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FOREWORD

The main scope of the MEMSWAVE conference is to bring together scientists
from different universities, research institutes, industrial companies interested in
the development of the RF-MEMS field, to create a forum for the knowledge
exchange between the RF-MEMS players, provide a qualified international forum
for researchers and people from the industry, interested in the area and introduce to
the most recent advances and achievements, especially on European activities.

The MEMSWAVE workshop was generated by the European project
“Micromachined Circuites for Microwave and Millimeter Wave Applications”
<<MEMSWAVE>> (1998-2001) coordinated by IMT-Bucharest. The project was
nominated between the ten finalists (from 108 participants) to the Descartes Prize
2002.

This qualified international forum, which has become a reference point for the
RF MEMS field and gathering interest from all over Europe and the rest of the
world, was started in Sinaia Romania. The first 2 editions were organized by IMT
Bucharest at Sinaia in 1999 and 2001. A special volume in the series Micro and
Nanoengineering “Micromachined Microwave Devices and Circuits” of the
Romanian Academy Press, was dedicated to the second edition of the workshop
and was published in 2002.

Starting from 2002, the MEMSWAVE workshop is an itinerant European event
and has become a reference point for the field, gathering interest from all over
Europe and the rest of the world.

The next editions were held in Heraklion and Toulouse. From 2004 the
MEMSWAVE workshop was connected to the European FP6 Network of
Excellence in RF MEMS “AMICOM?” and was strongly supported by this network.
Most of the European teams involved in these challenging topics were partners in
the AMICOM project. The workshop was organized in Uppsala (2004), Lausanne
(2005), Orvieto (2006), Barcelona (2007) and became conference being important
instruments for knowledge dissemination of the AMICOM network results.

In 2008 at Fodele, Greece, took place the first MEMSWAVE conference
following the completion of AMICOM. In 2009, the conference was organized by
the MemSRaD Research Group of the Fondazione Bruno Kessler (FBK), in 2010
by Universita del Salento, Lecce, in 2011 by University of Athens, in 2012 by
METU-MEMS Center of Middle East Technical University (METU) Ankara.



The conference is technically sponsored by the European Microwave
Association (EuMA). However, the significant number of contribution has
manifested the lasting support of the European RF MST community to this event.

It is now a tradition to publish the papers in the Series of Micro and
Nanotechnologies of the Romanian Academy Press. Previous volumes may be
requested at IMT-Bucharest (print@imt.ro). The present volume contains the
papers presented at the 14™ edition of the MEMSWAVE conference organized by
IHP (Innovations for High Performance Microelectronics) Frauenhofer, Frankfurt
(Oder), Germany, in July 2013, in Postdam.

The editors
May 2014
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Abstract. A cost effective and non-intrusive failure analysis methodology
applied to capacitive RF-MEMS components based on a standard 250 nm BiCMOS
technology is presented. The approach relies on non contact profilometry and an
equivalent circuit model extracted in past works. The failure analyses are based on
space application specifications, and allow to carry out a wafer level selection of
functional devices (screening).

1. Introduction

RF-MEMS technology is considered to be one of the most promising solutions
for advanced frequency agile RF architectures. Combining this technology with the
impressive performances of BICMOS's in a single process represents a switching
paradigm in RF systems design. Even though process dispersions in CMOS
technology are known to be very small, they may yield significant deviation in the
behavior of MEMS devices. Therefore, it is very important to study the relationship
between the fabrication process parameters and the effects of the variation on the
RF performance which allow the Design for Reliability implementation. An
accurate and versatile model would significantly help to predict the process
variation effects in design level.

In terms of reliability, all the failure mechanisms have already been studied and
classified by means of the FMEA (Failure Mode and Effect Analysis) [1].
However, standard methodology and failure criteria definition are missing
nowadays. The key issue is to detect after manufacturing which parameter of the
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device (electrical or mechanical) can be used as an indicator of possible future
failure mechanisms in each specific application. This could eliminate the default
switch over the wafer defining the yield of the process regarding reliability. This is
the purpose of the present work developed in the framework aerospace application.

2. Switch Description
A. Brief Technology Description

Figure 1 illustrates the RF-MEMS switch integration in IHP’s 0.25 pm SiGe
BICMOS process (SG25H1) based on 5 aluminum metal layers [2]. The capacitive
switch is built between the two metal layers (M2 and M3). M3 is the membrane
and it is realized using a stress controlled Ti/TiN/AICu/Ti/TiN stack. The RF line is
built in M2 and the high-voltage electrodes are formed using the bottom metal
layer (M1). The additional RF-MEMS switch process only adds 1 more mask to the
standard BiCMOS flow in order to release the RF-MEMS device. Thus, it does not
increase the mask cost which is one of the main concerns of these technologies.

(2
2]
—
wy
[l
~
CMIM
8
]
S
73]
Stress-Compensated §
TiTIN/AICU/TI/TiN Stack
Q Cym
\ A

Resistive contact
(TiN-TiN)

Fig. 1. Switch (top) and cross section (bottom) with a zoom of the contact region of the
BiCMOS-MEMS fabrication process.

All the fabricated devices use the same contact region [3] and the target
operating frequency is tuned by adding series inductances at the anchors of the
switch [4]. The main advantage of this solution is that the membrane is
mechanically optimized only one time in order to yield high reliability, while the
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switch can be designed to work at different frequencies without affecting the
mechanical performance. On the other hand, the bandwidth of the switch is reduced
at lower frequencies because of the higher values of inductances (hence higher
losses and lower Q-factor) that are needed. For this reason these switches are
typically suitable for applications at frequencies higher than 40 GHz.

3. Failure Analysis

In past work an accurate scalable lumped-elements model has already been
proposed for these switches [5]. The relevance of the proposed model resides in its
capability to map all the lumped-elements back to specific constitutive parts (shape
and size) of the device, provides by this way a complete and detailed electrical
description. This model has been moreover used to trace back and to detect
possible manufacturing flaw or deviation due to technological dispersion.

The purpose of the present paper is to introduce an evolution of these past
works by proposing a failure analysis selection criteria (screening) for mission
profiles coming from space applications. From the manufacturer point of view, the
availability of an effective screening procedure is paramount. The definition of the
selection criteria depend on the capability of the component to satisfy the targeted
application performance, for given working conditions. This paper uses the
industrial requirements provided by the industrial partner (Thales Alenia Space)
presented in [6]. According to them, a maximum deviation of 10% in Vpy and
Veout and an increase of 1dB in IL for 1h of continuous stress are assumed as
acceptable limits beyond which failure is detected (failure criteria). The actuation
profile has been monitored through RF parameters (specifically [Si2(V)|)
measurements since the DOWN state (contact) position is reached below the
mechanical pull-in.

The 8-inch wafer is divided in cells within which the switches are replicated
(Fig. 2). The size of the cell has been previously established and studied by the
manufacturer. One quarter of wafer is used for the presented results since
horizontal and vertical symmetry applies. The availability of a large number of
devices allows a fair monitoring of the process dispersion and it is instrumental to
assess the reliability of the device for given industrial specifications [7]. Another
important point is that the reliability study presented hereafter can be extended to
any type of switches using the same movable part.
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Fig. 2. Quarter of 8 inch wafer studied for the reliability tests.

A. Definition of Selection Criterion

Several devices of each cell have been held in DOWN position during 1 h
measuring the IL and the pull-infout voltage every 10 min. Fig. 3 plots the
deviation after stress of the pull-out voltage for several identical devices with
different initial Vpour. It is demonstrated that the higher the Vpour, the lower is the
deviation after stress. Moreover, the difference between Vpy and Vpout plays also
an important role and it should be also as low as possible. Applying the
aforementioned industrial requirements (10% deviation in Vpoyt) On devices taken
on the entire wafer, a limited number of components succeeded the tests. These
devices (in black dots in Fig. 3) are characterized by:

Vpour > 36 V 1)
and
Vein - Veour £ 1 )

which are therefore chosen as the sought selection criteria.

The condition (2) is due to the short distance between the different metal layers
used for the electrodes and the transmission line. It is well known that the
relationship between the gap (g) and the applied voltage (V) is related to the
stiffness (k), the initial gap between actuator and membrane (go) and the size of the
actuator (surface (S), thickness (ty) and material (g4)) by mean of the following

relation [8]:
2k - B
V= W,EO_S g (90 g) 3)

Plotting the g(V) curve of the successfully tested devices (Fig. 4) using (3), it
becomes evident that the correspondent actuation voltage is placed in the quasi-
linear region (below pull-in) meaning that the Vp;y and Veout are coincident. The
distance between membrane and line is smaller than 2/3 of the distance between
the membrane and the electrode (go).
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Fig. 3. Relation between the deviation after 1h of stress and the initial VPOUT.

The size of the disk represents the difference between VPIN and VPOUT.
The black point represents the devices that succeeded the tests
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Fig. 4. g(V) of a succeeded device with the actuation point
when applying 45V and the mechanical pull-in.

B. Methodology Applied for Failure Detection

Once the selection criterion has been established, the next step is to develop a
technique in order to predict which devices accomplish Vpour > 36V. The proposed
screening protocol is based on distance measurement between different metal
layers. This approach is cost-effective (very quick), non-intrusive (no activation of
the device is needed) and can be implemented over the whole wafer (also in TCV —
Technology Characterization Vehicles specific cells).
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In Table 1 the measurements of the gap between membrane and electrode (M1-
M3) and between membrane and line (M2-M3) for the tested devices in UP state
(OFF) is depicted. This result demonstrates the possibility to detect by means of a
profilometer measurement weather the device is compliant with the targeted
performances. Distances about 2.8 um and 4.7 um from M2-M3 and M1-M3
respectively coincide with pull-out voltages above 36V which is the established
criteria.

Table 1. Distance between metals before and after stress

Switch M2-M3 M1-M3
Reference | After | Reference | After
X6_Y13_30G 23 49
X6 Y13 50G 2.2610.06 15 5.18+0.09 5
X6_Y14_30G | 2.3+0.35 25 5.26+0.13 5.1
X6_Y15 _30G 2.8 4.8
X6 Y15 50G 2.66+0.12 56 5.03+0.14 5
X6_Y16_40G 2.7 4.9
X6 Y16 506 2.57+0.04 26 5.07+0.09 49
X7_Y13_40G 2.36 5
X7 Y13 500G 2.33+£0.05 54 5.5+0.7 29
X7_Y14_40G | 2.56+0.05 2.7 4.8+0.01 4.8
X7_Y15_30G 2.87 4.47
X7 Y15 40G | 2-98+0.06 2.8 4.75+0.2 45

The name of the switch is given by: Xx_Yy_fG where x,y are the
position over the wafer and f is the working frequency.

Regarding the distribution over the wafer, it is observed that the regions placed
at the exterior part of the wafer (X7) succeed the tests (Fig. 5). This result is very
useful for the manufacturer since it allows a performance based (RF and lifetime)
monitoring and analysis of the wafer yield.

—

S

- . - X

3 6

Fig. 5. Area of the wafer with optimal RF and lifetime performance.
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C. Failure Mechanism Study

Comparing both distances (M1-M3 and M2-M3) with the reference value
extracted from the devices of the same cell, it has been observed that the failure
mechanism is due to fatigue and creep. Since the electrostatic force is applied on
the lateral part of the membrane, the creep effect turns out to decrease the distance
M1-M3 which implies an increase of the distance between M2-M3 (Fig. 6).

A1 -M3) o UDL2-D3)

Fig. 6. Schema of the mechanical deformation before
(black) and after (red) stress.

The occurrence of fatigue phenomena was observed by comparing the S-
parameters in UP state before and after the test (Fig. 7). By using the equivalent
circuit model of the device described in [5], the undesired resonance found at
35GHz has been properly modeled and attributed to the likely breaking of one of
the suspending arms. A clear evidence of this failure mechanism is given by the
excellent agreement between the measurement of the defective device (after stress)
and the equivalent circuit model modified in order to account for this failure
(broken arm).

IL (dB)

—4— Model
Initial
—— After stress

'7 T T T T T T T T T 1
20 25 30 35 40 45 50 55 60 65 70

Frequency (GHz)
Fig. 7. Comparison of IL before (black) and after (red) stress with the model (triangle).
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With respect to the schematic presented in [5], beside the effect of the broken
arm on the Lanchor, the parameters that have been also modified are the
capacitances CMEMS and CM1-M3. In fact, due to the fatigue, the distance
between the metals has changed and both values of capacitance should be modified
using (4) and (5) respectively.

d initial
Cfailed -C M2-M3
MEMS — “MEMS —d final (4)
M2-M3
failed 13
alle — -
Cmi-m3 =Cmi-m3 qfnal ®)
M1-M3

In order to avoid failure mechanisms associated with fatigue and creep three
possible approaches are typically envisioned. Going in order of growing
implementation difficulties they are: to increase the effective Young's modulus by
material engineering, to increase the membrane thickness and finally to redesign
the membrane (anchors) shape. An optimal solution may pass through a
combination of them.

4. Conclusion

This paper has showed a cost-effective and non-intrusive reliability monitoring
technique such to predict creep and/or fatigue induced phenomena. The proposed
reliability approach has demonstrated its validity and effectiveness in observing
and analyzing the MEMS process yield, be it within the same wafer or wafer to
wafer. This is a very important achievement for future commercialization of RF-
MEMS devices and circuits.

Acknowledgments. The authors would like to thank the IHP pilot line and
Christian Wipf for the technical support during manufacturing and RF
measurement respectively, and the partial financial and technical support provided
by Thales Alenia Space in Toulouse.
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Abstract. This paper describes progress towards the fabrication of 2.5GHz
integrated MEMS switched line phase shifters. PCB fabricated phase shifter is
presented in a first part and MEMS integration on this type of board is shown. Is can be
seen that polymer flip-chip bonding of RF-MEMS is feasible and low loss MEMS
switches can be successfully integrated.

1. Introduction

Telemetry on space launch vehicle is one of the most important functions that
allowing for precise and efficient control of flight parameters. The required
antennas for the remote operation of these systems have to be integrated very close
to the outside of the space vehicle, and are therefore exposed to harsh environments
encountered by the vehicle. During the flight, it is necessary to know the behavior
of the different parts of the space launcher. Telemetry is used to transmit all
information via a radio link between the launcher and the ground. The signal can
be transmitted via electronically steerable antennas since this type of antenna
provides appropriate directivity and optimum robustness against interference. Such
antenna requires phase shifters based feeding network to adjust beam direction of
the antenna, as shown in Fig. 1. Low loss, RF-MEMS based phase shifters, would
be very well suited for this purpose, allowing the use of a single signal source,
divided into several radiating elements. By passing signals through different delay
lines, several delays (0°, 90°, and 180°) can be selected. This architecture provides
a strong reduction in mass and volume, and relatively low energy consumption. It
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also raises several challenges, like power handling, that needs to be optimized, and
co-integration of RF-MEMS switches on printed circuit board devices.

Patch array

RF Mems
> A"’l Phase Shifters

Phase control system

Telemetry signal

Fig. 1. Electronically steerable antennas SPNT (Single Pole
N Throw) switch distribution.

2. Phase Shifter Description

According to the specifications, it is necessary to have three phase shift states
for each antenna. Switched line based true time delay phase shifters (0°, 90°, and
180°) have been chosen for wideband operation. The line length and width have
been computed using CAD based design package, using a 1.5 mm thick duroid
(Er = 2.8) substrate. This result in relatively low loss transmission lines, well suited
for the present application.

As shown in Fig. 2, switching between the different line lengths causes
controlled delays at the output of the phase shifter. Since transmission lines have
moderate loss, their impact on the overall phase shifter loss is very moderate, as
shown in the following simulations.

Electromagnetic simulations are shown in Fig. 3, based on ADS Momentum.
Transmission parameters are obtained for each delay line, ideally connected on the
layout shown in Fig. 2. It can be seen from these simulations that reflection loss are
very moderate, and that the corresponding insertion loss are less than 0.5 dB
around 2.5 GHz.
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90°

Fig. 2. Design of phase shifter switched lines
(35mmx35mm).
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Fig. 3. ADS-Momentum simulations of the phase shifter.
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A. RF-MEMS Switches

The RF-MEMS switches are placed on the phase shifter between the different
switched lines, allowing the transmission of RF signal. This signal will be high
power, but should not damage RF MEMS switches during data transmission.
Therefore, different designs have been investigated, as shown in Fig. 4. 1-MEMS
design is a simple SPDT switch, allowing for routing RF signals between two delay
lines. A design with 2-MEMS has been fabricated and integrated in order to
improve the current handling of the device. It is also dividing the insulation by 2,
as the equivalent capacitance is doubled as switches are parallel. A design with 4
RF-MEMS, (2 in parallel and 2 in series) has also been fabricated to improve
isolation, since it has capacitance equivalent to 1-MEMS design.

Fig. 4. Fabricaed MEMS designs (Imm*1mm).
1-MEMS (left side) and 2-MEMS (right side).
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Simulations results are shown in Fig. 5 and confirm our expectations; the 4-
MEMS design is equivalent to 1-MEMS design, and off-state capacitances are
almost identical, with slight difference due to design differences. For 2-MEMS
design, there is an expected difference of 6 dB taking into account the single
capacitance. The simulated insertion losses are less than 0.2 dB (not taking the
contact resistance into account) and minimized up to 5 GHz.
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Fig. 5. ADS-Momentum simulations of RF-MEMS switches

3. Manufacturing
A. RF-MEMS
The superposition of thin layers of different materials is used to manufacture the

switches. For this, photolithography masks are necessary to keep only the design of
the component. Its structure is kept simple, a first metal electrode provides the
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actuating and bias lines then, sacrificial layers allow to suspend the final structure,
and finally a second metal layer which transmits the RF signal through its movable
part is added (Fig. 6).

1- Métal 1

4 - Metal2 - Ti/Au/Auw/Ti

2 —Sacri 1 (dimple)

3 —Sacri 2

5 — Release
Fig. 6. Manufacturing of RF-MEMS.

B. Fabrication of the Switched-Line Phase Shifter

For the phase shifter, wet etching process technique was chosen because it
allows a neat and clean etching. To etch the phase shifter, photolithography method
has been used. This protects the parts that want to keep, and etch the rest of the
substrate Fig. 7.

Fig. 7. Microphotograph Fabricated phase shifter.
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The disadvantage of this method is over-etching that it is necessary to take into
account when making masks; in general it is about the thickness of metallization.

C. Integration of RF-MEMS

Once the circuit made, the RF-MEMS switches are integrated on the substrate.
For this, the flip-chip technique has been used. The RF-MEMS switch is mounted
towards the membrane substrate. To realize this, it is necessary to use a polymer
ring. This ring is used to suspend the component, and prevent the flow of the
conductive paste that may short-cut the phase shifter, lines (see Fig. 8). Then, with
the help of a pick & place machine, it is possible to place with enough accuracy the
glue and switches onto the phase shifter. A vacuum oven curing removes binders
and polymerizes glue, thereby welding the switch with the lines of the phase
shifter.

Silver g

Fig. 8. MEMS switch flip-chip mounting.

4. Test of the Packaged Flip-Chipped Switch

During the manufacturing, it is necessary to pay attention to the resins and
solutions used. A desorption step is necessary in order to not pollute MEMS
contacts. First, a simple packaging with a resin has highlighted an increase in
resistance, (Fig. 9). This is due to the desorbing of the resin during the firing in the
oven.

The Sy, parameters without encapsulation have good transmission while with
encapsulation the signal is attenuated. This test confirms a risk of pollution as



26 A. Harck, P. Blondy, S. Fargeot, S. Villers

possible in the flip-chip or encapsulation. Results with low outgassing materials
will be shown at the conference.

0 r

-0,5

-2,5 —With_package
3 [ —Without_package

(dB)

Switch_ON Sz21

-4,5

-5
1,50E+09 2,00E+09 2,50E+09 3,00E+09 3,50E+09
Fréquence (Hz)

Fig. 6. Measured measurements Sy;.

5. Conclusions

This paper reports progress towards the integration of RF-MEMS switches on
PCB-like substrates. Flip-chip mounting of the devices permit to achieve low
complexity, high performances phase shifters to be built. Moreover, flip-chip
mounting needs improvement but offers an opportunity for encapsulation RF-
MEMS switches at very low cost.
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Abstract. This paper presents a new concept for the design of high-Q bandpass
filters with fine-tuning compensating for small deviation of their nominal response due
to manufacturing tolerances and temperature variations. Discrete frequency steps are
realized using a rectangular waveguide resonator loaded with a reconfigurable E-plane
circuit. Ohmic MEMS switches are placed along thin E-plane metal strips so as to
modify the TE101 mode resonant frequency, thus the central frequency of the filters.
As an example, in a 10 GHz resonant cavity frequency steps of 0.1% can be obtained.
High Q-factors are maintained if low loss substrates are used. Preliminary simulations
results are reported for both an X-band and a K-band cavity.

Key words: bandpass filter; high-Q; MEMS; tunable filter; waveguide filter.

1. Introduction

In recent years many techniques have been proposed to realize tunable bandpass
filters for size and mass minimization of the front-ends.

Similar techniques can be adopted to realise filters with an adjustable response,
thus a fine-tuning. Their aim is to compensate for tolerances of the realization
process (machining and assembling) and temperature changes that may cause a
drift of the filter response.

An acceptable trade-off among tuning capabilities, high unloaded Q, low-cost
and small size, must be taken into account as a figure of merit for such techniques.
For instance, magnetically tunable filters show wide tuning ranges and high Q, but
are bulky and consume considerable DC power [1]. Tunable filters realized on
planar technology based on RF MEMS [2] or ferroelectric components [3] offer
compact size, fast tuning speed and wide tuning range, but limited Qs (< 300).
Higher Qs (500-1500) can be reached using evanescent-mode cavities [4] or
dielectric-loaded resonators [5], but such solutions require customized MEMS
devices such as accurate varactors or movable membranes.

As is well known, RF MEMS are an attractive technology for microwave
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applications thanks to their low insertion loss, low power consumption, low cost
and compact size [6]. High-Q tunable filters can be obtained by suitably combining
RF MEMS and high-Q cavity resonators. In [7] a MEMS varactor has been used in
a ridge-loaded cavity at 5 GHz to tune its resonant frequency resulting in a
(measured) Q above 500 and a tuning range up to 10%.

A new tuning concept for high-Q tunable bandpass filters employing ohmic
cantilever RF MEMS switches has been patented in 2010 [8] and the first
experimental results with real MEMS in [9] showed Qs around 1000.

Another MEMS-based tuning approach for waveguide filters was proposed by
the same authors in [10] showing similar performances.

A new concept of adjustable bandpass filters leading to very high Qs (> 1000) is
proposed in this paper. The filter is based on rectangular waveguide resonators
loaded with thin E-plane metal strips on a low-loss substrate. Ohmic RF MEMS
switches are used to modify the lengths of the different metal strips so as to
digitally change the resonant frequency of the fundamental TE101 mode, thus the
filter passband frequency. In [12] this concept was employed to move the centre
frequency of a filter thus realising a reconfigurable response.

The main advantages of such a solution are the several small frequency steps
that can be obtained, the high-Q (> 1000) in all states and the simple design and
fabrication leading to a potentially low-cost manufacturing. The discrete fine
tuning can be used in order to compensate for undesired filter response changes
due to tolerances of manufacturing process and temperature sensitivity.

To illustrate and validate the proposed tuning principle, a resonant cavity at X-
band has been designed and simulated with equivalent models for the MEMS,
showing very satisfactory and promising results.

2. The Tuning Principle

Two kinds of rectangular waveguide sections loaded with E-plane metal septa
patterned on a low-loss and low-permittivity substrate are depicted in Fig. 1.

dielectric substrate E-plane strips

E-plane septum %’
l —
N A
a -
y . |iD

AarS

waveguide
output

waveguide L -
input \I’Z” u
a) b)
Fig. 1. Conventional E-plane resonator (a), strip-loaded E-plane resonator (b).
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The resonator of Fig. 1a consists of a waveguide section comprised by two E-
plane septa of length d. The latter determines the input (output) coupling between
the TE10 mode of the guide and the TE101 resonant mode of the resonator (i.e. an
inductive coupling), while the distance | between the septa determines the resonant
frequency of the fundamental TE101 mode [11].

In Fig. 1b additional E-plane conductive thin strips are placed between the septa
and used to change the resonant frequency of the TE101 mode, in a similar way as
in [10]. We call the structure in Fig. 1b a strip-loaded E-plane resonator. The thin
strips behave as metallic tuning screws located in the region of the E-field
maximum of the resonant mode: the longer the strips the lower the resonant
frequency [13].

The strip-loaded E-plane resonator of Fig. 1b is amenable to tuning as
illustrated in Fig. 2. Here, MEMS switches are placed along the thin strips very
close to the short-circuited ends (i.e. close to the top waveguide broad wall).

OFF II

MEMS switches

A,

z

ON
Fig. 2. Tunable strip-loaded E-plane resonator using MEMS swithes.

The MEMS switches can be realized as ohmic cantilever switches. In the case
of the RF switches fabricated at FBK (Fondazione Bruno Kessler) foundry in
Trento (Italy), they consist of 110 pm wide and 170 uym long gold thin beams
suspended above an interrupted line and a DC actuation pad underneath the beam.
In the on-state (with roughly 50 V DC voltage) the switch is closed and can be
modelled as a very low series resistance (Ron ~ 1 Q), while in the off-state the
switch is open and can be modelled as a low series capacitance (Coff ~ 10 fF). Such
approximations are valid up to 25 GHz [6].
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The tuning principle of Fig. 2 is as follows. We refer to the fundamental TE101
resonant mode. When all the switches along all the strips are closed (state 11111 in
Fig. 3a), the strip are continuous conducting lines and the E-field in the central
longitudinal plane (yz in Fig. 3) is confined below them as in the case of Fig. 2,
thus the resonant frequency is lowered. When instead all the switches are open
(state 00000 in Fig. 3b), the E-field goes through the interrupted conducting lines,
thus the mode perturbation is reduced and the resonant frequency is increased with
respect to previous case. As a result, the resonant frequency is lowered by
switching on the MEMS.

The entity of the frequency shift can be controlled by choosing the length and
the number of the strips, as well as the distance between them. Intermediate
frequency states are allowed switching only some strips: e.g. in the state 00001
only one strip is closed.
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Fig. 3. E-field behavior when the MEMS is on (a), E-field behavior when the MEMS is off (b)
of the fundamental resonant mode of the resonator in Fig. 2.

3. Tunable Single-Resonator

The practical design of a MEMS-based tunable strip-loaded E-plane resonator is
illustrated in this section. Two resonant frequencies are considered, in X-band
(WR90 standard waveguide) and in K-band (WRA45 standard waveguide).
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slot pin
| s

y e dielectric
"\T/’ substrate

2 MEMS switches
bias lines and pad

Fig. 4. HFSS models for a feasible MEMS-base tunable strip-loaded E-plane
resonator: the MEMS and the strips are on the metal septa substrate.

Referring to Fig. 4, the E-plane circuit pattern (i.e. septa and strips) and the
MEMS switches are realized on a 500 um thick quartz substrate using gold. The
strips are 500 pm wide. Quartz is preferred over silicon because of its lower
permittivity (3.78) and tand (1-10-4).

In the model of Fig. 4 the quartz protrudes in the waveguide broad wall in order
to allow the connection of the MEMS bias lines to the external DC circuitry. The
10 pym wide bias lines are realized in high resistivity polysilicon [6] and they are
placed underneath the substrate metallization (see Fig. 4). The slots opened in the
waveguide broad wall are thin enough not to interrupt the flowing current (that is
zero in the middle of the transverse plane for the TE101 mode), thus preventing or
minimizing undesired radiation.

Two ohmic cantilever MEMS switches have been considered in parallel in each
strip (i.e. 10 switches in each resonator), thus the equivalent series resistance is
roughly 0.5 Q in each strip.

The structure has been carefully modelled by HFSS including the bias lines, the
lossy substrates and the actual material conductivity.

4. Simulation Results

Preliminary simulation results of the tunable cavities in X- and K-band are here
presented. Each cavity presents five MEMS switches that can assume two different
states, therefore the number of combinations is 32 (i.e. 25). However some
combinations are equivalent to each other, therefore the number of different states
reduces to 20. In the following tables the results obtained for the X-band and the K-
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band cavity are shown. Simulations were carried out considering silver plating on
the internal walls.

Table 1. Comparison between the starting state (00000) and
the next one (00001) for X-band cavity

STATE Q Res. Freq. Af
00000 3600 10 GHz

Q
00001 3500 9.991 GHz IMIz

Table 2. Comparison between the first (00000) and
last state (11111) for X-band cavity

STATE Q Res. Fregq. Freq. Range
00000 3600 10 GHz
11111 3400 9.936 GHz G4MHz

A total frequency shift of 0.64% is observed in the X-band cavity. The step
between a state and the next one is not constant in this case where all the five lines
were identical and equidistant. Anyway it can be chosen as desired by opportunely
design the length and position of the lines.

Table 3. Comparison between the starting state (00000) and
the next one (00001) for K-band cavity

STATE Q Res. Freq. Af
00000 2580 2 —
00001 2215 19.950 S0MHz

Table 4. Comparison between the first (00000) and
last state (11111) for K-band cavity

STATE Q Res.Freq. Freq. Range
00000 2580 20 .
250M
11111 1690 19.750 OMHz

A total frequency shift of 250 MHz (1.25%) is obtained for the case of a K-band
cavity. Simulation also shows that the Q-factor is maintained to high values (1690).
This means that such cavities can be used as building blocks for designing filters
with low losses and built-in fine-tuning.

The steps f here considered are comparable to the frequency shifts deriving
from a mechanical tolerance of +/- 20um, or a temperature drift of 80°C for a
component in aluminium.

5. Conclusions and Future Work

A new concept has been proposed for high-Q MEMS-based adjustable bandpass
filters with small steps in frequency. A waveguide resonator is employed consisting
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of a rectangular waveguide section comprised between two metallic E-plane septa
and loaded with thin E-plane conductive strips on a low-loss substrate. The thin
strips are connected to the top waveguide wall by RF MEMS switches. In this
manner, the TE101 mode resonant frequency can be modified depending on the
MEMS state. This tuning principle allows for a fine tuning to be realised which
may result very useful for high frequencies where resonators size is particularly
small and where compensation for manufacturing tolerance effects and temperature
variations are necessary. High Q-factor is maintained over the tuning range making
this approach suitable for realising low loss filters.

The advantage of this approach over classical tuning screws is that small
frequency steps are achievable in a controlled and repeatable way. Fine-tuning is
still feasible even in cases where it would be impossible with screws for
dimensional issues. Moreover, being the driving of the switch entirely electronic
this approach is amenable to remote control.

An adjustable E-plane filters with real ohmic cantilever MEMS switches will be
designed and manufactured in the next months employing ohmic switches
fabricated at FBK foundry (Fondazione Bruno Kessler, Trento) [6].
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Abstract. An accurate 3D electromagnetic (EM) model for a 140 GHz BiCMOS
embedded RF-MEMS switch in 0.13 pum technology is built up in Ansoft HFSS solver.
The 3D EM solver allows defining the air cavity of the switch and the back-end-off-line
(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 air and the
routing layers in oxide can be simulated at the same time which is very important
considering the very high frequency of operation. Furthermore, the process effects such
as bending of the membrane can also be modeled by changing the initial gap in the
simulator. The simulation results show the significant importance of the EM model of
RF-MEMS switch at such highfrequency of operation.

Index Terms: RF-MEMS switch, 3D FEM, mm-wave, EM modeling.

1. Introduction

In the recent years, new generation communication system technologies demand
not only miniaturization but also multifunctionality at the same time. In this point
of view, RF-MEMS technology seems to be a promising option in order to add
functionality to the RF systems. One of the most attractive RF-MEMS
developments is in RF-MEMS switches. As a result of their low insertion-loss,
high isolation, high linearity, near-zero power consumption and low fabrication
cost, there is a growing interest in RF-MEMS switches for mm-wave frequency
applications for the recent years [1].

EM modeling of RF-MEMS switches is performed mostly by using 2.5 D
planar EM solvers where modeling of passive devices is very convenient and
straightforward. However, most of the 2.5 D planar solvers have the limitation of
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defining non-uniform dielectric planes in horizontal direction; means if the material
between two metals is defined as a dielectric, it is the same dielectric everywhere
in the same horizontal plane. Nevertheless, this is in contrast with the MEMS
devices because the mechanical part of the MEMS devices are mostly in air but the
anchors and routing layers are in a dielectric. Therefore, for high frequency EM
simulation of RF-MEMS devices, a more careful modelling strategy is essential.

In this work, RF-MEMS switch embedded into BEOL of IHP's 0.13 um
BiICMOS technology is designed and simulated using Ansoft HFSS 3 D FEM
(Finite-Element-Method) solver at 140 GHz. The paper starts with the basic
information about the technology and EM modeling strategy is given after that.

2. BICMOS Embedded RF-MEMS Switch

RF-MEMS switch, embedded in IHP's 0.25 um BiCMOS technology, had been
demonstrated before up to 140 GHz operating frequencies [2-3]. However,
previous experiences have shown that the size of the RF-MEMS devices is getting
the main limitation for higher frequencies, such as 140 GHz. Therefore, firstly the
size of the RF-MEMS switch was shrunk and an accurate 3D EM model has been
developed. BEOL metallization of 0.13 pum BiCMOS technology has 7 metal
layers instead of 5 and the distances between the metals are also different
compared to 0.25 um BiCMOS technology [2]. Indeed, it is not possible to easily
transfer the 0.25 um RF-MEMS switch to 0.13 um BiCMOS technology and some
significant effort is necessary in order to optimize the switch at 140 GHz of
operation.

A. RF-MEMS Switch Technology

The capacitive RF-MEMS switch is designed between Metal4 (M4) and
TopMetall (TM1) of IHP's 0.13 um BiCMOS technology. Figure 1 shows the
process integration scheme of the RF-MEMS switch. Similar to 0.25 um BiCMOS
technology, RF-MEMS switch in 0.13 um BiCMOS technology consists of high-
voltage electrodes (Metal 4), RF-signal line (M5) and movable membrane (TM1).
The movable membrane is modeled as an AlICu layer that is stacked by TiN layers
both on top and bottom.

The MIM capacitor which is used in contact region of the switch is formed on
M5 in the 0.13 um BiCMOS technology.

One of the main changes from 0.25 pum to 0.13 um technology is the smaller
dimensions of the switch. With the reduced size of the switch, mechanical
properties like stiffness also changed. With the increase of the stiffness, actuation
voltage also increased. Higher electrical resonance frequency is achieved as a result
of decreased contact capacitance of the switch due to the reduced contact size of
the switch which provides higher frequency of operation The RF performance of
the switch is optimized at 140 GHz operating frequency.
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Membrane
TiN 4—— -
RF-Signal line «—————— M—_— S\,

[ High-Voltage Electmdes]

Fig. 1. Cross section of the 0.13 pm BiCMOS process,
including embedded RF-MEMS switch.

B. EM Modeling

The limitation of the planar EM solvers is that the layers are defined infinite in
horizontal directions. As the air cavity for released RF-MEMS devices in SiO,
cannot be easily defined with planar EM solvers, all device including the anchors
and routings is simulated in complete air or another dielectric environment. Such
case might have less influence considering the operating frequencies less than 40
GHz. However, at 140 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 (50Q-cm)
below the RF-MEMS switch. Therefore there is a strong need to simulate intrinsic
MEMS devices in air and other parts in BEOL oxide environment. The simulation
setup in Ansoft HFSS for 140 GHz BiCMOS embedded RF-MEMS switch which
considers the air cavity inside the BEOL oxide is shown in Fig. 2.

In 3D EM simulations the intrinsic part of the RF-MEMS switch can be
simulated in air and the rest in oxide but there is still another limitation coming
from the fabrication issues. For an accurate switch model in 3D EM solver, the
contact parameters especially in down-state need to be precisely modeled. The
contact capacitance of the switch depends on the membrane’s stress behavior in
both up and down states and also on surface roughness in down state. In order to
model the RF-MEMS switch in 3 D EM, the air capacitances of the switch in both
states needs to be known. Therefore, the contact regio (Fig. 3) capacitances for up
and down states, C,, and Cqown, are measured and appropriate membrane position is
formed with respect to the measured values.
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BEOL oxide

Air cavity

Fig. 2. Simulation setup in Ansoft HFSS for 140 GHz BiCMOS
embedded RF-MEMS switch.

With the extracted contact air capacitances, which are measured as 15 fF and
90 fF for Cup and Cdown respectively, and known contact area, the distances
between the membrane and TiN of the MIM capacitor on the RF-signal line are
calculated for both states using the simple parallel plate capacitor equation.
Calculated distances are then used in the EM model for the accurate modeling of
the stressed membrane.

Contact \ v
region ".\ /

HV-electrodes

RF-signal line

Fig. 3. Contact region of the RF-MEMS switch.



An Accurate EM Modeling of 140 GHzBiCMOS Embedded RF-MEMS Switch 39

EM simulation results of the RF-MEMS switch for different contact air
capacitances that change with different distances in the contact region are shown in
Fig. 4. Each graph includes s-parameter results with the change of the membrane
distance by 50 nm steps over 730 nm initial distance. The bold red and blue curves
show the expected up and down state results, respectively. As it can be easily seen,
the electrical resonance frequency of the switch is getting smaller with the
decreased distance between membrane and MIM layer. For 140 GHz BiCMOS
embedded RF-MEMS switch in 0.13 um technology, insertion loss less than 2 dB
and isolation better than 32 dB are achieved, including the RF measurement pads.
The return loss for up-state is less than 25 dB at the interested frequency band,
although it was not exactly optimized for 140 GHz.
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Fig. 4. Simulated RF performance of the RF-MEMS Switch for different
contact region distances with the change of 50 nm in each step.

As mentioned before, in planar EM solvers, RF-devices cannot be simulated
with the air cavity in SiO, because the layers are defined infinite in horizontal
plane and at high frequencies the anchors and the routing layers of the RF-MEMS



40 S. Tolunay, M. Wietstruck, A. Goritz, M. Kaynak, B. Tillack

switch which are normally in the BEOL oxide has a significant effect on the
overall performance of 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 also done when all parts of the switch, including the parts
normally in BEOL oxide, are in air.

Figure 5 and 6 show the comparison of the RF performances of the switch for
two different environment conditions. 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 the up-state
RF-MEMS switches at high frequencies have quite different insertion and return
losses when in the down state they have quite similar isolations. In both
environment conditions contact region is simulated in air. Similar RF performances
in down-state are results of domination of the down-state contact capacitance,
Cdown, 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 Cup, 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 down-state can be obtained. Indeed,
an accurate EM model for 140 GHz RF-MEMS switch needs to consider the
anchors and the routing layers in BEOL oxide.

0.0
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Fig. 5. Simulated RF performance of the RF-MEMS Switch when all is in air (red) and
when the anchors and the routing layers are in the BEOL oxide (blue), in up-state.
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Fig. 6. Simulated RF performance of the RF-MEMS Switch when all is in air (red) and when the
anchors and the routing layers are in the BEOL oxide (blue), for isolation in down-state.

Further optimization on the return loss of the RF-MEMS switch will also
decrease the insertion loss of the switch at 140 GHz. As mentioned before, the
results in Fig. 4 includes the significant pad parasitics which needs to be considered
especially at 140 GHz. Figure 7 shows the RF performance comparisons of the
switches with and without measurement pads for insertion losses, when the return
losses are excluded. Insertion loss reduced from 2 dB to 1.4 dB at 140 GHz.
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Fig. 7. Simulated RF performance of the RF-MEMS Switch with (blue) and
without (red) measurement pads, for insertion loss in up-state.

3. Conclusion

3D EM modeling for 140 GHz BiCMOS embedded RF-MEMS switch in 0.13
pm technology was demonstrated. As stressed membrane gives complexity for EM
modeling, the switch was successfully modeled using measurement supported 3 D
EM model for RF simulations. 140 GHz BiCMOS embedded RF-MEMS switch
which considers the air cavity inside the BEOL oxide is also compared with the
case of planar EM solvers as all switch is simulated in air. Also reduction of 30%
in insertion loss is achieved by de-embedding the RF pads.
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Abstract. In this paper a reconfigurable bandpass filter is designed using ohmic-
contact cantilever-type Micro Electro Mechanical Systems (MEMS) switches. The filter
can switch between two different states with a center frequency tunable range of 13% in
C band. The topology allows achieving two accurate center frequencies, each
associated with a precisely defined bandwidth, using six MEMS ohmic-switches. The
design carefully takes into account the external quality factor for both filter states to
ensure a good impedance match at each frequency. The two sets of coupling
coefficients and resonator lengths implemented with the MEMS ohmic switches
originate the bandwidths and center frequencies required by design specifications. The
filter is designed to have center frequencies of 5.5 and 6.2 GHz, with a fractional
bandwidth (FBW) of 5 and 3%, respectively. Filter specifications were successfully met
with the proposed topology. The filter was fabricated on a quartz substrate and
measured responses are in good agreement with simulations.

1. Introduction

Reconfigurable filters are a key component in compact communication systems,
because they allow selecting different operating bands with a single filter by using
integrated tuning elements. Another advantage of the reconfigurable filter is to
reduce the total volume of the system. A recent trend in reconfigurable filters is to
obtain devices that reconfigure their parameters independently: center frequency
[1, 2], bandwidth [3, 4], center frequency and bandwidth [5, 6] or selectivity [7, 8].
Designed filters with MEMS switches include monolithically integrated [9, 10] and
planar circuits with integrated commercial MEMS switches [11].

The goal of this work is to design a precise frequency and bandwidth
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controllable filter topology using MEMS switching elements. This paper presents a
bandpass filter designed to produce two fractional bandwidth (FBW), 5% for a low
frequency state and 3% for a high frequency state with a center frequency tuning
range of 13% in C band. The filter was designed using six ohmic-contact
cantilever-type MEMS switches that control transmission line extensions to
achieve reconfiguration.

The center frequency is controlled by adjusting the length of the resonators. The
bandwidth is controlled by adjusting the coupling between resonators. The external
quality factor Qe is selected using MEMS ohmic-switches to maintain a proper
input/output coupling for both states of the filter. The filter is able to reconfigure
center frequency and bandwidth accurately.

This paper is divided in five sections. Section 2 contains a discussion of the
proposed filter topology, describing how the filter design parameters, center
frequency and bandwidth were controlled. Section 3 discusses the MEMS
technology used to implement the filter on a quartz substrate. Section 4 discusses
simulated and measured responses of the filter. Finally section 5 gives an overall
conclusion of this work.

2. Filter Design

Table 1 shows the specifications of the two filter states. Each of the states is
defined by three parameters: the external quality factor Qe which relates the input
and output coupling of the filter, the coupling coefficient K between the resonators,
and the length of the resonator [12]. To find optimum filter layout using the
ADS/Momentum simulator, the coupling between feed lines of the filter and the
first or last resonator are calculated in order to match the theoretical values of Qe.
Similarly, by simulating the coupling between resonators, the values of K are found
using the well-known methods in [12].

Table 1. Filter specifications

Center Fractional

Frequency Bandwidth
Low frequency state 5.5 GHz 5%
High frequency state 6.2 GHz 3%

The topology of the filter, shown in Fig. 1, is based on parallel coupled
transmission lines [12]. The topology uses six transmission line extensions
switched using ohmic-contact cantilever-type MEMS switches, which se up
precisely the three design parameters required to produce the two states of the filter
specified in Table 1.

In this topology all the MEMS ohmic-switches are of to produce the high
frequency state, and are on for the low frequency state.
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Fig. 1. Switchable bandpass filter topology.

Figure 2 shows the relationship between the external quality factor Qe and the
overlapping distance Y between the input line and a resonator (see Fig. 1). The
values were simulated using ADS/Momentum and considering fixed values for the
spacing S1 and the width w of the input line.
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Fig. 2. External quality factor Qe for different overlapping
distances Y and Coupling coefficient K for different
overlapping distances X.
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Figure 2 shows also the relationship between the coupling coefficient K and the
overlapping distance X between resonators (see Fig. 1); the values were simulated
considering fixed values for the spacing S,. The length of the resonator extension A
(see Fig. 1) is used to accurately determine the K values which define the
bandwidth required for each state of the filter.

The filter center frequency is determined by the total length of the resonators;
however as the bandwidth must take precise values, each resonator is designed to
have two extensions. Extension A set the values of K for each state of the filter (see
Fig. 1). Extension B defines the total length of the resonator without increasing the
coupling between the resonators, which provides independent control of the
bandwidth and center frequency of the filter. When both extensions are enabled the
response of the filter is set to the low frequency state, while the high frequency
state is obtained when the extensions are disabled.

The input and output couplings of the filter are fixed through the extensions B
and C, when both extensions are enabled, the input and output coupling of the filter
is the optimal for low frequency state, and when the extensions are disabled, the
input and output is the optimal for high frequency state.

To define filter layout, each state of the filter was optimized using ADS/
Momentum to produce the required theoretical design parameters Qe and K for
each filter state.

3. MEMS Technology

The fabrication technology for the MEMS reconfigurable bandpass filter is an
integrated eight-mask surface micromachining process from FBK [13]. In Fig. 3, a
cross section of the ohmic switches used in the design is shown. In this technology,
movable bridges/cantilevers are manufactured using a 2-um-thick electrodeposited
gold layer. Another 3-um-thick gold film is selectively superimposed to increase
the rigidity of the central part of the beam and for the patterning of the microstrip
lines. A third 150-nm gold layer is evaporated over the underpass metal line to
implement a low-resistance metal-to-metal contact. A high performance ohmic-
contact series cantilever MEMS switch, with structure and dimensions similar to
the one reported in [14] has been used to realize the integrated filter. The cantilever
is suspended above an interrupted microstrip signal line and anchored at one end.

The membrane dimensions are 180 pum (length) and 110 ym (width). In order to
generate a good ohmic contact between the cantilever and the line, some dimples
have been placed in the contact area of the microstrip line, by using small poly-
silicon bumps deposited underneath. The membrane embeds 10 um x 10 ym holes
for the easier removal of the sacrificial layer, increased flexibility and reduced
damping. The bias network is made of poly-silicon high resistivity lines to reduce
losses.
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Fig. 3. Diagram of the cantilever MEMS switch on a quartz substrate.

4. Results

The fabricated filter is shown in Fig. 4 and Table 2 contains the filter
dimensions. It was realized on a 500 pm thick quartz substrate (£=3.78,
tg6=0.0001). The measurements were taken using a N5242A PNA-X Agilent
network analyzer and a probe station.

High
resistivity line High frecuency Low frequency
resonator resonator

Feed line DC Port

MEMS Coplanar-microstrip
Switches transition
Fig. 4. Photograph of the switchable bandpass filter.

Table 2. Filter dimensions (in mm)

High High
resistivity Extension Extension Extension ) ) frequency
Wy Sy Sz lines A B c O\lfeﬂapplng O\fedapplng resonator
Moan length length length distance X distance Y
length width length | width
011 | 0.21 | 0.5 8.5 0.01 0.37 1.1 0.85 2.15 4.84 26.9 0.5
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The measured actuation voltage of the MEMS switches is around 50 V.
Tables 3 and 4 contain a summary of results. A good agreement in terms of center
frequency and bandwidth was obtained for both filter states.

Table 3. Simulated and measured results

Center Frequency Fractional Bandwidth
Low High Low High
frequency frequency | frequency | frequency
state state state state
Simulated 5.5 GHz 6.2 GHz 5 % 3%
Measured 5.48 GHz 6.13 GHz 7.2 % 3.5%

Table 4. Insertion loss

Low High
Frequency | frequency
Simulated 2.29dB 1.47 dB
Measured 8.12 dB 4.5 dB

A comparison between simulated and measured responses of the MEMS
switchable bandpass filter is shown in Fig. 5. For the low frequency state the center
frequency deviation between simulations and measurements is 20 MHz.
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Fig. 5. Simulated and measured results.
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The return loss at the passband of the filter is around 21 dB in simulations, and
15 dB in measurements. The difference between the simulated and measured
bandwidth is 2.2%. Concerning the high frequency state the center frequency
deviation between simulations and measurements is 70 MHz. The difference
between the simulated and measured bandwidth is 0.5%. The return loss at the
passband of the filter is found to be at around 24 dB in simulations, and 19 dB for
the measurements.

The deviations between simulated and measured results are analyzed by
simulating the filter with different contact resistances and OFF-state capacitances.
Fig. 6 shows the simulated results considering the effect of different MEMS switch
contact resistance (ri=1 Q, r,=10 Q, r;=20 Q and r,=30 Q) on the filter low
frequency response. The simulation includes the high resistivity lines. It is apparent
that higher values of contact resistance increase the insertion loss in the ON-state.
Simulated contact resistance is Ron=32.27Q.

0 +

S,,(dB)

5.0 55 6.0 6.5
Frequency (GHz)

Fig. 6. Simulated results for different series cantilever MEMS switch contact
resistance (ON state); r;=1Q, r,=10Q, r3=20Q and r,=30 Q.

Figure 7 shows the simulated results considering the effect of different MEMS
switch OFF-state capacitance on the filter high frequency state. The simulation
includes the high resistivity lines. The simulations were done using OFF-state
capacitances C; = 1fF, C,= 10 fF, C3= 20 fF and C,= 30 fF. It is apparent that the
series OFF-state capacitance shifts the center frequency of the filter in the high
frequency state. Simulated OFF-state capacitance is Co= 23.46 fF.
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Fig. 7. Simulated results for different series cantilever MEMS switch capacitance
(OFF state); C;=1 fF, C,=10 fF, C;=20 fF and C,=30 fF.

4. Conclusions

A bandpass filter switchable between two discrete frequency bands is
demonstrated. The filter is designed using ohmic-contact cantilever MEMS
switches to switch between two different states with a center frequency tunable
range of 13% in C band. Good agreement between simulations and measurements
has been obtained for center frequency and bandwidth. Deviations in the
measurements with respect to simulations have been analyzed, and were attributed
to an increase of the contact resistance and of the OFF-state capacitance of the
switch in the fabricated filter.
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Abstract. In this work, the high-frequency behavior of BICMOS embedded
through-silicon vias (TSV) is analyzed using 3D full-wave EM simulations. Different
types of analyzed transmission structures similar to MMIC microstrip and stripline
transmission lines are investigated. By optimizing the TSV signal trasmission structure
and the dimension of the TSV itself, very low-loss signal transmission with an insertion
loss of 0.16 dB up to 100 GHz is feasible. This opens the way to minimize the
interconnection losses and provide high-performance BiCMOS circuitry together with
backside-integrated components  like  bulk-micromachining RF-MEMS  for
heterogeneous 3 D syetem-integration.

1. Introduction

There is a growing interest using through-silicon vias for 3D heterogeneous
integration [1]. The integration of TSVs into a high-performance 0.25 pm SiGe:C
BiCMOS technology enables the realization of small-size and highly integrated
three-dimensional systems [2]-[3]. Apart from a real 3D-integration approach by
stacking chips on top of each other, TSVs can be also useful to electrically connect
additional components on the wafer backside or inside the silicon substrate to
increase the overall system functionality [4]. This gives the possibility to bring
together additional components like bulk micromachining RF-MEMS and
electronic circuits to improve the system performance and reduce packaging and
assembly costs (Fig. 1).

Especially for very high-frequency systems the interconnections between
different circuits or system blocks need to be considered and therefore having low-
loss electrical connections from wafer front-to-backside is mandatory. The most
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promising solution for these type of interconnects are TSVs. In this work, the high-
frequency behavior of BICMOS embedded TSVs is analyzed. By optimizing the
TSV signal transmission structure and the dimensions of the TSV itself, very low-
loss signal transmission in case of a low or medium-resistive silicon substrate with
a substrate resistivity of 50 Qcm in a wide frequency range up to 100 GHz is
feasible. This opens the way to minimize the interconnection losses and provide
high-performance BiCMOS circuitry together with backside-integrated RF-MEMS.

FEOL

Backside
Integrated
Components

Fig. 1. BICMOS chip with embedded TSVs for
electrical connection from wafer front- to backside.

2. Through-Silicon Via Technology

BiCMOS embedded annular-type TSVs are integrated in a 0.25 pm BiCMOS
technology using a via-middle approach. After fabrication of the Front-End-of-Line
(FEOL), deep annular trenches with a depth of ~75 ym and an aspect ratio of 1:25
are etched into the silicon substrate using Bosch process. A SiO,-liner is deposited
on the trench sidewalls to isolate the TSVs from silicon substrate using SACVD
process [5]. To achieve a low-ohmic electrical connection from wafer front- to
backside, the trenches are filled with CVD-tungsten applying an alternating
deposition and etch-back process. Finally, the TSVs are connected to the Back-
End-of-Line (BEOL) via the first metallization layer (Metall) and the standard
BEOL fabrication is finished (Fig. 2).

/ Metal-2

TSV

Silicon

FIB Imaging = SEM WO 6.1mm Signal A= SE2 Stage st Tw 850
1y EMT= 160KV FIB Probe = 30KVA0 pA  Tikt Corm. = On h
Width = 17.30 ym f—‘ Mag= 1667 KX  Photo Ne. = 4372 Date 4 Sep 2012 Time 95844 1%

Fig. 2. FIB-image showing BICMOS embedded tungsten TSVs and
part of the BEOL metallization stack.
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3. TSV 3D EM-Simulation

The high-frequency S-parameter simulation is realized using 3D full-wave
simulation tool HFSS. For high-frequency signal transmission, the signal needs to
be transferred using a transmission line structure similar to an embedded ground/
signal microstrip- (GS), ground/ signal/ground stripline- (GSG) or coaxial structure
to guide the signal from wafer front- to backside. It provides a well-defined
impedance matching to 50 Q to prevent from significant signal reflection [6]. A
GS- and GSG-structure can be realized with a lower complexity fabrication process
compared to coaxial TSV because of unavoidable thickness variations of coaxial
signal and ground-ring during BOSCH-process and the requirement for at least two
metallization layers on wafer backside. Hence, we will focus on GS- and GSG-
structures (Fig. 3).

A Pitch B Pitch

S

Diameter
Fig. 3. Cross-section view of TSV simulation models showing the GS- (A) and
GSG-structure (B) with signal and return-path.

The most important design parameters for transmission line impedance
matching are the metal-line width and the separation. Transferring these
transmission line design parameters to a GS- or GSG-TSV structure, the TSV
diameter as the line width and the TSV pitch as the separation needs to be
optimized. The RF-performance influence of TSV diameter, pitch and the
interaction between each other will be investigated by applying a parametric RF-
simulation. Both parameters will be swept simultaneously providing all possible
design configurations ending in a matrix of n*m parameter sets.

A. GS-TSV Structure

The TSV diameter is varied in the range from 15 to 35 pm with a step-size of 5um
whereas the pitch is varied in the range from 40 to 100 pm with a step-size of
10 pm ending in a matrix of 35 parameter sets. The insertion loss for all different
combinations is summarized in Fig. 4 showing a strong sensitivity of the insertion
loss with respect to the design parameters.
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Fig. 4. Insertion loss vs. frequency for TSV diameter from 15 to 35 um and TSV pitch from
40 to 100 um. Three different arbitrary parameter sets are highlighted.

It is obvious that the insertion loss shows a continuous behavior over the whole
frequency band without any resonance effects. Therefore a comparison of the
insertion loss at a specific operating frequency of 100 GHz is reasonable (Fig. 5).
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Fig. 5. Insertion loss vs. diameter and pitch at 100 GHz. The area with
minimum insertion loss of 0.16-0.17 dB is highlighted.

Besides obtaining a minimum insertion loss, the area consumption of the full
transmission structure needs to be also considered. A fixed TSV diameter of 25 um
is chosen for further investigation because it provides a good tradeoff between



High-Frequency Optimization of BICMOS embedded Through-Silicon Vias 57

insertion loss, manufacturability and area consumption (less than 1% increase in
insertion loss compared to the best simulated result). The insertion and return loss
with variation of the TSV pitch is shown in Fig. 6.
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Fig. 6. Insertion and return loss with a fixed diameter of 25 ym and
variation of the TSV pitch for a GS-structure.

Obviously, a diameter of 25 pm and a pitch of 50 um are sufficient to achieve a
minimum insertion loss of 0.16 dB up to 100 GHz. In comparison, having a pitch
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of 60 pm or 100 um would result in an increase in insertion loss up to 0.25 dB or
0.92 dB at 100 GHz. The reason for the significant increase in insertion loss with
increased TSV pitch is the impedance mismatch which can be obviously seen by
the return loss in Fig. 6. For the optimal TSV structure, the return loss is below
-25 dB over the whole frequency band providing a very good matching to 50 Q
whereas 60 pm or 100 pm pitch result in a return loss of more than -16 dB or
-10 dB, respectively.

B. GSG-TSV Structure

To keep the TSV diameter range similar to the GS-structure the diameter is
again varied in the range from 15 to 35 pm with a step-size of 5 pm. The pitch area
is increased ranging from 80 to 160 um with a step-size of 10 ym because of the
impedance reduction of the second return-path TSV. The insertion loss for all
different combinations is summarized in Fig. 7 showing a similar continuous
behavior up to 100 GHz.
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Fig. 7. Insertion loss vs. frequency for TSV diameter from 15 to 35 ym and TSV pitch from
80 to 160 pm. Three different arbitrary parameter sets are highlighted.

For comparison, the insertion loss at 100 GHz with respect to the TSV diameter
and pitch is shown in Fig. 8.

With a diameter of 20 or 25 pm an insertion loss of ~0.16 dB can be achieved.
Because of the afore-mentioned thickness variation of different TSV diameter
during Bosch process and to provide direct comparison with the GS-structure, the
same diameter of 25 pm is chosen and the insertion and return loss is extracted
with variation of the TSV pitch (Fig. 9).
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Fig. 8. Insertion loss vs. diameter and pitch at 100 GHz. The area with
minimum insertion loss of ~0.16 dB is highlighted.
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With a diameter of 25 ym and a pitch of 130 ym a minimum insertion loss of
0.16 dB and a return loss below -38 dB up to 100 GHz can be achieved providing a
very low loss signal transmission and optimal impedance matching.

C. Comparison of GS and GSG-Structure

In principle, both GS and GSG-structures are suitable to provide a low-loss
signal transmission from wafer front- to backside. To compare both GS- and GSG-
structures using the extracted optimal design parameters of 25 pm diameter and
50 pum pitch (GS) or 25 pym diameter and 130 um pitch (GSG), the insertion loss,
return loss and area consumption for the whole transmission structure should be
analyzed. In terms of insertion loss, a minimum insertion loss in the range of
0.16dB can be achieved with both GS- and GSG-structures. In terms of return loss,
a GSG-structure gives a better performance of less than -38dB compared to -25 dB
for a GS-structure but in principle both versions show a very good matching to a
50 Q system impedance. The main difference appears in the area consumption of
the transmission structures including the TSVs itself, the separation area and the
connection pads. The GS-structure occupies an area of ~2100 pm?. In comparison
the GSG-structure occupies an area of ~4250 ym? due to the increased separation
requirement. Nevertheless comparing to a common SiP-approach using bond wires
or flip chip-approach a significant area reduction can be achieved using both GS-
or GSG-structures. At least two bond pads would be required to achieve the same
functionality with an area of 6400 ym2/ bond pad which implies an increase of 3-6
times the TSV transmission structures.

4. Conclusion

The high-frequency behavior of BIiCMOS embedded TSV has been
demonstrated. It has been shown that the design of TSV needs to be strongly taken
into account because it is obvious that the high-frequency behavior is very sensitive
to the TSV design. With respect to process limitations, the TSV diameter and TSV
pitch has been found to be very important parameters to optimize the insertion loss,
return loss and impedance matching characteristics.

With the appropriate design parameters TSV transmission structures in a GS- or
GSG-configuration showing a minimum insertion loss of 0.16 dB and a return loss
of less than -25 dB up to 100 GHz. Using the most-valuable signal transmission
design parameters, a high-performance interconnection from wafer front- to
backside can be realized. To reduce the area consumption of a TSV transmission
structure, GS-structures are advantageous over GSG-structures due to the usage of
only two TSVs and the reduced separation in between the TSVs. TSV transmission
structures in general and especially GS-structures have an outstanding potential to
save highly expensive BICMQOS chip area.

Therefore the integration of BICMOS embedded TSV gives the opportunity to
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make the BIiCMOS technology more attractive by including additional components
like RF-MEMS into the silicon substrate to increase the system functionality and
reduce the overall costs.
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