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ABSTRACT

PACKAGING OF RF MEMS SWITCHES AND PERFORMANCE
IMPROVEMENT

Comart, {lker
Ph.D., Department of Electrical and Electronics Eng.
Supervisor: Prof. Dr. Simsek Demir

Co-Supervisor : Prof. Dr. Tayfun Akin

September 2019, [T15] pages

This dissertation presents a novel zero-level packaging method for shunt, capacitive
contact RF MEMS switches where BCB acts as the adhesive interlayer between the
cap and device wafers. Initially, the packaging concept is realized for 50 {2 CPW
transmission lines. A microwave characterization procedure (circuit modeling) is
performed by curve fitting five packaged CPW transmission line performances to
the proposed circuit model. The circuit model consists of cascaded transmission line
segments, in which lumped capacitances are utilized for modeling the discontinu-
ities in the planar feedthrough regions. The microwave characterization procedure
demonstrated 0.1 dB/transition with the implemented packaging approach. After-
ward, shunt, capacitive contact RF MEMS switches are packaged by exactly the same
package structure. Endurance analysis (shear strength tests), mechanical analysis
(optical profiler measurements), actuation analysis (C-V measurements), RF perfor-
mance analysis (S-parameter measurements), transient analysis (switching-time mea-
surements), and lifetime analysis (lifetime measurements) assessed the overall per-

formance of the BCB packaged RF MEMS switches. The packaging method demon-



strated 18.3 MPa average shear strength. One of the five tested switches reached
26.9 MPa, which exceeded the counterpart packaging methods in this regard. Optical
profiler measurements of the MEMS bridge before and after the packaging process
presented 71 nm average center deflection. Actuation analysis presented consistent
results with the optical profiler measurements where the actuation voltages increased
4.2 V in the average during the packaging process. The S-parameter measurements
indicated negligible effect on the RF performance of the switch. The return loss
and insertion loss at 35 GHz (operating frequency) in the upstate are 28 dB and 0.4
dB, respectively. Moreover, the isolation characteristics indicate 35 dB at 35 GHz
for most of the packaged switches. The transient analysis showed 10 us rise time
and 8.5 us fall time for the packaged RF MEMS switches. Lifetime measurement
demonstrates 10.2 billion cycles without failure in the RF performance. A sensitiv-
ity analysis based on EM simulations presented the robustness and insensitivity of
the package in terms of possible process variations. The dissertation also presents a
novel piecewise wideband characterization method based on CPW transmission line
measurements to demonstrate the dispersive nature of the utilized glass and high-

resistivity silicon wafers.

Keywords: RF MEMS, switch, packaging, BCB, CPW, performance
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0z

RF MEMS ANAHTARLARIN PAKETLENMESI VE BASARIM ARTIRIMI

Comart, Tlker
Doktora, Elektrik ve Elektronik Miihendisligi Boliimii
Tez Yoneticisi: Prof. Dr. Simgek Demir
Ortak Tez Yoneticisi : Prof. Dr. Tayfun Akin

Eyliil 2019, sayfa

Bu tez paralel, kapasitif degecli RF MEMS anahtarlar icin, kapak ve bilesen alttas-
larinin BCB ile birbirine yapistirildigi 6zgiin bir sifir-seviye paketleme yontemini
sunmaktadir. Paketleme yontemi ilk olarak 50 €2 EDK hatlarin paketlenmesi i¢in
kullanilmistir. Onerilen devre modeli ve paketlenen bes farkli EDK hattin 6l¢iim-
lerinin birbirine uyumlanmasi ile paket yapisinin mikrodalga karakterizasyonu yapil-
mustir. Onerilen devre modeli birbirine seri baglanmis iletim hatlarindan olusmakta
olup, EDK iizerindeki diizlemsel gecis bolgelerindeki siireksizlikleri modellemek i¢in
parazitik kapasitanslar kullamilmistir. Mikrodalga karakterizasyon sonuglar1 her bir
diizlemsel gecisin RF MEMS anahtarin toplam araya girme kaybina 0.1 dB ekleme
yaptig1 sonucunu vermistir. Mikrodalga karakterizasyon adimlarindan sonra, 6nerilen
paketleme yontemi paralel, kapasitif degecli RF MEMS anahtarlara uygulanmistir.
Uygulanan dayaniklilik analizleri (kirma kuvveti testleri), mekanik analizler (optik
profilometre Olctimleri), aktivasyon analizleri (C-V olctimleri), RF bagsarim analiz-
leri (S-parametresi ol¢iimleri), siireksizlik analizleri (anahtarlama zamani 6l¢iimleri)
ve Omiir analizleri (0miir stnama ol¢timleri) kullanilarak paketlenen anahtarlarin ba-

sartmi degerlendirilmistir. Uygulanan paketleme yontemi ile kapaklarin RF MEMS
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anahtarlardan ortalama 18.3 MPa yatay kuvvet ile ayrildiklar1 gozlemlenmistir. Kirma
testi uygulanan beg anahtardan bir tanesi 26.9 MPa seviyesinde dayaniklilik goster-
mistir. Bu de8erler benzeri paketleme yontemlerinin ulastig1 seviyelerin {izerinde so-
nuclar vermistir. Paketleme siirecinden once ve sonra uygulanan optik profilometre
Olciimleri ile MEMS koprii yapisinin ortalama 71 nm yukar1 yonlii biikiildiigti gos-
terilmistir. Bu biikiilme degerleri, gerceklestirilen aktivasyon analizleri ile tutarlilik
gostermektedir. Dokuz paketli anahtar ile gerceklestirilen analizlerde, aktivasyon vol-
tajlar1 ortalama 4.2 V artig gostermistir. S-parametre 6l¢timleri paket yapisinin ihmal
edilebilir etkisini ortaya koymustur. Yukar1 durumda 35 GHz ¢alisma frekansinda geri
doniis kayiplari ve araya girme kayiplari sirasiyla 28 dB ve 0.4 dB olarak dl¢tilmiistiir.
Buna ek olarak, 35 GHz c¢alisma frekansinda asagi durum yalitim seviyeleri bir¢ok
paketli anahtar i¢in 35 dB seviyesinde gozlemlenmistir. Stireksizlik dl¢timleri paketli
anahtarlar icin 10 ps yiikselme siiresi ve 8.5 us ¢cokme siiresi ortaya koymustur. Omiir
sinama testlerinde bir paketli anahtar RF bagarimi1 bozulmadan 10.2 milyar kere ¢a-
lismistir. Olasi proses varyasyonlari diistiniilerek gerceklestirilen ve EM benzetim so-
nu¢larina dayanan hassasiyet analizleri, paketleme yonteminin dayanikliligini ve pro-
ses degiskenlerinden pek etkilenmedigini gostermistir. Bu tez, paketleme yontemine
ve yapilan basarim analizlerine ek olarak, 6zgiin, parcali genig bantl bir karakterizas-
yon yontemini de sunmaktadir. Bu yontem ile RF MEMS anahtarlarin tiretiminde ve
paketlenmesinde kullanilan cam ve yiiksek 6zdirengli silisyum alttaglarin dielektrik

sabitlerinin frekansa baghliklar1 gosterilmisgtir.

Anahtar Kelimeler: RF MEMS, anahtar, paketleme, BCB, EDK, bagsarim
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CHAPTER 1

INTRODUCTION

Radio-Frequency Micro-Electro-Mechanical Systems (RF MEMS) define the devices,
which have functionality in the RF domain due to the movability of their micrometer
size mechanical members. The electrical signals may undergo significant changes
owing to the mechanical movements of designed parts of the RF MEMS devices. The
RF MEMS devices are so sensitive to mechanical movements and require advanced
micromachining techniques during their fabrication. These fabrication techniques en-
abled precise fabrication with very low mechanical tolerances and led to the so-called
low-loss and low-cost RF MEMS devices. Having relatively small sizes enables these

devices to possess low insertion loss.

Furthermore, the utilization of high conductivity metals (i.e., Au, Cu) and low loss di-
electric substrates (i.e., quartz, glass) supports this attribute. The fabrication of a large
number of these relatively small size components on a single substrate favors low-
cost nature. The definition itself unfolds the passive nature of the RF MEMS devices.
Moreover, high linearity is also one of the defining attributes of these devices. The
design of these devices is also rather dull compared to their counterparts in terms of
performance. Due to their high electrical performance, more straightforward design,
and low-cost, RF MEMS devices continue to be a key figure in telecommunications

and space applications [1]].

RF MEMS switch is the basic building block that enables the reconfigurability of the
technology. The basic RF MEMS switch [2-8] has two operational states. In one of
them, the switch enables the RF power propagation through itself and prevents it in the
other. Although there are various kinds of switches, this dissertation focuses on the

electrically actuated capacitive contact RF MEMS switches. Much more complicated



devices such as phase shifters [9H13]] owe their reconfigurability to the building block.

Despite their reliable attributes, RF MEMS technology has its shortcomings in terms
of reliability. These reliability concerns appear due to process conditions and the op-
erating environment of the device. Either process-related residues or environmental
conditions might hinder the movability of the mechanical members and the function-
ality of the RF MEMS components. Especially the wafer residues, generated during
the dicing operation at the end of the fabrication, degrades the performance of the RF
MEMS components [14,15]. Moreover, dielectric charging and stiction constitute
disadvantageous operational conditions for capacitive RF MEMS switches. Humid-
ity is one of the significant factors that aggravate these mechanisms [16}|17]. "RF
MEMS devices thus should be protected against these external factors to maintain
their reliable operation over a prescribed lifetime" [18]. A zero-level packaging ap-
proach integrates the packaging concept into the RF MEMS fabrication flow and pro-
tects the operating devices from external factors starting from the device fabrication
processes. Thus, it presents a low-cost approach where commercial first- and second-
level packaging concepts might have opted. Zero-level packaging approach offers the

best protection possible before the end of the MEMS fabrication process cycle [[19].

The zero-level packaging approaches can be categorized into two main groups: thin-
film encapsulation and chip-capping. The thin-film encapsulation, as the name sug-
gests, utilizes a thin dielectric [20,21] or metal shell [22, 23] on top of the device
to be packaged. This approach usually needs a second sacrificial layer which com-
plicates the packaging process. Chip-capping, on the other hand, requires a cap to
be bonded on top of the devices [24,[25]. Bonding methods may vary depending on
the application and the device to be packaged. It is frequently encountered to have a
bonding interlayer between the device wafer and the cap. Although there are many
applied bonding methods in chip-capping, using polymers as the bonding interlayer is
the predominant implementation [/7,|18,26-28|]. The thin-film encapsulation and the
chip-capping approaches will be discussed in detail in Section [I.1] and Section [[.2]

respectively.



1.1 Thin Film Encapsulation

Thin-film encapsulation method employs a thin dielectric [29] or metal shell [23] on
top of the device to be bonded instead of using a micromachined cap. Figure [L.]
presents a thin film (dielectric) encapsulated SPST RF MEMS switch. Figure [I.2]
presents an SEM photo of the thin metal film package fabricated by XLIM Research

Institute.

Figure 1.1: An SPST RF MEMS switch encapsulated with the thin film on top .

The RF MEMS bridge fabrication usually requires a sacrificial layer where the MEMS
bridge is formed on top. Instead of removing this sacrificial layer and thus releasing
the MEMS bridge, a second sacrificial layer is coated on top of the MEMS bridge.
Then, a thin dielectric layer is deposited by the use of an LPCVD (Low-Pressure
Chemical Vapor Deposition) or a PECVD (Plasma Enhanced Chemical Vapor Depo-
sition) equipment on top of the second sacrificial layer. The thin dielectric layer is
patterned in a perforated manner. Both sacrificial layers are removed by the use of
this perforated structure of the thin shell. The releasing of the MEMS bridge takes
place at this step. This perforated thin shell usually is made of S, N,, SiO, or some

other dielectric layer. As the last step, one more deposition seals the holes on the thin
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Figure 1.2: An SEM photo of the thin metal film package fabricated by XLIM Re-
search Institute [@]

dielectric shell in a hermetic manner. Being hermetic is one of the most significant

attributes of the thin-film encapsulation approach.

Nevertheless, because the dielectric deposition is the final step of the fabrication, the
inside of the package, there exist the gases utilized in the deposition process. In other
words, it is not possible to fully control the environment within the package and thus,
the operational environment. This situation is the most significant drawback of the

thin-film encapsulation method.

1.2 Chip Capping

A zero-level package can be realized either on die-level or wafer-level. The die-
level approach increases the efficiency (throughput) of the package fabrication con-
siderably by processing every single die separately during packaging. By the use of
flip-chip bonders, individual treatment of the caps and RF MEMS devices becomes

possible. The most significant drawback of the die-level packaging approach is its
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time-consuming nature. It takes a considerable amount of time while packaging a
large number of components. Wafer-level packaging concept, on the other hand, en-
ables packaging of all the components on a wafer simultaneously. Therefore, this
method is much more suitable in term of production speed. "Availability of low-cost
commercial packages for zero-level packaged devices also compounds advantages of

the latter and makes it more attractive" [|30,(31].

1.2.1 Die Bonding

Die bonding necessitates the usage of a die bonder or a flip-chip bonder. In this
approach, the caps of the dies to be packaged are singulated before the bonding pro-
cess [32]]. The dies to be packaged can be packaged as a whole wafer, or they may be
singulated before the packaging. Since there are individual caps for all of the compo-
nents, individual packaging takes place. This method benefits from packaging all of
the components one by one in terms of throughput. However, packaging individually
is a lengthy process and the cost of the packages increase due to this treatment. Fig-
ure [[.3] presents a photo of the packaged Radant MEMS switch, where the caps are
singulated before the packaging took place.

1.2.2 Wafer Bonding

Instead of treating caps individually, a patterned cap wafer is bonded onto the process
wafer by the use of a wafer bonder. Therefore, the dies on a process wafer are pack-
aged simultaneously, which provides a substantial decrease in the packaging time.
Although there are various methods of wafer bonding such as anodic bonding, Si-
Si eutectic bonding, Au-Au thermocompression bonding, using a bonding interlayer
between the process and caps wafers is the most preferred approach. The bonding
interlayer is usually chosen as a polymer, since the relatively easy compensation of
the parasitic effects. Moreover, having a photo-definable polymer such as BCB or
polyimide simplifies the packaging process considerably. Moreover, these interlay-
ers provide a stable RF performance where the electrical permittivities do not alter

much with the increasing frequency. The relatively low bonding temperatures (250
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Figure 1.3: An SEM photo of the packaged Radant MEMS switch where the caps are
bonded by die bonding .

°C) and the low outgassing of BCB also make it a right candidate for RF MEMS

applications [[15]32H36].

1.3 Motivation of Dissertation

A zero-level packaging approach is proposed to package 35 GHz shunt, capacitive
contact RF MEMS switches. The proposed packaging method utilizes chip-capping
of the RF MEMS components by wafer bonding, where a BCB interlayer adheres
the high-resistivity silicon cap wafer (>10 k().cm) to glass device wafer. Planar
feedthrough transitions carry the RF ports of the utilized CPW transmission lines,
which forms the basis for the RF MEMS components, to outside of the package. The
packaging concept and the fabrication of the RF MEMS components evolved together
to complement each other. presents an early version of the developed switch fab-
rication process. One of the most crucial problems is the plastic deformation limit
of the MEMS bridges (fixed-fixed beam), which endure the harsh process conditions

during the wafer bonding. The peak temperature of the BCB bonding process reaches
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(250 °C), and the wafers stay around 1 hour at the peak temperature during the wafer
bonding. A novel fabrication scheme is designed in order for the MEMS bridges to
overcome the packaging process. Instead of utilizing a metal fixed-fixed beam as the
MEMS bridge, the structural Au layer of the MEMS bridge is sandwiched between
a top and bottom silicon nitride layer. Therefore, a thermally strong and stable me-
chanical structure is attained. A more elaborate description of the RF MEMS switch

fabrication process, including the packaging steps is included in Chapter 2]

One of the defining features of a package is its ability to protect the RF MEMS
components against hindering environmental conditions such as dust, process-related
residues, and humidity. Moreover, by providing the required environment within,
the package directly influences the operating conditions and lifetime of the compo-
nents. The BCB provides semi-hermeticity for the package, where humidity is the
dominant factor in disturbing the RF, transient, and lifetime performance of the RF
MEMS components [38]]. The humidity increases the charging induced effects con-
siderably [39,40]. The step-up coverage of the BCB layer (10 pum thickness) on 1
um thick gold layer also supports the semi-hermeticity of the package. BCB may be
considered hermetic provided that the width of the lanes increase [41,42]. The trade-
off factor in BCB width is the increased insertion loss of the RF MEMS components
by the increased planar feedthrough length. The BCB lane width in the proposed
packaging method is 200 um, and this provides the semi-hermeticity of the package.
The reliability analysis of the packaged RF MEMS switch based on lifetime measure-

ments demonstrates this behavior of the package.

One of the significant features of the packaging process scheme is the dicing step
(die singulation) following the wafer bonding process. The dicing process consists
of three steps, where the die singulation takes place at the last one. The unused
spaces (Si strips) of the high-resistivity Si cap wafer between adjacent RF MEMS
devices are removed in the first dicing step. Therefore, the RF ports of the packaged
devices become accessible via RF probes. In other words, the RF measurements of
the packaged components can be performed after the first step of the dicing scheme.
This approach sets apart the zero level packaging method from similar studies, which
utilizes grinding cap singulation process to define the pad window openings [43]. The

Si cap wafer is singulated by a dicing step in the orthogonal plane to the one in the



first dicing steps. The last step includes the dicing of the glass device wafer, by which

the packaged die singulation occurs.

Another significant feature of the developed packaging approach is the mechanical
strength of the packages. The endurance of the package is as muscular as its weakest
point in terms of shear strength. The adhesion between the BCB layer and the Au
layer (CPW metallization layer) lacks the necessary strength. The adhesion of silicon
nitride, on the other hand, is better with both BCB and the gold. Therefore, a sili-
con nitride mid-layer between the BCB and the Au layer strengthens the mechanical
endurance of the package. The developed BCB package distinguishes from similar
work in term of shear strength [32,/43]]. The shear strength of the proposed BCB
package proves almost comparable with the results in [44], which complements the
BCB bonding approach with silver epoxy bonding. In other words, the utilization of
a silicon nitride layer instead of gold for the bonding of the BCB layer increased the

shear strength of the BCB bond and the package itself.

Although only CPW transmission lines and RF MEMS switches were packaged,
larger modules or subcircuits can also be packaged with the proposed method. The
planar feedthrough structure of the package can be applied to any components. There
is no limitation to the packaging method in terms of the size of the component to be
packaged. On the other hand, having thicker metal layers may disturb the hermeticity
of the package. The step-up coverage of the BCB layer might not be sufficient with

thicker metallization.

A zero-level package not only supposed to protect the component from being pack-
aged but also have an insignificant effect on the RF performance of the switch. The
design of the package, along with the RF MEMS components account for this idea
and compensation factors needs to be addressed. The design of the planar feedthrough
transitions provides 50 €) characteristic impedance along the CPW transmission lines
and thus slightly disturbs the RF performance of the switch. Before the implemen-
tation of the package to RF MEMS switch, CPW transmission lines were packaged
to assess the performance analysis of the package. A circuit model is proposed for
microwave characterization of the package along with the CPW transmission lines.

The microwave characterization of the BCB package is more comprehensive com-



pared with the similar studies [45]. The performance of the package, especially the
effects of the planar feedthrough regions, is obtained. The optimized package pre-
sented ~0.05 dB/transition insertion loss. The BCB packaged 35 GHz shunt, and
capacitive RF MEMS switch presented ~0.4 dB insertion loss at the operating fre-
quency. According to the optical profiler measurements of the three MEMS bridges
before and after the packaging, the center deflection is only 71 nm in the average. The
RF performance of the BCB packaged RF MEMS switch support this measurement
results as well. There is an insignificant change in the performance of the RF MEMS

switch in the upstate.

The circuit modeling of the BCB packaged 50 {2 CPW transmission lines were con-
ducted for 1-40 GHz band at 35 GHz single frequency. Therefore, the characterization
procedure does not take the dispersive effects into account. Both the CPW structure
and the materials have dispersive nature [46]. "The knowledge of material properties
such as the frequency-dependent permittivity is crucial to allow for a proper design
procedure of most electronic applications" [47]. In order to obtain information on
the dispersive behavior of the utilized wafers (high-resistive silicon and glass) [48],
a piecewise wideband characterization procedure is developed within the context of
this dissertation. Various CPW transmission lines were designed on glass and high-
resistivity silicon wafers and utilized as test structures. The novel method depends on
the measurement results of the CPW transmission lines (test structures). The char-
acterization procedure divides the whole frequency band into 2 GHz windows, and
do circuit modeling at center frequencies of each window based on a closed-form
transmission line model. Among the transmission line model parameters, the electri-
cal permittivity of the utilized substrates was extracted for each window center fre-
quency from the effective permittivity of the transmission line. Conformal mapping
techniques play a crucial role in extracting the electrical permittivity of the substrates
from the effective permittivity of the transmission line models [49-52]. The extrac-
tion method does not depend on propagation constant by a formulation [53]]. Fur-
thermore, the same procedure was applied to EM simulation results where the CPW
transmission lines were simulated using ANSYS HFSS EM simulator. The dispersive
nature of the glass and high-resistive silicon were demonstrated in comparison with

the EM simulation results.



A zero-level package has a crucial role in providing an appropriate operating envi-
ronment within, for the packaged component. In this regard, the packaging is directly
related to the reliability of the RF MEMS components. Performing lifetime tests
with the packaged RF MEMS components reveals the ability of the package to some
extent since the package provides and preserves the operational environment. The
zero-level package is not solely responsible for the lifetime performance of the RF
MEMS component. Nevertheless, the crucial role it possesses has an undeniable sig-
nificance. The 35 GHz BCB packaged shunt, capacitive contact RF MEMS switch
reached 10.2 billion cycles during the lifetime tests in hot switching conditions [18].
The lifetime measurements took 472 hours in total, and the packaged switch remained

in the downstate for 236 hours during the tests.

A zero-level package needs to be robust and should provide identical performance for
packaged components. In order to verify the insensitivity of the BCB package against
probable process variations, EM simulations were performed. By perturbing process-
related parameters such as BCB thickness, BCB lane width, Si,Ni, thickness, cavity
depth, and BCB relative permittivity in EM simulations, a sensitivity analysis of the
BCB package was obtained. As a result of the investigation, the BCB package and

the packaging process proved to be insensitive against process variations.

1.4 Overview of the Thesis

This thesis includes seven separate chapters. This chapter (Chapter (1)) presents an
overview of RF MEMS technology, RF MEMS zero-level packaging and a wide-
band characterization method for investigating the dispersive behavior of the utilized
substrates (glass and high-resistivity silicon) for the fabrication and packaging of RF
MEMS components. Chapter[2starts with an overview of the description of the wafer-
level BCB packaging methodology for RF MEMS components. Then it elaborates on
the fabrication steps of the RF MEMS switch and the BCB package as a complete
process cycle. Chapter [3] provides information on the microwave characterization of
the BCB package based on the performance of the BCB packaged CPW transmission
lines. The proposed circuit models the packaged CPW transmission lines and the pla-

nar feedthrough regions within the 1-40 GHz frequency band. Chapter ] describes
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the application of the BCB package on a 35 GHz shunt, capacitive contact RF MEMS
switch. It then focuses on the performance analysis of the BCB packaged switch in
various forms and compares the analysis results of the RF MEMS switch before and
after the packaging. Chapter []includes the endurance analysis based on shear force
tests, mechanical analysis based on optical profiler measurements, actuation analysis
based on C-V measurements, RF performance analysis based on S-parameter mea-
surements, transient analysis based on switching-time measurements, and reliability
analysis based on lifetime measurements of the BCB packaged RF MEMS switch.
Chapter [5| provides a sensitivity analysis of the BCB package depending on the EM
simulation results. This chapter gives information on the sensitivity of the BCB pack-
aging process with respect to BCB thickness, BCB lane width, Si,Ni, thickness, cav-
ity depth, and BCB relative permittivity variations. Chapter [0] presents a wideband
characterization method based on CPW transmission line measurements aiming to
investigate the dispersive (frequency-dependent) behavior of the electrical permittiv-
ity of the utilized substrates. Finally, Chapter [7| presents the conclusions, summarizes

the dissertation and expresses the possible future work for this study.
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CHAPTER 2

PACKAGING METHODOLOGY AND PROCESS DESCRIPTION

This chapter presents a complete switch fabrication process, which gives zero-level
packaged capacitive contact RF MEMS switches as an end product. A schematic of
the package structure would prove useful before going into any further detail. Fig-
ure [2.T] presents a conceptual drawing of the wafer level packaging approach for RF

MEMS devices.

Pad V&Tndow Cavity
Silicon Cap Wafer I
5 I A W e I A W 5 I g
BCB Glass Substrate ‘ MEMS
Cr/Au Feedthrough

Figure 2.1: The conceptual drawing of a wafer level packaging approach for the RF
MEMS devices using BCB bonding.

The packaging approach requires the bonding of a high-resistivity (> 10 k{2.cm) sil-
icon cap wafer to a glass (device) wafer by using BCB as the adhesive interlayer.
A complete process cycle, aiming packaged RF MEMS components, was attained
by integrating the described BCB packaging approach with a previously developed
switch fabrication process cycle. RF MEMS switch is the basic building block for the
technology. However, the packaging method is not limited to RF MEMS switches.
The packaging of more complex RF MEMS devices is also possible with identical

procedures.
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The complete fabrication process requires the utilization of seven masks. The BCB
packaging process steps and the switch fabrication process steps are compatible with
each other. Therefore, the BCB packaging concept is integrated well into the switch
fabrication. The chapter provides detailed information on each step of the complete
RF MEMS switch fabrication process cycle. Section 2.T]elaborates each process step
of the switch fabrication. Section [2.2]then presents the details of the BCB packaging
process steps integrated into the RF MEMS switch fabrication.

2.1 RF MEMS Switch Fabrication Process

The RF MEMS switch fabrication is a 4" surface micromachining process, and it
requires the separate treatment of a glass wafer and a silicon wafer. The glass wafer

process utilizes three of the masks. The Si wafer requires the remaining two.

The switch fabrication process needs no sacrificial layer. This feat is the most sig-
nificant attribute of the switch fabrication process. Obtaining completely flat MEMS
bridges becomes possible by excluding the sacrificial layer process completely. This
type of approach provides mechanically more stable MEMS bridges. The suspended
MEMS bridges experience high temperatures during the zero-level packaging pro-
cesses. Therefore, mechanically stable bridges form the basis for the BCB packaging

process.

Similar to their processing, separate sections will describe the glass wafer and the
silicon wafer fabrication. Section [2.1.T]elaborates the glass wafer process steps. Sec-
tion [2.1.2] presents the process steps of the silicon wafer. Finally, Section [2.1.3] gives
detailed information on the Au-Au thermocompression wafer bonding of the glass

wafer and the silicon wafer.

2.1.1 The Fabrication Steps for the Glass Wafer

The glass wafer contains the recess structure on itself, which defines the bridge height
of the RF MEMS switch. Furthermore, the glass wafer is responsible for carrying the

CPW transmission lines. This CPW transmission lines act as the basis for the RF
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MEMS switch. The glass wafer also carries the SiyNy layer. This layer has two
distinct duties. Firstly, it operates as the isolation dielectric under the MEMS bridge.
Secondly, this layer increases the adhesion of the BCB ring to the Au layers during

the wafer bonding.

The fabrication of the glass wafer consists of three main process steps. Figure
presents a demonstration of the glass wafer after the first process step. A Cr/Au layer
is sputtered on the blank glass wafer as the first step of the process. Then, a photoresist
layer is spin-coated and patterned by the use of a photolithography step. Afterward,
the Cr/Au layer is etched by the use of wet etching process step. A BHF etching
process shapes a recess on the glass wafer, whose depth determines the MEMS bridge
height. MEMS bridge height is the distance between the bottom surface of the MEMS
bridge and the top surface of the isolation dielectric under the bridge. Therefore, the
depth of the recess is a critical parameter for the RF MEMS switch performance. The

photoresist layer and the Cr/Au layer is stripped at the end of the first process step.

[] Glass

Figure 2.2: The formation of the recess on the glass wafer by BHF etching. Both the

top view and the side views are indicated.

The second step requires the sputtering of Cr/Au (25 nm/1.15 um) layers, on top of
the formed recesses. The thin Cr layer under the Au layer improves the adhesion of

the Au layer to the glass wafer. The Cr layer has no significant effect on the RF per-
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formance of the switches because the CPW trace thicknesses are in the order of two
skin depths at the operating frequency. These metal layers form the ground and sig-
nal traces of the CPW transmission line, on where the RF MEMS switch constructed.
Furthermore, these metal layers have a crucial role in the Au-Au thermocompression
bonding step. Figure [2.3] presents the patterned Cr/Au layers on top of the recess,
after the completion of the second process step. The Cr layer is not shown in Fig-
ure since this layer is so thin compared to the Au layer. Furthermore, this layer is
sputtered for the adhesion of Au layer to the glas wafer and it is not critical in terms

of RF performance.

rFr==T9~~-~-=====°=- ~r---r-°S|°F--°-°"-°=°=°=°=°=-° FrT=="1

[] Glass (] Au

Figure 2.3: The sputtering and patterning of the Cr/Au layers, on which the RF

MEMS switch is constructed. Both the top view and the side views are indicated.

As the third and last step with the glass wafer fabrication, a PECVD (Plasma En-
hanced Chemical Vapor Deposition) process deposits the SixNy layer. A wet etching
process following a photolithography step patterns the Si;Ny layer. This dielectric
layer has two distinct responsibility within the RF MEMS fabrication process. First
of all, the SixNy layer acts as the isolation dielectric under the MEMS bridge. The
thickness and type (relative electrical permittivity: ¢,) of the dielectric directly affect
the upstate and downstate capacitances of the RF MEMS switch. Secondly, the same
layer improves the adhesion of the BCB layer to the Au layer. Figure[2.4] presents the

patterned Si,Ny layer on the signal trace of the CPW transmission line and also as a
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Figure 2.4: The deposition and patterning of the SiyN, layer by PECVD and wet

etching, respectively. Both the top view and the side views are indicated.

ring around the RF MEMS bridge as a part of the BCB package.

2.1.2 The Fabrication Steps for the Structural Si Wafer

The complete switch fabrication process, including the packaging, requires two dif-
ferent Si wafers. The structural silicon wafer describes the one, which carries the
MEMS bridge structures. The cap wafer similarly refers to the high-resistivity silicon
wafer carrying the BCB rings. The Au-Au thermocompression bonding of the glass
wafer and the silicon wafer forms the RF MEMS switch.

The separate treatment of the silicon wafer starts with the deposition of a Si,Ny layer
by the use of PECVD. Afterward, a sputtering process deposits a Au layer on top
of the SiyNy, layer. The deposition of a second SixNy layer follows the sputtering
of the Au layer. Having identical SiyNy layers under and on top of the Au layer is
crucial. This sandwich structure (SixN,/Au/SiyNy) acts as the MEMS bridge of the
RF MEMS switch at the end of the fabrication. Thus, being stress-free is a crucial

attribute for this sandwich structure. Figure[2.5]presents the first process step for the
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Figure 2.5: A patterned PR layer acts as a mask layer for the patterning of the top

SixNy layer. Both the top view and the side views are indicated.

silicon wafer. A photoresist (PR) layer acts as a mask for patterning the top Si,Ny

layer.

Figure 2.6]indicates the finalized MEMS bridge structure. A wet etching step follow-
ing a photolithography step patterns the Au layer and the bottom Si,Ny layer. The

dumbbell shape and structure of the bridge provide stable mechanical operation.

2.1.3 Wafer Bonding of the Glass Wafer and the Structural Silicon Wafer

Au-Au thermocompression bonding is one of the most critical process steps of the
entire switch fabrication. The quality of the bonding directly affects the mechanical
behavior of the MEMS bridges. Furthermore, a possible misalignment between the
glass wafer and the structural silicon wafer may degrade the RF performance of the
switches. The Au-Au thermocompression bonding is performed at 320 °C for 1 hour

under 4 kN force. Figure [2.7| presents the situation after the Au-Au bonding.

The structural silicon wafer is flipped during the wafer bonding and therefore, the top

and bottom Si, Ny layer on the MEMS bridge structure changed places as a result of
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Figure 2.6: MEMS bridge at the end of the second process step for patterning the Au

and bottom Si, Ny layers. Both the top view and the side views are indicated.

---

[ ] Glass ] Au
W Si,N, [ Si

Figure 2.7: The Au-Au thermocompression bonding of the glass and structural silicon

wafers. Both the top view and the side views are indicated.
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Figure 2.8: A DRIE step thins down the structural silicon wafer. Both the top view

and the side views are indicated.

the bonding process. As indicated before, these Six Ny, layers play a significant role in

the mechanical stability of the suspended MEMS bridges.

Structural silicon wafer carries the MEMS structure. However, the silicon wafer itself
is not a part of the final RF MEMS switch. Therefore, first of all, a DRIE process
thins down the structural silicon wafer. Then secondly, a silicon dissolving process
(TMAH) completely removes the structural silicon wafer. Figure [2.§] presents the
bonded glass and structural silicon wafers after a DRIE step to decrease the thickness

of the silicon wafer.

A TMAH solution dissolves and completely removes the remaining structural silicon
wafer from the wafer stack. The suspended MEMS bridges at this step are ready for
the optical profiler, C-V, and RF measurements in cleanroom environment. Figure@
presents the suspended RF MEMS switch, after the complete removal of the structural

silicon wafer.
This step finalizes the RF MEMS switch fabrication. The zero-level packaging is the
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Figure 2.9: A TMAH process completely removes the thinned silicon wafer. Both the

top view and the side views are indicated.

next critical step, for having a safe and controlled working environment for the RF
MEMS switch.

2.2 BCB Packaging Process

The zero-level package structure depends on wafer bonding of a high-resistivity sil-
icon cap wafer to the fabricated RF MEMS switches by using BCB as the adhesive
interlayer. The cap wafer is chosen to be a high-resistivity (> 10 k{2.cm) silicon wafer
for utilizing the capability of silicon in process. Moreover, utilizing a high-resistivity
silicon improves the insertion loss performance comparably instead of a regular sili-
con wafer [28]]. One of the significant aspects of the high-resistivity silicon and glass
wafers are their matching thermal expansion coefficients (CTE). Having a successful
wafer bonding with a high CTE mismatch between the wafers is hardly possible. In
that regard it is likely that one of the wafers would be cracked at the end of the wafer

bonding process.
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2.2.1 Fabrication Steps for the High-Resistivity Silicon Cap Wafer

The BCB packaging process consists of two main process steps. First of all, the Cy-
clotene 4026-46 (photosensitive BCB) resist is spin-coated and patterned by a pho-
tolithography step. The coating of BCB is optimized to be the first process step since a
polished flat wafer surface is critical in BCB spin-coating. This process step directly
affects the quality of the BCB bonding at the end of the packaging process. Fig-
ure [2.10] presents the patterned BCB layer (BCB ring around an RF MEMS bridge)

on a high-resistivity Si cap wafer.

[ si [0 BCB

Figure 2.10: A photolithography step patterns the spin-coated BCB layer on top of the

high-resistivity silicon cap wafer. Both the top view and the side views are indicated.

The second step in the BCB packaging process is the patterning of the cavities hous-
ing the RF MEMS devices and the dicing streets between adjacent RF MEMS de-
vices. The depth of the cavities and the dicing streets is chosen to be 100 um. The
performance of the RF MEMS switches depends on the cavity depth. The impedance
loading effect of the silicon cap might increase, provided that the depth of the cavities
is low. Furthermore, the depth of the dicing streets is critical, as well. Die singulation
step is realized by these dicing streets during the dicing of the BCB packaged RF
MEMS switches. In other words, the dicing process at the end of the complete switch

fabrication also becomes a part of the BCB packaging process. Figure presents
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the result of the second step of the cap wafer fabrication, where a photolithography
process step patterns a PR layer on top of the BCB ring. The PR layer protects the
BCB layer during the DRIE process. Figure [2.12] presents the result of the DRIE pro-
cess for forming the cavities and the dicing streets. The high-resistivity Si cap wafer
is ready for BCB bonding, which is the next and final step in the complete RF MEMS

switch fabrication process.

0, s

[ Si [0 BCB
B PR

Figure 2.11: The patterning of the spin-coated photoresist layer on top of the BCB
ring for protecting the BCB layer during the DRIE process. The top view and the side

views are indicated.

2.2.2 BCB Bonding of the High-Resistivity Silicon Cap Wafer onto the Glass

Device Wafer

The final step in the complete RF MEMS switch fabrication is the wafer bonding of
the high-resistivity silicon cap wafer onto the glass device wafer by using BCB as the
adhesive interlayer. Figure [2.13] presents a BCB packaged shunt, capacitive contact
RF MEMS switch at the end of a complete fabrication cycle.

One of the crucial aspects of this process step is to obtain a void-free BCB layer during

the BCB bonding process. Otherwise, this situation might significantly degrade the
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Figure 2.12: The formation of cavities, housing the RF MEMS bridges, and dicing

streets after a DRIE process step. The top view and the side views are indicated.
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Figure 2.13: Wafer bonding of the high-resistivity Si cap wafer onto the glass wafer

using BCB as the adhesive interlayer. The top view and the side views are indicated.



hermeticity level of the BCB (BCB is semi-hermetic). A 15-minute hard bake step at
210 °C solves the void problem in the BCB layer. The hard bake step is applied just

before the bonding process.

The BCB bonding process takes place at 250 °C for an hour. The total bonding area on
the utilized mask defines the bonding force accordingly. The packaging process takes
place while the N gas fills the bonding chamber at 1 atm pressure. This capability is

one of the crucial attributes of the wafer bonder equipment.

At the end of the fabrication and packaging of RF MEMS switch, Figure[2.14] presents
a photo of the BCB packaged RF MEMS switch on a 2€ coin along with a metric

ruler.

Figure 2.14: A photo of the BCB packaged RF MEMS switch on top of a 2€ coin

with a metric ruler.

Moreover, the cap of one of the BCB packaged RF MEMS switches is removed and
SEM photos of the MEMS bridge is taken. Figure [2.15 and Figure [2.16] present a
far-off and a close-up SEM photos of the same RF MEMS switch, respectively.
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Figure 2.15: SEM image of a BCB packaged RF MEMS switch after the package
is removed, where the BCB layer under the package is visible. The MEMS bridge

seems to be distorted due to the charging of the glass wafer.
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Figure 2.16: A close-up SEM image of a BCB packaged RF MEMS switch in Fig-

wep Y
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CHAPTER 3

MICROWAVE CHARACTERIZATION AND CIRCUIT MODELING OF
THE BCB PACKAGE

In the ideal case, an RF package should not affect the RF performance of the packaged
device at all. This aspect is one of the most significant attributes expected from an RF
package. This request from an RF package is not fair though. The package absolutely
will affect the RF performance of the device. Minimizing the package effects is one

of the package designers duties.

This chapter focuses on the microwave characterization of the BCB package. Uti-
lizing a mathematical model is a viable option for analyzing the distinct package
effects. One possible way is to use a circuit model for characterizing the package
effects. A design procedure is carried out by the use of ANSYS HFSS 3D EM simu-
lator. 50 {2 CPW transmission lines are packaged to perform such a characterization.
RF measurements are carried out with these components. Then, a circuit model fitting
procedure is applied to these BCB packaged transmission lines for characterizing the

RF effects of the package.

This chapter gives elaborated information on the performed characterizations and the
results, where Section focuses on the characterization procedure and the utilized
circuit model, and Section [3.2] presents the characterization results and the circuit
model parameters. The characterization results provide fitted circuit model perfor-
mance along with RF measurement results. The circuit model parameter values will

reveal the effect of each circuit segment distinctively.
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3.1 Microwave Characterization Procedure

Chapter [2] describes the BCB packaging approach and the sections of the package.
The BCB package utilizes the planar feedthrough transitions as the electrical connec-
tions between the packaged device and outside world. That is, CPW transmission
lines are passing under the BCB package. This transmission line segment (planar

feedthrough) is a critical part of the package structure design.

The characterization procedure of the BCB package is carried out by utilizing pack-
aged 50 2 CPW transmission lines. Figure [3.1] presents a 3D model of the packaged
50 2 CPW transmission line. The dimensions of the planar transition regions are
optimized based on EM simulation results of ANSYS HFSS. Figure [3.2] presents the
top view of a planar transition region under the BCB ring, including the critical di-

mensions.

Planar
Transition

Ground Planes

Figure 3.1: A 3D model of a BCB packaged CPW transmission line.
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Figure 3.2: A top view of the planar transition regions under the BCB rings.

The BCB packaged 50 €2 CPW transmission line includes different line segments.
3D EM model demonstrates these different segments and RF ports, and they are the
building blocks for the utilized circuit model of the system. The circuit model consists
of cascaded transmission lines and capacitances between them. Figure [3.3]indicates

the employed circuit model to characterize the BCB package.

Symmetry Boundarly
—f 1} — T — 1 )
1 1 1 1 N
__Cin __Cout T Cout T Cin :
—f 1} — — GII)

I
Zo, O, €efr0 ZSiT, OgiT, €eff,SiT ZBCB, OBCB, €eff,BCB ZSiT, OgiT, €eff,SiT ZSiC, Usic, €efiSic

Figure 3.3: The circuit model schematics for the BCB packaged CPW transmission

line. Only left half of the symmetric circuit is indicated.

The circuit model and the packaged CPW transmission line are symmetric structures.
Therefore, Figure [3.2] presents only left half of the total circuit model. The leftmost
transmission line in the circuit model indicates the CPW from RF port to the planar
feedthrough. The transmission line parameters of this section are indicated as Zj,
o, and eqg9. The transmission line segment with Zg;, agir, and e giT parame-
ters define the entrance and the exit of the planar transition region where only high-
resistivity Si substrate hovers over. The parameters of the transmission line section

under the BCB ring are abbreviated as Zpcp, apcp, and €. gep. Finally, Zgic, asic,
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and €. sic defines the CPW transmission line under the package cavity. The C;, and
Cout capacitances model the discontinuities on the ground traces of the CPW. These
discontinuities violate the quasi-TEM assumption of the CPW transmission line. Cj,

and C,,; model the entrance and the exit of the planar transition regions, respectively.

The characterization procedure includes the curve fitting of the circuit model response
with the RF measurement results. The curve fitting is done utilizing the simplex opti-
mization algorithm of the NI AWR Microwave Office. Directly performing optimiza-
tions with the circuit model in Figure|3.3|is not appropriate due to the high number of
parameters in the circuit model. Thus, test structures such as CPW transmission lines
are designed and fabricated to divide the optimizations into smaller parts. The indi-
vidual circuit model components need independent optimizations to secure a physical
model. In other words, the component parameters of a transmission line segment from
Figure [3.3] require independent curve fitting to the response of the corresponding test
structure. Otherwise, a mathematical model with no physical meaning may mislead
the characterization results. Optimizations with different test structures provide the
circuit model parameters for each transmission line segment with the applied opti-

mization procedure.

The signal trace width and gap width (between the signal and ground traces) of the
CPW at the RF ports are 180 um and 23 pm, respectively. The leftmost transmis-
sion line in Figure [3.3] denotes this CPW. CPW transmission lines with the same
dimensions are fabricated to make the circuit model optimization results more phys-
ical. Moreover, fabricated CPW transmission lines have three versions with different
physical lengths. The lengths of the CPW transmission lines are fixed parameter val-
ues. The corresponding circuit models directly utilize these fixed physical lengths.
By this way, simultaneous optimizations make the obtained circuit model more re-
liable. Other than fabricated test structures, applied mathematical boundaries limit
the possible parameter values. For instance, a CPW transmission line segment in the
planar feedthrough regions must be lossier than the CPW transmission line at the RF
ports because the former has BCB and high-resistivity Si layers on top, instead of air.
The tangent loss of both BCB and high-resistivity Si are higher than air. Therefore, g
defines the lower bound of all a1, apcep, and ag;c values. All these applied methods

ensure more physical circuit model parameter values.
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3.2 Microwave Characterization Results

Section [3.1] elaborated the applied procedures for increasing the reliability of the cir-
cuit model parameters. Utilizing RF measurement results also provides a more phys-
ical circuit model instead of EM simulation results. Moreover, employing more than
one measurement result may prove useful considering a possible measurement prob-
lem. RF performances of five different packaged CPW transmission lines are mea-
sured. The curve fitting process utilized these measurement results simultaneously.
This situation accounts for possible process variations on the same wafer as well. The
placement on the wafer might vary CPW performances. Therefore, the optimizations

somehow used an average response of the packaged CPW transmission lines.

A labeling strategy is utilized to label all of the packaged CPW transmission lines on
the mask set. The first step requires the numbering of four quadrants of the mask set.

Figure [3.4]indicates these quadrants on the utilized mask set.

Figure 3.4: The numbers of each four quarters are indicated.

The quadrant number is the first indicator of a corresponding packaged CPW trans-
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mission line label. The second and third indicators are column numbers and row
numbers. The columns are numbered, starting from 1 from the leftmost columns in
all quarters. Likewise, the row numbers are starting from 1 from the uppermost rows
in each column of each quarter. The label of a random switch may be qlc13r10,
which says that the corresponding switch is in the first quadrant, on the 13" column
and on the 10" row, which is close to the center in Figure The same labeling
strategy applies for the BCB packaged RF MEMS switches as well. The performance
of these packaged switches will be presented in Chapter [3]

The RF measurements of five different BCB packaged 50 {2 CPW transmission lines
(qlc13r9, q2c¢4r10, q2¢7r2, q3c7r9 and g4clrl) were conducted. The RF measure-
ments were carried out using Agilent E8361A vector network analyzer and Cascade
Summit 9000 probe station. The simultaneous curve fitting optimizations determined
the parameters of the circuit model in Figure [3.3] Figure [3.5] Figure[3.6] Figure 3.7]
and Figure present the |Sy1|, £S11, |So1|, and £Ss; of the measurement results
of the BCB packaged 50 €2 transmission lines and the fitted circuit model simulation

result, respectively.

0
_10 L
_20 L
o 30} —  qlcl3r9
= q2c4r10
—40¢ ~ m— q2c712
' = q3c719
—50¢} qéclrl
==+ Circuit Model
—60

0 5 10 15 20 25 30 35 40
Frequency (GHz)

Figure 3.5: Return loss magnitude characteristics of the BCB packaged 50 (2 CPW

transmission line measurements and circuit model.
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Figure 3.6: Return loss phase characteristics of the BCB packaged 50 (2 CPW trans-

mission line measurements and circuit model.
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Figure 3.7: Insertion loss magnitude characteristics of the BCB packaged 50 {2 CPW

transmission line measurements and circuit model.
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Figure 3.8: Insertion loss phase characteristics of the BCB packaged 50 2 CPW

transmission line measurements and circuit model.

The circuit model demonstrates a good match with the measurement results of pack-
aged 50 2 CPW transmission lines. The cost function for the curve fitting optimiza-
tions of the measurement results (qlc1319, q2c4r10, q2¢7r2, q3¢7r9 and g4clrl) and
the circuit model simulations (Figure [3.3)) is presented in Equation [3.1]

N Qn
=SS Gu(fy) - Ma(fy) [P G3.1)

f, are the analysis frequencies and | G,, — M,, | is the error parameter. ), is the mag-
nitude of an S-parameter, W, is the weight and L,, is the order of the norm. W), is
chosen as 1 and L,, is utilized as 2 in the circuit model optimizations. The error func-
tion value at the end of the circuit model parameter optimizations was 2.86 x 1077,
Circuit model parameter values are determined, as a result of the curve fitting opti-
mizations. Table[3.1|presents the transmission line parameters of the segments for the
circuit model in Figure Table then presents the capacitance values (C;, and

Cout) of the circuit model.
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Table 3.1: Optimized transmission line parameter values of the circuit model in

Zo (2) length (um) €. Loss (dB/m)
50 Q2 CPW TL 46.5 197.5 2.6 195.0
BCB Transition || 47.0 200.0 5.1 300.1
Si Transition 47.1 50.0 5.7 483.8
Si Cavity 44.6 700.0 2.6 207.7

Table 3.2: Optimized capacitance values for the circuit model in Figure

Cin (fF)  Cou (fF)

BCB Packaged 50 (2 CPW TL 0.1 0.3

The parameters in Table [3.1] summarizes the characteristics of the planar feedthrough
transitions. The lengths of the transmission line segments are already fixed numbers
based on the packaged 50 {2 CPW transmission lines. One of the most crucial param-
eters is the loss values for the line segments. By obtaining the losses per unit length
for these segments, it becomes possible to predict the total loss effect of a package.
Moreover, the per-unit loss of the Si cavity region is only 0.1 dB/m higher than the
50 €2 CPW transmission line. These parameter values indicate the insignificant effect

of the Si on top of the Si cavity region.

Furthermore, the Si transition region has a higher per unit length loss value. The Si
on top of the transition entrance and exit is responsible for this increase. Finally, the
BCB transition region has the highest per unit length loss value. The BCB layer and
high-resistivity Si layer on top of the CPW transmission line account for the extra
loss. The higher loss tangents of BCB and high-resistivity Si than air demonstrate
their effect.

The characteristic impedances of the line segments indicates a good matching perfor-
mance. The return loss performance of the packaged 50 {2 CPW transmission lines in
Figure [3.4] also indicates this situation. The effective permittivity values also demon-
strate consistent behavior. Utilizing BCB and high-resistivity Si instead of air on top

of transmission line segments increases the effective permittivity of the corresponding
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line.
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CHAPTER 4

SWITCH PACKAGING AND PERFORMANCE ANALYSIS

Chapter [3] presented the performance of an RF package, based on packaged CPW
transmission line results. A package must have a minimal effect on the upstate
and downstate performance of an RF MEMS switch. The return loss and insertion
loss characteristics must be compensated by design variations considering the upstate
performance. Furthermore, the operating frequency of the packaged switch might
change. Tuning may be required to compensate for the isolation characteristics con-

sidering the downstate performance.

One of the most crucial parts of a design procedure is to set design specifications both
for upstate and downstate performance of an RF MEMS switch. The compensating
design variations for the RF MEMS switch becomes meaningful only by setting the
performance goals. Therefore, design specifications should govern the return loss
and insertion loss characteristics in the upstate and the isolation characteristics in the
downstate. Table presents the design specifications, set before the start of the
BCB packaged RF MEMS switch design.

Table 4.1: Design specifications for upstate and downstate performances of the BCB

packaged RF MEMS devices.

Switch State Design Specifications
Return Loss > 20 dB between 0-40 GHz
upstate
Insertion Loss < 0.5 dB @ 35 GHz
Tuned Isolation @ 35 GHz
downstate

Isolation > 20 dB @ 35 GHz
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The design procedure for the RF MEMS switch itself is not within the scope of this
dissertation. [54]] presents an elaborated description of the design procedure and the
RF MEMS switch. The operating frequency of the RF MEMS switch is 35 GHz. The
design specifications in Table reflect the effect of the operating frequency. Better
than 20 dB return loss goal for the packaged RF MEMS switch in the upstate indi-
cates the impedance matching. Planar feedthrough transitions directly affect return
loss performance. The insertion loss performance goal in the upstate sets a limit to
the additional effect of the RF package. The expected isolation performance in the
downstate sets a goal not only for the switch itself but also for the RF package. Tun-
ing the isolation performance to 35 GHz may require a design compensation for the

RF MEMS switch.

This chapter focuses on the package design for the 35 GHz RF MEMS switch and
a discussion on the performance of the end product. Section [.1] presents the design
procedure principles for a packaged RF MEMS switch. Section 4.2] describes the
performed design variations for the RF MEMS switch. Section 4.3|then focus on the

performance analysis.

4.1 Package Design Procedure for a Capacitive Contact RF MEMS Switch

The packaging concept relies on wafer bonding of a cap wafer onto the device wafer
by using BCB as an adhesive interlayer. A systematic design procedure addressing
the major decision points is of great importance. One of the major decisions is to
choose the adhesive interlayer. The electrical and mechanical properties of the adhe-
sive interlayer directly affect the design phase. For instance, the discontinuity capac-
itances on the CPW transmission lines strongly depends on the electrical permittivity
of the interlayer. First of all, one of the most critical decisions is the thickness of the
adhesive interlayer. The thickness of the interlayer directly affects the discontinuity

capacitances.

Moreover, step-up coverage tolerance is another factor. The hermeticity of the pack-
age depends on the width of the adhesive interlayer. Provided that the BCB ring

width increases, the hermeticity level improves. The bonding strength depends on
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the BCB ring width as well, because the bonding area increases with the BCB ring
width. The material choice, which will be in contact with the BCB layer is signifi-
cant. The bonding quality strongly depends on the BCB layer interactions with other
layers. Secondly, planar feedthrough design is another essential concept. The return
loss performance (impedance matching) directly depends on this choice. Finally, the
downstate performance of the packaged switch strongly depends on inductive tuning.
Inductive tuning serves as a compensation mechanism for the RF MEMS switches
without affecting the upstate performance. This mechanism tunes the isolation per-
formance according to the desired operating frequency. Therefore, this mechanism
compensates the unwanted effects of the RF package. These decisions define the

design procedure for the zero-level RF MEMS switch packaging.

The itemized systematic design procedure for a packaged RF MEMS switch is as

follows:

1. Choice of adhesive interlayer properties,

e The thickness of the interlayer considering,
— Discontinuity capacitances,
— Step-up coverage,

e The width of the interlayer considering,

— Hermeticity,

— Bonding strength,
e Material choice for bonding area other than the adhesive interlayer,

— Bonding strength,

2. Planar feedthrough design,

e Impedance matching (transition design) for the CPW transmission line

under the cap and the interlayer,

3. Inductive tuning,

e Compensating package effects at downstate.
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4.2 Package Design for 35 GHz RF MEMS Switch

This section will elaborate on the design steps of the package structure for 35 GHz
capacitive RF MEMS switch. The design phase relies on the acquired data from the
microwave characterization of the package. For instance, the planar feedthrough tran-
sitions are identical to the packaged 50 {2 CPW transmission line case. Not only the
planar feedthroughs but also both package structures are almost identical. There is
only a small difference between the width of the packages. However, this change
does not affect electrical performance. 3D EM simulations of the unpackaged and
packaged RF MEMS switches are performed in ANSYS HFSS. Before going into
details about the package design, demonstrating the EM simulation results of the
unpackaged RF MEMS switch is useful. Figure {.1] presents the 3D EM model of
the unpackaged 35 GHz capacitive RF MEMS switch. The model employs radia-
tion boundary conditions and lumped ports for excitation. The EM model does not

indicate airboxes.

[ 05 1 (mm)

Figure 4.1: 3D EM model of the unpackaged 35 GHz capacitive RF MEMS switch.

Unpackaged switch performance is critical because it provides a reference for the
packaged one. The additive RF effects of the package structure reveal themselves
in a comparison between the unpackaged and packaged switch performances. Fig-

ure [4.2) and Figure [4.3] present the return loss and insertion loss characteristics of the
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unpackaged RF MEMS switch in the upstate, respectively.

0

== Unpackaged Switch (EM Model)

0 5 10 15 20 25 30 35 40
Frequency (GHz)

Figure 4.2: Return loss performance of the unpackaged 35 GHz RF MEMS switch in
the upstate.

== Unpackaged Switch (EM Model)

0 5 10 15 20 25 30 35 40
Frequency (GHz)

Figure 4.3: Insertion loss performance of the unpackaged 35 GHz RF MEMS switch
in the upstate.
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The return loss performance of the unpackaged switch indicates a good impedance
match within the entire frequency band. Return loss becomes worse as the frequency
approaches 40 GHz. This type of return loss performance is opted, instead of having
an excellent return loss performance in a narrow band around 35 GHz. The insertion
loss at 35 GHz is around 0.3 dB. The 0.5 dB insertion loss goal seems possible for the
packaged switch performance. Figure 4.4 then presents the isolation characteristics

of the unpackaged RF MEMS switch in the downstate.

‘SQI|

== Unpackaged Switch (EM Model)

0 5 10 15 20 25 30 35 40
Frequency (GHz)
Figure 4.4: Isolation performance of the unpackaged 35 GHz RF MEMS switch in

the downstate.

The isolation performance of the unpackaged switch is tuned to 35 GHz as expected.

Furthermore, the isolation seems to be better than 40 dB at 35 GHz.

Section 3. 1| presented the dimensions of the optimized package structure for the 50 €2
CPW transmission lines. Almost an identical package structure houses the RF MEMS
switch, where the small differences do not affect the package performance. Figure4.5]
presents the 3D EM model of the packaged 35 GHz capacitive RF MEMS switch. The
model employs radiation boundary conditions and lumped ports for excitation. The

EM model does not indicate airboxes.
The EM model in Figure [@4.5]is simulated utilizing ANSYS HFSS. The EM simula-
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Figure 4.5: 3D EM model of the packaged 35 GHz capacitive RF MEMS switch.

tions provided the upstate and downstate performances of the packaged RF MEMS
switch. Figure .6 and Figure 7] indicate the return loss and insertion loss of both
the unpackaged and packaged RF MEMS switches, respectively.

Figure 4.6 indicates an improvement in the return loss performance after the pack-
aging nearing 40 GHz. On the other hand, the return loss worsens in the 0-27 GHz
frequency band. As a result, the return loss is better than 20 dB on the entire fre-
quency band. The return loss goal in Table4.T| seems to be verified according to EM
simulation results. Figure 4.7 demonstrates an increase in the insertion loss. This
situation arises due to the additional loss provided by the package structure. First
of all, the planar transition regions add some extra insertion loss since these areas are
lossier than 50 2 CPW transmission lines. Table[3.T|presented the loss per unit length
values for planar feedthrough regions and 50 {2 CPW transmission lines. Secondly,
the physical length of the RF MEMS switch increased from 600 pm to 1695 um. Not
only the planar feedthroughs increased the length, but also the existence of the pack-
age required an increase in the RF port lengths. Otherwise, it would be not possible

to do measurements by utilizing RF probes. Nevertheless, the insertion loss of the
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packaged RF MEMS switch seems to be around 0.5 dB at 35 GHz.

0
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Figure 4.6: Return loss performance of the unpackaged and packaged 35 GHz RF
MEMS switch in the upstate according to EM simulations.
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Figure 4.7: Insertion loss performance of the unpackaged 35 GHz RF MEMS switch

in the upstate according to EM simulations.
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A high-resistivity Si package housing the MEMS bridge alters the isolation per-
formance of the switch. Although the package structure is identical to the 50 €2
CPW transmission line case, the isolation performance needs tuning in the down-
state. Therefore, the inductive tuning recesses in Figure [4.1] are altered. The depth
of the inductive tuning recesses (the distance into the ground planes of the CPW) is
increased from 163 um to 185 um. Figure [4.8| presents the isolation performances of

the unpackaged and packaged RF MEMS switches in the downstate.

=== Unpackaged Switch (EM Model)
== Packaged Switch (EM Model)

0 5 10 15 20 25 30 35 40
Frequency (GHz)
Figure 4.8: Isolation performance of the unpackaged 35 GHz RF MEMS switch in

the downstate according to EM simulations.

Figure {8 presents tuned performances at 35 GHz both for the unpackaged and pack-
aged RF MEMS switches. Increasing the inductive tuning recess depths narrowed the
isolation window slightly. However, the -25 dB isolation window is still accurate in
33-38 GHz frequency band. The effect does not disturb the performance goals at all,
and the result is tolerable. The isolation still seems to be better than 40 dB at 35 GHz
even after the packaging. According to EM simulation results, the designed package

verifies the preset goals in Table

Following the completion of the design procedure, the RF MEMS switches were

fabricated and packaged. Various measurements and analysis will indicate the overall
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performance of the packaged switches.

4.3 Performance Analysis for BCB Packaged 35 GHz RF MEMS Switch

This section will elaborate on the performance analysis of the packaged RF MEMS
switch. Section[4.3|then focus on the performance analysis. Section[d.3.T|presents the
shear force measurements and the durability analysis results. Section [4.3.2] presents
the optical profiler measurements and the mechanical analysis results. Section
then presents the C-V measurements and the actuation analysis results. Section[4.3.4]
focuses on the S-parameter measurements and the RF performance analysis results.
Section describes the switching-time measurements and the transient analysis
results. Finally, Section 4.3.6 presents the lifetime measurements and the reliability

analysis results.

4.3.1 Shear Force Tests and Endurance Analysis

The developed packaging approach relies on BCB as the bonding interlayer. How-
ever, the adhesion between a Au layer and BCB layer is not particularly strong. A
SixNy layer between these Au and BCB layers may prove useful since the adhesion of
SixNy to the other layers is stronger. Moreover, a Si,Ny layer already exists within the
RF MEMS switch fabrication process. Utilizing a SixNy layer between the Au and
BCB layers may increase the endurance of the packaging approach without adding a
mask to the fabrication process. This method and reasoning provided the solution for

a stronger package structure.

The shear force method is a way of measuring the durability and strength of a pack-

age. Figure 4.9 presents the schematic of a shear force measurement system.

The bottom glass substrate needs fixing against a horizontal movement. Then the
cartridge applies a controlled horizontal force from a side of the Si cap wafer. The
system increases the horizontal force until the cap wafer detaches from the fixed bot-
tom substrate. The detachment force gives a measure of the adhesion strength of the

package.
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Cartridge

Figure 4.9: Shear force measurement scheme for packaged RF MEMS switches.

DAGE 4000 Bondtester system is utilized to measure five packaged RF MEMS switches
(q4c5r4, q2c10r5, q4c8r7, q4cTrd, and qlc9r7). Table [.2] presents the shear force

measurement results of the tested packaged switches.

Table 4.2: Shear force test results for five packaged RF MEMS switches.

Switch ID || Break Force (N) Break Pressure (MPa)
qécSrd 30.7 26.9
q2c10r5 17.3 15.2
q4c8r7 16.7 14.6
qécTrd 19.3 16.8
qlcor7 20.8 18.2
Average ~21.0 ~ 18.3

The packaged switches require 21 N average force for the detachment of the caps.

Dividing the exerted force with the BCB area gives the detaching pressure. Therefore,
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the packaged switches demonstrate 18.3 MPa average pressure to detach the caps.
The detaching pressure for one of the packaged switches (q4c5r4) reached 26.9 MPa.
This value is a record among similar packaging approaches in the literature. Only one
study [44] that uses BCB in the packaging scheme can provide 25-30 MPa detaching
pressure: however, the BCB bonding is supported by silver epoxy bonding in this
case. Table[.3|presents the detaching pressures of the packaging studies that employs
BCB as the bonding interlayer.

Table 4.3: Comparison list of BCB packaging methods in terms of shear strength.

Reference | Break Pressure (MPa)
[14] ~10.0
[33] ~4.0
[44] 25-30
[15] 20 (max)
(18] 26.9 (max)

4.3.2 Optical Profiler Measurements and Mechanical Analysis

The packaged capacitive contact RF MEMS switches involve a fixed-fixed beam as
the MEMS bridge. One of the main problems which can occur during the zero-level
packaging process is the buckling of these fixed-fixed beam MEMS bridges. This
phenomenon occurs due to the high temperatures during the packaging processes. Al-
though BCB has a relatively low bonding temperature (250 °C), this may still have ir-
reversible effects. The buckling may reach the plastic deformation limit of the MEMS

bridge structure. Thereby an irreversible mechanical deflection may occur.

The mechanical design plays a crucial role to minimize the effects of the packaging
process. Section [2.1.2] gave details of the MEMS bridge fabrication. The sandwich
structure (SixNy-Au-SiyNy ) forms the basis for the RF MEMS switch fabrication and
the zero-level packaging. This mechanical design is symmetric in Z-axis since the
deposition conditions of the SixNy layers are identical. Therefore, the MEMS bridge
becomes more stable against mechanical changes. In other words, it becomes less

prone to possible deflections due to temperature changes.
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A differential observation of the MEMS bridge deflection before and after the zero-
level packaging process can reveal the mechanical effects of the packaging. Measur-
ing the mechanical state of the MEMS bridges during the fabrication just before the
BCB packaging process, forms a reference point. Afterward, measuring the mechan-
ical state of the same switches after the BCB packaging process gives us the required
data. Optical profilometer measurements play a crucial role in determining the deflec-
tion of the MEMS bridges. The optical profiler measurements require the removal of

the caps on the RF MEMS switches.

Optical profiler measurements of three switches (q1c9rl, q3c1r8, and q1c9r5) were
performed utilizing Veeco Wyko NT1100 system. The procedure included measur-
ing the deflections before and after the packaging. The optical profiler measurements
required the removal of their caps after the packaging. Then, the difference between
the mechanical states before and after the packaging gives the buckling amount of
the MEMS bridges. The difference between the measurements indicated 71 nm av-
erage buckling at the center of the MEMS bridges as a result of the BCB packaging
process. Figure d.10]and Figure . 11| present the optical profiler measurement results
of one of the switches (q1c9r5) before and after the BCB packaging process. The
buckling amount at the center of the MEMS bridge is 70 nm for this switch (q1c9r5).
Optical profiler measurements form the basis of the mechanical analysis. Even so, an

actuation analysis supporting the optical profiler measurements is essential.

4.3.3 C-V Measurements and Actuation Analysis

C-V measurements form the basis for analyzing the actuation voltages of RF MEMS
switches. Although the RF-measurement results can provide the actuation voltages as
well, the C-V analysis gives additional information on the upstate and downstate ca-
pacitances. The actuation analysis utilized C-V measurements only before the pack-
aging in this study. Nevertheless, RF-measurements provided the actuation analysis
after the packaging. As the name implies, a setup monitors the capacitance while
the potential difference changes. The upstate and downstate capacitances can give

valuable information about the mechanical state of the MEMS bridges as well.

Just like the mechanical analysis, the actuation analysis requires measurement results
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Figure 4.10: Optical profiler measurement result for an RF MEMS switch (q1c9r5)
before packaging. The inlet shows the measured RF MEMS switch before the pack-

aging process where the colors indicate thicknesses.

of the RF MEMS switches before and after the packaging. The C-V measurements of
9 switches were performed utilizing Agilent 4294A PIA (Precision Impedance Ana-
lyzer) and a DC probe station. The impedance analyzer swept the potential difference
between -40 V and 40 V continuously. Since the expected actuation voltages reside
in this range, the RF MEMS bridges pulled down in every cycle. Therefore, the setup
provided both the upstate and downstate capacitances of the RF MEMS switches.

Table [4.4] presents the actuation voltages of the measured RF MEMS switches before
and after the packaging. The C-V measurement results provided the actuation volt-
ages of the switches before the packaging, whereas the RF measurements provided

the actuation voltages of the switches after the packaging.
The average actuation voltage of the RF MEMS switches before and after the BCB
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Figure 4.11: Optical profiler measurement result for an RF MEMS switch (q1c9r5)
after packaging. The inlet shows the measured RF MEMS switch after the packaging

process where the colors indicate thicknesses.

packaging is 28.8 V and 32.7 V, respectively. Therefore, the average increase in the
actuation voltages is 3.9 V as a result of the BCB packaging process. Moreover,
the deviance of the actuation voltages decreased after the packaging. That is, the
actuation voltages got stabilized after the annealing process due to BCB packaging.
Moreover, the center deflection of the BCB packaged switches should confirm the
increase in the actuation voltages. Equation[4.T| presents the expression for the pull-in

voltage of a capacitive RF MEMS switch (fixed-fixed beam).

8k

Vo, =
bl 2750wsg

3 4.1)

where, ¢y 1s the electrical permittivity of free space, w is the width MEMS bridge, s

is the width of the signal trace of the CPW transmission line under the MEMS bridge
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Table 4.4: The actuation voltages of nine switches before and after BCB packaging

process.
Actuation Voltage (V)
Switch ID
Before Packaging After Packaging
qlc5r3 28.4 323
qlcor5 29.1 33.0
qlcl13r8 30.8 32.8
qlcl5r2 28.4 33.8
q2c9rl 27.6 31.3
q3c6r7 28.0 33.3
q3crl 27.6 33.0
q3cl1r3 28.4 323
q4c6r3 31.2 323
Mean ~ 28.8 ~32.7
o 1.24 0.68

and gy is the distance between the bottom surface of the MEMS bridge and the top
surface of the silicon nitride layer under the MEMS bridge. Considering the MEMS
switch qlc9r5, where the center deflection is measured before and after the BCB
packaging, and the average pull-in voltages before and after the packaging given in
Table Substituting Vp; = 28.8 V, go = 1.003x10 % um, e = 8.85x 10712 F//m,
w = 50 pm, s = 180 pum, k ~ 225 N/m may be calculated. Assuming the spring
constant (k) did not change before and after the packaging much, the pull-in voltage
after the packaging may be calculated by substituting go = 1.074 x 10~5um into
Equation 4.1} The pull-in voltage after the packaging can be calculated as 32.2 V' in
confirmation with the value 32.7 V', which is the presented average pull-in voltage in
Table 4.4l

Figure .12] Figured.13] Figure[.14] and Figure .15|present the C-V measurements
results of randomly chosen qlc5r3, qlc13r8, qlcl15r2, and q3c7r1 switches, respec-
tively.
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Figure 4.12: C-V measurement results of the RF MEMS switch (q1c5r3) before the

BCB packaging process.
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Figure 4.13: C-V measurement results of the RF MEMS switch (q1c13r8) before the
BCB packaging process.
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Figure 4.14: C-V measurement results of the RF MEMS switch (q1c15r2) before the
BCB packaging process.
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Figure 4.15: C-V measurement results of the RF MEMS switch (q3c7r1) before the
BCB packaging process.
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Although there are some differences between the mechanical behavior of the RF
MEMS switches, the level of the upstate and downstate capacitances seem similar.

Furthermore, the actuation voltages do not differ too much between the switches.

4.3.4 S-Parameter Measurements and RF Performance Analysis

An SPST RF MEMS switch has two operational states. In case of a capacitive RF
MEMS switch with a fixed-fixed beam, the switch has to permit RF power transfer
in the upstate. Moreover, the switch has to prevent RF power transfer from one port
to the other in the downstate. In other words, the impedance matching and isolation

play a crucial role in upstate and downstate, respectively.

Figure [4.6] Figure and Figure have already presented the EM simulation
results of the packaged RF MEMS switch. The RF performance analysis investigates
the S-parameter measurement results of nine predetermined packaged RF MEMS
switches (the actuation analysis utilized the performances of the same switches) in
comparison with the previously indicated EM simulation results. The compatibility
of the EM simulation and S-parameter measurement results indicate the reliability of
the EM simulation tool and the EM model. Moreover, this demonstrates the smooth

realization of the simulated RF MEMS switch.

The S-parameter measurements were performed by the use of Cascade Microtech
Summit 9000 Analytical Probe Station and Agilent E8361A Vector Network Ana-
lyzer (VNA). The VNA is calibrated by a Short-Open-Load-Thru (SOLT) calibration
method in 1-40 GHz frequency band, utilizing Cascade 101-190 Impedance Stan-
dard Substrate (ISS). Figure [4.16] presents the measurement setup utilized in the S-
parameter measurements of the 35 GHz BCB packaged RF MEMS switches. The
Falco System WMA-300 high gain amplifier amplifies the actuation signal generated
by Agilent 33220A function generator by a factor of 50, where Two Picosecond 5542
bias-T combines the actuation and RF signals generated by the function generator and
the Agilent E8361A Vector Network Analyzer. The bias-T have the duty to protect
the VNA from the actuation signals.

The package itself is crucial for the impedance matching performance of the RF
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Figure 4.16: S-parameter measurement setup for the 35 GHz BCB packaged RF
MEMS switches.

MEMS switches. The planar feedthrough designs include the impedance loading ef-
fects of the BCB and high-resistivity Si layers on top of the CPW transmission lines.
Therefore, the presence of the package on top of the planar feedthroughs ensures

impedance matching in these regions.

Figure presents the S, and Figure [4.18] presents £.S}; characteristics of the
EM model and nine predetermined packaged RF MEMS switches in the upstate, re-
spectively. The worst performing switch among the nine (q2c¢9rl) indicates 20.7 dB
return loss at 35 GHz. One of the switches (q3c7rl) reached 30 dB return loss at
35 GHz. Moreover, all of the switches have better than 17.1 dB return loss in 1-
40 GHz frequency band. All of the measured switches demonstrate expected return
loss characteristics, which confirms the EM simulation results and the BCB package

design.

Figure presents the |S5|, and Figure presents /S5, characteristics of the
EM model and nine predetermined packaged RF MEMS switches in the upstate, re-
spectively. All of the packaged switches indicate better than 0.6 dB insertion loss in

1-40 GHz frequency band. The insertion loss is around 0.4 dB for all of the switches
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at 35 GHz. The phase of the insertion loss also indicates the good match between the

EM simulation and the measurements of the packaged RF MEMS switches.
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Figure 4.17: Return loss magnitude characteristics of the EM model and nine prede-

termined BCB packaged RF MEMS switches in the upstate.
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Figure 4.18: Return loss phase characteristics of the EM model and nine predeter-

mined BCB packaged RF MEMS switches in the upstate.
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Figure 4.19: Insertion loss magnitude characteristics of the EM model and nine pre-

determined BCB packaged RF MEMS switches in the upstate.
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Figure 4.20: Insertion loss phase characteristics of the EM model and nine predeter-

mined BCB packaged RF MEMS switches in the upstate.

Figure presents the |S5|, and Figure presents /S5 characteristics of the
EM model and nine packaged RF MEMS switches in the downstate, respectively.
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Figure 4.21: Isolation magnitude characteristics of the EM model and nine predeter-

mined BCB packaged RF MEMS switches in the downstate.
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Figure 4.22: Isolation phase characteristics of the EM model and nine predetermined

BCB packaged RF MEMS switches in the downstate.

It is possible to tune the isolation characteristics of all of the packaged switches to 35

GHz by applying potential differences between 35 V and 50 V. The worst performing
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switch in terms of isolation characteristics (q3c7r1) shows 24.6 dB isolation at 35
GHz. The isolation characteristics also demonstrate a good agreement between the

EM simulation and S-parameter measurement results.

4.3.5 Switching-Time Measurements and Transient Analysis

Figure [4.23] presents the switching-time and lifetime measurement setup for BCB
packaged RF MEMS switches. The setup consists of a Suss-Microtech PMV200 vac-
uum probe station with Suss-IZI probes, an Agilent E8267D RF generator, an Agilent
33220A function generator, a Falco Systems WMA-300 high-voltage amplifier, a Pi-
cosecond 5542 bias-T, two WR-42 waveguide blocks, a Krytar 202A detector and
an Agilent DSO6102A oscilloscope. Although the Suss-Microtech PMV200 vac-
uum probe station can adjust the conditions within its closed chamber, the measure-
ments were performed at 25 °C and under 1 atm pressure. The setup applies two
distinct electrical signals to the packaged RF MEMS switches during the measure-
ments. Firstly, the Agilent E8267D RF generator provides an RF signal at 35 GHz
for assessing the millimeter-wave performance of the RF MEMS switches at a single
frequency. Secondly, the Agilent 33220A function generator provides a bias voltage
for controlling the state of the switches. The Falco Systems WMA-300 high-voltage
amplifier multiplies this bias voltage by a factor of 50. This amplified bias signal is
responsible for actuating the packaged switches. The Picosecond 5542 bias-T com-
bines the millimeter-wave signal and the bias signal, then applies the combination to
the switch. The RF MEMS switch changes its state according to the bias voltage,
and this generates an amplitude modulation in the 35 GHz signal. This modulated
signal specifies the upstate insertion loss and the downstate isolation performance of
the packaged switches. The modulated signal at the output port of the RF MEMS
switch then enters the WR-42 waveguide block. This block acts as a high-pass fil-
ter: filters the low-frequency part of the modulated signal, and slightly attenuates the
high-frequency part. Krytar 202A detector then filters the envelope of the output sig-
nal from the waveguide block. Agilent DSO6102A oscilloscope monitors this low-
frequency envelope and can be utilized to analyze the switching-time performance

and states of the switch.
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Figure 4.23: Utilized setup for the switching-time and lifetime measurements of 35

GHz BCB packaged RF MEMS switches.

Figure [4.24] presents the bias signal for actuating the packaged RF MEMS switch.
When Agilent 33220A function generator set to a low-frequency (f;) square wave
with a modulated polar carrier signal (fy), the RF MEMS switch may change state
with a frequency of f;. The RF MEMS switch stays in upstate under 0 V bias and
enters downstate under +=V,,. The dual-polarized square wave minimizes dielectric
charging. Table {.5| presents the characteristics of the utilized bias signal during the
tests.

~— lffy —>

> 1/ e

Figure 4.24: The bias signal utilized for actuating the RF MEMS switches.

The switching-time measurements were performed at 25 °C and under 1 atm. The 35
GHz carrier signal, which the RF source applies, has 16 dBm power. Excluding the
cable losses (~ 10 dB), the RF MEMS switch experience 4 mW power. This value is
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Table 4.5: Characteristics of the bias signal for RF MEMS switches during switching-

time tests.

fs (kHz) {4 (kHz) V, (V)

Bias Waveform 6 12 37.5

far from generating nonlinear effects.

The BCB packaged RF MEMS switches exhibit 3.5 us fall-time (upstate to down-
state) and 10 us rise-time (downstate to upstate). Furthermore, there is 5 us delay
between the application of the bias signal and the response. Therefore, the change

from downstate to upstate (rise-time) takes 8.5 s in total for V, = 37.5 V.

4.3.6 Lifetime Measurements and Reliability Analysis

One of the BCB packaged RF MEMS switches were investigated in order to deter-
mine the lifetime and possible limiting factors of the switches. With this object in
mind, the changes in the detector voltage are monitored while a BCB packaged RF

MEMS switch is subject to continuous bias signal under the expressed conditions.

The performance of the RF MEMS switch undergoes some changes during the life-
time measurements. Although the switch stayed similar times in upstate and down-
state in the early stages of the test, the length of the measurements favored the down-
state time. The duty cycle of the square detector signal was 50.6 % after 23.7 hours
of the continuous test. The duty cycle decreased to 43.4 % after 133 hours, to 31.4 %
after 472 hours. This means that the switch stays longer in downstate, which is rea-
sonable due to increasing dielectric charging effect. The charges accumulated within
the silicon nitride layer continues to pull the bridge downwards even when the bias
signal is O V. Thus, it becomes harder for the switch to change the state from down-
state to upstate. The increase in the rise-time during the lifetime tests also verify this
effect. Besides these changes in the performance, the RF performance of the pack-
aged RF MEMS switch at 35 GHz hardly alters. Table {.6| presents a comparison of
the BCB packaged METU RF MEMS switch in terms of lifetime performances of the

capacitive contact RF MEMS switches and capacitors in the literature.
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Table 4.6:

Reliability and package information of the capacitive contact RF MEMS switches and capacitors [[55/56].

) ) o Downstate Cycle
Actuator  Material Substrate  Pull-in Package Lifetime RF Power
Time (h) Frequency
_ Wafer Level .
MEMtronics [57] || Bridge Al Glass 25-40 V >100b 48 20 dBm 20-40 kHz
Liquid
7 Hermetic
Raytheon [8/58] Bridge Al Si 30-40V >200 b N/A 20 dBm 5 kHz
Wafer Cap
, Semihermetic
WISPRY [55] Cantilever Al Si 35V N/A N/A N/A N/A
Wafer Cap
] ) Fused
UCSD [60] Cantilever Au Sili 30-40 V Unpackaged >10Db 186 29 dBm 8 kHz
ilica
, Fused
UCSD [61] Bridge Au Sili 30-40 V Unpackaged >20b N/A 30 dBm 50 kHz
ilica
) ] ) Fused
Limoges [62] Cantilever Au Sili 60V Unpackaged >20b N/A 10 dBm N/A
ilica
Hermetic
NXP [63] Bridge Al-Cu Si 30V N/A N/A N/A N/A
Wafer Cap
Semihermetic
METU [18] Bridge Au Glass 30-50V >10b 236 16 dBm 12 kHz

Wafer Cap



4.3.7 Power Handling of RF MEMS Switches

As expressed the switching-time and lifetime measurements were performed under
16 dBm power. Although the power handling capability of the RF MEMS switch is
not investigated by applying different power levels, it is possible to approximately

calculate it using the self-actuation concept [55].

The return loss of the BCB packaged RF MEMS switches at 35 GHz is around 30 dB.
Therefore, the characteristic impedance of the switch might be assumed to be 50.1 (2.
Equation [4.2] expresses the DC-equivalent potential difference for the RF signal for
self actuation to occur, where V}, is the peak amplitude value of the RF signal. In
this regard it is assumed that the MEMS bridge did not deflect before pull-in. The
C-V measurement curves in Figure 4.12] Figure 4.13] Figure 4.14] and Figure [4.15]
supports this idea, where the upstate capacitance is almost contant until actuation

voltage is reached.

VbC—eq = % =P X Zy 4.2)

For P = 4 mW RF power and Z;, = 50.1 Q, Vpc_., = 0.316 V may be calculated.
This clearly shows that the effect of the self-actuation mechanism is far from affecting
the pull-in voltages expressed in Table In order to have the BCB packaged RF-
MEMS switch to self actuate, Vpc_., > Vpr must be satisfied. In this regard, for the
BCB packaged RF MEMS switches to self actuate, an RF signal with V,, = 46.24 V

or P = 21.34 W must be applied during the measurements.
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CHAPTER 5

SENSITIVITY ANALYSIS FOR THE BCB PACKAGE

Process variations due to equipment drifts and process condition differences might
often be encountered during a fabrication. These variations may degrade the perfor-
mance of the fabricated devices. While a parameter drift might not affect the perfor-
mance at all, another might do. Therefore, analyzing the sensitivity of a component

according to possible process variations is significant.

Working on this concept by fabricating components and measuring their performances
would take so much time and effort. Therefore, this method is not appropriate. Using
EM simulation tools would be a faster and easier method. Considering the consis-
tency between the EM simulation results and RF measurement results of the BCB

packaged RF MEMS switches, it is meaningful to use the EM simulation tools.

The fabrication process of the RF MEMS switches is complicated when compared
with the BCB packaging process. On the other hand, the packaging process only
needs two masks, where the BCB layer and the cavities on the cap wafer are pat-
terned. This simple process flow decreases any possible process variations. In this
study, four possible variations are considered, which might occur during the fab-
rication. These four possible variations might occur in BCB thickness, BCB lane
width, SixNy thickness, and cavity depth. Moreover, a fifth possible BCB permittiv-
ity (egcp) variation is considered. The process variations might not change the BCB
permittivity. However, it is useful to investigate the effects of such a change. The
utilized relative permittivity for the BCB layer in EM simulations is 2.6. This value
is an assumption at 35 GHz because it does not take the frequency dependence of the

dielectric permittivity into account.
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Each possible process variation (process variable) is expected to affect the package
performance differently. Therefore, first of all, the effects of each process variable
should be independently observed. A set of simulations should sweep a single vari-
able for achieving such a feat. Investigating each simulation result can reveal the
worst-case scenario for the package performance. The worst-case may not be the
combination of worst-performing parameter values. The parameter effects support-

ing each other will form the worst-case scenario.

This chapter presents the investigation results of each process variable under the cor-
responding sections. Section [5.1] presents the effects of BCB thickness variations.
Section then indicates the effects of BCB lane width variations. The effects of
SixNy thickness on the package performance is presented in Section Section
focuses on the effects of cavity depth variations. Section [5.5| gives detailed informa-
tion on the effects of BCB permittivity variations on package performance. Finally,
Section [5.6] investigates the combined effects of all these independent parameters as

the worst-case.

5.1 BCB Thickness Variations

The process conditions (i.e., spin coating speed) were optimized, aiming 10 pm BCB
thickness. However, a non-uniformity on the wafer may result in a slightly different
BCB thickness. Equipment settings might also lead to a possible thickness variation.
The variations in the BCB thickness may have an impact on the RF performance of

the package. Therefore, BCB thickness is swept in the EM simulations.

The BCB thickness is decreased down to 9 um by 0.5 um steps and increased up
to 11 um again by 0.5 um steps. In other words, each BCB thickness required a
different EM simulation. A 1 um difference in the targeted thickness is not logical.
Nevertheless, the analysis has to include the worst possible cases. Both upstate and
downstate performances of the 35 GHz BCB packaged RF MEMS switch are parts of
the analysis. Five variation points require ten EM simulations considering the upstate
and downstate of the switch. Figure 5.1} Figure and Figure [5.3| present |S;;| and

|S91| graphs in upstate and |Sy; | in downstate, respectively.
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Figure 5.1: |S1;| performance of the BCB packaged 35 GHz RF MEMS switch in the
upstate while the BCB thickness is swept from 9 um to 11 um.
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Figure 5.2: |Ss; | performance of the BCB packaged 35 GHz RF MEMS switch in the
upstate while the BCB thickness is swept from 9 um to 11 ym.
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Figure 5.3: |Ss;| performance of the BCB packaged 35 GHz RF MEMS switch in the
downstate while the BCB thickness is swept from 9 um to 11 pym.

As expected from the BCB thickness change, the parameter did not affect the upstate
or downstate performance of the RF MEMS switch. It is the MEMS bridge which is
responsible for tuning the frequency. Although altering the BCB thickness disturbs
the return loss performance in the upstate, the effect is not severe. Since BCB thick-
ness changes the characteristic impedance of the BCB transition region, this result is
also expected. Nevertheless, the change is insignificant — the worst-case shows itself
when the BCB thickness is 9 um. The return loss is still better than 25 dB at 35 GHz
for 9 um BCB thickness. Therefore, it is safe to say that the BCB package structure

is insensitive against BCB thickness variations.

5.2 BCB Lane Width Variations

The BCB width in the developed BCB package is chosen to be 200 um. However, it
is possible to obtain a slightly different BCB width due to overexposure during the
mask alignment step. Moreover, just because of the applied force at 250 °C, during

the BCB bonding process, the width of the BCB lanes might increase. The BCB
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width is increased up to 240 um by 10 pum steps in the EM simulations, in order to
observe the effects of these possible changes. In other words, there were five different
width points, for which EM simulations were performed. Again it is not probable to
have 40 um extension in the BCB width, but the analysis is done for worst possible
cases. The analysis is made for both upstate and downstate performances of the 35
GHz BCB packaged RF MEMS switch. |Sy;], and |Sy;| graphs in the upstate and
|So1| graphs in the downstate are presented in Figure Figure and Figure

respectively.
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Figure 5.4: |Sy;| performance of the BCB packaged 35 GHz RF MEMS switch in the
upstate while the BCB lane width is swept from 200 pm to 240 um.

As expected from the BCB lane width change, the parameter did not affect the upstate
or the downstate performance of the RF MEMS switch. Although it is not serious,
the return loss performance is disturbed as we alter the BCB width. This result is
expected because a change in the BCB width did alter the characteristic impedance of
the Si transition sections in Figure [3.2] Nevertheless, the change is insignificant due
to the Si (¢, gi = 11.9) presence on top of the low permittivity BCB (€, gcp = 2.6)
layer. The worst case is observed when the BCB width is increased to 250 um, and
return loss was still better than 30 dB at 35 GHz. Therefore, it is safe to say that the

BCB package structure is insensitive against BCB lane width variations.
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Figure 5.5: |Sq;| performance of the BCB packaged 35 GHz RF MEMS switch in the
upstate while the BCB lane width is swept from 200 um to 240 pm.
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Figure 5.6: |Ss; | performance of the BCB packaged 35 GHz RF MEMS switch in the
downstate while the BCB lane width is swept from 200 um to 240 pm.
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5.3 SixN, Thickness Variations

The SixNy thickness in the packaged RF MEMS switch is chosen to be 0.2 um under
the BCB ring. The SiyN, thickness under the MEMS bridge is 0.3 um. However, it
is possible to obtain a slightly different SiyN, thickness due to PECVD equipment
drifts. Furthermore, the TMAH etching step may decrease the SiyN, thickness as
well. The SiyNy thickness is swept from 0.18 um to 0.22 um, with 0.01 um steps. In
other words, there were 5 different thickness points, for which EM simulations were
performed. 0.02 um alteration in the Si,Ny thickness is possible in the worst case
and this is accounted for in the simulations. The analysis is made for both upstate
and downstate performances of the 35 GHz BCB packaged RF MEMS switch. |Sq|
and |Sy;| graphs in the upstate and |Sy;| in the downstate are presented in Figure
Figure[5.8] and Figure[5.9] respectively.
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Figure 5.7: |S11| performance of the BCB packaged 35 GHz RF MEMS switch in the
upstate while the Si, Ny thickness is swept from 0.18 um to 0.22 um.

The SixNy is not only utilized under the BCB rings for better adhesion but also it is
utilized under the MEMS bridges for electrical isolation. So changing the thickness of
the Six Ny layer alters two different mechanisms. Therefore, both mechanisms should

be investigated. The SixN, thickness seemed not to affect the return loss and insertion
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Figure 5.8: |S;1| performance of the BCB packaged 35 GHz RF MEMS switch in the
upstate while the SiyN, thickness is swept from 0.18 um to 0.22 um.
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Figure 5.9: |Ss; | performance of the BCB packaged 35 GHz RF MEMS switch in the
downstate while the Si, N, thickness is swept from 0.18 um to 0.22 um.
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loss of the packaged RF MEMS switch in the upstate significantly. Both mechanisms
affected the return loss and insertion loss in the upstate. First of all, the change
in the thickness of the isolation dielectric (SixNy) altered the upstate capacitance.
Secondly, the impedance of the planar feedthroughs was affected, which altered the

performances in the upstate.

Moreover, the isolation performance of the packaged RF MEMS switch in the down-
state was affected significantly. The shift in the frequency is mostly due to the change
in the downstate capacitance. The downstate capacitance is changed because of the
thickness of the isolation dielectric (SixNy) and the downstate capacitance is directly
related. The change in the planar feedthrough regions does not expect to affect the
isolation performance. The change in the thickness of the isolation dielectric is a pro-
cess variable for the fabrication of the RF MEMS switches. Thus, the package itself

can be assumed to be insensitive against SiyN, thickness changes.

5.4 Cavity Depth Variations

The cavity depth in the packaged RF MEMS switch is chosen to be 100 um. However,
it is possible to obtain a slightly different cavity depth due to DRIE non-uniformity
through the wafer and, equipment drifts are also plausible. The cavity depth is swept
from 50 pum to 150 um, with 25 um steps. In other words, there were five different
thickness points, for which EM simulations were performed. 50 um alteration in the
cavity depth is possible but not likely; however, the worst case is accounted for in the
simulations. The analysis is made for both upstate and downstate performances of the
35 GHz BCB packaged RF MEMS switch. |S;;| and |Ss;| graphs in the upstate, and
|S21| graph in downstate are presented in Figure Figure and Figure

respectively.

As expected from the cavity depth change, the parameter did only affect the upstate
performance of the RF MEMS switch slightly. This result is expected because a
change in the cavity depth did alter the characteristic impedance of the Si cavity
section in Figure [3.2] However, when the cavity depth is over 50 pm, its effect is

negligible. The BCB package is stable against cavity depth changes.

75



= cavd =50um
ol T cavd =75um
= cavd =100pm
cavd =125um
—20¢ cavd =150pum
2: g
—30¢ |
—40}
_50 ! L L L L I I
0 5 10 15 20 25 30 35 40
Frequency (GHz)

Figure 5.10: |S;1| performance of the BCB packaged 35 GHz RF MEMS switch in
the upstate while the cavity depth is swept from 50 um to 150 um.
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Figure 5.11: |Sq;| performance of the BCB packaged 35 GHz RF MEMS switch in
the upstate while the cavity depth is swept from 50 um to 150 pm.
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Figure 5.12: |Sq;| performance of the BCB packaged 35 GHz RF MEMS switch in
the downstate while the cavity depth is swept from 50 um to 150 pm.

5.5 BCB Relative Permittivity Variations

The BCB relative permittivity is taken to be 2.6 in the EM model. However, it is
possible to have a different BCB relative permittivity when the frequency effect is
considered. Until the BCB characterizations are extended up to 35 GHz, it is not
possible to give an exact number for its value. The BCB relative permittivity is swept
from 2.4 to 2.6, with 0.5 steps. In other words, there were five different points, for
which EM simulations were performed. The analysis is made for both upstate and
downstate performances of the 35 GHz BCB packaged RF MEMS switch. |S;| and
|So1| graphs in upstate and |Sy;| graphs in downstate are presented in Figure

Figure[5.14] and Figure [5.15] respectively.

Sweeping the relative permittivity of the BCB almost did not affect the insertion loss
and return loss performance in the upstate and isolation performance in the downstate.
These results indicate the insensitivity of the BCB package against changes in the

relative permittivity of the BCB.

77



— EBCB :2.4
_107 — EBCB:2.45
= €BCB =2.5
EBCB =2.55
e _20 I EBCB :2.6
)
30} /—\1 |
—40f /
_50 ! . . . . L L
0 5 10 15 20 25 30 35 40

Frequency (GHz)

Figure 5.13: |S;;| performance of the BCB packaged 35 GHz RF MEMS switch in
the upstate while the BCB relative permittivity is swept from 2.4 to 2.6.
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Figure 5.14: |Sq;| performance of the BCB packaged 35 GHz RF MEMS switch in

the upstate while the BCB relative permittivity is swept from 2.4 to 2.6.
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Figure 5.15: |Sq;| performance of the BCB packaged 35 GHz RF MEMS switch in
the downstate while the BCB relative permittivity is swept from 2.4 to 2.6.

5.6 The Worst Case Scenario

In the worst-case scenario, it is assumed that all the alterations in the BCB thickness,
BCB width, Si, Ny thickness, cavity depth, and BCB relative permittivity are the least
expected values. Nevertheless, care has been taken in order not to cancel each dis-
crete effect. For instance, the BCB relative permittivity is kept at 2.6 instead of 2.4.
Otherwise, decreasing the BCB thickness would be less effective in the overall switch

performance. Table[5.T] presents the tabulated worst-case parameter values.

The analysis is made for both upstate and downstate performances of the 35 GHz
BCB packaged RF MEMS switch. In order to have a reference, the worst-case sce-
nario performances are drawn together with the designed switch performances. |Si;|

and |Sy; | graphs in the upstate and |So; | graph in the downstate are presented in Figure

5.16] Figure and Figure [5.18] respectively.

The performance of the BCB packaged RF MEMS switch in the upstate is affected
in the worst-case scenario. Especially, the return loss performance is altered. How-

ever, a 3 dB change around 30 dB return loss is negligible. Moreover, the insertion
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Table 5.1: Parameter values of the BCB packaged 35 GHz RF MEMS switch consid-

ering the worst case scenario.

PARAMETER VALUE
BCB Thickness (BCBy) 9 um
BCB Lane Width (BCB,,) 240 um
SixNy Thickness (SixNy) 0.18 um
Cavity Depth (cavy) 50 um
Relative Permittivity of BCB (epcp) 2.6
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_10,
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Figure 5.16: |Sy;| performance of the BCB packaged 35 GHz RF MEMS switch in

the upstate for the worst case scenario and for its regular design.

loss is not affected significantly as expected from the return loss characteristics. On
the other hand, tuned downstate performance is shifted to lower frequencies. None
of the parameters did affect the isolation of the packaged switch except the Si N,
thickness. Thus, the change in the isolation is due to the change in isolation dielectric
thickness under the MEMS bridge. For the worst-case scenario, the Si,N, thickness
is decreased to 0.18 um from 0.20 um. This alteration explains the shift to lower fre-

quencies, where the downstate capacitance of the RF MEMS switch is increased.
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Figure 5.17: |Ss;| performance of the BCB packaged 35 GHz RF MEMS switch in

the upstate for the worst case scenario and for its regular design.
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Figure 5.18: |Sq;| performance of the BCB packaged 35 GHz RF MEMS switch in

the upstate for the worst case scenario and for its regular design.
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CHAPTER 6

INVESTIGATION OF THE DISPERSIVE BEHAVIOR OF GLASS AND
HIGH-RESISTIVITY SILICON SUBSTRATES

Knowing the properties of the utilized materials in a fabrication cycle has an un-
deniable significance. Accurately characterized materials are crucial for estimating
the performance of a device. Moreover, reliable and accurate designs depend on the
accuracy of the material characterization. The characterization has even more sig-
nificance when RF components of any sort are under consideration. This situation
is due to the frequency dependence of the material properties. The permittivity of a
dielectric may strongly depend on the frequency of operation. This dependence may

alter performance significantly.

Utilized substrate (i.e., silicon, glass, quartz) has a significant effect on the RF perfor-
mance of the devices. The BCB packaging process presented in Chapter [2is valuable,
and it is insensitive against process variations. Nevertheless, utilized substrates should
be characterized to have better control over it. In the developed BCB packaging ap-
proach, a glass substrate carries the RF MEMS switches. Afterward, a high-resistivity
(> 10000 €2.cm) Si cap wafer is bonded to the glass wafer by using BCB as the adhe-
sive interlayer. Therefore, having frequency-dependent permittivity data of both glass

and high-resistivity Si will lead to more correct and reliable designs.

This chapter proposes a novel wideband characterization method to investigate the
frequency-dependent nature of the utilized glass and high-resistivity Si wafers. The
BCB packaged RF MEMS switches operate at 35 GHz. Although it is possible to use
the characterization method for broader frequency bands, this study investigates the
frequency-dependent behavior of the substrates in the 1-40 GHz band. The procedure

depends on the measurement results of CPW transmission lines on glass and high-
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resistivity Si wafers. Before going into details with the characterization structures,
Section [6.1] presents the general view of the characterization procedure using CPW

transmission lines.

6.1 Wideband Characterization Procedure Based on CPW Transmission Line

Measurements

The wideband characterization method aims to obtain frequency-dependent effective
permittivity of substrate materials, which carry some test structures. Specifically,
the BCB packaged RF MEMS switches utilize glass and high-resistivity Si wafers.
Therefore, the method targets to obtain frequency-dependent permittivity data and
observe the dispersive behavior of the glass and high-resistivity Si. The characteriza-
tion method bases on measured S-parameters of CPW transmission lines. Although
other test structures might be utilized, CPW transmission lines prove worthy owing
to their simplicity in fabrication and modeling. Moreover, CPW transmission lines

are the basis for the BCB packaged RF MEMS switches.

The itemized procedure for the wideband characterization method is as follows:

e The S-parameter measurements of the test structures (CPW transmission lines)

fabricated on glass and high-resistivity Si wafers,

e Piecewise circuit modeling of the CPW transmission lines based on measured
S-parameters. Obtaining TL models (Zy, €.¢, loss and the center frequency
of corresponding window (f.)) by simultaneously solving three identical trans-
mission lines with different physical lengths. Simplex algorithm of AWR Mi-

crowave Office is utilized for this purpose,

e Utilizing analytical formulations, based on conformal mapping techniques, to
obtain frequency-dependent electrical permittivity of the utilized substrate ma-

terial.

Furthermore, the same procedure is applied to EM simulation results of CPW trans-

mission lines. Therefore, a comparison can be made on electrical permittivity data
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of the EM models and the measurement results, which reveals the dispersion charac-
teristics of the substrates. Section [6.1.1 Section [6.1.2] and Section [6.1.3] present the
elaborated description of each item within the within the wideband piecewise charac-

terization procedure.

6.1.1 Fabrication and S-Parameter Measurements of CPW Transmission Lines

CPW transmission lines are fabricated on 4” glass and high-resistivity (> 10000
().cm) Si wafers in order to characterize both substrate materials. A Cr/Au (25 nm/1
um) metal layer is sputtered on both wafers and patterned by the use of a photolithog-
raphy step and wet etching.

There are four sets of CPW transmission lines, in which transmission lines with three
different physical lengths exist. There are two 50 {2 CPW transmission line sets. One
of them is designed for glass wafers, and the other set is designed for high-resistivity
silicon wafers. Furthermore, there are 75 {2 CPW transmission line sets. One of the
sets is designed for glass wafers, and the other set is designed for high-resistivity
silicon wafers. Figure 6.1 presents the physical dimensions and their abbreviations in

the bracelets for a CPW transmission line.

Table[6.I|presents the physical dimensions (Figure[6.1)) of the CPW transmission lines
for each separate set. The same mask set is fabricated both on high-resistivity silicon
wafers and glass wafers. Thus, we would have all of the required test structures with

fabricating glass and high-resistivity silicon wafers.

The S-parameter measurements were performed by the use of Cascade Microtech
Summit 9000 Analytical Probe Station and Agilent E8361A Vector Network Ana-
lyzer (VNA). The VNA is calibrated by a Short-Open-Load-Thru (SOLT) calibration
method in 1-40 GHz frequency band, utilizing Cascade 101-190 Impedance Standard
Substrate (ISS).
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Figure 6.1: Physical dimensions of the CPW transmission line along with their ab-

breviations within the bracelets.

6.1.2 Piecewise Transmission Line Modeling of Measured S-Parameters

The CAD models simulating the performance of the transmission lines rely on the ef-
fective permittivity (e.sy), characteristic impedance (Zy), and loss of the system. The
standard procedure for the characterization of these transmission lines is to pursue a
single value for the transmission line parameters within the entire frequency band. In
other words, simple CAD models neglect the frequency dependency of the param-
eters, such as effective permittivity. The measurement equipment at hand dictates
the frequency band of operation, which is 1-40 GHz for BCB packaged RF MEMS
switches and characterization structures. The developed piecewise characterization
method employs a different approach. Instead of characterizing the material within
the entire frequency band in one sweep, the band is split into many windows. Each
window has a width of 2 GHz. Then, the method calculates the effective permittivity
at the center frequency of each window. Figure [6.2] presents the windowing action
and the center frequency point of the moving window. The circuit model parameters

of the transmission line from 2 GHz to 39 GHz are then obtained by 1 GHz steps.

For instance, the material parameter values at 2 GHz was characterized by the use

86



Table 6.1: Dimensions and lengths of the CPW transmission lines for different sets.

Abbr. CPWTL 1 (um) CPW TL 2 (um) CPW TL 3 (um)
l 1920 6866 11902
S 180 180 180
50 ©2 (Glass)
g 23 23 23
gndw 500 500 500
l 2120 7066 12102
S 100 100 100
75 Q) (Glass)
g 55 55 55
gndw 500 500 500
l 1268 4540 7870
S 100 100 100
50 €2 (Si)
g 55 55 55
gndw 500 500 500
l 2120 7066 12102
S 40 40 40
75 € (Si)
g 100 100 100
gndw 500 500 500

of measurement results in the 1-3 GHz band. In other words, a piecewise approach
is adopted. The 2 GHz wide window moves to higher frequencies in 1 GHz steps.
Thus, the center frequency moves in 1 GHz steps, and frequency-dependent parameter
values can be obtained. At first glance, it may seem like decreasing the window
size may yield better results. Nevertheless, this does not only increase the workload,
but it also decreases accuracy. In other words, the windowing system became more
unreliable due to unwanted ripples on the measurement data. Due to these ripples,

small windows give ambiguous results.

The utilized procedure does not adopt to obtain the permittivity directly from the
measured S-parameters. Instead, by using AWR Microwave Office, a transmission
line model was fit to the measured S-parameters as the first step. The curve fitting

optimization of a transmission line model and the measured S-parameters of a CPW
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Figure 6.2: A demonstration of the working principle of the piecewise material char-
acterization study based on frequency. A constant width window is moving, while
determining the transmission line parameters (Zy, €.r¢ and loss of the line) on the

center frequency of the window.

transmission line gives the model parameters (Zy, €.fs, and loss). The curve fitting
is done in 2 GHz windows, and the center frequency of the windows was set as the

frequency of the transmission line model.

In order to have more physical (compatible with physical structure) results, three
identical transmission lines with different lengths were utilized. The data fitting is
done by using the simplex optimization tool of the AWR Microwave Office simulta-
neously for all three transmission lines. Therefore, the results are more reliable and

more physical.

Then, the circuit model parameters (Zy, €.f¢, and loss) are utilized in the analytical

model formulations, and permittivity of the materials were obtained.
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6.1.3 Extracting Frequency Dependent Electrical Permittivity of Substrate Ma-

terials

A practical CPW transmission line consists of three metal plates (a signal and two
ground planes) staying on top of a dielectric substrate. The center metal acts as
the signal strip between two finite-width ground planes. Grounded CPW (GCPW)
transmission lines, where there exists a third ground plane at the bottom of the finite-
width dielectric substrate, found themselves application areas. The BCB packaged RF
MEMS switches studied within this dissertation bases on conventional CPW trans-
mission lines. Therefore, GCPW transmission lines are not the focus of this study.
Figure[6.3] present a demonstration of conventional practical CPW transmission lines

with finite-width ground planes and dielectric substrates.

€€

Figure 6.3: Conventional single layer CPW with finite width ground planes.

The wideband characterization procedure for investigating the dispersive nature of the
glass and high-resistivity silicon substrates utilizes conventional CPW transmission
lines at its basis. The modeling of the CPW transmission lines plays a crucial role in
obtaining the frequency-dependent electrical permittivity of the employed dielectric

substrates. Conformal mapping techniques based on a propagating quasi-static TEM
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mode assumption presented closely approximate results in modeling the CPW trans-
mission lines. The total capacitance of the CPW transmission line (C'), presented in
Figure is the sum of the partial capacitances C,ir and C of the partial regions
indicated in Figure and Figure [6.4b] respectively. Equation presents this re-
lation between the partial capacitances (C,;- and C') and the total CPW capacitance
().

(b)

Figure 6.4: Configurations for finding the capacitance values: (a) C,;,, (b) Cj.

C
6eff = C

air

6.1)

By using the quasi-static TEM mode approximation, the effective permittivity of the
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CPW transmission lines can be expressed by Equation [6.2]

C= Cair + Cl (62)

The partial capacitance of Figure [0.4a)in the absence of the dielectric region can be
expressed as in Equation by the use of elliptic integrals of the first kind (K).
Equation [6.4]and Equation [6.5|present the expressions for the arguments (k and k’) of
the elliptic integral (K), respectively.

. K(¥)

Coir = 469 K () (6.3)
c [b?—a?

k= N (6.4)

K =v1—k? (6.5)

Equation [6.6] formulates the partial capacitance of the dielectric region (Figure [6.4b)
in terms of elliptic integral (K) of first kind, where Equation and Equation

present the expressions for arguments k; and k7, respectively.

K (k)
=9 —1 .
Cl 60(61 )K(k1> (6 6)
By sinh (&) | sinh® (52) — sinh? (5%) 67
1= = s : e : a :
sinh (ﬁ) sinh? (ﬂ) sinh? (%)

As a result of the given formulations, Equation [6.8] presents the relation between the

effective permittivity (e.r¢) and €; [49].

2 K(ko)K (k)

Ceff = 1+ (68)
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From Equation [6.8] Equation[6.9|can be written, where the CPW-dispersive electrical

permittivity of the dielectric (glass or high-resistivity silicon) is calculated from.

(6.9)

6.2 Calculated Frequency Dependent Permittivity of Glass and High-Resistivity

Silicon

The itemized procedure in Section [6.1] is applied for 50 €2 and 75 2 CPW trans-
mission lines on glass wafer. Firstly, the piecewise transmission line modeling is
implemented and the effective permittivity of the 50 {2 and 75 {2 CPW structures on
the glass are obtained between 2-39 GHz. Tabulated data points were entered into
a python script, where the frequency-dependent electrical permittivity value of the
glass was calculated. It should be noted that, obtained electrical permittivity includes
the dispersive effects of the CPW transmission line structure and the glass substrate.
Due to the CPW related dispersion effects, these set of values cannot be assumed as
the electrical permittivity of the glass substrate. The extracted data will be named as
CPW-dispersive electrical permittivity within the context of this thesis. Nevertheless,
obtained permittivity performance, including the dispersive effects of both the CPW
structure and the glass substrate itself is valuable. For assessing the substrate related
dispersive behavior, EM simulations of the same CPW transmission lines (Table @
were conducted in ANSYS HFSS. The relative electrical permittivity of glass is taken
as 4.6 in the EM simulations. This way, only the dispersive behavior of the CPW
transmission line structure itself is taken into account. The same piecewise wideband
characterization procedure is applied to EM simulation results as well. Therefore,
by comparing the EM simulation-based and CPW transmission line measurement-
based CPW-dispersive electrical permittivity data, it becomes possible to assess the

dispersive behavior of the utilized substrate.

Figure [6.5] presents the obtained frequency-dependent CPW-dispersive electrical per-
mittivity of glass substrates for 50 {2 CPW transmission lines based on both EM sim-

ulations and CPW transmission line measurements. Figure[6.6presents the difference
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between measurement and simulation-based CPW-dispersive permittivity data.
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Figure 6.5: Calculated frequency-dependent CPW-dispersive permittivity of glass for
the frequency band of 2-39 GHz with 1 GHz steps.
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Figure 6.6: The difference between the calculated CPW-dispersive permittivity based

on the EM model and the measurements for 50 §2 glass CPW transmission lines.

93



The primary behavioral difference between the EM simulation-based and measurement-
based CPW-dispersive electrical permittivity can be observed better at higher frequen-
cies of the 1-40 GHz band. Figure [6.6] presents the increasing difference between
measurement and EM simulation-based data. The difference is due to the dispersive
behavior of the glass material. As Figure [6.5] and Figure [6.6] indicate, the electrical
permittivity of glass decreases with increasing frequency within the 1-40 GHz fre-

quency band.

Figure |6.7| presents the obtained frequency-dependent CPW-dispersive electrical per-
mittivity of glass substrates for 75 {2 CPW transmission lines based on both EM sim-
ulations and CPW transmission line measurements. The difference of the measure-
ment and simulation-based CPW-dispersive electrical permittivity data is presented
in Figure [6.8] The results indicate a similar behavior for the glass substrate. If a
comparison is made between Figure[6.5)and Figure the ripples in the 75 €) seems
more dominant. This behavior is due to the increased dispersive behavior of the CPW

transmission lines for higher impedances.
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Figure 6.7: Calculated frequency-dependent CPW-dispersive permittivity of glass for
the frequency band of 2-39 GHz with 1 GHz steps.

Precisely the same procedure is applied with the 50 €2 and 75 2 CPW transmis-
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Figure 6.8: The difference between the calculated CPW-dispersive permittivity based

on the EM model and the measurements for 75 §2 glass CPW transmission lines.

sion lines on high-resistivity silicon substrates. The relative electrical permittivity
of high-resistivity silicon is taken as 11.9 in the EM simulations. Similar behav-
iors are observed for high-resistivity silicon wafers as in the case of glass substrates.
Figure [6.9] presents the obtained frequency-dependent CPW-dispersive electrical per-
mittivity of high-resistivity silicon substrates for 50 {2 CPW transmission lines based
on both EM simulations and CPW transmission line measurements. The difference
of the measurement and simulation-based CPW-dispersive electrical permittivity data

is presented in Figure [6.10]

Moreover, Figure [6.11] presents the obtained frequency-dependent CPW-dispersive
electrical permittivity of high-resistivity silicon substrates for 75 {2 CPW transmis-
sion lines based on both EM simulations and CPW transmission line measurements.
The difference of the measurement and simulation-based CPW-dispersive electrical
permittivity data is presented in Figure Regarding the obtained data from both
50 © and 75 2 CPW transmission lines, the electrical permittivity of high-resistivity
silicon decreases with increasing frequency within 1-40 GHz frequency band. The

case with the high-resistivity silicon is identical to the case with glass.
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Figure 6.9: Calculated frequency-dependent CPW-dispersive permittivity of glass for
the frequency band of 2-39 GHz with 1 GHz steps.
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CHAPTER 7

CONCLUSION AND FUTURE WORK

This thesis presents separate studies which aim to develop, characterize, and assess
a zero-level packaging concept, which utilizes BCB as the bonding interlayer be-
tween the glass and high-resistivity silicon wafers. The first study focuses on the
development of the BCB packaging concept. Package development includes the EM
design of the package structure, construction of the packaging process steps and in-
tegration of the packaging process to METU RF MEMS switch fabrication cycle.
The initial step in developing the zero-level packaging concept was to investigate the
processibility and RF performance of the package structure. These two considera-
tions were studied simultaneously, and both influenced each other. As a result of the
performed development studies, the packaging concept was implemented on simple
CPW transmission lines. The comparison between the EM simulation results and the
RF performance of the packaged CPW transmission lines, especially the planar tran-
sition regions, indicated a proper matching with each other. The application of the
packaging concept to the RF MEMS switch, on the other hand, proved to be much
more challenging. The switch fabrication process underwent some changes during
the integration with the developed packaging process. As a result, a new switch fab-
rication process was designed to make the RF MEMS bridges (sandwiched bridge
structure) compatible with the harsh packaging process step. The second study com-
plemented the first study by characterizing the package structure in terms of its RF
performance. A circuit model of the BCB packaged CPW transmission line revealed
the effects of individual sections of the package structure. Moreover, a novel piece-
wise wideband characterization method proved the dispersive nature of the glass and
the high-resistivity silicon wafers. The technique utilizes various CPW transmission

lines on glass and high-resistivity silicon wafers as samples and provides a frequency-
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dependent electrical permittivity in wideband. The third study explores the process
sensitivity of the developed package structure based on EM simulation results. The
sensitivity analysis investigates the package in respect to BCB thickness, BCB lane
width, SicNi, thickness, cavity depth, and BCB relative permittivity variations, by
perturbing these parameters around the nominal process parameters. Although all
the parameters are individually perturbed, a worst-case scenario for the package is

studied and presented.

The following items present conclusions concerning the studies performed within the

scope of this thesis:

1. A zero-level packaging concept, in which a high-resistivity silicon wafer is
bonded to a glass device wafer by the use of BCB as the bonding interlayer is
developed. The thesis presents a design procedure of the developed packaging

methodology.

2. The zero-level packaging is realized, and the process steps are optimized for a
robust, repeatable, and efficient fabrication cycle. Furthermore, the packaging
process cycle is integrated with METU RF MEMS switch fabrication process.
As a result, a 4" complete fabrication cycle to obtain zero-level packaged RF
MEMS switch which utilizes nine masks is developed. Although the packag-
ing is implemented with CPW transmission lines and an RF MEMS switch, the
concept is not limited with these two relatively simple structures. This packag-

ing approach applies to much more complex RF MEMS components as well.

3. A circuit model containing cascaded transmission lines proved to be useful in
exploring the effects of the package parts on the RF performance. Employing
packaged CPW transmission line measurement results, curve fitting algorithms
optimized the circuit model parameters. The impact of the planar transmission
regions on the insertion loss performance of the packaged CPW transmission
lines is the most critical loss factor. The BCB and high-resistivity silicon layers
on top of the planar transitions contributed to the insertion loss of the packaged

component.

4. The packaging methodology is applied to package a 35 GHz shunt, capacitive
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contact RF MEMS switch. The thesis presents many attributes of the package

and the switch by using various analysis.

e The endurance analysis consists of the shear strength measurements for
the bonded caps on top of RF MEMS switches. The packaged switches
require 21 N average force for the detachment of the caps. A SiNy layer
between the BCB ring and the gold layer of the CPW structures enhanced
the adhesion between these layers. This enhanced adhesion increased the
shear strength of the BCB package, where similar studies lack this advan-

tage.

e A comparison between the optical profiler measurements of the MEMS
bridges before and after the BCB packaging revealed the amount of center
deflection due to the harsh packaging process conditions. 71 nm average
center deflection is noted among three packaged switches. The alterations
in the METU RF MEMS switch fabrication, sandwiched gold bridge be-
tween SixNy, for the integration of packaging process steps bear fruit in

this regard.

e A comparative actuation analysis by the use of C-V measurements before
and after the packaging indicated a 3.9 V average increase in the actuation
voltages. The BCB bonding process, which takes place at 250 °C, effected
the mechanical structure of the MEMS bridges slightly.

e S-parameter measurements indicated the expected RF performance of the
packaged RF MEMS switches. The nine packaged switches have similar
and repeatable performances. The worst performing switch in the upstate
(q2c9rl) has 20.7 dB return loss and around 0.4 dB insertion loss at 35
GHz. Moreover, the worst-performing switch in the downstate (q3c7rl)

demonstrated 24.6 dB isolation at 35 GHz.

e The transient analysis presented the switching times for the RF MEMS
switches. The switch has a 3.5 ps fall-time (upstate to downstate) and
10 ps rise-time (downstate to upstate). Together with the five ps delay
between the application of the bias signal and the response of the switch,

there is a total of 8.5 ps fall-time (upstate to downstate).

e The BCB packaged RF MEMS switch performed for a total time of 472
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hours, where the switch stays at downstate for 236 hours. During the
lifetime tests, the switch performed for 10.2 billion cycles. The duty cycle
of the signal decreased to 31.4 % at the end of 472 hours of operation from
50.6 %. The tests ended due to a power blackout, which means the switch

could have performed more.

5. A piecewise wideband characterization method is developed and applied for
determining the dispersive nature of the glass and the high-resistivity silicon
wafers. The method solely depends on CPW transmission lines as test struc-
tures and compares the frequency-dependent electrical permittivity data of EM
simulations and transmission line measurements. The dispersive nature of the
utilized substrate becomes obvious. This method come forward among the sim-
ilar work, due to its dependence on measurement results and its easy application

to any substrate.

The derived conclusions from the studied subjects can be improved further by the

following future work assignments:

e Various aspects of the BCB packaging fabrication steps might be improved.
For instance, just by increasing the thickness of the BCB layer, the dielectric
loading effect on the planar transition regions might be decreased. Furthermore,

the step-up coverage of the BCB layer would increase with the outlined change.

e Although lifetime tests indicated 10.2 billion cycles of switching operation, a
hermeticity test is not applied to the BCB packaged RF MEMS switch. There-
fore, there is no absolute leak rate value for the BCB package. Hermeticity tests

for the BCB packaged RF MEMS switches may be performed.

e The packaged RF MEMS switch occupies an area of 1.70x1.22 mm?. Al-
though the BCB packaging method was studied on small components, there
is no electrical restriction in the utilization of the package for larger chips or
components. A more complex RF MEMS component, such as a phase shifter,

might be packaged with the developed packaging methodology.

e The piecewise wideband characterization method might be improved by mod-

eling and extracting the dispersive behavior of the CPW transmission lines from
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the obtained frequency-dependent electrical permittivity data. By this way, the
frequency-dependent electrical permittivity of a material may be available to be

used as a material definition within EM solvers.

The piecewise wideband characterization method might be extended to include
conductor and dielectric loss effects. By this way not only the electrical per-
mittivity but also the frequency-dependent tangent loss of a dielectric may be

determined.

The dispersive behavior of the glass, high-resistivity silicon or any other ma-
terial might be investigated. A physical and mathematical model would prove

useful in the utilization of these materials.
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