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Abstract

In the last decade, silicon germanium (SiGe) bipolar complementary metal oxide semi-
conductor (BiCMOS) technologies opened a new cost-efficient market for the mm-wave
applications. Starting with the commercial use of automotive radars at 77 GHz, the
market now has a strong interest on radar, sensor and imaging products at mm-wave
and sub-THz frequencies. The latest developments on SiGe hetero bipolar transis-
tors (HBTs) with an fy,x of beyond 700 GHz boost the research and development
effort on circuit and system areas to take share from the new market. In parallel to
the developments on SiGe HBT performances, extra functionalities to the standard
BiCMOS processes can be added by following the “More than Moore” path. With
the followed path, different modules that include photonics, microfluidics or micro-
electro- mechanical system (MEMS) can be integrated into the circuits and systems for
multi-functionality. Radio frequency micro- electro- mechanical system (RF-MEMS)
switches can offer very high RF isolation, very low insertion loss, high signal linearity,
almost zero power consumption, very large bandwidth and miniaturization. With their
superior RF performances they can be used in switching and reconfigurable matching
networks, phase arrays or active circuits.

In this thesis, mm-wave RF-MEMS switches in SiGe BiICMOS technologies are deve-
loped. Initially the process integration of the RFE-MEMS switches is presented, inclu-
ding different wafer-level packaging approaches. The process integration is followed
by electromagnetic modeling and RF optimization of a thin film wafer-level encap-
sulated RF-MEMS switch for D-band (110-170 GHz) applications in 0.13um SiGe
BiCMOS technology. After the demonstration of the D-band switch, a second type of
switch in 0.13 pm SiGe BiCMOS technology is developed and demonstrated for J-band
(220—325 GHz) applications. The thesis continues with different RF-MEMS design ex-
amples in both 0.25 pm and 0.13 pm SiGe BiCMOS technologies. In the 0.13 pm SiGe
BiCMOS technology, an RF-MEMS based D-band single-pole double-throw (SPDT)
switch and in the 0.25pm SiGe BiCMOS technology, wafer-level packaged K-band
(18-27 GHz) single-pole single-throw (SPST), RE-MEMS based SPDT switches and
a charge pump with the SPST switch are demonstrated. Lastly, yield analyses of the
developed examples in the 0.25 pm SiGe BiCMOS technology are given.
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Zusammenfassung

In den vergangenen zehn Jahren sind die SiGe BiCMOS Technologien in den Markt
der mm-Wellen Anwendungen vorgedrungen. Beginnend mit dem kommerziellen Ein-
satz von Autoradarsystemen bei 77 GHz, hat der Markt nun ein grofles Interesse an
Radar, Sensor und Bildgebungsprodukten bei mm-Wellen und Sub-THz Frequenzen.
Die neuesten Entwicklungen auf dem Gebiet der SiGe HBT mit einem f;,, von mehr
als 700 GHz beschleunigen die Forschungs und Entwicklungsanstrengungen in den Be-
reichen Schaltkreise und Systeme, um vom neuen Markt zu profitieren. Parallel zu den
Fortschritten bei den SiGe HBT Eigenschaften werden, der “More than Moore” Stra-
tegie entsprechend, zusétzliche Funktionalitdten in den BiCMOS Prozess integriert.
Demzufolge, koénnen verschiedene Module wie zum Beispiel Photonik, Mikrofluidik
oder MEMS in den Schaltungen und Systemen verwendet werden, wodurch deren
Funktionalitdt deutlich erweitert wird. RF-MEMS Schalter haben eine sehr hohe
HF-Isolation, eine sehr geringe Einfiigeddmpfung, eine hohe Signallinearitét, nahezu
keine Leistungsaufnahme, eine sehr grofle Bandbreite und sind sehr kompakt. Mit
ihren hervorragenden HF-Eigenschaften konnen sie als HF-Schalter, in konfigurierba-
ren Anpassungsnetzwerken, in Phasenschieber Schaltungen und in aktiven Schaltun-
gen eingesetzt werden. In dieser Arbeit wurden mm-Wellen RF-MEMS Schalter in
zwei SiGe BiCMOS Technologien entwickelt. Zunéchst wird die Prozessintegration
der RF-MEMS nebst verschiedenen Verkapselungskonzeptenen vorgestellt. Auf die
Prozessbeschreibung folgt die elektromagnetische Modellierung und HF-Optimierung
eines, mittels Diinnfilm auf Wafer-Level, verkapselten RE-MEMS Schalters fiir D-Band
Anwendungen in einer 0.13pm SiGe BiCMOS Technologie. Im folgenden Abschnitt
wird die Entwicklung eines zweiten Schalters in derselben Technologie fiir J-Band An-
wendungen beschreiben. Die Dissertation setzt mit RF-MEMS Designbeispielen aus
der 0.25 pm und der 0.13 pm SiGe BiCMOS Technologie fort. In der 0.13 pm SiGe Bi-
CMOS Technologie wurde ein RF-MEMS D-Band SPDT Schalter und in der 0.25 pm
Technologie ein auf Wafer-Level verkapselter K-Band SPST Schalter, ein RF-MEMS
SPDT Schalter und ein mittels integrierter Ladungspumpe gesteuerter SPST Schalter
entworfen. Abschlielend wird die Ausbeute der entwickelten Demonstratorschaltun-
gen aus der 0.25 pym SiGe BiCMOS Technologie dargestellt und diskutiert.
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1 Introduction

1.1 Motivation and Background

New generation communication system technologies demand for not only miniaturiza-
tion but also multifunctionality. In this point of view, MEMS technology is a promising
option in order to add functionality to the RF systems. A variety of MEMS devices
(switches [1, 2], tunable capacitors [3, 4], high-Q inductors [5, 6] and resonators [7, §],
etc.) are under study throughout the world since they serve as fundamental building
blocks in telecommunication and radar systems for RF and mm-wave applications.
In recent years, there is a growing need and interest in RF-MEMS switches for mm-
wave application as a result of their low insertion-loss, high isolation, high linearity,
near-zero power consumption and low fabrication cost [9].

The main interest of the microelectronic industry is on the commercial applications
which operate below 40 GHz, thus; the developments of RF-MEMS switches in the li-
terature are mostly in this frequency band. With the high performance semiconductor
technologies, recently developed radar and imaging applications are moving towards
the upper frequencies of the mm-wave spectrum. Specifically, SiGe BiCMOS techno-
logy is a proven technology for the mm-wave applications such as 77 GHz automotive
radar [10], and is promising for the emerging applications such as 140 GHz radar
front-ends for active imaging systems [11] or THz spectroscopic systems at 240 GHz
and beyond [12]. For such high frequencies, complementary metal oxide semiconduc-
tor (CMOS) and BiCMOS technologies offer high speed transistors. Recently, 0.13 pm
SiGe BiCMOS processes have reached a unity current gain frequency (fr) of 505 GHz
and a maximum oscillation frequency (fmax) of 720 GHz [13]. With the high perfor-
mance HBTs, SiGe technologies have become more attractive for mm-wave frequency
applications during the last decade.

Following the “More than Moore” approach [14], monolithic or hybrid integration
techniques can provide different technology modules in the baseline technologies [15—
17]. One of the modules that can be added into the CMOS or BiCMOS technolo-
gies is the RF-MEMS switch module. The decision of the integration technique for
the RF-MEMS switch modules in CMOS/BiCMOS technologies is driven by different
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factors. Compared to the monolithic integration of MEMS devices, the hybrid inte-
gration solutions such as interposer techniques, chip-to-wafer bonding, wafer-to-wafer
bonding, or any other wafer stacking and 3D integration techniques offer more flex-
ibility in terms of combining MEMS devices with CMOS/BiCMOS chips fabricated
in different technologies. Since MEMS devices have larger sizes compared to stan-
dard CMOS/BiCMOS devices; the cost per chip including CMOS/BiCMOS circuits
and MEMS devices together are increased in case of monolithic integration. However,
against the flexibility of the hybrid integration, the monolithic integration has four
main advantages. In [18], these main advantages are defined as; “1) miniaturization,
2) single-chip integration offering low manufacturing/testing cost for large-volume pro-
duction, 3) reduction of parasitic effects due to the use of on-chip interconnects, and 4)
improvement of device sensitivity and signal-to-noise ratio due to the close proximity
of the electronics (amplifiers and read out circuits) to the MEMS device”.

In the past, RF-MEMS switches have been demonstrated with high isolation in W-
band (75110 GHz) [19]. On the other side, the monolithically integrated RF-MEMS
switches have shown low insertion loss (IL) (<0.5dB) up to 140 GHz in 2010 [20] and
recently up to 300 GHz [21]. At such high frequencies, the integration of the RF-MEMS
switches together with the other system blocks requires minimum parasitics to mini-
mize the undesired effects. Parasitic losses can be minimized with shorter connections
to the active circuits with monolithic integration of the RF-MEMS switches in SiGe
technologies. The integration of the RF-MEMS switches into a 0.25 pm SiGe BiCMOS
technology has been firstly demonstrated in [22] and showed valuable results for this
integration technique with respect to robustness and reliability [23]. The monolithic
integration of the RF-MEMS switch into 0.13pm SiGe BiCMOS process technology
gives the possibility to use RF-MEMS components together with very high perfor-
mance HBTs [13, 24] and provides circuits with unprecedented low attenuation, to be
used as SPDT switches [25] in phased arrays [26, 27]. In [25], a transceiver integrated
circuit (IC) with novel fully integrated differential RE-MEMS SPDT switch for short-
range F-band radar systems is presented in IHP’s 0.13 pm SiGe BiCMOS technology.
Shortly, IHP’s 0.13 pm SiGe BiCMOS technology is well-fitting for the RF and mm-
wave applications with the high performance HBTs and the CMOS devices and gives
the possibility to integrate the on-chip MEMS actuation circuitry.

Although the RF-MEMS switches have shown that they can provide good RF per-
formances in all the mm-wave range, packaging is still the challenge on the way to
their commercialization [28]. Similar to the all other electronic components, a good
RF-MEMS package should not only provide the interface to the next level, but should
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also be cost and area effective. However, the packaging of the RF-MEMS devices
is more complex than the packaging of the other electronic components since there
is a need for a cavity inside the package. Moreover, the type of package has also a
significant effect on their long term reliabilities. Besides, it should be preferably fa-
bricated using the wafer-level processes to increase the throughput since thousands of
RF-MEMS devices can be fabricated on a single 8-inch wafer.

The main motivation of this thesis is to expand the operating frequency range of
high performance RF-MEMS switches for the future need of the market on the mm-

wave applications such as radar, imaging and spectroscopy.

Main objectives of this thesis are:

e Design, electromagnetic (EM) modeling and RF optimization of a thin film wafer-
level encapsulated (WLE) RF-MEMS switch for D-band (110170 GHz) appli-

cations.

e Design and EM modeling of an RF-MEMS SPST switch in J-band (220 - 325 GHz)
and an RF-MEMS SPDT switch at 140 GHz targeted frequency with beyond
state-of-the-art performance figures in D-band (110170 GHz).

e Yield analysis and the effect of the silicon (Si) cap packaging of K-band (18—
27 GHz) RF-MEMS test vehicles.
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1.2 Status of the RF-MEMS switch technologies

1.2.1 RF-MEMS switches - Principle of operation

RF-MEMS switches can be divided into four groups in terms of actuation principles;
electrostatic [29-31], piezoelectric [32-34], electrothermal [35, 36] and electromagnetic
[37]. Most of the developed RF-MEMS switches are based on electrostatic actuation
and their main advantages are their simplicity in technological implementation, fast
switching and low power consumption [38]. Electrostatically actuated switches can be
divided into two basic types with a contact perspective; capacitive and ohmic swit-
ches. The top and cross sectional views of capacitive and ohmic RF-MEMS switches

are shown in Fig. 1.1.

Metallic Metallic
bridge cantilever

Dielectric Dielectric

Contact

__________________ -_,-/

ey oo
Substrate \ Substrate :
\ ‘ ,
RE Sianal Ground Actuation RF Signal
‘gna electrode line

Figure 1.1: Cross-sectional and top views of (a) capacitive shunt and (b) ohmic series
types of RF-MEMS switches.
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Capacitive Switches with electrostatic actuation:

Capacitive type of RFE-MEMS switches can switch the RF signal on and off with the
low and high capacitances in the contact region. When the movable membrane is in
the upper position, it provides low capacitance to the RF-signal line (SL). By applying
a high-voltage (HV) between the RF-SL and the grounded membrane, the movable
membrane moves closer to the RF-SL and provides a high capacitance. The high
contact capacitance creates a LC series resonance together with the inductance of the
movable membrane. The dielectric on top of the RF- SL provides direct current (DC)
isolation between the RF-SL and the movable membrane. Although the capacitive
type of RF-MEMS switches can be used in both shunt and series circuit configurations,
the typical circuit configuration with the capacitive type of RF-MEMS switches is the

shunt configuration.

Ohmic Switches with electrostatic actuation:

Ohmic type of RF-MEMS switches can switch the RF signal on and off with the low
and high ohmic contacts. In the up-state, the ohmic switch creates an open between
the RF-SL and the movable membrane. On the other side, in the down-state RF-
signal is shorted to the movable membrane with the low contact resistance. Although
the ohmic type of RF-MEMS switches can be used in both shunt and series circuit
configurations, the typical circuit configuration with the ohmic type of RF-MEMS

switches is the series configuration.

The performance of the ohmic RE-MEMS switches in down-state is limited by the
contact resistance and the switch inductance that increases with higher frequencies.
On the other side, the limitation for the capacitive RF-MEMS switches is the down-
state capacitance. To be able to provide a short circuit at lower frequencies very high
capacitances need to be achieved. However to achieve a high down-state capacitance
is not preferable due to the necessity of a bulky RF-MEMS switch.

Briefly, the ohmic RF-MEMS switches are more suitable for applications below
mm-wave and the capacitive RF-MEMS switches are more suitable for applications
at mm-wave and also above. In this thesis, capacitive RFE-MEMS switches are chosen

due to the targeted mm-wave frequency applications.
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Figure 1.2: “Behaviour of the hype curve [45] of RF-MEMS technology based upon

the market forecasts published through the last decade and the fluctuating
expectations for mass-market outcomes [39]”.

1.2.2 Market overview of RF-MEMS devices

In the beginning of the 21*" century, market volume expectations for RF-MEMS de-

vices are reported with a focus on their expected impacts in the mass production of

mobile handsets. The reported market volumes for RF-MEMS devices are reviewed

in [39] and itemized below;

2004-2005: “The market volume was expected to reach from 700 $M (Millions
of US Dollars) to 1 $B (Billions of US Dollars) in 2009 [40]”.

2009: “WTC in 2006 predicted a downsized market volume of around 10 $M in
2009 and 70 $M in 2011 [41]".

2010: “THS Inc. consolidated the RF-MEMS market figure to a few $M in 2009,
and predicted a volume of 225 $M in 2014 [42]”.

2012: “IHS Inc. in 2012 shrunk down the forecast for 2014 market to less than
100 $M [43]".

2013: “Yole Developpement estimated a market volume of around 50 $M in 2014
and of less than 350 $M in 2018 [44]".
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By summarizing the above given market forecasts, [39] has published the graphi-
cal presentation (Fig.1.2) for the expected mass-market outcomes of the RF-MEMS
technology with respect to the years. It has been stated in [39, 46] that RF-MEMS
experienced two peaks for the expectations followed by disappointments. The first
disappointment phase was in around 2006-2007 which was linked with intrinsic factors
as reliability, packaging and integration. Since researchers started to address these
intrinsic problems, extrinsic factors were to be faced for the success of the technology.
These were not directly linked to the technology itself but the needs and the accep-
tance of the market. The market was not strong enough to demand high performance
and reconfigurable devices.

With the new full screen smartphones, the quality of the communication degraded
as the mobile smartphones became smaller and thinner which made it difficult to in-
corporate the performance-enhancing circuitry required to counter dropped cellphone
calls and raise voice quality [47]. Fig. 1.3 shows the degradation of connection quality
with each generation of communication, from global system for mobile communicati-
ons (GSM) to long-term evolution (LTE) [48]. Since the smartphones had low antenna
efficiency due to multi band operation, the market needed tunable antennas to over-
come this problem [49] and a change in the strategy [46]. In the recent few years within
this scenario, RF-MEMS adaptive impedance tuners started to get into the consumer
market of 4G - LTE smartphones [50]. Although the demanded reconfigurability of
the tunable antennas can be realized by integrating pin diodes [51], varactors [52, 53],
or MEMS [54-56]; the RF-MEMS devices differs with better performance (in terms of
Q, isolation, and linearity) but have the disadvantage of higher cost for the technology
[57].

The growing market interest for the RF-MEMS based products is expected to be-
come much bigger especially with the 5G mobile devices [46]. Nevertheless, before the
5G mobile devices, an RF-MEMS device in a Samsung cellphone, Focus Flash, is iden-
tified by a research firm IHS in 2012. The identified device was an RF-MEMS based
adaptable impedence tuner which was manufactured by WiSpry [58] and it became
the first known RF-MEMS based volume-shipped products [59]. Fig. 1.4 shows the
cross-section of a complete WiSpry MEMS capacitor with an integrated charge pump
(CP) [60].

In the following years, in 2014, Cavendish Kinetics [48] and Chinese ZTE Corpora-
tion announced that Nubia Z7 smartphone includes a smart antenna that is powered
by Cavendish Kinetics' SmarTune antenna tuning solution. “Our revolutionary Smar-

Tune antenna tuning solution controls the electrical characteristics of the antenna and
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Figure 1.3: The degradation of connection quality with each generation of communi-
cation, from GSM to LTE due to greater use of cellular communications.
This problem is addressed to be solved by RF-MEMS tuning [48].

optimizes its performance by shifting its resonating frequency, so that it is always op-
timally matched to the operating frequency,” said Paul Dal Santo, CEO of Cavendish
Kinetics [61]. Fig. 1.5 shows the MEMS array inside Cavendish Kinetics’ SmarTune
antenna tuner [62]. In 2015, Cavendish Kinetics announced that they shipped the
SmarTune solution in five different smartphone models to optimize the performance of
LTE multiple input multiple output (MIMO) antenna; and in 2017, it announced that
ten manufacturers for 40 different smartphone models (including the Samsung Galaxy
A8), have adopted their SmarTune RF MEMS antenna tuners. Cavendish Kinetics
claims that their “RF-MEMS Tuners outperform traditional silicon on isolator (SOI)
switch based antenna tuning solutions by 2-3 dB, resulting in much higher data rates
(up to double) and improved battery life (up to 40%)” and states that the smartphone
manufacturers recognize the benefit of aperture tuning over impedance matching, and
find that the SmarTune solution allows them to design high efficiency antennas for
slimmer smartphones, without sacrificing radio performance [61].

Other examples for RF-MEMS devices that are commercially available since 2016
in the market are ADGM1304 and ADGM1004 MEMS switches for 0Hz (DC) to
14 GHz operation frequencies from Analog Devices [63]. The introduced switches are

hermetically sealed in Si cap and contain two dies including driver circuits and MEMS
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Figure 1.4: Cross-section of the complete WiSpry MEMS capacitor with an integrated
CP [60].

Figure 1.5: “MEMS array inside Cavendish Kinetics’ antenna tuner” [62].

switch. Fig.1.6 shows the commercially avaible MEMS switch technology of Analog
Devices. Analog Devices claims that the introduced MEMS switches are “95 percent
smaller, 30 times faster, 10 times more reliable, and use 10 times less power than con-
ventional electromechanical relays” and with their superior performances can replace
electromechanical relays (in e.g. automatic test equipments) [64].

In summary, RF-MEMS technology solutions are getting more attention as they
become more mature. Larger market volumes for RF-MEMS based products are ex-
pected in the future, especially concerning the 5G mobile devices and communication
infrastructures [46]. As a result of this demand, it is expected that the hyper curve of

RF-MEMS technology will look more pleasant in the future.
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Figure 1.6: “MEMS switch technology of Analog Devices with driver circuits (Left)
and MEMS switch (Right) mounted on and wire bonded to a metal lead
frame” [64].

1.3 Structure of the thesis

This thesis begins with the process integration chapter of RF-MEMS switches in IHP’s
high performance SiGe BiCMOS technologies. These monolithically integrated RF-
MEMS switches are real single chip solutions with the advantages of miniaturization
and minimum parasitics compared to the hybrid integrated switches. Although the
process integration of the RF-MEMS modules [65] are not in the main work of this
thesis, the thesis begins with the general process flows of the RF-MEMS modules
in Chapter 2 to give a better understanding for the electromagnetically modeled and
characterized RF-MEMS switches in the following chapters. Additional to the general
process flows of the RF-MEMS modules, the two different packaging approaches for the
RF-MEMS switches are also briefly explained in Chapter 2. In short, for the 0.25 pm
SiGe BiCMOS technology a Si cap wafer-level packaging technique and for the 0.13 pm
SiGe BiCMOS technology a thin film wafer-level encapsulation technique is selected.

The developed RF-MEMS switches target applications in mm-wave with a special
focus on above 110 GHz applications. The main work of this thesis is given in Chapter 3
and presents the D-band and J-band RF-MEMS switches in 0.13 pm SiGe BiCMOS
technology. More specifically, Chapter 3 presents initially an EM model and a small-
signal (lumped-element) model of RF-MEMS switches in D-band and J-band. The
EM model of the RF MEMS switches are developed to be able to roughly estimate
the RF performances before their fabrications. After the fabrication of the switches,

the developed EM models are used to get accurate S-parameter simulation results. In
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parallel as alternative to the EM models, the small-signal models of the fabricated RF-
MEMS switches are developed for faster simulations to predict the RF performances
of the switches from a pure electrical point of view. The experimental results of the
0.13pm SiGe BiCMOS embedded RF-MEMS switches show beyond state of the art
RF performances in D-Band and J-band with high on- off-state contact capacitance
ratios (Con / Coft)-

Chapter 4 presents different RF-MEMS design examples in the both SiGe BiCMOS
technologies. Specifically, it presents a D-band RF-MEMS SPDT switch including the
EM modeling and experimental results, and K-band RF-MEMS test vehicles including
the experimental results, yield analysis and investigation for the effect of the Si cap
packaging on RF performances.

Finally, Chapter 5 gives the conclusion of the thesis and includes the future per-

spective of this work.
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2.1 Introduction

Integration of MEMS devices with CMOS electronics can be done in different ap-
proaches; pre-CMOS, intra-CMOS, post-CMOS and post processing of CMOS-BEOL
layers. These four approaches are summarized in [18]: In pre-CMOS approach MEMS
devices are fabricated before the CMOS devices; in intra-CMOS approach they are
fabricated in parallel; in post-CMOS approach MEMS devices are fabricated after the
CMOS devices and in post processing of CMOS-BEOL layers approach MEMS are
embedded in CMOS BEOL layers. Each approach has its advantages and limitations,
and should be selected accordingly.

Monolithic integrations of RF-MEMS devices into BICMOS BEOL have advantages
in terms of stable process conditions and minimum parasitics, however it also has
risk of yield degradation for the CMOS devices. The yield degradation of CMOS
devices must be avoided by keeping the stress level of the complete stack, front-end-
of-line (FEOL) and BEOL. In 2009, process integration of RF-MEMS module into
IHP’s 0.25um SiGe BiCMOS technology was demonstrated [22]. For the success of
the integration, it was necessary to optimize the mechanical stress of the metalization
layer (Metal3 (M3)) used for the movable membrane. The developed M3 recipe did
not significantly affect the M3 sheet resistance and the requirement of the process
specifications were still fulfilled. In this thesis, the developed RF-MEMS devices are
monolithically integrated into IHP‘s 0.25 ym and 0.13 pm BiCMOS BEOLs [66].

This chapter provides general overviews of the process integration of RF-MEMS mo-
dules in both IHP technologies; 0.25 pm (SG25) and 0.13 pm (SG13) SiGe BiCMOS
technologies. Section 2.2 provides introduction of IHP’s 0.25 pm SiGe BiCMOS techno-
logy, detailed information about the process integration of MEMS module in 0.25 pm
node and the process flow of Si cap wafer-level packaging for the RF-MEMS switches.
In the next section, Section 2.3, introduction of THP’s 0.13 pm SiGe BiCMOS techno-
logy, detailed information about the process integration of MEMS module in 0.13 pm
node and the process flow of thin-film wafer-level encapsulation for the RF-MEMS

switches are provided.
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2.2 Integration of MEMS module in 0.25 pm SiGe BiCMOS
Technology

IHP’s 0.25pm node has three main BiCMOS technologies; SG25H3 and SG25H4
and SGB25V. SGB25V technology includes 3 different HBTs with maximum f,5 of
95 GHz. SG25H3 technology offers HBTs with fi,,x up to 180 GHz. The highest per-
formance of 0.25 pm IHP technologies is the SG25H4 with the f,,,x values for HBTs up
to 220 GHz. The main performance parameters of HBTs for different 0.25 pm techno-

logies [67] are summarized in Table 2.1.

Table 2.1: Main performance parameters of HBTs for different 0.25 pm technologies of

IHP [67].
High . .
SG25V Performance Medium Voltage High Voltage
frnax 95 GHz 90 GHz 70 GHz
fr 75 GHz 45 GHz 25 GHz
BVcro 24V 4V TV
High . .
SG25H3 Performance Medium Voltage High Voltage
fmax 180 GHz 140 GHz 80 GHz
fr 110 GHz 45 GHz 25 GHz
BVcro 2.3V 5V A%
SG25H4 npnl npn2
fmax 190 GHz 220 GHz
fr 190 GHz 180 GHz
BVceo 1.9V 1.9V

The BEOL of the 0.25 pm SiGe BiCMOS technology offers three thin and two thick
aluminum copper (AlCu) layers, and tungsten vias in between. The cross section of the
FEOL with the detailed BEOL module is shown in Fig.2.1. The thin metal layers are
named from bottom to top as Metall (M1), Metal2 (M2), M3. The two thick metal
layers are TopMetall (TM1) and TopMetal2 (TM2). Additionally, metal-insulator-
metal (MIM) capacitor is available between M2 and M3 in order to achieve a high
capacitance density of 1fF/pm?2. The passivation on top includes thickness of 1.5 pm

silicon dioxide (SiO2) and 0.4 pm silicon nitride (SizNy).
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Figure 2.1: The cross section of the SG25H3/H4 BEOL [68].

2.2.1 Process integration of MEMS module

The integration of the RF-MEMS switches into a BiCMOS process gives the pos-
sibility to use them together with CMOS electronics and high performance HBTs
[24]. The integration of the RF-MEMS switches into IHP‘s 0.25 ym SiGe BiCMOS
technology was firstly demonstrated in [22] and showed valuable results with respect
to robustness and reliability [23]. Fig.2.2 summarizes the additional process steps for
RF-MEMS switch integration into IHP‘s SG25 BiCMOS process. After finalizing the
SG25 BiCMOS process, the first lithography step is done to determine the area of the
RF-MEMS switch for the passivation nitride opening. Later on, it is followed by the
reactive ion etching (RIE) process to open the passivation nitride in the determined
MEMS area. After the RIE process, the second lithography step is done to determine
the same MEMS area where the RF-MEMS switch will be wet etched from. Follo-
wing the second lithography step, RF-MEMS switch is wet etched down to M1 where

14
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the high voltage electrodes of the switch were patterned. Before finalizing the RF-
MEMS switch integration, the wafer is cleaned and rinsed. Finally, the carbon dioxide
(CO2) critical point drying step is applied in order to prevent the unwanted stiction

of the RF-MEMS switch after the suspended membrane is released by the wet etching.

Standard SG25 BiCMOS process

¥
Lithography step to define the
area for RF-MEMS switch with
passivation nitride opening
¥
Opening passivation nitride
in the defined area with RIE
¥
Lithography step to define the area
for RF-MEMS switch for wet etching

4
Releasing RF-MEMS switch from the
defined area until HV electrodes (M1)

¥
COq critical point drying step to
prevent the unwanted stiction

Figure 2.2: Additional process steps for RF-MEMS switch integration into the SG25
BiCMOS process.

Fig. 2.3 shows the cross section of the embedded SG25 RF-MEMS switches. The
RF-MEMS switches are built between the M1 and the M3. The high-voltage electrodes
are defined in M1, the RF-SL in M2 and the suspended membrane in M3. A thin
SigNy/ titanium nitride (TiN) stack, which is part of the BICMOS MIM capacitor,
forms the contact region and provides DC isolation between the grounded membrane

and the RF-SL. The first generation SG25 BiCMOS embedded RF-MEMS switch is
shown in Fig. 2.4 [22].
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Figure 2.3: Cross section of embedded SG25 RF-MEMS switches [22].
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Figure 2.4: SEM image of the SG25 RF-MEMS switch [22].
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Figure 2.5: The generic cross section of the packaged 0.25 pm SiGe BiCMOS techno-
logy RE-MEMS test vehicles [66, 70, 71].

2.2.2 Silicon cap packaging

After the fabrication of the RF-MEMS switches in SG25 BiCMOS, the RF-MEMS
cavities are sealed with the Si caps at wafer-level in Fraunhofer IZM, Berlin [69].
The generic view of the packaged 0.25 pm BiCMOS technology RF-MEMS switches is
shown in Fig. 2.5. The applied wafer-to-wafer packaging technique is independent from
the size of the Si cap; thus the packaging of several RF-MEMS switches can be realized
at the same time. The high throughput and flexible size Si caps make it possible
to provide BICMOS embedded RF-MEMS switch technology with a semi-hermetic
packaging. The process flow of the Si cap packaging process which is developed and
used by Fraunhofer IZM, Berlin is given in Fig. 2.6 [70].

Initially, a glass carrier wafer is bonded to a Si wafer which is coated with an adhesive
material. In subsequent process steps, the Si wafer is processed to generate the cap
structures. Processes such as back grinding, lithography and Si dry etching are used
to form Si cap structures. The structuring of the caps includes the removal of the
material in between the particular cap structures by using an additional lithography
step and dry etching of the Si. In that case, the adhesive layer acts as an etch stop
layer. In the next process steps, the created cap wafer is aligned and bonded to the
corresponding 200 mm BiCMOS wafer. The required alignment marks on the cap
wafer are created during the cap processing. The caps are structured into a thin
Si wafer (50 pm) which is created by back grinding from full thickness (725 pum) after

bonding. Each Si cap has an adhesive (polyimide) bonding frame around the rim, with
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Figure 2.6: The process flow of the wafer-level packaging process for the 0.25 pm SiGe
BiCMOS embedded RF-MEMS switch [70].

a height of 5pm. The bonding frames are structured by lithography and dry etching
before the Si caps are structured. The adhesive layer on the carrier wafer around the
caps is also removed by dry etching. The Si caps are transferred to the target wafer
using a wafer-to-wafer thermo compression bonding process at a temperature of less
than 300 °C and with a pressure of 0.1—-0.2 MPa. After the Si caps are bonded to the
BiCMOS wafer, the carrier wafer needs to be removed from the backside of the Si caps.
In case the polyimide is only present underneath the caps, a full area laser exposure of
the carrier wafer can be performed. The microscope images of the SG25 RF-MEMS
switch before and after the wafer-level Si cap packaging are shown in Fig.2.7.

After the Si cap packaging in Fraunhofer IZM, Berlin; the wafer-level packaged
RF-MEMS switches are initially investigated with the FIB analysis in IHP. The FIB
analysis shows (Fig.2.8) the stable polyimide underneath the Si cap even with the
TM2 surface topology of the extended RF-SL.
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Figure 2.7: The microscope images of RF-MEMS switches (a) before and (b) after
wafer-level Si cap packaging [70].

Figure 2.8: The FIB analysis of the Si cap packaged RF-MEMS switch [70].
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2.3 Integration of MEMS module in 0.13 pm SiGe BiCMOS
Technology

IHP’s 0.13pm node has two BiCMOS technologies; SG13S and SG13G2. SGB13S
technology includes two different HBTs with maximum f,,x of 340 GHz. The highest
performance of 0.13 pm IHP technologies is the SG13G2 with the fi,,x values for HBTs
up to 500 GHz [24]. The main performance parameters of HBTs for different 0.13 pm
technologies [67] are summarized in Table2.2. In 2016, IHP has demonstrated that
SiGe HBTs can go upto fp/ fiax values of 505 GHz/ 720 GHz [13]. With the high
performance HBTs and passive elements, IHP’s 0.13 pm SiGe BiCMOS technology is

a well-fitting technology for the RF and mm-wave applications.

Table 2.2: Main performance parameters of HBTs for different 0.13 pm technologies of

IHP [67].
SG13S npnl3p npnl3V
finax 340 GHz 165 GHz
fr 250 GHz 45 GHz
BVcro 1.7V 3.7V
SG13G2 npnl3G2
fmax 500 GHz
fr 300 GHz
BVcro 1.7V

The BEOL of the 0.13 pm SiGe BiCMOS offers five thin and two thick AlCu metal
layers, and tungsten vias in between. The cross section of the FEOL with the detailed
BEOL module is shown in Fig.2.10. The thin metal layers are named from bottom
to top as M1, M2, M3, Metal4 (M4) and Metal5 (M5). The two thick metal layers
are TM1 and TM2. Additionally, MIM capacitor is available between M5 and TM1
in order to achieve a high capacitance density of 1.5 fF/pm?2. The passivation on top
includes thickness of 1.5 pm SiO2 and 0.4 pm SigNy.
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Figure 2.9: The cross section of the SG13S/G2 BEOL [72].
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Metal layers and vias for
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Figure 2.10: The cross section of the SG13 BEOL, including the marked metal layers
and vias for the integration of the RF-MEMS switch.

2.3.1 Process integration of MEMS module

BEOL metalization of 0.13 pm BiCMOS technology has seven metal layers instead
of five and the distances between the metals are also different compared to 0.25pm
BiCMOS technology. Indeed, it is not possible to easily transfer the 0.25pm RF-
MEMS switch to 0.13 pm BiCMOS technology and some significant effort is necessary
in order to develop a switch at targeted bands (D-/J-band). The main changes from
0.25pm to 0.13um technology are the smaller dimensions of the switch to achieve
higher frequency of operation, the thicker metal layer of the membrane and the incre-
ased distance between the RF-SL to the Si substrate. With the thicker metal layer of
the membrane and the reduced size of the switch, mechanical properties like stiffness
also changes which results in an increased pull-in voltage. Most importantly, with the
increased distance between the RF-SL to the Si substrate, the substrate coupling of
the RF-signal to the Si substrate is reduced.

With all the challenges in development of RF-MEMS switch in THP’s 0.13 pm Bi-
CMOS technology, the capacitive RF-MEMS switch is designed between M4 and TM1
of the technology. Similar to the 0.25 pym BiCMOS technology, RF-MEMS switch
in 0.13pm SiGe BiCMOS technology consists of HV electrodes, RF-SL and mova-
ble membrane. Fig.2.10 shows the cross section of the SG13 BEOL, including the
RF-MEMS layers that are used during the integration of the RF-MEMS switch.
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2.3.2 Wafer-level encapsulation

An huge effort has been spent on RF-MEMS technologies during the last few decades.
This effort has brought the RF-MEMS technologies into a point that the first real RF-
MEMS products are in the market now. However, it has also been understood that
without a good package, an RF-MEMS device cannot be pronounced as a product.
It has also been understood that the RF-MEMS device and package development
cannot be considered as different processes to find the most optimum solution. This
means, the packaging solutions need to be considered and decided during the RF-
MEMS device development, not afterwards. In the wafer bonding approaches for
the wafer-level packaging (WLP), the cost of at least one lid wafer is added to the
total production cost [73]. These additional lid wafers can also add more process
steps like wafer grinding or chemical mechanical polishing (CMP). The wafer bonding
approach does not only increase the cost but also requires additional area around the
MEMS devices to accommodate the cap. Indeed, wafer-level encapsulation [74-76]
has advantages over the WLP with wafer bonding approach in terms of cost and area.
Predictably, the wafer-level encapsulation approach is also the chosen method for the
well-known commercial packaged MEMS devices [60, 77, 78]. Therefore, as part of
the integration of the RF-MEMS switch into IHP’s 0.13 pm SiGe BiCMOS technology;
thin film wafer-level encapsulation is developed [79, 80].

Fig.2.11 shows the process flow schemes of the embedded RF-MEMS switch in
0.13pm SiGe BiCMOS technology. The developed switch consists of two M4 HV
electrodes, a M5 RF-SL, a TM1 movable membrane, and a TM2 plate with releasing
holes. The TM2 plate is placed on top of the switch for the wafer-level encapsulation.
Integration of the RF-MEMS switch includes supplementary process developments
additional to the standard BEOL flow of the passives which mainly includes lateral
and vertical etch stops and the planarized oxide on the TM2 plate. Initially, TM2
layer of the RF and DC pads are reached with the passivation opening (Fig.2.11 (a)).
Afterwards, with an additional mask, the RF-MEMS switches are released through the
TM2 plate holes until the M4 HV electrodes by hydrofluoric acid vapor phase etching
(HFVPE) (Fig.2.11 (b)). Fig.2.12 shows the scanning electron microscopy (SEM)
image of the released RF-MEMS switch before the wafer-level encapsulation. The
releasing steps are then followed by the 4 pm thick high deposition rate (HDR) oxide
deposition on the TM2 plate to fill the holes and have encapsulated switch. Finally,
the HDR oxide covered pads are reopened by RIE to provide electrical connections for
the measurements (Fig.2.11 (c)). Fig.2.13 demonstrates the additional process steps
for the integration of RF-MEMS switches into the SG13 BiCMOS technology.
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Figure 2.11: The process flow of the RF-MEMS switch in schematics.
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Figure 2.12: The SEM image of the released RF-MEMS switch before the wafer-level
encapsulation (including the FIB cross section) [79, 80].

SG13 BiCMOS process with
etch stop layer after M4 and
planarized oxide after TM2
¥
Lithography step to define
the area for RF-MEMS switch
¥
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in the defined area with RIE
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¥
Reopening the pads by RIE
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Figure 2.13: Additional process steps for RF-MEMS switch integration into the SG13
BiCMOS process.
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For the success of the wafer-level encapsulation, different design modifications are
done and process parameters are optimized. In detail, the TM2 plate’s hole size was
one of the most important design parameter for both the HF vapor phase etching
and the wafer-level encapsulation. For the investigation of the hole size impact, the
quadratic hole sizes are varied with the side length (a) of 1.25pm, 1.5 pm, 1.75 pm
and 2.0 pm. Considering a TM2 thickness of d= 3 pm results in aspect ratios (ARs)
(AR=d/a) from 2.4 down to 1.5.

Beside the hole size, the plasma enhanced chemical vapor deposition (PECVD)
process for the HDR oxide deposition is optimized to achieve the required low step
coverage. By minimizing the process temperature of the HDR oxide deposition it is
also intended to reduce its influence on the active elements of the FEOL and on the
mechanical behavior of the RF-MEMS switch. Consequently, a maximum temperature
of 200°C for HDR oxide deposition has been developed to achieve closing of the TM2
plate holes.

As a result of the variable TM2 plate hole size investigation, successfully encapsu-
lated RF-MEMS switches are achieved with an AR of 2.4 and 2.0 (Fig.2.14 (a) and
(b)). With an AR of 1.7, a carbon containing material inside the closing holes is
determined by energy dispersive X-ray (EDX) spectroscopy which is coming from the
spin-coating of the photoresist mask before the RIE opening of the pads (Fig.2.14 (c)).
The photoresist can only enter from the TM2 plate holes in case of a not fully closed
TM2 plate holes. Clearly with an AR of 1.5, a fully closed encapsulation also could
not be achieved (Fig.2.14 (d)). Indeed, with AR of 2.4 and 2.0 it became possible to
close the TM2 plate holes and prevent the unwanted HDR, oxide deposition through
the holes into the cavity.

Fig. 2.15 shows the SEM image of the fabricated WLE RF-MEMS switch with its
marked region for the FIB cut. FIB analysis shows that RF-MEMS switch is released
and encapsulated successfully. The FIB cross section of the WLE RF-MEMS switch
is given in Fig.2.16 and it shows the covered TM2 plate with the HDR oxide, the
released TM1 membrane, the M4 HV electrode and the M5 RF-SL in detail.
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Figure 2.14: The focused ion beam SEM images of the wafer-level encapsulation with
varied aspect ratios (a) AR= 2.4, (b) AR= 2.0, (c) AR = 1.7 (with a
carbon containing material inside the closing holes which is determined
by EDX spectroscopy) and (d) AR= 1.5 [79, 80].
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Figure 2.15: The SEM image of the WLE RF-MEMS switch (including the FIB cross
section) [66, 79, 80].

Figure 2.16: The FIB cross section of the WLE RF-MEMS switch, showing the HDR
oxide deposited TM2 plate, TM1 membrane, M5 RF-Signal line contact
region and one M4 electrode.
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2.4 Conclusion

In Chapter 2, the process integration of MEMS modules in 0.25 pm and 0.13 pm SiGe
BiCMOS technologies have been presented. Within both technology sections, additio-
nal process steps for the MEMS module have been detailed. MEMS modules of 0.25 pm
and 0.13 pm SiGe BiCMOS technologies have presented two different packaging appro-
aches (including their process flows); namely wafer-to-wafer bonding Si cap packaging
and thin film wafer-level encapsulation. Wafer-to-wafer bonding Si cap packaging
technique as presented in Section2.2 can be used in niche markets for low-volume
production. On the other hand, the thin-film wafer-level encapsulation technique that
has been presented in Section 2.3 has more advantages in terms of smaller area and

has already proven to be used in mass production for mobile applications [48, 58].
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3.1 Introduction

Chapter 3 presents two different RF-MEMS switches, that are embedded into IHP’s
0.13pm SiGe BiCMOS process technology. The first switch is developed and opti-
mized for D-band applications and the second switch is developed and optimized for
J-band applications. The chapter includes electromagnetic modeling, lumped-element
modeling and the experimental results of both switches. The simulation domain in
this thesis is the electromagnetic domain where a 3D EM solver is preferred to 2.5D
planar EM solvers to develop and optimize the RFE-MEMS switches.

To realize an RF-MEMS switch in mm-wave operating frequencies, the first miles-
tone is developing an accurate EM model. In the development of the accurate EM
model, selection of the EM solver plays an important role. Between different EM
solvers, the 2.5D planar EM solvers are the mostly preferred ones where modeling of
passive devices is very convenient and straightforward. However, most of the 2.5D
planar EM solvers have the limitation of defining non-uniform dielectric planes in ho-
rizontal direction. Nevertheless, this is in contrast with the MEMS devices since the
mechanical parts of the MEMS devices are mostly in air but the anchors and routing
layers are in a dielectric. To be able to avoid this problem, a modeling solution with
2.5D planar EM solver is demonstrated in [65, 81| for frequencies up to 110 GHz. The
authors present accurate simulation results by implementing the measured contact
parameters of the RF-MEMS switch as lumped elements with a defined port in the
contact region. However, the presented solution do not guarantee the accuracy for
the modeling of RF-MEMS switches at above 110 GHz frequencies. Shortly, a more
careful modeling strategy is essential for EM simulation of RF-MEMS devices at high
frequencies.

In this thesis, accurate 3D EM models for BICMOS embedded RF-MEMS switches
in both 0.25pm and 0.13 pm technologies are built up in ANSYS HFSS 3D finite-
element-method (FEM) solver. The 3D EM solver allows defining the air cavity of the
switch and the BEOL oxide simultaneously in the same model, in contrast to 2.5D
planar EM solvers. Using the developed model, RF behavior of the MEMS device in
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air and the routing layers in oxide can be simulated at the same time which is very
important considering the very high operating frequency. Furthermore, the process
effects such as bending of the membrane can also be modeled by changing the initial
gap in the simulator. The advantages of the 3D EM solver are explained in detail in
Section 3.2.1.

After the development of the RF-MEMS switches, the fabricated switches are opti-
cally and electrically characterized. For the dynamic behavior of the D-band switch,
laser-doppler-vibrometer (LDV) technique is used. For the electrical characterizations
of both switches in this chapter, Capacitance-Voltage (C-V) and S-parameter measu-

rements are performed.

3.2 D-band RF-MEMS SPST Switch

Section 3.2.1 begins with the challenges of modeling RF-MEMS switches at mm-wave
and the special methods that has been used for accurate EM simulations. EM modeling
of the RF-MEMS switch for D-band applications in SG13 BiCMOS technology starts
with usage of an inductive loaded design, similar to the SG25 switches. With the
wafer-level encapsulation approach in packaging, the design of the inductive loaded
switch is changed by removing the inductive loads which are in BEOL oxide and
increasing the length of the membrane arms which are in air. Later on, the updated
switch design is used in EM models for the optimizations of its important parameters;
such as the effect of the TM2 encapsulation plate, the arm width of the membrane,
the contact region, the RF-SL width, the membrane hole density and the ground-
ring width. Additional to the EM model, a lumped-element model is created (see
Section 3.2.2) which represents the behavior of the switch based on RLC elements and
can be used in circuits on system-level. Lastly in Section 3.2.3, the RF optimized
WLE RF-MEMS switch for D-band applications is characterized by LDV, C-V and

S-parameter measurements.

3.2.1 Electromagnetic modeling

The EM simulations of the RF-MEMS devices are commonly performed by the 2.5D
planar or 3D FEM solvers with the well-known material properties such as conductivity
and dielectric constant. Nevertheless, there are some common limitations of the EM
simulators for simulating MEMS devices. Typically, it is not possible to include the

bended structure of the suspended layers or the surface roughnesses of the materials.
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Therefore, a careful design methodology is necessary to model the RE-MEMS devices

specifically for mm-wave applications.

3D vs 2.5D EM case comparisons

The main limitation of the 2.5D planar EM solvers is that all the layers are defined
infinite in horizontal directions. Since all the layers are defined infinite in horizontal
plane, the RF-devices cannot be simulated with released parts in air cavity and other
parts buried in dielectric. For this reason, the RF-MEMS switch can only be simula-
ted with all the anchors and routings in complete air or in complete another dielectric
environment. Such a case might have less influence on the results of the EM simula-
tions considering the operating frequencies less than 40 GHz. However, at frequencies
especially above 110 GHz, the anchors and the routing layers of the switch which are
normally in the BEOL oxide has a significant effect on the overall performance of the
RF-MEMS switch, considering the low resistive silicon substrate (50 Q-cm) below the
RF-MEMS switch.

In order to compare the RF performance of the switch in two different environment
conditions, RF simulations of the switch are performed as if all parts of the switch,
including the parts located in back-end-of-line (BEOL) oxide, are in air. Fig. 3.1 shows
the created EM setups for the comparison of 2.5D planar EM solver and 3D EM
solver cases. The comparison of the RF performances of the switch for two different
environment conditions is shown in Fig. 3.2. The bold red and blue curves show the RF
performance of the switch when it‘s all in air and RF performance of the switch when
the anchors and the routing layers of the RF-MEMS switch are in the BEOL oxide,
respectively. As two environment conditions are compared in EM simulations, in the
off-state (up-state) RF-MEMS switches at high frequencies have quite different So; and
S11 curves when in the on-state (down-state) they have quite similar isolations. In both
environment conditions contact region is simulated in air. Similar RF performances
in down-state is due to the domination of the on-state contact capacitance, Copn, when
compared with the other parts of the switch. Different RF behaviors in up-states are
because of the domination of the anchors and routings of the switches, as compared
to Cof, that are simulated in oxide or in air. Comparison of the RF performance of
the switches shows that at high frequencies depending on the simulation environment
different results in up-state can be obtained. Indeed, an accurate EM model for D-
band RF-MEMS switch needs to consider the anchors and the routing layers in BEOL
oxide. Therefore, it is mandatory to simulate the mm-wave RF-MEMS devices in 3D
EM solvers.

32



3 Modeling of RF-MEMS Switches

* Airbox
AL .

,03 1‘7 tﬂyj‘ﬂ_
@ (O 1@

Figure 3.1: Comparison of 2.5D planar EM solver (left) and 3D EM solver cases (right).
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Figure 3.2: Comparison of the RF performances of the switch for two different en-
vironment conditions (2.5D case and 3D case): (a) Sg1 off-state and Sg;
on-state, (b) Sy; off-state.
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Initial approach for the switch

Although the intrinsic part of the RF-MEMS switch can be simulated in air and
the rest in oxide with the 3D EM simulations, there is another limitation coming
with process variations during fabrication. The contact capacitance of the switch can
vary with the membrane bending in both up and down states and also with surface
roughness in down state. For an accurate switch model in a 3D FEM solver, the
contact air capacitances of the switch in both states needs to be known. Therefore,
the contact air capacitances for off (up) and on (down) states, Cog and C,y,, should be
extracted from measured C-V data and the appropriate membrane positions should
be given into the EM model with respect to the extracted values for each state. The
mentioned above contact air capacitances are the capacitances between the membrane
and the RF- SL for each states of the RE-MEMS switch. The 3D EM simulation setup,
that is created during the development of the D-band BiCMOS embedded RF-MEMS
switch considers the air cavity inside the BEOL oxide and is shown in Fig. 3.3. Fig. 3.4
shows the contact region of an RF-MEMS switch in its initial EM model including the
inductive loading.

EM simulation results of the inductive loaded RF-MEMS switch for different contact
air capacitances that change with different distances in the contact region are shown
in Fig. 3.5. Each graph includes S-parameter results with the change of the membrane
distance by 50nm steps over 710nm initial distance. The bold red and blue curves
show the expected up and down state results, respectively. As it can be seen, the
electrical resonant frequency of the switch is decreasing with the reduced distance
between membrane and MIM layer of the RF- SL. With respect to the EM simulation,
IL less than 2dB and isolation (ISO) higher than 32 dB can be achieved, including the
RF measurement pads at 140 GHz. The return loss for up-state is higher than 25dB
at 140 GHz.
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Figure 3.3: Simulation setup in ANSYS HFSS for the initial 140 GHz BiCMOS em-
bedded RF-MEMS switch [82].
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Figure 3.4: Contact region of the initial RF-MEMS switch [82].
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New approach in packaging and new switch design

During the initial EM modeling of the D-band switch, packaging possibilities for the
device is considered. Two different packaging approaches have already been demon-
strated with the SG25 RF-MEMS switches in [83] and [69]. With a new packaging
approach, geometrical modifications were necessary on the initial model of the D-band
RF-MEMS switch. The new design for D-band RF-MEMS switch is shown in Fig. 3.6
(a) and does no more include the extra inductive loading between the arms and the
RF ground-ring.

For an accurate EM model in the 3D FEM solver, the distances between TM1
membrane and M5 RF-SL for both off (dog) and on-states (do,) of the switch are
needed to be inserted into the simulator. The mean value of the distance between the
TM1 and M5 layers is 900 nm in IHP’s 0.13 pm SiGe BiCMOS technology. In order
to estimate the possible RF performance differences due to the process variations,
parametric EM simulations with different dog and do, are performed (Fig. 3.6 (b, c)).
For the insertion loss in the parametric EM simulation the membrane position is swept
from 100 nm above the specified TM1 layer until 100 nm below with a step size of 50 nm.
The maximum and minimum dyg vary the calculated contact air capacitance between
10.6 fF and 13.2fF. Fig.3.7 (a) shows the change of the insertion loss curves with
different dog values. Varying dog by 200 nm leaded to 0.16 dB change of insertion loss
at 170 GHz. Furthermore, the parametric EM simulations are extended with different
don values for the isolation curves. The distance d,, is stepwise (10nm) decreased
starting from 100 nm down to 40 nm and the simulation results are shown in Fig. 3.7
(b). The maximum and minimum d,, vary the calculated contact air capacitance
between 106.24 fF and 265.62 fF.

Decreasing d,, by 60 nm caused a resonant frequency shift from the lower end of the
D-band to the upper end. Briefly, the varying dog due to process variations did not
affect the insertion loss tremendously but the resonant frequency shifted significantly
with the varying do,. For this reason, the contact air capacitances are extracted from
the C-V measurements of the RF-MEMS switch to have an accurate 3D FEM result
of the D-band RF-MEMS switch especially for the on-state. Based on the extracted
contact air capacitances (Cog and Copn) and the known contact area of the switch
(Acont ), doff and dop can be calculated using the simple parallel plate capacitor equation
(equation 3.1) and inserted into the EM model. In equation 3.1, Cparallelplate i the
capacitance in farads which is constructed by two parallel plates of area, A, in square

meters and separated by a distance, d, in meters. ¢, is the relative permittivity of the
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Figure 3.6: EM Simulation model in ANSYS HFSS for D-band BiCMOS embedded
WLE RF-MEMS switch (a) with the schematic diagram for the parametric
EM simulations (b) for different dog and (c) don values [79, 80].
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Figure 3.7: The simulated S-parameters of the WLE RF-MEMS switch with varying
TM1 membrane and M5 RF-SL distances due to process variation: (a)
insertion loss, (b) isolation [79, 80].

material between the plates and ¢ is the permittivity of free space, 8.854-10712 F /m.

A
Cparallel plate = €r * €0 * a (3.1)
For the EM modeling and optimization, the important parameters of the 140 GHz
targeted encapsulated RF-MEMS switch are determined as the effect of the TM2
encapsulation plate, the arm width of the released membrane, the contact region, the
RF-SL width, the membrane hole density and the ground-ring width, as given in

Fig.3.8. In the following subsections, the aforementioned critical parameters of the
RF-MEMS switch are modeled and optimized in D-band.
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Figure 3.8: The modeled RF-MEMS switch with its key EM optimization parameters;
(a) isometric view with clip plane (b) top view with hidden TM2 plate.
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Figure 3.9: Three different EM simulations in order to investigate the effect of the TM2
plate (a) without TM2 plate (b) with TM2 plate, including the releasing
holes (c¢) with TM2 plate, without the releasing holes.

Effect of the TM2 plate

It is crucial to consider the influence of the package from the beginning of the RF-
MEMS device development since its influence on the device performance cannot be
avoided. Therefore, the RF optimization of the D-band RF-MEMS switch is started
with a focus on the TM2 encapsulation plate to investigate the influence of the package.

The initial step to see the effect of the package is in the definition of the EM
model. Since the TM2 plate includes many small holes which significantly increases the
simulation time, three different EM models are created for the preliminary comparison:
the RF-MEMS switch without a TM2 encapsulation plate (Fig.3.9 (a)), with a TM2
encapsulation plate including small holes (Fig.3.9 (b)) and with a TM2 encapsulation
plate without holes (Fig. 3.9 (c)). The EM simulation comparison (Fig. 3.10) has shown
significant differences in S-parameter results if an encapsulation plate is introduced.
With the TM2 plate, the off-state performance of the RF-MEMS switch has shown
an increased loss in all D-band and the resonant frequency of the on-state has shifted
from 153 GHz to 140 GHz. However, the comparison of two models, including the
TM2 plates with and without the releasing holes has shown that there is no significant
difference in terms of RF performance between the two models. By omitting the TM2
releasing holes, the number of meshed elements and the total simulation time are
reduced by half. As a result of this, all the further simulations of this work are done

including the TM2 plates but without the releasing holes.
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Figure 3.11: The generic view of the varied arm width of the RF-MEMS switches.

Optimization of the arms

After simplification of the EM model by removing the TM2 plate holes, EM simulations
are continued with an investigation on the varied arm width of the RF-MEMS switch
to show the effect of the arm inductance (Layy) on the RF performance. It is worth
to mention that the limits of the process lithography and mechanical constraints are
considered during the optimization of the arms for maximizing the RF performance.

By tuning the contact air capacitance or the arm inductance of the RF-MEMS
capacitive switches, operation at different frequency bands can be achieved [83]. The

main series resonant frequency in on-state is calculated, as follows:

1
2m -y Ceont - Liotal

In equation 3.2, Ccont is the contact air capacitance and Ly, is the total inductance

f = (3.2)

coming from the membrane, arms and the ground-ring of the RFE-MEMS switch where
arms have the most significant contribution. Fig.3.11 shows the generic view of the
varied RF-MEMS arm width between 2 pm to 4 pm. It should be noted that the dg
and d,, are kept identical during the simulations with different arm widths.

The off-state So1 curves in Fig.3.12 (a) and Sy; curves in Fig.3.12 (b) have shown
no significant differences with the varied arm width as expected. On the other hand,
the on-state S9; curves in Fig. 3.12 (c¢) have shown a shift in the resonance frequency as
a result of the varied inductances of the RF-MEMS switch with different arm widths
The resonance frequency of the RF-MEMS switch is shifted from 132 GHz to 136 GHz,
141 GHz and 143 GHz with the increased arm widths from 2 pm to 2.5 pm, 3 pm, and
4 um, respectively. For the optimized RF-MEMS switch, 3 pym arm width is chosen
due to the targeted operating frequency of 140 GHz.
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1A

Figure 3.13: The generic view of the varied contact region width of the RF-MEMS
switches (a) 15um (b) 20 pum (c) 30 pm (d) 40 pm.

Optimization of the RF-signal line contact region

An RF- SL defines the RF characteristics of an RF-MEMS switch, in terms of insertion
loss, return loss and isolation. The central part of the SL, directly underneath the
membrane, is named as the contact region. The area of the contact region determines
the contact capacitance, Ccont, of the switch and the resonance frequency together
with the inductance of the RF-MEMS switch (Liota;). In the EM simulations, the
contact region width of the RF-MEMS switch is varied between 15pm to 40 pm with
a fixed SL width of 10 pm. It should be noted that the contact region optimization
is performed before the SL width optimization because the main resonance at down-
state of the RF-MEMS switch is defined by the contact region capacitance. Fig. 3.13
shows the generic view of the varied contact region of the RF-MEMS switch. With
the increased width of the contact region, the loss increases (Fig.3.14 (a)) in off-
state which can be correlated with the increased mismatch of the switch (Fig.3.14
(b)). On the other hand, the Si; on-state curves in (Fig.3.14 (c)) show the shift of
the resonance frequency to the lower frequencies with the increased contact region
widths, as expected. In summary, the S-parameter simulation results show a trade-off
between the minimum loss and the maximum isolation at 140 GHz. Therefore for the
next optimizations, 30 pm contact region width is chosen to obtain desired isolation
values of more than 30dB at 140 GHz.
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Figure 3.15: The generic view of the varied RF-signal line width of the RF-MEMS
switches (a) 5pum (b) 10pm (c) 15pm (d) 20 pm.

Optimization of the RF-signal line width

The designed SL consists of M5 layer in the contact region and continues in each side
until the RF pads. During the simulations with the varying SL width, the contact
region width is kept at 30 um to provide a constant contact capacitance which en-
sures the desired isolation at 140 GHz of operation. Four different signal line widths
(5 pm, 10 pm, 15 pm and 20 pm) are chosen for the comparison of the RF performances.
Fig.3.15 shows the generic view of the varied RF-SL width of the RF-MEMS swit-
ches. The corresponding So; and Sy curves are given in Fig. 3.16. The S-parameter
simulations have shown 0.48 dB variation in loss at 140 GHz between the switches with
a bpm and a 20 pm signal line widths. The minimum loss (Fig. 3.16 (a)) and the best
matching (Fig.3.16 (b)) are achieved with the 5 pm width SL in the complete D-band.
In on-state, the isolation curves (Fig.3.16 (c)) of the switches have shown no shift
in the resonance frequency. Despite the fact that the 5pm width SL has shown the
best performance in off-state, 10 pm width SL is selected for the optimized RF-MEMS
switch for a small IL increase penalty to have a better stability of the process against
the under etch of the SL during the releasing process. Here, the decision is taken

considering both RF performance and process stability.
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Figure 3.17: The generic view of TM1 membranes with (a) high, (b) low hole densities
and (c) no holes.

Effect and optimization of the membrane hole density

The RF-MEMS switches are released through the holes of the membrane. In order to
investigate the influence of the hole densities of membrane on the RF performance,
three cases are compared with the EM simulations: 19.6 % hole density (Fig. 3.17 (a)),
11.1% hole density (Fig.3.17 (b)) and without holes (Fig.3.17 (c)). Although the
RF-MEMS switch without the releasing holes is not suitable for the releasing of the
device, it is simulated to investigate the maximum achievable contact capacitance and
corresponding RF performance without any holes. The S-parameter simulations have
shown that there are no significant differences between the three cases in the So; and
S11 curves for the off-state (Fig.3.18 (a), (b)) but shift in the resonance frequency for
the on-state with the increased contact capacitances (Ceontact) due to the lower hole
densities on the membrane (Fig.3.18 (c)). With the results of the hole effect, 11.1 %
hole density membrane with the resonance frequency at 140 GHz is taken to be used

during the next optimization steps.
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Figure 3.19: The generic view of the varied ground-ring width of the RF-MEMS swit-
ches (a) 3.5pm (b) 5pm (¢) 7.5pm (d) 10 pm and (e) 12.5 pm.

Optimization of the ground-ring width

The RF-MEMS switch needs a well-defined RF ground similar as in an mm-wave cir-
cuit to operate properly. Such effect can be ignored for lower frequency operations but
especially for mm-wave RF-MEMS devices, the performance is significantly affected
by the ground connections. Additionally, the RF ground should be connected to the
membrane through the four arms and enclose the structure. However, the designed
ring for RF ground has comparable size with the RFE-MEMS switch and presumably
introduces RF coupling of the SL and influences the RF performance of the switch. For
these reasons, an investigation on the influence of the ground-ring width is essential.
Fig. 3.19 shows the generic view of the designed RF ground-ring with the variation of
the width from 3.5 to 12.5 um by keeping the inner radius of the ring constant. The
performed EM simulations have shown an increase of the loss in off-state (Fig.3.20
(a)) with wider RF ground-ring which can be correlated with the increased RF sig-
nal coupling from the M5 SL to the TM1 of the ground-ring. The loss at 140 GHz
is increased from 0.98dB to 1dB, 1.12dB, 1.27dB and 1.43dB with respect to the
increased ground-ring widths. The S;; curves of the off-state (Fig. 3.20 (b)) show the
variation of the matching due to the varying ground-ring width. The return loss at
140 GHz varies between 8.2 dB and 11.3dB. On the other hand, the ground-ring width
has a very small effect on isolation in on-state (Fig.3.20 (c)), since the RF signal is
shorted to the ground. The RF ground-ring width value is chosen as 3.5 pm for the
EM optimized RF-MEMS switch as it has given the minimum loss.
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Figure 3.20: The S-parameter simulation comparison of the RF-MEMS switches for
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Figure 3.21: The cross section of WLE switch with lumped-element capacitances [80].
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3.2.2 Lumped-element modeling

Although the 3D FEM solvers provide accurate EM simulation results with the calcu-
lated dog and doy values from the extracted contact air capacitances (Cog and Coyp),
lumped-element models give faster simulation results. In [84], an accurate lumped-
element model of RF-MEMS switches has been presented up to 110 GHz and has
shown good matching with the S-parameter measurement results. Furthermore, a
lumped model of an RF-MEMS switch extends the usage of the devices since with the
help of a lumped-model, RF-MEMS switches can be simulated using a spice simulator
in various circuits on system-level.

The main capacitances for the lumped-element model of the WLE RF-MEMS switch
are shown on the process cross section in Fig.3.21 [80]. Similar to the EM model,
extracted contact parameters of the switch are necessary for the lumped element model
of the RF-MEMS switch especially in on-state. Fig.3.22 shows the lumped-element
model of the WLE RF-MEMS switch. The extracted contact air capacitances (Ceont),
Coft of 13.4fF and C,y of 149fF are used to model the contact region. The details of
the C-V measurements are given in Section 3.2.3. Furthermore in the on-state model,
the contact resistance of 5k{2 is also considered.

For the S-parameter simulations with the lumped-element model, both ports of the
device are terminated with 50 ohm. The M5 RF-SL is modeled using RLC elements
between the ports and the arms of the membrane are modeled as inductors (Laym1,

Larm2) with series resistors (Rarm1, Rarm2). Celec1 and Celeco are the parasitic capa-
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Table 3.1: Small-signal component values of the WLE RF-MEMS switch [80].
(©Cambridge University Press and the European Microwave Association

2017
Component Value
Lencapb LencapZ, Lencap3a Lencap4a Lencap5 70 pH
Rencapl; Rencap% Rencap?n Rencap4a
RencapS» Rarmla Rarm2a RSLI) RSLQa RSL37 0.5Q
Rsra, Rsis, Rsie
CcncapSLla CcncapSL4 2fF
CencapSL27 CencapSLSa CSL17 CSLB 3{F
Larmlv Larm2 15 pH
Cpadh Cpad2 11{F
Lsr1, Lsre 42 pH
Lsr2, Lsis 3pH
Lsv3, Lsra 1pH
CsL2,CsL4 1.65fF
Csig 10{F
Csubst 170 fF
Reubst 400 Q2

Table 3.2: Small-signal component values of the WLE RF-MEMS switch, varied due
to states [80]. (©Cambridge University Press and the European Microwave
Association 2017

States Celect, Celec2 Ceont Reont
Off-state 10fF 13.41F (c0)
On-state 12fF 149 {F 5k

citances between the TM1 membrane and the M4 HV electrodes. The values of the
RLC elements of the lumped model for both states of the switch are given in Table 3.1
below. Due to the down bending of the TM1 membrane in on-state, Cglec1 and Cejeco
values are modeled slightly larger than the off-state values. Table 3.2 shows the varied
Celec1, Celec2 and Ceont values with respect to the states of the WLE RF-MEMS switch.

Both the 3D EM model and the lumped-element model consider the wafer-level en-
capsulation of the RF-MEMS switch. To include the WLE in the lumped model, TM2
plate is modeled with series inductances (Lencapts Lencap2s Lencap3: Lencapa, Lencaps)
and resistances (Rencap1, Rencap2, Rencap3s Rencapds Rencaps). Additionally for its effect
on the RF-MEMS switch, the coupling capacitances (CencapsSLi, CencapsL2, CencapSL3,
Cencapsra) between the TM2 plate and the M5 RF- SL is also inserted into the lumped-
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3 Modeling of RF-MEMS Switches

model. Lastly, the substrate effect is considered in the model and inserted as parallel
capacitance (Cgypst) and resistance (Rgupst) between ground and the RF- SL. The com-
parison of the measured S-parameters of the fabricated WLE RF-MEMS switch with

simulation results of the EM and lumped-element models are given in Section 3.2.3.

3.2.3 Experimental results

This section presents the different characterization methods and their results for the fa-
bricated RF-MEMS switch. For the characterization of the D-band RF-MEMS switch,
dynamic measurements are done by LDV and the electrical characterizations are done

with C-V and S-parameter measurements.

Dynamic Measurements using Laser-Doppler-Vibrometer

A LDV (MSA-500, Polytec) [85] is used to characterize the dynamic behavior of the
RF-MEMS switch. It provides the total displacement of the moving parts, switch-on
time (ton) and switch-off (tog) time using optical methods. Therefore, the measure-
ments can only be done on RF-MEMS switches without the deposition of HDR oxide
for encapsulation. Despite the fact that the TM2 plate of the RFE-MEMS switch makes
the optical observation of the membrane displacement difficult, a careful study using
the LDV is performed through the releasing holes to extract the displacement versus
time curve. The generic view of the LDV setup is given in Fig. 3.23. The displacement
versus time curve of the switch with the 60 V actuation voltage by the LDV measure-
ment is shown in Fig.3.24. From the figure, a displacement of 0.9 pm, toy and teg of

less than 10 ps can be seen.

C-V Measurements

After the LDV measurements with the not-encapsulated RF-MEMS switch, the cha-
racterizations are continued with the encapsulated RF-MEMS switch for the extraction
of the contact capacitances. The WLE RF-MEMS switch is initially characterized by
C-V measurements.

For the C-V measurements, the high frequency impedance analyzer Agilent E4991 is
used and the capacitance values are taken at 3 GHz. An Open/Short/Load calibration
on an impedance standard substrate (ISS) from Cascade Microtech is applied to remove
the parasitics of the measurement setup. The capacitance values are measured for
the actuation voltages between -80V and +80V with 5V steps. Fig.3.25 shows the
measured C-V graph of the WLE RF-MEMS switch and the extracted Ccont versus
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Figure 3.23: The generic schematics of the LDV setup [86].
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Figure 3.25: The measured C-V graph of the WLE RF-MEMS switch (red) and the
extracted contact air capacitance vs voltage graph (black) [79, 80].

actuation voltage graph. The developed switch does not show any hysteresis, since
the RF-SL distance to membrane is less than the 2/3 of the distance between the
electrodes to membrane.

Extraction of the C.opns is done with the help of an additional test structure that
contains an RF-SL without membrane and TM2 encapsulation plate. With the test
structure, the coupling capacitance (52 fF) from the signal line to ground ring and the
Si substrate is measured and the Coys are extracted by its subtraction. The Cconts
are extracted as 13.4fF Cog and 149fF C,, with a C,;,/Cog ratio of 11.1. Moreover
it is observed that the pull-in occurs after 50V and the C,, is stable after 65V of

actuation.

S-Parameter Measurements

Two port on-wafer S-parameter measurements of the WLE RF-MEMS switch are
performed from 110 GHz to 170 GHz on semi-automated wafer probe station. The S-
parameter measurements are performed with a setup from Rohde & Schwarz, consisting
of a 4 port ZVA24 as vector network analyzer (VNA) / system controller and two
ZVA170 Millimeter-Wave Converters. The Cascade 75pm pitch infinity(R) ground
signal ground (GSG) waveguide probes were connected via the WR6 waveguide s-
bend with the millimeter-wave modules. For the calibration, the ISS 138-356 was
placed together with an RF absorber on an auxiliary ceramic chuck and a full two
port Thru-Reflect-Reflect-Match (LRRM) calibration was performed. To actuate the
membrane of the RF-MEMS switch, Agilent Source Measurement Module E5281B was
used.

Fig. 3.26 shows the comparison between the measured S-parameters of the fabricated

58



3 Modeling of RF-MEMS Switches

WLE RF-MEMS switch with simulation results of the EM and the lumped-element
models. With the developed RF-MEMS switch, better than 0.67 dB insertion loss and
more than 16 dB isolation in all D-band is achieved. The measured So; curve in off-
state (Fig.3.26 (a)) shows a loss of 1.07dB and the measured Si; curve in off-state
(Fig.3.26 (b)) is 9.13dB at 140 GHz. For the insertion loss curves (Fig.3.26 (c)),
the signal reflection due to mismatch [87] is considered by equation 3.3. In the end
of the EM optimization steps, the measured S-parameter results of the RF-MEMS
switch give 0.6 dB insertion loss (Fig.3.26 (c)) and 33.8dB isolation (Fig.3.26 (d)) at
140 GHz. Both EM model and lumped-element model simulation results are in good
agreement with the measured S-parameter results in the D-band. The small differences
between the measurement and simulation curves can be explained with the difficulty

of calibration in frequencies above 100 GHz.

|51

IL=10"log——————
11512

(3.3)

Lastly, Fig. 3.27 shows the S9; and Sp; curves of the WLE RF-MEMS switch with
the varied actuation voltages from 0V to 80 V with 5V steps. From the figure it can
be observed that the switch is in off-state until 50 V, in transition in 55 and 60 V and
in on-state from 65 to 80 V, which is also verified by the C-V measurements (Fig. 3.25).
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Figure 3.26: The comparison of the measured, electromagnetic modeled and small-
signal modeled S-parameters for (a) off-state Soi, (b) off-state Si1, (c)
off-state insertion loss and (d) on-state isolation of the WLE RF-MEMS
switch.
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Figure 3.27: The measured S-parameters of the WLE RFMEMS switch for (a) So; and
(b) S11 with actuation voltages from 0V to 80V (with 5V steps).
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Figure 3.28: The fabricated J-band SPST RF-MEMS switch with the TM2 plate [21].

3.3 J-band RF-MEMS SPST Switch

This section presents the EM modeling, lumped-element modeling and experimental
results of an RF-MEMS switch for J-band applications that is fabricated in a 0.13 pm
SiGe BiCMOS process technology. Fig. 3.28 shows the microscope image of the fabri-
cated J-band RF-MEMS switch in 0.13 pm SiGe BiCMOS process technology.

3.3.1 Electromagnetic modeling

For the development of an 240 GHz targetted J-band RF-MEMS switch, an EM model
is built up in ANSYS HFSS 3D FEM solver (Fig.3.29 (a)). IHP’s 0.13pm SiGe
BiCMOS technology has a mean value of 900 nm as the distance between the TM1
and the M5 layer, which forms the distance between the membrane and the RF-SL
of the designed switch. However, the Cog and Cgp, of the RE-MEMS switch can vary
with the process variations across the wafer such as different surface roughness, metal
and oxide thicknesses or stress behavior of the suspended TM1 membrane. As a result
of the variable contact air capacitances, it is essential to estimate the possible RF
performance variation of the RF-MEMS switch before the fabrication.

For the RF performance estimations, parametric EM simulations are performed

with different dog and don distances which simulate the aforementioned contact air

62



3 Modeling of RF-MEMS Switches

©2017 IEEE

(a)
TM1
membrane
M5
RF-signal line |
(c)

(b)

Figure 3.29: (a) EM simulation model of the J-band BiCMOS embedded RF-MEMS
switch (with the hidden TM2 plate) in ANSYS HFSS , (b) parametric
swept dog values, (c) parametric swept do, values [21].
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capacitance variations (Fig.3.29(b), (c)). For the off-state EM simulation, the mem-
brane position is swept from 100 nm above the specified TM1 layer until 200 nm below
with a step size of 50 nm. The calculated maximum and minimum Ccqy vary between
4.45fF and 6.36 fF. The change of the insertion loss with different dog values is shown
in Fig. 3.30. Varying the dog by 300 nm leads to only 0.06 dB change of the insertion
loss at 240 GHz but 0.48 dB change at 325 GHz. For the on-state, the parametric EM
simulations are extended with different do, values for the isolation. The simulation
results are shown in Fig.3.30 for the decreased doy, starting from 120nm down to
60 nm with 10 nm steps. The maximum and minimum do, vary the calculated contact
air capacitance between 37.1 fF and 74.2 fF. Such small gaps (don) between the moving
membrane and the RF-SL are crucial to model the down-state, resulting due to the
process variations. Decreasing the do, by 60 nm causes the shift of the resonance fre-
quency from 276 GHz to below 220 GHz. Shortly, this method is useful for preliminary
simulations to estimate the possible range of the resonance frequency. However, the
extraction of the Cyog and Cg,, from the C-V measurements of the RF-MEMS switches
is essential to have accurate EM simulation results for the 220-325 GHz frequency
band. The values of dog and do, can be calculated by using the simple parallel plate
capacitor equation with the extracted contact air capacitances and inserted into the

EM simulation model.

3.3.2 Lumped-element modeling

Since lumped-element models give faster simulation results and the RF-MEMS switch
can be simulated in various circuits, a lumped-model is also created for the J-band
RF-MEMS switch. The main capacitances considered in the lumped-element model of
the J-band RF-MEMS switch are similar compared to the lumped-element model of
the WLE D-band switch which are shown on the process cross section in Fig. 3.21 [80].
Thus, the same detailed lumped-element model of the D-band RF-MEMS switch can
be used for the J-band RF-MEMS switch which is given in Fig.3.22. The extracted
contact air capacitances, Cyg of 6.07fF and Cg, of 53.3fF are used to model the
contact region. Furthermore in the on-state model, the contact resistance of 5k() is
also considered.

For the S-parameter simulation with the lumped-element model, Port1 and Port2 are
terminated with 50 ohm. The M5 RF-SL is modeled using RLC elements between the
two ports and the arms of the membrane are modeled as inductors (Laym1, Larm2) with
series resistors (Raym1, Rarm2)- Celect and Celeco are the parasitic capacitances between
the TM1 membrane and the M4 HV electrodes. The values of the RLC elements of the
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Figure 3.30: The simulated S-parameters of the RF-MEMS switch with varying TM1

membrane to M5 RF-SL distance due to process variation: (a) insertion
loss, (b) isolation [21].
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Table 3.3: Small-signal component values of the J-band RF-MEMS switch.

Component Value
Lencapl, Lencap2> Lencap3a Lencap4a Lencap5 70 pH
Rencapla Rencap% Rencap?n Rencapél:
Rencap{n Rarmla RarmZa RSLI, RSL27 RSL?), 0.50
Rsr4, Rsrs, Rsue
CencapSLla CencapSL4 0.7fF
CencapSLQy CencapSL3 1.1{F
Csr1, Csis 21F
Larmly Larm2 12.5 pH
Cpadlv Cpad2 7{F
LSLla LSLG 27.5 pH
Lsr2, Lsrs 2pH
LSLg, LSL4 0.66 pH
Cs1L2,Csra L{F
CsLs 4.8 fF
Csubst 170 fF
Rsubst 400 Q2

Table 3.4: Small-signal component values of the J-band RF-MEMS switch, varied due

to states.
States Celeclv Celec2 Ccont Rcont
Off-state 6.5 fF 6.07 fF (00)
On-state 7.81F 53.3{F 5k

lumped model for both states of the J-band switch are given in Table 3.3 below. Due
to the down bending of the TM1 membrane in on-state, Ceec1 and Celecs values are
modeled slightly larger compared to the off-state values. Table 3.4 shows the varied
Celec1, Celecz and Ceont values with respect to the states of the J-band RF-MEMS
switch.

Both the 3D FEM model and the lumped-element model consider the effect of the
TM2 plate on the RF-MEMS switch. The TM2 plate is modeled with series induc-
tances (Lencapt, Lencap2, Lencap3> Lencaps, Lencaps) and resistances (Rencapt, Rencap2,
Rencap3, Rencap4, Rencaps). Additionally for its effect on the RE-MEMS switch, the
coupling capacitances (CencapSLis CencapSL2s CencapsL3s Cencapsia) between the TM2
plate and the M5 RF-SL is also inserted into the lumped-model. Lastly, the substrate

effect is considered in the model and inserted as parallel capacitance (Cguypst) and
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Figure 3.31: The measured C-V characteristic of the J-band RF-MEMS switch (red)
and the extracted contact air capacitance vs. voltage graph (black) [21].

resistance (Rgypbst) between ground and the RF-SL. The comparison of the measured
S-parameters of the fabricated J-band RF-MEMS switch with simulation results of the

EM and the lumped-element models will be given in the next section, Section 3.3.3.

3.3.3 Experimental Results
C-V Measurements

The fabricated RF-MEMS switch is initially characterized by C-V measurements. The
capacitances are measured for the actuation voltages between -90V and +90V with
5V steps. Fig.3.31 shows the measured C-V characteristic and the extracted contact
air capacitance versus actuation voltage graph of the RF-MEMS switch. Extraction
of the contact air capacitances is done with the help of an additional test structure
that consists of an RF-SL without a membrane and a TM2 plate. With the test
structure, the coupling capacitance of 36.4 fF from the RF-SL to the silicon substrate
is measured and the contact air capacitances are extracted by its subtraction. The
contact air capacitances are extracted as 6.07fF Cog and 53.3fF Cyy, (at 75V) with a
Con/Cog ration of 8.78. Based on the measured C,, and Cyg capacitances (Fig. 3.31)
and the considered ~500 pm2 contact area, dog is calculated as ~750nm and d,, as
~80nm. Furthermore, it is observed from the figure that the pull-in occurs after 65V
and C,y, is stable after 70 V.
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S-Parameter Measurements

After the C-V analysis of the RFE-MEMS switch, two port on-wafer S-parameter me-
asurements of the device are performed from 220 to 325 GHz at room temperature
on the semi-automated probe station. For the S-parameter measurements, a setup
from Rhode & Schwarz, consisting of a 4 port ZVA24 as VNA / system controller
and two ZVA325 Millimeter-Wave Converters, are used. The 50 pm pitch GSG wa-
veguide probes from Picoprobe are connected via a WR3 waveguide s-bend with the
millimeter-wave modules. For calibration, the ISS, CS-15, is placed together with an
RF absorber on an auxiliary ceramic chuck and a full two port Thru-Reflect-Match
plus (LRM+) calibration is performed. To actuate the membrane of the RF-MEMS
switch a 100 V Agilent Source Measurement Module E5281B is used.

The comparison of the measured and simulated S-parameter results of the RF-
MEMS switch is given in Fig. 3.32. The switch shows maximum isolation of 24.67 dB
at 238 GHz with the insertion loss of 0.49 dB. The return loss is better than 9.6 dB over
the J-band. The calculated dog and dg, values from the C-V measurements are then
inserted into the EM model for the comparison with the S-parameter measurements.
The 3D FEM simulation and lumped-element model results are in good agreement
with the measured S-parameters in the 220325 GHz frequency band. It should be
noted that the differences between the measurement and simulation curves can be
explained by the calibration challenges in these high frequencies.

Lastly, Fig.3.33 shows the Ss; and Si; curves of the RF-MEMS switch with the
varied actuation voltages between 0V and 90V with 5V steps. It can be observed
from the measured data that the switch is in off-state until 55V, in transition at 60 V
and 65V and in on-state between 70V to 90V of actuation.
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Figure 3.32: The comparison of the measured, electromagnetic modeled and small-
signal modeled S-parameters for (a) up-state So1, (b) up-state Si1, (c)
up-state insertion loss and (d) down-state isolation of the J-band RF-
MEMS switch.
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3.4 Conclusion

With 3D FEM solvers, it is possible to estimate the RF performances of RF-MEMS
switches. However accurate EM models need a careful modeling approach as one of
the key elements, the contact air capacitances, in both on and off-states of the switches
are not known precisely before their fabrication. With the known contact areas of the
switches and the measured contact air capacitances, the distances between the RF- SL
and the released membrane can be calculated by the simple parallel plate capacitance
formula. Afterwards the calculated distances can be given into the EM models for the
accurate EM simulations.

Beside the accurate EM models, lumped-element models of the RE-MEMS switches
are also necessary especially for the circuit designers to predict the RF-behavior of the
designed circuits using the switches. The lumped-element models of the RF-MEMS
switches increase the simulation speed remarkably compared to the EM models and
give the possibility to simulate the switches with various circuits in a system level.

Section 3.2 has presented the EM modeling, EM optimizations, lumped-element mo-
deling and the electrical characterizations of a WLE RF-MEMS switch embedded in a
0.13 pm SiGe BiCMOS process technology for D-band applications. A 140 GHz targe-
ted operating frequency WLE RF-MEMS switch with its measured 0.6 dB of insertion
loss and 33.8 dB of isolation at 140 GHz, has been successfully demonstrated. To the
best of my knowledge, the 0.13 pnm BiCMOS embedded thin film wafer-level encap-
sulated RF-MEMS switch is the first RF-MEMS switch in literature which operates
with state of the art RF performances in D-band. The results of the both EM model
and lumped-element model of the switch are in good agreement with the S-parameter
measurements in D-band [80] which proves the efficiency of the models.

Section 3.3 has presented a J-band RF-MEMS switch embedded in a 0.13 pm SiGe
BiCMOS process technology. To the best of my knowledge, the demonstrated SPST
switch is the first RF-MEMS switch presented in the complete J-band. This work
shows that the BICMOS embedded RF-MEMS switches can provide low insertion loss
and high isolation at sub-THz frequencies [21].

Table 3.5 shows the measured performance of the designed D-band [80] and J-band
[21] SPST switches in comparison to the other published and above 110 GHz SPST
switches in the literature, based on the indium phosphide (InP)-double hetero bipolar
transistor (DHBT), SOI-CMOS and BiCMOS technologies. In comparison with the
published SPST performances in literature, it is clearly shown that the presented
D-band and J-band RF-MEMS SPST switches have the minimum insertion losses.
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4.1 Introduction

In this chapter, RF-MEMS design examples in both 0.13pm and 0.25 pm SiGe Bi-
CMOS technologies are described. In Section4.2, firstly a D-band SPST switch in
SG13 BiCMOS technology is presented which is used as a key element to design a
D-band SPDT switch in the same technology. The developed D-band RF-MEMS ba-
sed SPDT switch is presented with its EM modeling and S-parameter measurement
results. In the next section, Section 4.3, Si cap packaged K-band RF-MEMS test vehi-
cles for space applications are presented in SG25 BiCMOS technology. Firstly the
C-V and S-parameter measurement results of the two test vehicles; RF-MEMS based
SPST and SPDT switches are presented for both before and after Si cap packaging
cases. Later on, the yield analyses of all the test vehicles; RF-MEMS based SPST,
SPDT switches and a on-chip CP integrated with the RF-MEMS based SPST switch
are given. Lastly, the effect of Si cap packaging is studied in more detail with 3D
EM simulations in HFSS which shows the RF performance differences with different

resistivity values of the Si caps.

4.2 D-Band RF-MEMS SPDT Switch

SPDT switches are essential components for many different RF and mm-wave system
applications; such as in 94 GHz passive imaging systems as Dicke SPDT switch [90, 91]
and in 120140 GHz radar and sensor transceivers as transmit/receive (T/R) switch.
In most of these applications, SPDT is the component coming right after the antenna;
thus adding its noise figure on top of the overall noise figure of the system. Therefore,
a very low loss is required by the SPDTs in order to achieve a high overall system

performance.
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Figure 4.1: Fabricated D-band RF-MEMS SPST switch with the TM2 plate and its
top generic view with hidden TM2 plate [86].

Key element of the RF-MEMS SPDT Switch: RF-MEMS SPST Switch

A D-band RF-MEMS SPST switch is used as the key element of the RF-MEMS SPDT
switch. The main differences between this key element RFE-MEMS SPST switch and
the developed switch in Section 3.2 are the design of the RF pads and the encapsulation.
Similar to the key-element RF-MEMS SPST switch, the designed RF-MEMS SPDT
switch is also fabricated as shown in Section 2.3. Both switches are not encapsulated
but include the TM2 plate on top for their protection. Additionally, both of the
switches include different RF pads compared to the RF pads of the presented WLE
switch in Section 3.2. Fig.2.11 (b) shows the process integration scheme of the RF-
MEMS SPST and SPDT switches in the 0.13 pm SiGe BiCMOS technology without
WLE and the micrograph of the fabricated RF-MEMS SPST switch is shown in Fig. 4.1
(a). The top view of the embedded RF-MEMS SPST switch with hidden TM2 plate
is shown in Fig.4.1 (b).

The two port S-parameter measurements of the fabricated RF-MEMS SPST switch
are performed from 110 to 170 GHz with the measurement setup explained in Section
3.2.3. Although the fabricated RF-MEMS SPST switch has pull-in after 45V; 60V
is applied for down-state to obtain a stable down-state capacitance. The measured
and simulated S-parameter results of the SPST switch are given in Fig. 4.2, both for
the up and down states. The results are in very good agreement in the 110—170 GHz
frequency band with respect to the EM simulations, performed by the 3D FEM solver.
After the S-parameter measurements of the RF-MEMS switch, the pad capacitances

74



4 RF-MEMS Design Examples

0.0

a1]

T

")

73

S

= -0.51

2

t

Q

o

£ —— Measurement

1.04=— -'Simulation i . ' . ' . i ; i
110 120 130 140 150 160 170
(©2016 IEEE Frequency, GHz
(a)
0
a1]
°
c
2
5
o
2 4
-60 1-- -§imu|ation i ‘ ; i ' ' ' '
110 120 130 140 150 160 170

(©2016 IEEE Frequency, GHz

(b)

Figure 4.2: Comparison of the measured open-deembedded S-parameters with the EM
simulation results for the insertion loss in the up-state (a) and the isolation
in the down-state (b) of the D-band RF-MEMS SPST switch [86].

are removed by the open-deembedding and an insertion loss of 0.46 dB and an isolation
of 36 dB at 140 GHz are extracted.

RF-MEMS switches can be used in different mm-wave circuits under different RF
and DC bias conditions. During the design phase of the circuits, the bias conditions
should already be considered as RF-MEMS switch has connections to the other com-
ponents of the circuit. Due to non-accurate bias conditions on the RF-MEMS switch

two different failures can occur; namely the self-actuation and latching.
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Self actuation: Self actuation occurs in a high DC or RF level difference applied be-
tween the RF- SL and membrane of the RF-MEMS switch. The applied bias difference
generate a force to pull the membrane down without any additional voltage applied
to the electrodes. The self-actuation voltage of the D-band is measured as 21 V. This
bias difference between the RF- SL and membrane is quite high as its compared to the
typical biasing conditions of mm-wave circuits. It should be also noted that typical RF
power levels in mm-wave circuits are also much less than the power values which can
cause the self-actuation. Indeed, self-actuation does not create a significant problem
for the circuits that include the presented D-band RF-MEMS switch.

Latching: Latching also occurs in a high DC or RF level difference applied between
the RF-SL and membrane of the RF-MEMS switch which generates a force to keep
the membrane in down state. To investigate the latching of the D-band RF-MEMS
switch, the switch is actuated by applying 60V to the electrodes and the voltage
applied to the RF-SL is increased simultaneously to catch the latching voltage. The
latching voltage of the D-band switch is measured as 3.9 V when 60V is applied to the
electrodes. Shortly, the DC potential difference between RF-SL and the membrane

should be below 3.9V for the safe operation in mm-wave circuits.

4.2.1 EM modeling

By using the above presented RF-MEMS SPST switch, a 140 GHz center frequency D-
band SPDT switch design is targeted. The RF-MEMS based SPDT switch is designed
with a tee junction that is connected to the two RF-MEMS SPST switches with each
side A\/4 microstrip lines. The schematic of the designed SPDT switch and its EM
model in HFSS are shown in Fig. 4.3 and Fig. 4.4, respectively.

The designed SPDT switch behaves like a thru between Portl and Port2 (transmis-
sion mode) when the switch-1 (SW+#1) is open (up-state) and the switch-2 (SW#2)
shorted (down-state). The SW#2 together with the transmission line (T-line) in the
right side branch provide an open circuit since the A\/4 T-lines is capacitively shorted
to ground by the SW#2. Although the right side branch is supposed to provide open
circuit, due to the non-optimized T-line lengths, a specific loss always occurs in this
branch. In the second state, the switch has a high attenuation between Portl and
Port2 (isolation mode) when the SW#1 is in short (down-state) and the SW#2 is in
open (up-state). In this state, the Portl and the Port2 are isolated by the help of \/4
T-lines and the SW#1 in the left side branch.

76



4 RF-MEMS Design Examples

PORT1

A/4 T-line A/4 T-line

SW#1 SW#a2

En

PORT2 PORT3

©2016 IEEE
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Figure 4.4: EM Simulation model in ANSYS HFSS for both states of the D-band RF-
MEMS SPDT Switch.
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Figure 4.5: Micrograph of the D-band RF-MEMS based SPDT switch [86].

Since the comparison of the S-parameter measurements and the EM simulations of
the RE-MEMS SPST switch has given a very good match, same distances in SPST
switch’s EM model are also given to the SPDT switch’s EM model between the TM1
membrane and M5 RF- SL. For the EM simulations of the insertion loss between Port1
and Port2 of the SPDT switch, the SW#1 SPST switch’s TM1 membrane is kept in
up-state position while SW#2 SPST switch’s TM1 membrane is shifted into the down-
state position. On the other hand for the EM simulations of the isolation between Port1
and Port2 of the SPDT switch, the SW#1 SPST switch’s TM1 membrane is shifted
into the down-state position while SW#2 SPST switch’s TM1 membrane is kept in
up-state position. During the development of the RF-MEMS based SPDT switch, the
tee junction is fine tuned with comparing different simulation results to provide the
minimum insertion loss and maximum isolation at 140 GHz targetted frequency. After
the RF optimizations of the RF-MEMS based SPDT switch in HFSS, the developed
SPDT switch is fabricated in IHP’s SG13 BEOL, excluding the WLE process. Fig.4.5
shows the micrograph of the fabricated D-band RF-MEMS based SPDT switch.

4.2.2 Experimental results

The RF measurements of the fabricated RF-MEMS based SPDT switch were done by
only two port S-parameter measurements because of the lack of ground signal ground
signal ground (GSGSG) probes in 110170 GHz frequency band. With the actuation
of the SW#2 membrane (Fig.4.5) with 60 V while SW#1 was in off-state (no voltage
at the electrode), the measurement results have shown an insertion loss of 1.42dB at
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140 GHz. In the case of an actuated SW#1 (60 V actuation voltage) while SW#2 is in
off-state (no voltage at the electrode) an isolation of 54.5 dB is measured at 140 GHz.
Fig. 4.6 shows the performance of the RF-MEMS based SPDT switch for the measured
and the EM simulated cases. For the 2-port simulations, the non-contacted third port
is also left as open circuit, like in the case of the measurements. To check the effect of
the not connected third port, an additional setup is created where all the three ports
are terminated with 50 2. The 3-port EM simulations show that the insertion loss and
the isolation do not change significantly in the interested frequency band (Fig.4.6).
Additional to the D-band simulations, Fig. 4.7 shows the comparison of the 2-port and
3-port EM simulation results in a wider frequency band - from DC to 170 GHz. This
comparison has shown that 3-port EM simulations give similar results with 2-port
simulation in D-band for insertion loss and isolation graphs, however show differences
below 110 GHz in insertion loss and isolation. Since the length of the A\/4 T-lines is
optimized for the targetted 140 GHz, for higher or lower frequencies the length of the
T-lines differs from A/4. This causes differences in below 110 GHz frequencies due to
the traveling of the RF-signal to both of the T-lines.

In literature, although there are no RF-MEMS based SPDT switches beyond 110 GHz,
there are many studies on transistor based SPDT switches. Unlike the transistor ba-
sed SPDTs, the RF-MEMS based SPDTs have much lower power consumption, can
handle higher RF power and provide excellent linearity. Table 4.1 shows the measured
performance of the designed RF-MEMS based SPDT switch in comparison to the ot-
her published millimeter-wave SPDT switches, based on the BICMOS and SOI-CMOS
based technologies. With a state of the art 0.13 pm SiGe BiCMOS technology, the de-
signed SiGe HBT based SPDT in [92] has an insertion loss of 2.6 —3 dB and a maximum
isolation of 29dB between 96163 GHz. In [93], a single-shunt SPDT switch based
on a 32nm SOI CMOS technology with an insertion loss of 2.6 -4 dB and an isolation
of 22dB in 110—-170 GHz frequency band is published. Another doubled-shunt SPDT
switch is demonstrated based on 45nm SOI CMOS technology with insertion loss of
3-4.5dB and isolation of 20—-30dB in 140-220 GHz frequency band. To the best of
my knowledge, the results achieved in this study are the lowest insertion loss and the
highest isolation of a SPDT reported in D-band [86].
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Figure 4.6: Comparison of the measured 2-port S-parameters of the SPDT between
Port2 and Port1 with the EM simulation results: (a) insertion loss (SW#1

up-state, SW#2 down-state) and (b) isolation (SW#1 down-state, SW#2
up-state) [86].
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Figure 4.8: The microscope images of a designed, fabricated and packaged TCV (left),
DEC (middle) and RIC (right) [71].

4.3 K-band RF-MEMS Test Vehicles for space applications

In the previous chapters, it has already been pointed to the importance of packaging
for commercialization. In this section, RFE-MEMS test vehicles for K-band space ap-
plications are demonstrated. The demonstrated test vehicles are embedded in IHP’s
0.25 pm SiGe BiCMOS process and packaged with Si cap wafer-level packaging in
Fraunhofer 1ZM, Berlin [69-71]. As required by the European Space Components
Coordination (ESCC) specification (n° 2269010), three RE-MEMS test vehicles for
space applications have been designed, fabricated and packaged (Fig.4.8); namely the
technology characterization vehicle (TCV), the dynamic evaluation circuit (DEC) and

the representative integrated circuit (RIC).

e TCV is an RF-MEMS SPST switch.
e DEC is an RF-MEMS SPDT switch including the standard building block, TCV.

e RIC is an RF-MEMS SPST switch integrated together with an on-chip high-
voltage CP.

All the fabricated RF-MEMS test vehicles are packaged by the Si cap wafer-to-wafer
packaging technique explained in Section 2.2.2.
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4.3.1 Experimental results

The designed and fabricated TCV, DEC and RIC are electrically characterized before
and after the WLP to investigate the effect of the packages and the packaging processes
on the RF performances and the mechanical behaviors (pull-in voltages). Since the
performance of the RIC is identical to the TCV, the electrical characterization of the
RIC only focuses on the DC measurements of the integrated CP.

For the capacitance measurements [79] of the TCV and DEC, the RE-MEMS swit-
ches are actuated between -45V to +45V with 5V steps and the contact capacitances
are extracted using the high frequency impedance analyzer (Agilent E4991). The
two port S-parameters of the TCV and DEC are measured on wafer-level from DC to
67 GHz. For the measurement, a 67 GHz Agilent PNA E8361A is used. For the calibra-
tion, the impedance standard substrate is placed on an auxiliary chuck and a full two
port short open load thru (SOLT) calibration is performed. A 200V Agilent Source
Measurement Module 41420A is used to actuate the membrane of the RF-MEMS test

vehicles.

Technology Characterization Vehicle (TCV: an RF-MEMS SPST switch)

Microscope images of the TCV before packaging are shown in Fig.2.7. After the com-
parison of the C-V curves of the TCV before and after packaging (Fig.4.9), approx-
imately 35fF increase in the capacitance values is observed which is correlated with
the additional parasitic capacitance between the RF-SL and the Si cap. It is worth to
mention that the pull-in voltage is stable and not influenced by the packaging process
of the TCVs proving the mechanical stability of the membrane.

The comparison result of the measured S-parameters of a TCV before and after the
packaging process is shown in Fig.4.10. The S-parameter measurements have shown
that the loss of the TCV has slightly increased after the packaging. The packaged
TCVs have shown an ~0.2 dB increase of the insertion loss in off-state until 30 GHz and
a 1dB decrease of the isolation in the resonance frequency in on-state after packaging.
On the other hand, the matching (S;1) is still better than 10dB up to 67 GHz. The
reason for the increase of the loss is the capacitive coupling of the RF-signal to the
package. It should be noted that all the given results are the not de-embedded results
which include the additional loss due to the RF-pads, considering the real use scenario

with bond-wires.
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Figure 4.9: The measured C-V graphs of a TCV before (blue) and after (red) the
packaging [70, 71].

Dynamic Evaluation Circuit (DEC: an RF-MEMS SPDT switch)

As expected from the TCV, the capacitance values of the DEC show a significant
increase after the packaging process (Fig.4.11). The reason of the ~300fF capaci-
tance increase is again the parasitic capacitance between the RF-SL and the Si cap.
Microscope image of the DEC before packaging is shown in Fig.4.12. Since the RIC
includes significantly longer RF- SLs compared to the TCV, the coupling to the Si cap
is much stronger. The pull-in voltage of the DEC is stable as in the TCV and the
mechanical behavior of the membrane is not influenced by the packaging process.

In Fig.4.13, the comparison results of the measured S-parameter results of a DEC
before and after the packaging process are shown. The comparison shows clearly the
effect of the package on the measured DEC with an increase of ~1.5dB loss in the

up-state and a 1.5 dB decrease of isolation in the down-state at 23 GHz.
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Figure 4.10: The measured S-parameters of a TCV for both states, before (blue) and
after (red) the packaging: (a) So; off-state, (b) Si1 off-state, (c) S21 on-

state [71].
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Figure 4.12: Microscope image of a DEC before Si cap packaging.
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Figure 4.14: Microscope image of a RIC before the Si cap packaging.

Representative Integrated Circuit (RIC: an RF-MEMS SPST switch integrated
with an on-chip high-voltage CP)

The RIC includes an RF-MEMS SPST switch integrated with an on-chip high-voltage
CP in the 0.25 pm SiGe BiCMOS technology. The necessary actuation voltage for the
RICs SPST RF-MEMS switch is generated by the on-chip CP. A CP is designed in
IHP’s 0.13 um SiGe BiCMOS technology [94], using stacked BEOL capacitors to over-
come the output voltage limitations of charge pumps with standard MIM capacitors.

Microscope image of the RIC including the RF-MEMS SPST switch integrated with
the on-chip high-voltage CP is shown in Fig.4.14, before the Si cap packaging of the
RF-MEMS SPST switch. Fig.4.15 shows the microscope image of the RICs during
electrical characterization after the Si cap packaging of the RF-MEMS SPST switch.
Electrical characterization of the CP has shown that the necessary high voltage (45V)
for the actuation of the RF-MEMS SPST can be successfully generated on-chip. In
order to understand the effect of the control voltage (V1) on the output voltage
(Vout), Vetrl is swept between 0 to 1.1 V. Fig.4.16 shows the V1 versus Voyu graph
of the CP when the supply voltage (Vq4q) is fixed at 3V and input voltage for first CP
stage (Viy) is fixed at 0V. It shows that 45V Vg is possible with minimum 1.1V
Vetal-
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(b)

Figure 4.17: The 3D EM simulation model of the inductive loaded M3 membrane RF-
MEMS switch, (a) without Si cap and (b) with Si cap [70].

4.3.2 Effect of silicon cap packaging

In this section, the effect of Si cap packaging on the SG25 BiCMOS embedded RF-
MEMS switch performance is studied [70]. To show the effect of the Si caps on the
RF performance of the RF-MEMS switches, two EM models are built up in ANSYS
HFSS and shown in Fig.4.17.

The first model of the RF-MEMS switch is created without the Si cap; instead the
second model is created with the Si cap. The model including the Si cap is simula-
ted with a parametric sweep for different Si resistivity values: 10kQ-cm (0.01s/m),
50Q-cm (2s/m) and 1Q-cm (100s/m). Fig.4.18 shows the EM simulated insertion
loss results of the RF-MEMS switch without the Si cap and with the different resisti-
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Figure 4.19: The extracted insertion loss comparison of the measured and simulated
RF-MEMS switches in off-state without Si cap and with 1 )-cm resistivity
Si cap.

vity Si caps. The IL curves are similar in case of without the Si cap and with the Si
caps of 10k 2-cm and 50 2-cm resistivity. However, the IL degrades with the usage of
a 1Q-cm resistivity Si cap.

The insertion loss comparison of the RF-MEMS switch before and after Si cap; and
the EM simulations without and with the 1Q-cm Si cap shows very good agreement
(Fig.4.19). Indeed, the EM simulations clearly show that the ~0.2dB increase of the
loss occurs due to the low resistive Si cap (12-cm). It is worth taking into consideration
that the RF performance degradation can be minimized with a medium resistive Si
cap (50 Q-cm) which makes the packaging cost-effective compared to the high resistive
Si substrates.
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4.3.3 Yield analysis

In recent years, numerous outstanding RF performance results [95-97] have been achie-
ved with RF-MEMS switches. However, the repeatability and the yield of the RF-
MEMS processes are still in the main challenges before their commercialization.
With respect to the C-V measurement results of the TCVs and DECs, three different
regions are defined on wafer-level to show the process uniformity. The divisions into
regions are done with respect to the mechanical functionalities and the pull-in voltages
of the test vehicles over the 8-inch wafer. Additionally, the CPoutput voltage of the

RIC over an 8-inch wafer is also given.

Technology Characterization Vehicle (TCV: an RF-MEMS SPST switch)

Although 83.5% of the measured TCVs are functional on wafer-level (Fig.4.20), the
functional TCVs are also divided into two different regions with respect to their pull-in
voltages. The TCVs, for the further reliability tests, are selected from the safe opera-
tion region because of their higher pull-in voltages (stiffer membrane) [98]. The three
wafer regions for the TCVs (Fig.4.21) are decided as the following: (1) not functional
region with less than 230 fF on-state capacitance (Cop), (2) the safe operation region
between 230 and 320 fF C,,, (3) the low pull-in voltage region with more than 320 {fF
Con at 45 V. The yield of the TCVs is distributed into these three wafer regions as
63.5 % functional from the safe operation region, 20 % functional but with low pull-in
voltage and 16.5 % not functional region. The different performances of the TCVs are
due to the non-uniform deposition and etching processes over the wafer during their

fabrication.

Dynamic Evaluation Circuit (DEC: an RF-MEMS SPDT switch)

The 68 % of the measured DECs are functional on wafer-level (Fig.4.22). Similar as
in the TCV case, the functional DECs are divided into two different regions with re-
spect to their pull-in voltages. The selected DECs, for the further reliability tests,
are also taken from the safe operation region with the higher pull-in voltages (stiffer
membrane). The three wafer regions for the DECs (Fig.4.23) are defined as the fol-
lowing: (1) the not functional region with less than 1010 fF Cqy, (2) the safe operation
region between 1010 and 1100 fF Cgy, (3) the low pull-in voltage region with more
than 1100 fF C,, at 45V. The yield of the DECs is distributed into these three wafer
regions as 46 % functional from the safe operation region, 22 % functional but with

low pull-in voltage and 32 % not functional region.
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Figure 4.20: The wafer-level C, values of TCVs, showing the yield and uniformity of
the BiCMOS MEMS process [71].
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Figure 4.21: The C-V behaviors of the TCVs on different regions of the wafer [71].
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Figure 4.22: The wafer-level Cq, values of DECs, showing the yield and uniformity of
the BiCMOS MEMS process [71].
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Figure 4.23: The C-V behaviors of the DECs on different regions of the wafer [71].
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Figure 4.24: The wafer-level measured Vg, values of RIC’s charge pump, showing the
yield and uniformity of the BICMOS process [71].

Charge pump (CP) of the Representative Integrated Circuit (RIC)

The on-wafer yield analysis of the integrated CP Vy is performed applying a Vgq of

3V and a Vi, of 1.1 V. The wafer-level measured Vo values are shown in Fig. 4.24.
The CPs of the RICs are 100% functional on wafer-level. The wafer map shows
that the 13 % of the chips have generated between 40V and 44V Vgu. The rest of
the wafer, 87 % of the chips has generated more than 44V Vg, which is sufficient
actuation voltage for the RF-MEMS test vehicles.
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4.4 Conclusion

Section 4.2 section has presented an RF-MEMS based SPDT switch embedded in ITHP’s
0.13pm SiGe BiCMOS process technology. A 140 GHz targeted operating frequency
RF-MEMS based SPDT switch, with its measured 1.42dB insertion loss and 54.5dB
isolation at 140 GHz, has been successfully demonstrated in 110—170 GHz frequency
band. To the best of my knowledge, the demonstrated SPDT switch is the first RF-
MEMS based SPDT switch presented in D-band and provides the lowest insertion
loss and the highest isolation values compared to the field-effect transistor (FET) and
HBT based SPDTs.

Section 4.3 has presented the performance and yield analyses of packaged RF-MEMS
test vehicles; SPST, SPDT and high-voltage CP integrated with SPST switch that are
embedded in THP’s 0.25 nm SiGe BiCMOS process technology for space applications at
K-Band. Since the S-parameter and C-V measurement results of the SPST and SPDT
switches have shown changes after packaging of the test vehicles, the influence of the
Si cap packaging is investigated more in detail by extending the EM simulations. As
a result of this investigation, the S-parameter measurements and the EM simulations
have shown a similar increase of ~0.2dB dB for the loss in SPST switch which is
introduced by the low resistive Si cap packages, i.e. 1)-cm. To conclude, the presented
wafer-level packaging technique has shown a good compromise between low cost and
good RF performance for the RE-MEMS switches at K-band.

In Chapter 4, RF-MEMS design examples from both 0.13 pm and 0.25 pm SiGe Bi-
CMOS technologies have been given. In 0.13 pm SiGe BiCMOS technology, a D-band
SPST has been firstly developed to be used as the key element during the development
of a D-band SPDT switch. Both of the developed switches have shown state-of-the-art
RF performances and their EM simulation results have matched very good with the
S-parameter measurement results. Later on the design examples of RF-MEMS devices
in 0.25 pm SiGe BiCMOS technology have been presented. The presented devices have
included K-band RF-MEMS based SPST and SPDT switches and an on-chip CP with
an integrated RF-MEMS based SPST switch. The presented switches of the 0.25 pm
SiGe BiCMOS technology have shown more than 68 % yield in terms of functionality
on 200 mm wafers together with their wafer-to-wafer bonded Si cap packages. The
differences in the C-V characteristics between different regions of the wafer can be
explained with process variations overall the wafer. With non-uniform deposition and
etching processes, membranes of the switches have different initial bending due to

stress which causes variations on C,g,Con and pull-in voltages.
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This chapter summarizes the main challenges, remarks and achievements of this thesis.

5.1 Technology

Monolithical integration of RF-MEMS switches in SiGe BiCMOS technologies has
the big advantage of stable and well-controlled fabrication environment. However,
this integration also brings challenges during the design and fabrication phase of the
devices. More specifically; the devices should use the available metals and the standard
metal thicknesses of the BEOL modules, should be full-filling the minimum design
rule requirements of the BEOL modules. Additionally, the additional process steps
for the fabrication of the devices should not decrease the yield and performance of the
standard CMOS devices.

5.2 Modeling of RF-MEMS Switches

For the realization of the high performance mm-wave RF-MEMS switches that are
presented in this thesis, it was essential to have accurate electromagnetic models addi-
tional to the necessities of well developed process flows and stable process conditions.
Therefore, the accurate electromagnetic modeling of mm-wave RF-MEMS switches
has been selected as the main focus of this thesis. These accurate EM models made
the realization of RF-MEMS switches with state-of-the-art RF performances possible,
even up to 320 GHz. The research work done in this thesis has been devoted to the
design, electromagnetic modeling and RF optimizations of the mm-wave RF-MEMS
switches that are embedded in IHP’s BiCMOS technologies.

Packaging of the RF-MEMS devices is not only critical due to the development of
an entire process flow but also due to additional RF performances losses that can
be caused by the package. The additional loss can become more significant with the
increasing operating frequencies. Therefore, the electromagnetic models of mm-wave

RF-MEMS devices should include the effect of the packages from the beginning to
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foresee the differences in RF performances. Foreseeable effects can be avoided with
different packaging strategies or design/process optimizations. An example for avoi-
ding the RF performance loss due to the packaging can be given as the decision of the
packaging material. The right selected packaging material would avoid the additional
loss in RF performance of the RF-MEMS device, however the cost of the material

should be also taken into account before the final decision about the package.

Development of RF-MEMS devices with very good RF performances take years,
starting from the process development up to electrical characterization. An accurate
model for the EM simulations reduces the final cost and development time of the RF-
MEMS devices since the optimizations can be done with the help of the simulators.
However, a good match between the simulation and measurement results still takes
time until an accurate model is created. Modeling and electrical characterization
supplies information to each other as a feedback loop during the optimizations. With
the back and forth iterations, an accurate model can be created. The developed
feedback methodology can be also used for development of other RF-MEMS devices

in the future.

5.3 RF-MEMS Design Examples

The presented wafer-to-wafer Si cap packaging process for the K-band test vehicles
has shown successful results in terms of high yield and quality of the bonding process.
However, for the Si cap packaging process an additional ~100 pm distance between
the pads and the switch is required for the bonding. This distance brings extra cost
because of the necessity of a larger area and an additional loss with longer transmis-
sion lines. On the other hand, the presented second wafer-level packaging technique,
thin film wafer-level encapsulation, has shown more promising results for the future
in terms of less number of process steps and lower cost as a result of no additional
wafer for bonding and has required no extra distance between the switch and the pads

which can cause to additional loss and area.

The necessary voltage for the actuation of the BICMOS embedded RF-MEMS swit-
ches can be provided by on-chip charge pumps [71, 94] with an additional cost due to

increased chip area.
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The main achievements of this thesis are as follows:

e For the first time, successful demonstration of an RF-MEMS switch in D-band.

The switch shows maximum isolation of 51.6dB at 142.8 GHz with the inser-
tion loss of 0.65dB. With the developed RF-MEMS switch, better than 0.67 dB

insertion loss and more than 16 dB isolation in all D-band are achieved.

e For the first time, successful demonstration of an RF-MEMS switch in J-band.

With the developed RF-MEMS switch, better than 1.22dB insertion loss and
more than 13.24 dB isolation in all J-band are achieved. At 240 GHz, an insertion
loss of 0.44dB and an isolation of 24.6 dB are demonstrated.

e For the first time, successful demonstration of an RF-MEMS based SPDT switch
in D-band.

The demonstrated RF-MEMS SPDT switch shows less than 1.86 dB insertion
loss and more than 18.25dB isolation in all D-band.

e Successful demonstration of high yield RF-MEMS test vehicles with Si cap pack-
aging.
The presented K-band RF-MEMS test vehicles for space applications show high

yield of packaged devices; thus promising for prototyping and volume production.

Despite the state-of-the-art performances of the presented RF-MEMS switches in
0.13 pm SiGe BiCMOS technology, there are additional points that need to be addres-

sed in the near future:

e Yield analysis of the thin-film wafer-level encapsulated RF-MEMS switches has
to be done in order to reveal the process related problems that can occur during

the wafer-level packaging.

e Investigations on the 0.13 pm SiGe BiCMOS technology RF-MEMS switch re-
liability have to be performed in order to reveal the failure modes due to the

design or process integration.
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