostatic MEMS Actuators,” IEEE-NEWCAS
Conference, The 3rd International, pp. 155 — 158, 2005.

M. R. Douglass , “Lifetime estimates and unique failure mechanisms of the
Digital Micromirror Device (DMD),” Reliability Physics Symposium
Proceedings, 36th Annual, IEEE, pp. 9-16, 1998.

N. Mohan, “Power Electronics: converters, applications, and design,” Wiley,

New York, 1995.

M. H. Rashid, “Power Electronics Handbook,” Academic Press, San Diego,
2001.

A. Nabae, I. Takahashi, and H. Akagi, , “A new neutral-point clamped PWM
inverter,” IEEFE Trans. Ind. Applicat., vol. IA-17, pp. 518-523, 1981.

International Rectifier, Application Note, AN978-b.

International Rectifier, Data Sheet, No. PD60147, rev. U.

International Rectifier, Data Sheet, No. PD94005B.

C.L. Goldsmith, D.I. Forehand, Z. Peng, J.C.M. Hwang, and J.L. Ebel, “High-
Cycle Life Testing of RF MEMS Switches,” Microwave Symposium, 2007.
IEEE/MTT-S International, pp. 1805-1808, 2007.

M. M. Mano, “Digital Design,” Prenctive Hall, Englewood Cliffs, N.J., 1991.

M. Unlu, K. Topalli, H. I. Atasoy, E. U. Temocin, I. Istanbulluoglu, O.
Bayraktar, S. Demir, O. A.Civi, S. Koc, and T. Akin , “A Reconfigurable RF
MEMS Triple Stub Impedance Matching Network,” Microwave Conference,
2006. 36th European, pp. 1370-1373, 2006.

134



[44]

[45]

[46]

K. Topalli, “4 Monolithic Phased Array Using RF MEMS Technology,”
Ph. D. Dissertation, Middle East Technical University, Turkey, 2007.

H.I. Atasoy, M. Unlu, K. Topalli, I. Istanbulluoglu, E.U. Temocin, O.
Bayraktar, S. Demir, O. Civi, S. Koc, and T. Akin, “Investigation of On-
Wafer TRL Calibration Accuracy Dependence on Transitions and Probe
Positioning,” Microwave Conference, 2006. 36th European, pp. 1582 — 1585,
2006.

H.I.Atasoy, K.Topalli, M.Unlu, I.Istanbulluoglu, E.U.Temocin, O.Bayraktar,
S. Demir, O. Civi, S. Koc, and T. Akin, “Metal-To-Metal And Capacitive
Contact Rf Mems Shunt Switch Structures,” MEMSWAVE, pp. 154-156, 2006.

135



APPENDIX A

DETAILED FABRICATION STEPS

Some common abbreviations used in the process terminology are:

IPA (isopropyl alcohol): A solvent used for the removing acetone residues from the
wafer.

HF: Hydrofluoric acid.

BHF: Buffered Hydrofluoric acid. NH4:HF 1:5

Piranha solution: A wafer cleaning solution. H,SO4:H,0, 1.2:1

DI: Deionized water used for rinsing the wafers in cleanroom.

HMDS: A chemical used for the enhancing the adhesion between photoresist and
wafer.

Following part describes the fabrication steps developed at the METU-MET process

facilities.

A.1 Detailed Fabrication Flow

A.1.1 Wafer Cleaning

e Piranha cleaning of glass wafers using H,SO4:H,0, 1.2:1
e Dl rinse X2 (15 min each)

e Dehydration (120 °C 20 min)
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A.1.2 Resistive Line Deposition

e RF sputter from Si-Cr target, 10x107° mbar, 100 W, 90 minutes, for a 2000-A
thick bias resistor deposition

e Dehydration (120 °C 20 min)

e Spin HMDS as adhesion layer

e Spin S1828 for 30 secs at 3750 rpm

e Softbake at 115 °C for 1 min 20 secs on the hotplate

e Align wafer and expose 8 secs at 15 mW/cm”

e Develop in MF26 A for 1 min

e Hardbake at 120 °C for 10 min in the oven

e Descum: O, plasma, 0.3 mT, 300 W, 1 minute

e Etch Si-Cr in BHF for 4-5 minutes

e Strip photoresist-spray acetone and IPA

e O, plasma for 10 minutes

A.1.3 Base Metal Deposition

e Dehydration (120 °C 20 min)
e DC Sputter from Ti/Au target for base metal seed layer,
o 2x103 mbar, 300 W, 100 secs, for a 300 A-thick Ti
o 2x103 mbar, 150 W, 1000 secs, for a 5000 A-thick Au
e Dehydration (120 °C 20 min)
e Spin AP140 as adhesion layer
e Spin SPR220-3 for 30 secs at 3750 rpm
e Softbake at 115 °C for 1 min 20 secs on the hotplate
e Align wafer and expose 16 secs at 18 mW/cm®

e Relaxation period for 30 minutes in humidity environment
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A.14

Develop in MF24 A

Hardbake at 120 °C for 10 min in the oven
Descum: O; plasma, 0.3 mT, 300 W, 1 minute
Gold electroplating for 10 min with 60 mA current
Strip photoresist-spray acetone and IPA
Dehydration (120 °C 20 min)

Spin HMDS as adhesion layer

Spin S1828 for 30 secs at 3750 rpm

Softbake at 115 °C for 1 min 20 secs on the hotplate
Align wafer and expose 8 secs at 15 mW/cm”
Develop in MF26 A for 1 min

Hardbake at 120 °C for 10 min in the oven
Descum: O; plasma, 0.3 mT, 300 W, 1 minute
Etch Au and Ti

Strip photoresist-spray acetone and IPA

O, plasma 10 minutes

Dielectric Layer Deposition and Pattern

PECVD nitride deposition-isolation layer deposition
Dehydration (120 °C 20 min)

Spin HMDS as adhesion layer

Spin S1828 for 30 secs at 3750 rpm

Softbake at 115 °C for 1 min 20 secs on the hotplate.
Align wafer and expose 8 secs at 15 mW/cm®
Develop in MF26 A for 1 min

Hardbake at 120 °C for 10 min in the oven

Descum: O; plasma, 0.3 mT, 300 W, 1 minute
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e RIE-Nitride etch
e Strip photoresist-spray acetone and IPA. SVC-175 stripper is required for the

residues on top of silicon nitride.

A.1.5 Sacrificial Layer Deposition

e Dehydration (120 °C 20 min)

e Spin PI2737 for .30 secs at 3000 rpm

e Softbake at 75 °C for 4 min 30 secs on the hotplate.

e Align wafer and expose 15 secs at 18 mW/cm?2

e Develop in DE9040 for 1 min 20 secs

e Rinse in PA401R

e Hardbake: ramp from 50 °C -150 °C in 40 min, hold at 150 °C for 50 min,

cool down to 50 °C in 20 min

A.1.6  Structural Layer Deposition and Pattern

e DC Sputter from Au target-structural layer formation
o 10x107 mbar, 214 W, 300 secs x4, for a 1.2-pm thick Au
e Spin HMDS as adhesion layer
e Spin MaN1420 for 30 secs at 7000 rpm
e Align wafer and expose .13 secs at 15 mW/cm®
e Develop in MaD532S for 1 min 10 secs
e Hardbake (120 °C 10 min)
e Descum: O, plasma, 0.3 mT, 300 W, 1 minute
e Wafer Dicing
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A.1.7  Sacrificial Layer Removal

e RIE-Release (O, and CF4 is added into plasma)
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APPENDIX B

AVAILABLE OUTPUT WAVEFORMS WITH
WAVESHAPING BIASING CIRCUIT

As presented in Section 4.4, waveshaping bias circuit is capable of producing several
different types of output waveforms. Figure 4-15 and Figure 4-16 illustrates
schematically some of the output waves for better visualization. Figure B-1 presents

the scope output of the biasing circuitry for the unipolar output.
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Figure B-1: Uni-polar output waveforms. (a) Uni-level DC bias, (b) Pulsating uni-
level DC bias, (c¢) Bi-level DC bias, and (d) Pulsating bi-level DC bias.
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Figure B-2 presents the scope output of the biasing circuitry for the unipolar output.

(c) (d)
Figure B-2: Bi-polar output waveforms. (a) Bi-polar uni-level DC bias, (b) Bi-polar

pulsating Uni-level DC bias, (c) Switch down duration of bi-polar pulsating uni-level

DC bias, and (d) Switch down duration of bi-polar pulsating bi-level DC bias.
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APPENDIX C

LAYOUT DRAWINGS OF THE CONSTRUCTED
CIRCUITRIES

Layout drawings of the waveshaping biasing circuit, distribution control circuit, high
voltage distribution circuit and connection cards are presented in this section. Figure

C-1 to Figure C-4 presents the layout of the constructed circuitries in this thesis.
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Figure C-1: Layout and component placement of the waveshaping biasing card.
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Figure C-2: Layout and component placement of the distribution control circuit.
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Figure C-3: Layout and component placement of the high voltage distribution circuit.
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Figure C-4: Layout and component placement of the connection cards.
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APPENDIX D

MICROCONTROLLER CODES

For the control and the synchronization of the external circuitry and for the flexibility
of the circuits, reprogrammable microcontrollers are used in the design of the
waveshaping bias circuit and distribution control circuit. Segments of the code are

provided for each controller.

D.1 Sample Code for the Waveshaping Bias Circuit

#include "pic.h"
#include "delay.h"
#define PULSE 20
#define LOW 2

#define MULT 1
#define MAX 12
#define INI 200
/*¥2006.11.2 Halil Ibrahim ATASOY
Bilevel bipolar actuation
Carrier freq:4.6 kHz /Repetition rate: 1.3 kHz
Pulse duration: 43 usec
*/

void main (){

int a,b,c;

PORTB=0;
TRISB=0x00;

for(;;){

a=LOW;
PORTB=0b00111100;
DelayUs(INI);
PORTB=0b11000011;
DelayUs(INI);

while(a) {
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b=MULT;

while(b){
PORTB=0b01101100;
c=PULSE;

while(c){
DelayUs(MAX);
c=c-1;}
PORTB=0b11000110;
c=PULSE;

while(c){
DelayUs(MAX);
c=c-1;}

b=b-1;}

a=a-1;}

a=LOW;

while(a){

b=MULT;

while(b){
PORTB=0b11001100;
c¢c=PULSE;

while(c){
DelayUs(MAX);
c=c-1;}

b=b-1;}

a=a-1;}}}

D.2 Sample Code for the Distribution Control Circuit

#include "pic.h"

#include "delay.h"

#define PULSE 240

/¥2007.05.03 by Halil Ibrahim ATASOY\

4 card control for capacitive contact type measurement only!
*/

void main ( ){

int
regl,reg2,reg3,regd,Adr,Tog,1,y,j,m,dummy,dummy2,dummy3,t1,t2,t3,t4,t5,t6,t7,t8,
t9,d;

int delay1, delay2,dummy4,count,cs;

cs=1;

PORTB=0;

PORTC=0;
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PORTD=0;

TRISB=0x00;

TRISC=0xFF;

TRISD=0x0F;

DelayUs(250);

DelayUs(250);

DelayUs(250);

DelayUs(250);

regl=0;

reg2=0;

reg3=0;

reg4=0;

Adr=0;

count=0;

PORTD=3;

DelayUs(200);

PORTB=0;

DelayUs(200);

PORTD=0;

1=8;

while(i){
Adr=Adr+1;
y=Adr;
y=y<<4;
PORTD=y;
1=i-1;
PORTB=0x00;

Tog=100;

while(Tog){
7=100;
while(j){

j=I-13

Tog=Tog-1;}}

Adr=0;

Tog=0;

DelayUs(250);

DelayUs(250);

DelayUs(250);

DelayUs(250);

for(;;){ d=254;
t1=(PORTC & 0x01);
DelayUs(250);
t2=(PORTC & 0x01);
DelayUs(250);
t3=(PORTC & 0x01);
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DelayUs(250);
t4=(PORTC & 0x01);
DelayUs(250);
t5=(PORTC & 0x01);
DelayUs(250);
t6=(PORTC & 0x01);
DelayUs(250);
t7=(PORTC & 0x01);
DelayUs(250);
t8=t1|t2[t3[t4[t5|t6[t7;

t9=t1 &t2&t3 &t4 &5 &6 &L T;

while(d){
t1I=(PORTC & 0x01);
DelayUs(250);
t2=(PORTC & 0x01);
DelayUs(250);
t3=(PORTC & 0x01);
DelayUs(250);
t4=(PORTC & 0x01);
DelayUs(250);
t5=(PORTC & 0x01);
DelayUs(250);
t6=(PORTC & 0x01);
DelayUs(250);
t7=(PORTC & 0x01);
DelayUs(250);
t8=t1[t2[t3|t4|t5[t6[t7|t8;

t9=t1 &2 &t3 & t4&t5 & t6 &7 &t9;

d=d-1;}

if(t8==0)

m=0;

if(t9==1)

m=1;

if(m!=Tog){
Tog=m;
if(reg1==0)

dummy=0x01;
else if(regl==0x01)
dummy=0x02;
else if(reg1==0x02)
dummy=0x04;
else if(reg1==0x04)
dummy=0x08;
else if(reg1==0x08)
dummy=0x10;
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else if(regl==0x10)
dummy=0x20;
else if(reg1==0x20)
dummy=0x40;
else if(reg1==0x40)
dummy=0x80;
else
dummy=0;
regl=dummy;
PORTD=0;
DelayUs(100);
DelayUs(250);
PORTB=regl;
DelayUs(100);
DelayUs(250);
PORTD=0x70;
if(reg1==0){
if(reg2==0)
dummy2=0x01;
else if(reg2==0x01)
dummy2=0x02;
else if(reg2==0x02)
dummy2=0x04;
else if(reg2==0x04)
dummy?2=0x08;
else if(reg2==0x08)
dummy2=0x10;
else if(reg2==0x10)
dummy2=0x20;
else if(reg2==0x20)
dummy2=0x40;
else if(reg2==0x40)
dummy?2=0x80;
else if(reg2==0x80)
dummy?2=0;
else
dummy?2=0;
reg2=dummy?2;
PORTD=0x10;
DelayUs(100);
DelayUs(250);
PORTB=reg2;
DelayUs(100);
PORTD=0x70;
DelayUs(100);
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if(reg2==0){
if(cs==1){
if(reg3==0)
dummy3=0x01;
else if(reg3==0x01)
dummy3=0x02;
else if(reg3==0x02)
dummy3=0x04;
else if(reg3==0x04)
dummy3=0x08;
else if(reg3==0x08){
dummy3=0x00;
cs=0;}
else {
dummy3=0;
cs=0;}
reg3=dummy3;
PORTD=0x20;
DelayUs(100);
DelayUs(250);
PORTB=reg3;
DelayUs(100);
PORTD=0x70;
DelayUs(100);}
if(cs==0){
if(regd==0)
dummy4=0x08;
else if(regd==0x08)
dummy4=0x04;
else if(regd==0x04)
dummy4=0x02;
else if(regd==0x02)
dummy4=0x01;
else if(regd==0x01){
dummy4=0x00;
cs=1;}
else{
dummy4=0;
cs=1;}
regd=dummy4;
PORTD=0x30;
DelayUs(100);
DelayUs(250);
PORTB=reg4;
DelayUs(100);
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PORTD=0x70;
DelayUs(100);}}}}
1f(0<=count && count<=0x02){
delayl=1;
while(delay1){
PORTB=regl;
DelayUs(100);
PORTD=0;
delay2=10;
while(delay2){
DelayUs(250);
delay2=delay2-1;}
DelayUs(250);
PORTB=regl;
DelayUs(250);
delay2=100;
while(delay2){
DelayUs(250);
delay2=delay2-1;}
PORTD=0x70;
delayl=delayl-1;}}
else i1f(0x02<count && count<=0x04){
delayl=1;//module starts
while(delay1){
PORTB=reg2;
DelayUs(100);
PORTD=0x10;
delay2=10;
while(delay2){
DelayUs(250);
delay2=delay2-1;}
DelayUs(250);
PORTB=reg2;
DelayUs(250);
delay2=100;
while(delay2){
DelayUs(250);
delay2=delay2-1;}
PORTD=0x70;
delayl=delayl-1;}}
else if(0x04<count && count<=0x06){
delayl=1;
while(delay1){
PORTB=reg3;
DelayUs(100);
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PORTD=0x20;
delay2=10;
while(delay2){
DelayUs(250);
delay2=delay2-1;}
DelayUs(250);
PORTB=reg3;
DelayUs(250);
delay2=100;
while(delay2){
DelayUs(250);
delay2=delay2-1;}
PORTD=0x70;
delayl=delayl-1;}}
else {
delayl=1;
while(delay1){
PORTB=reg4;
DelayUs(100);
PORTD=0x30;
delay2=10;
while(delay2){
DelayUs(250);
delay2=delay2-1;}
DelayUs(250);
PORTB=reg4;
DelayUs(250);
delay2=100;
while(delay2){
DelayUs(250);
delay2=delay2-1;}
PORTD=0x70;
delayl=delayl-1;}}
count=count+1;
if (count==0x08)
count=0;} }
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APPENDIX E

CAPACITIVE CONTACT RF MEMS SWITCHES

Capacitive contact types of switches covered in this thesis are designed by K. Topalli
[44]. The work carried is based on compensation of the reduced downstate
capacitance with the increased bridge inductance. In order to investigate the affects
of the patterning of the ground layer and bridge arms over the inductance of the
bridge, several different switch geometries are utilized. To be able to carry control
experiment a standard type of ground and bridge combinations utilized (A). In the
second group, ground patterning is investigated and slots are implemented on the
ground lines (B). At the final group, both patterning of the ground planes and
meandered bridge arms applied on a switch for further improving the shunt

inductance of the switch (C).

Some of the switches have very similar bridge designs; however, microwave
performance of the devices differs for each group due to differences in the ground
patterning. In this thesis, switches are investigated according to the mechanical
properties of the devices and differences in the microwave performance are ignored.
Section 2 describes the differences in the mechanical performance of the devices.

However, microwave characterization of the switches is out of scope of this thesis.
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(b) (c)

. Substrate . Dielectric

Base Metal . Membrane

Figure E-1: Capacitive switch types. (a) Standard capacitive switch (Type-A),
(b) Slots on the ground plane (Type-B), and (c) Combination of slots on the ground

planes and meanders on the bridge arms (Type-C).

Type B-1, type B-2, type B-3, and type A-1 have the same mechanical performance;
however slots on the ground planes differs hence posses different microwave
characteristics. Type B-4 and type B-5 have the same mechanical characteristic, but
slot widths differ. Therefore, mechanical properties should be similar. Type C-1 and
type C-2 have meandered structure and expected to perform switching at a lower

applied potentials. Type C-2 has wider bridge with and lower actuation voltage.
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Mechanical properties of the switches follow an expected behavior; however, process
related conditions drift the performance of the membrane from its original values.
Especially membranes with lower mechanical spring coefficients, affected badly
from the excessive heat in the process steps. Hence, deformations can be observed

during the release cycle, due to the residual stress induced on the membrane.

According to the measurement results, bridges can deflect up to 11 um and behave in
a different manner. In addition, uniformity along the wafer plays an important role
and similar devices on the same wafer can perform different characteristics. Hence,

fabrication of the devices is crucial for the reliability of the devices.
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