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Abstract

Wireless communications are showing an explosive growth in emerging consumer and
military applications of radiofrequency (RF), microwave, and millimeter-wave circuits and
systems. Applications include wireless personal connectivity (Bluetooth), wireless local area
networks (WLAN), mobile communication systems (GSM, GPRS, UMTS, CDMA), satellite
communications and automotive electronics.

Future cell phones and ground communication systems as well as communication satellites
will require more and more sophisticated technologies. The increasing demand for size and
weight reduction, cost savings, low power consumption, increased frequency and higher
functionality and reconfigurability as part of multiband and multistandard operation is
necessitating the use of highly integrated RF front-end circuits. Chip scaling has made a
major contribution to this goal, but today a situation has been reached where the presence of
numerous off-chip passive RF components imposes a critical bottleneck to further integration
and miniaturization of wireless transceivers.

Microelectromechanical systems (MEMS) technology is a rapidly emerging enabling
technology that is intended to replace the discrete passives by their integrated counterparts.

In this thesis, an original metal surface micromachining process, which is compatible with
CMOS post-processing, for above-IC integration of RF MEMS tunable capacitors and
suspended inductors is presented.

A detailed study on SF¢ inductively coupled plasma (ICP) releasing has been performed in
order to ascertain the optimal process parameters. This study has emphasized the fact that
temperature plays an important role in this process by limiting silicon dioxide etching.
Moreover, the optimized recipe has been found to be independent of the sacrificial layer used
(amorphous or polycrystalline silicon) and its thickness. Using this recipe, 15.6 um/min Si
underetch rate with high Si: SiO, selectivity (> 20000: 1) has been obtained.

Single-air-gap and double-air-gap parallel-plate MEMS tunable capacitors have been
designed, fabricated and characterized in the pF range, from 1 MHz to 13.5 GHz. It has been
shown that an optimized design of the suspended membrane and direct symmetrical current
feed at both ports can significantly improve the quality factor and increase the self-resonant
frequency, pushing it to 12 GHz and beyond. The maximum capacitance tuning range
obtained for a single-air-gap capacitor is 29% for a bias voltage of 20 V. The maximum
capacitance tuning range obtained for a double-air-gap capacitor is 207% for a bias voltage of
70 V.



Xii  ABSTRACT

The post-processing of X-FAB BiCMOS wafers has been successfully demonstrated to
fabricate monolithically integrated VCOs with above-IC MEMS LC tank. Comparing a
suspended inductor and the X-FAB inductor with the same design, it has been shown that
increasing the thickness of the spiral from 2.3 to 4 um and having the spiral suspended 3 um
above the passivation layers lead to an improvement factor of 2 for the peak quality factor and
a shift of the self-resonant frequency beyond 15 GHz. No significant variation on bipolar and
MOS transistors characteristics due to the post-processing has been observed and we conclude
that the variation due to post-processing is in the same range as the wafer-to-wafer variation.

Based on our metal surface micromachining process, coplanar waveguide (CPW) MEMS
shunt capacitive switches and variable true-time delay lines (V-TTDLs) have been designed,
fabricated and characterized in the 1 - 20 GHz range.

A novel MEMS device architecture: the SG-MOSFET, which combines a solid-state MOS
transistor and a metal suspended gate has been proposed as DC current switch. The
corresponding fabrication process using polysilicon as a sacrificial layer has been developed
to release metal gate suspended over gate oxide by SF¢ plasma. Very abrupt current switches
have been demonstrated with subthreshold slope better than 10 mV/decade (better than the
theoretical solid-state bulk or SOI MOSFET limit of 60 mV/decade) and ultra-low gate
leakage (less than 0.001 pA/um?) due to the air-gap.

Keywords:
MEMS tunable capacitors, above-IC integration, metal surface micromachining process,

VCOs with above-IC MEMS LC tank, capacitive switches, variable true-time delay lines (V-
TTDLs), suspended-gate MOSFET.



Version abregée

Les communications sans fil ont montré une croissance explosive dans les applications
grand public et militaires pour des circuits et systemes radiofréquence (RF), micro-ondes et
ondes millimétriques. Ces applications comprennent les objets de communication sans fil
personnels (Bluetooth), les réseaux de communication locaux (WLAN), les systémes de
communication mobile (GSM, GPRS, UMTS, CDMA), les communications par satellites et
1’¢électronique pour I’industrie automobile.

Les téléphones mobiles du futur, les systémes de communication terrestres, aussi bien que
satellitaires nécessiteront une technologie de plus en plus sophistiquée. La demande croissante
pour la réduction de taille, de poids et de colt, la faible consommation, la fréquence
croissante et I’augmentation de la fonctionnalité et de la reconfigurabilité requiert 1’utilisation
de circuits RF front-end a haute densit¢ d’intégration. La réduction de taille des puces
¢lectroniques a beaucoup contribué a cette fin, cependant de nos jours, la présence de
nombreux composants RF passifs hors-puce ont amené¢ a une limite d’intégration et de
miniaturisation pour les émetteurs/récepteurs sans fil.

La technologie MEMS (microsystémes €lectromécaniques) est une technologie émergente,
sensée remplacer les ¢léments passifs discrets par des dispositifs intégrés.

Dans cette thése, un procédé de fabrication par micro-usinage de surface de couches
minces métalliques, compatible avec les procédés CMOS, est proposé¢ pour l’intégration
monolithique de condensateurs variables MEMS et de bobines suspendues.

Une étude détaillée sur la libération de microstructures par plasma SF¢ ICP a été menée
dans le but de définir les parametres de procédé idéaux. Cette étude a mis a jour le fait que la
température joue un role important dans ce procédé¢, en limitant la gravure de 1’oxyde de
silicium. La recette de gravure optimisée est indépendante de la couche sacrificielle utilisée
(silicium amorphe ou polycristallin) et de son épaisseur. En utilisant cette recette, une vitesse
de sous-gravure du silicium de 15.6 pum/min avec une sélectivité élevée par rapport au SiO;
(>20000: 1) a été obtenue.

Des condensateurs variables MEMS a plaques parall¢les et simple/double espacement ont
été designés, fabriqués et caractérisés dans la gamme du pF, de 1 MHz a 13.5 GHz. 1l a été
démontré qu’un design optimisé de la membrane suspendue et une polarisation en courant
directe et symétrique a chaque port permet d’améliorer significativement le facteur de qualité
et de repousser la fréquence de résonance au-dela de 12 GHz. Le taux d’accordabilité
maximal de la capacité obtenu pour un condensateur a simple espacement est de 29% pour
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une polarisation de 20 V. Pour un condensateur a double espacement, ce taux passe a 207%
pour une polarisation de 70 V.

Le post-processing de plaques X-FAB BiCMOS pour [D’intégration monolithique
d’oscillateurs contrdlés en tension (VCOs) a circuit résonant MEMS LC above-IC a été
démontré avec succeés. En comparant une bobine suspendue et une bobine X-FAB ayant le
méme design, il a ét€ montré que le fait d’augmenter 1’épaisseur de la spirale de 2.3 a 4 um et
d’avoir la spirale suspendue 3 pm au-dessus des couches de passivation du circuit permet de
doubler le maximum du facteur de qualité et de déplacer la fréquence de résonance au-dela de
15 GHz. Aucune détérioration significative des caractéristiques MOS et bipolaire n’a été
observée malgré le post-processing. 11 a ét€ conclu que 1’influence du post-processing est du
méme ordre de grandeur que la variation de plaque a plaque.

Sur la base du procédé de fabrication par micro-usinage de surface de couches minces
métalliques, des commutateurs capacitifs montés sur guide d’onde coplanaire et des lignes a
retard variables (V-TTDLs) ont été designés, fabriqués et caractérisés dans la gamme de 1 a
20 GHz.

Une nouvelle architecture de dispositif MEMS: le transistor MOS a grille suspendue (SG-
MOSFET) a été proposée comme commutateur de courant DC. Cette architecture combine un
transistor MOS et une grille métallique suspendue. Le procédé de fabrication correspondant
utilisant le polysilicium comme couche sacrificielle a été développé pour la libération par
plasma SF¢ de la grille métallique suspendue sur 1’oxyde de grille. Des commutateurs de
courant DC avec une pente sous-seuil plus faible que 10 mV/décade (surpassant la valeur
théorique limite de 60 mV/décade pour le transistor MOS) et de trés bas courants de fuite
dans la grille (< 0.001 pA/um?) ont été démontrés.

Mots-clés:

Condensateurs variables MEMS, intégration monolithique above-IC, procédé de fabrication
par micro-usinage de surface de couches minces métalliques, oscillateurs contrélés en tension
(VCOs) a circuit résonant MEMS LC above-IC, commutateurs capacitifs, lignes a retard
variables (V-TTDLs), transistor MOS a grille suspendue.



Chapter 1
Introduction






Wireless communications are showing an explosive growth in emerging consumer and
military applications of radiofrequency (RF), microwave, and millimeter-wave circuits and
systems. Applications include wireless personal connectivity (Bluetooth), wireless local area
networks (WLAN), mobile communication systems (GSM, GPRS, UMTS, CDMA), satellite
communications and automotive electronics.

Future cell phones and ground communication systems as well as communication satellites
will require more and more sophisticated technologies. The increasing demand for size and
weight reduction, cost savings, low power consumption, increased frequency and higher
functionality and reconfigurability as part of multiband and multistandard operation is
necessitating the use of highly integrated RF front-end circuits. Chip scaling has contributed a
lot to this goal, but today a situation has been reached where the presence of numerous off-
chip (or discrete) passive RF components such as high-Q inductors, ceramic and SAW filters,
quartz-crystal reference resonators, diode varicaps and GaAs PIN diode or FET switches
imposes a critical bottleneck against further integration and miniaturization of wireless
transceivers [1, 2].

Microelectromechanical systems (MEMS) technology is a rapidly emerging enabling
technology that can replace the discrete passives by their integrated counterparts. RF MEMS
components that are currently under development in laboratories around the world include
switches, high-Q voltage-tunable capacitors, high-Q micromachined inductors, thin film bulk
acoustic resonators (FBARS), transmission line resonators, micromechanical resonators and
filters and micromachined antennas [3-5].

RF MEMS can be used for switching, frequency selection in RF and IF filter stages, tuning
and matching in RF front-end in wireless transceivers (Figure 1.1), and further, in switched-
line phase shifters used in radar systems.

Image Reject IF Filter
Filter (SAW) wnech.

‘mﬂ ‘/‘ (Ceramic) - resonator Receivar
Antennal  Antennaz == % umech.jumachin
e | TERor " rsonator :

e |
1
F IF Mixer
amech, -LbJ IF LNA Q> I
| :l/sw\{cl'l 1.1 LNA Mixer . > —1 b W

™ umech, - V.
resonator -

Bandpasg

Filter | ¢ i s % !
(Ceramic)  ymech. | _/ |
i switch ¢ ~d
TER a \P’\
O T i .
umech./umachin. i s Power Amplifier @
resonator Off-Chip i H i-J—
Passive 1 i -+
Elements W : . “l _ on-chip
Y /,/: M — Transmitter Transmit PLL inductor
. +
on-chip “imeg . pmech.
: tunable HMECH. g e
inductor * ! Mech. .. y tunable
capacior r;lsonator esenalor o opacitor

Figure 1.1 System-level schematic detailing the front-end design for a typical wireless
transceiver. The off-chip high-Q passive components targeted for replacement with
micromechanical versions (suggestions in lighter ink) are indicated by shading. From [1].



4 INTRODUCTION

The integration of MEMS can either be achieved by hybrid or monolithic approach,
leading to a system-in-package (SiP) or a system-on-chip (SoC) solution, respectively.

In SiP, passive and active components are integrated at the package level using
technologies like low-temperature co-fired ceramic (LTCC) technology [6, 7] or multi-layer
thin-film multi-chip module (MCM-D) technology [8].

In SoC, the MEMS devices are directly fabricated on IC wafers. Several approaches have
be reported. The first one is based on post-CMOS fabrication steps for releasing
micromechanical structures made of stack of oxide, aluminum and poly-Si layers [9, 10]. The
second approach is called above-IC integration and involves a complete surface
micromachining process on top of ICs. This has already been applied to monolithically
integrate RF MEMS switches [11, 12] and thin-film bulk acoustic resonators (FBAR) [13]
with ICs. In the third one, called in-IC integration, the micromechanical structures are
fabricated in parallel at the same level as the transistors, the thin silicon-on-insulator (SOI)
layer playing the structural role. With this approach thin-SOI NEMS accelerometers have
been built [14]. The fourth one is called MEMS-first approach. The micromachined structures
are fabricated on SOI wafers and vacuum-encapsulated in epitaxially-sealed (epitaxially-
grown polycrystalline and single-crystal silicon) chambers buried under the wafer surface and
then CMOS process can be performed on single-crystal silicon [15, 16].

In order to follow the electronic system demands on scaling, performance and
functionality, 3D integration is gaining more and more interest. This is particularly the case of
3D stacked SoC [17, 18] which allows the heterogeneous integration of different optimized
technologies, such as silicon, compound semiconductors and other substrates, MEMS and
integrated passive devices, with 3D interconnects to meet the specifications for radio, analog,
logic, memory, etc. and reach the desired performance levels and circuit density.

1.1 MOTIVATION AND SCOPE OF THE THESIS

The starting point of this thesis was to develop RF MEMS passives (with main focus on
capacitors) integrable with advanced CMOS RF ICs. Then emerged the idea of using thin film
silicon as a sacrificial layer for low-temperature surface micromachining and hence release
the micromechanical structures by SF¢ plasma.

Based on that, a surface micromachining process has been developed with two main
constraints. First, the fabrication process should be compatible with CMOS post-processing
and second, it aims at fabricating radiofrequency (RF) MEMS -electrostatically-actuated
capacitive membrane-based devices for above-IC integration.

Two European projects, WIDE-RF “Innovative MEMS Devices for Wideband
Reconfigurable RF Microsystems” (IST-2001-33286) and integrated project MIMOSA
“Microsystems Platform for Mobile Services and Applications” (IST-2002-507045), have
been the driving forces of the work presented in this thesis.

In particular, the choice of MEMS tunable capacitors and capacitive switches as targeted
devices has led to two circuit demonstrators: voltage-controlled oscillators (VCOs) and
variable true-time delay lines (V-TTDLs). Both involve a strong collaboration with colleagues
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in our lab and in the Laboratory of Electromagnetism and Acoustics (EPFL-LEMA),
respectively.

The initial idea also helped a lot in developing the novel suspended-gate MOSFET (SG-
MOSFET) architecture.

1.2 ORGANIZATION OF THIS THESIS

This introduction is the first of seven chapters included in this thesis manuscript.

Chapter 2 begins with an introduction to silicon micromachining techniques with more
emphasis on surface micromachining. It describes a study on SF inductively coupled plasma
(ICP) releasing for silicon thin film sacrificial layer. It details the chronological improvements
that have been brought to the fabrication process based on the SF¢ plasma releasing, leading
to a metal surface micromachining process compatible with CMOS post-processing for
above-IC integration of radiofrequency (RF) MEMS devices. It also presents the extraction of
the electrical and mechanical properties of the sputtered Al-Si (1%) alloy used.

Chapter 3 contains a review of MEMS tunable capacitors classifying them according to
their tuning principle, such as gap tuning, area tuning and relative permittivity tuning. Then it
describes two architectures of electrostatic gap-tuning capacitors based on the metal surface
micromachining process described in chapter 2: the standard single-air-gap parallel-plate
structure and the double-air-gap architecture for extended capacitance tuning range. The
electromechanical and RF designs as well as the RF, electromechanical and thermal
characterizations are presented. Finally, a wafer-level packaging technique and its effect on
RF performance is described.

Chapter 4 focuses on voltage-controlled oscillators (VCOs) designed in X-FAB 0.6-um
BiCMOS process. Different realizations of the LC tank are presented and characterized. First
with standard diode varicaps and then with wire-bonded MEMS tunable capacitor. The
realization and characterization of suspended planar spiral inductors fabricated by surface
micromachining and the post-processing of BiCMOS wafers are then described as
preliminary steps in realizing the VCO demonstrator with above-IC MEMS LC tank. The
third realization involves X-FAB spiral inductors and above-IC two-in-one double-air-gap
capacitor. The last one is a VCO with above-IC MEMS LC tank. The influence of the post-
processing on BICMOS performance is evaluated by measuring the effect on bipolar and
MOS transistors characteristics.

In chapter 5, the fabrication process is used to build coplanar waveguide (CPW) MEMS
shunt capacitive switches. A lumped-element circuit model is presented and compared to EM
full-wave simulation and measurements. In the second part of this chapter, these switches are
used as distributed loading capacitors in variable true-time delay lines (V-TTDLs).

Chapter 6 deals with a novel MEMS device architecture: the suspended-gate MOSFET
(SG-MOSFET), which combines a solid-state MOS transistor and a metal suspended gate. A
unified analytical model is developed and used to investigate main electrostatic
characteristics. In the fabrication process, polysilicon is used as a sacrificial layer for releasing
the metal gate. Finally, its potential application as DC current switch is proposed.



6 INTRODUCTION

Chapter 7 is a summary of the work presented in this thesis and gives a short outlook on
possible and interesting future research activities in the field of above-IC RF MEMS devices
for communication applications.
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2.1 INTRODUCTION TO SILICON MICROMACHINING
TECHNIQUES

2.1.1 History of micromachining

There has been activity in silicon-based micromachining since the early 1960’s, when the
integrated circuit (IC) technology was developed. Photolithography is used to define patterns
that are subsequently selectively etched in chemical processing steps to define the geometries
of thin films deposited on the substrate. This sequence of steps is repeated to produce
electronic integrated circuits and this is known as the planar process developed in the 1960°s
[19-21].

Two basic methods have evolved from this process to fabricate micromechanical
structures, which we call now microelectromechanical systems (MEMS). One method builds
the mechanical parts by anisotropically etching the bulk silicon substrate, it is therefore called
bulk micromachining [22]. A second technique uses deposited films to make the mechanical
parts extending above the surface of the silicon substrate; this technique is called surface
micromachining. To make a mechanical part from the deposited layer material, an underlying
sacrificial layer is selectively etched, thus releasing the element except where it is anchored to
the substrate.

The surface micromachining concept was demonstrated in the mid-1960’s by Nathanson et
al. at Westinghouse Research Laboratory using a freestanding gold cantilever beam as
resonant gate for a field-effect transistor (FET) [23]. In the early 1980°s, Howe and Muller at
the University of California, Berkeley, first fabricated polycrystalline silicon (poly-Si)
microstructures using a silicon dioxide sacrificial layer [24, 25]. Unlike the resonant-gate
transistor work on metal structures, poly-Si surface micromachining was quickly recognized
as a promising technology and employed at both academic and industrial laboratories. The
review paper by Petersen in 1982 [26] helped in gaining a larger acceptance of
micromachined silicon as a structural material. Since then, many new surface micromachining
techniques have been developed, leading to a great variety of possible structural and
sacrificial layer systems.

2.1.2 Surface micromachining

2.1.2.1 Basic idea

The basic idea of surface micromachining is illustrated by the fabrication steps described
in Figure 2.1. The first step is the deposition and patterning of the sacrificial layer. This is
followed by the deposition and patterning of the structural layer. Next, the sacrificial layer is
selectively etched. The last steps, rinsing and drying procedures, depend on the sacrificial
layer etching technique being employed.
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Patterned Patterned
sacrificial layer structural layer

Silicon substrate

(a) (b)

(c) (d)

Figure 2.1 Basic process scheme of surface micromachining: (a) deposition and patterning
of the sacrificial layer, (b) deposition and patterning of the structural layer, (c) sacrificial
layer selective etching, (d) rinsing and drying procedures (if needed). Adapted from [20].

2.1.2.2 Stiction

Stiction of thin films occurs after releasing with wet chemical etchants. Two different
mechanisms play a role in stiction [27]. First, a temporary physical contact between surface
micromachined structures and the substrate is induced by capillary forces during drying of the
rinse liquid. After this, permanent attachment is caused by van der Waals forces and hydrogen
bridges which are induced by the small separation distance during this contact.

Several methods have been investigated to prevent or reduce stiction. The released
structures can be freeze-dried using isopropyl alcohol (IPA) and cyclohexane [28], dried with
a supercritical CO, technique [29] or dried by coating the released microstructures with
hydrophobic self-assembled monolayer (SAM) films prior to removal from aqueous stage
[30]. Another method is to temporary increase the mechanical stiffness of the structure. It has
been demonstrated for SiO, sacrificial layer. A portion of the oxide layer can be substituted
by a spun-on polymer spacer after a partial etch of the oxide. After completion of the
sacrificial etching, the polymer spacer prevents collapse during evaporative drying. Last, an
isotropic oxygen plasma etches the polymer to release the structure [31].

Released-induced stiction can also be completely avoided by using plasma or gas phase
etching techniques (see next paragraph and section 2.2).
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2.1.2.3 Sacrificial layer materials

Three types of sacrificial layer materials are briefly described.

Silicon dioxide sacrificial layer

Since the early 1980’s, silicon dioxide sacrificial layer [32] have been widely used notably
in combination with poly-Si [24, 25] or poly-SiGe [33] structural layer. As polycrystalline
silicon is typically deposited using gas-phase decomposition of silane (SiH4) in a low pressure
chemical vapor deposition (LPCVD) furnace at about 600 °C, it is not compatible with other
sacrificial materials.

Silicon dioxide can be deposited by several techniques such as LPCVD or plasma
enhanced CVD (PECVD) using silane or tetracthosiloxane (for tetracthyl orthosilicate
(TEOS) oxide) as reactant gas. SiO, layers are isotropically etched in wet hydrofluoric (HF)
acid solutions (such as HF/H,0, buffered HF (BHF), or HNOs/HF mixtures) or by HF vapor
phase etching (VPE) [34]. All these solutions exhibit very poor selectivity to aluminum.
Selective releasing of aluminum MEMS has been demonstrated by using Pad-etch solution,
which is a mixture of ammonium fluoride (NH4F), acetic acid (CH;COOH), ethylene glycol
(C,H40,) and water [32].

By repeating the basic sacrificial oxide and structural polysilicon fabrication steps, one can
build extremely complex structures. Examples are the Sandia Ultra-planar, Multi-level
MEMS Technology 5 (SUMMIT V) fabrication process [35] and the Multi-User MEMS
Processes (MUMPs) [36].

Polymer sacrificial layer

Polymer sacrificial layers such as polyimide can be isotropically etch in oxygen plasma in
barrel reactors. Polyimide has a glass transition temperature comprised between 290 and 400
°C (depending of the series [37]) and hence has been used for releasing materials deposited at
low temperature such as physical vapor deposited (PVD) metals [38-40] and sputtered silicon
[41, 42].

Another example of polymer sacrificial layer is polystyrene [43]. With this method, SU-8
microstructures have been released by dissolving polystyrene in toluene.

Metal sacrificial layer

The use of metal sacrificial layer has been reported in combination of other metals as
structural layer, for example in [44] where copper is selectively wet etched on substrates with
Ni-Fe alloy (Permalloy) and gold.

IC standard aluminum metallization can also be used as a sacrificial layer for releasing
diclectrics microstructures [45].
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2.2 THIN FILM SILICON AS A SACRIFICIAL LAYER FOR SURFACE
MICROMACHINING

In the previous section, it has been clearly shown that a dry releasing step can eliminate the
release-induced stiction problem and therefore leads to an increased yield for the overall
MEMS process.

Based on EPFL-CMI experience on deep anisotropic silicon etching with high etch rate
and commercially available high-density ICP etch equipments, we have investigated the use
of silicon thin film as sacrificial layer for surface micromachining.

2.2.1 Isotropic dry etching of silicon

Silicon can be etched in fluorine- and chlorine-based plasma or gas phase etching [46].
Chlorine-based plasma is not relevant for releasing because the etching is not spontaneous. It
is only used for anisotropic etching.

2.2.1.1 Plasma-free etching in gas phase

For plasma-free dry etching, the etch gases must provide both the elements that form the
desorbable products and strong oxidizing agents. These demands are satisfied by halogen
compounds [47]: noble gas fluorides, such as XeF,, and halogen fluorides, such as CIF; [48]
and BrF; [49, 50].

Among them, xenon difluoride has been extensively investigated [51-59]. XeF, has the
capability at room temperature to spontaneously etch silicon at significant rates without
requiring a plasma to generate reactive species. Practically, the process is a pulsed etching:
the duration of the etch is controlled by the number of cycles. A cycle consists of exposing the
wafer to XeF, at its room temperature equilibrium pressure, followed by pumping down the
chamber. The etch rate has been reported to be extremely load-dependent [52] and the
limiting step in the etching process appears to be the supply of fluorine atoms to the reaction
site [53]. XeF, alone does not etch silicon dioxide and nitride, but can etch these dielectrics in
presence of ion or electron bombardment and under UV irradiation. This may help to explain
why fluorine atoms are non selective in standard plasma processes [54]. Commercial XeF,
etchers are now available [60]. Moreover, as XeF; etching is a room temperature process, it
can be used to release polymer microstructures.

2.2.1.2 Plasma etching

Sulfur hexafluoride (SFe) is the preferred plasma etchant for isotropic etch of silicon [61].
It has been widely used in deep anisotropic silicon etching in conjunction with a passivation
gas, like C4F3, in the so-called Bosch process [62], or Oy, in the cryogenic process [63].
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The basic chemical reactions that occur in SF¢ plasma are as following [64]:

Dissociation e +SF, - SF, +F+¢ (2.1)
e +SF, > SF, +F+¢ (2.2)
e +SF, > SE, +F+e¢ (2.3)
Ionization e +SF, > SF," +F+2¢ (2.4)
e +SF, > SE," +F, +F+¢ (2.5)
e +SF, > SE," +F+¢ (2.6)
Attachment e +SF, ->SK, +F (2.7)
e +SF, > SF, +F (2.8)
e +SF, >SF," +F+2¢ (2.9)

When silicon is exposed to atomic fluorine, it quickly forms a fluorinated crust that
extends about 5 monolayers into the bulk. Evidence suggests that F atoms penetrate the top of
this layer and attack subsurface Si-Si bonds, releasing silicon in the form of two gaseous
desorption products: a free radical SiF, and the stable volatile product SiF4 (Figure 2.2) [46].
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Figure 2.2 Mechanism of silicon etching by fluorine. Reaction results in the formation of
gaseous SiF (la) and bound fluorosilicon radicals (Ib) that are fluorinated further to form
higher SiF, products. From [46].

SF¢ isotropic etch has been also used as a post-CMOS fabrication step for releasing
micromechanical structures made of stack of oxide, aluminum and poly-Si layers [65, 66].
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2.2.2 Process optimization for SF4 plasma releasing

Both sputtered amorphous and LPCVD polycrystalline silicon thin films are investigated in
this study because they are directly linked to two different applications of interest. Sputtered
amorphous silicon (a-Si) is an interesting candidate for use as sacrificial layer in aluminum
membrane-based MEMS devices such as MEMS tunable capacitors (see section 2.3 and
chapter 3) and capacitive switches (see chapter 5), while LPCVD polycrystalline silicon
(poly-Si) is of interest in the suspended-gate MOSFET (SG-MOSFET) (see chapter 6).

The key challenge was to improve the releasing step by obtaining a high aspect ratio (i.e.
length-to-thickness ratio), a maximal etch rate of the Si sacrificial layer and a high selectivity
to silicon dioxide.

The experiments have been performed in a high-density ICP etcher (Alcatel 601E, now
Adixen AMS 200DSE) taking advantage of the independent control of radicals, ion flux and
chuck temperature. Etching was performed using pure sulfur hexafluoride (SFs), which is
commonly used to achieve deep anisotropic silicon etching with high etch rate, high
uniformity (= 5%) and high Si: SiO; selectivity (more than 150: 1). However, by increasing
chemical etching and limiting physical etching, underetching of thin silicon layer with high
selectivity to SiO; can also be performed in ICP etcher.

2.2.2.1 Inductively coupled plasma (ICP) etching equipment

The Alcatel 601E machine belongs to a new generation of dry etching equipment with high
performance, thanks to the combination of the latest technologies:

- ICP type plasma (inductively coupled plasma);

- Substrate holder which can be biased and temperature controlled (cryogenic and tunable

from room temperature down to -170 °C);

- Powerful pumping systems which lead to high secondary vacuum and the possibility of

working with high gas flow rates while maintaining low pressure.

Compared to reactors with capacitive coupling (commonly named RIE: reactive ion
etching), this type of machine has the following advantages:

- The possibility of biasing the substrate holder independently of inductive plasma

creation;

- The generation of low pressure (0.5 to 10 Pa) high density (10" to 10'* cm™) plasma

without sputtering of the reactor walls.

The Alcatel 601E reactor consists of the ICP source, the diffusion chamber, the cryogenic
substrate holder, the pumping system and the gas inlet (Figure 2.3).

The ICP source is composed of an antenna connected to a RF generator and wrapped
around a dielectric (alumina) cylinder. The RF generator energy is inductively coupled to the
plasma. The alternative current (13.56 MHz) in the antenna induces an electromagnetic field
inside the alumina cylinder and primary, sufficiently mobile, electrons can acquire energy
(heavy ions cannot follow the electromagnetic field oscillations). These energetic electrons
generate ions/electrons pairs by inelastic collisions with neutrals. A DC coil, 12 V biased, also
surrounds the alumina cylinder and generates a magnetic field to confine the plasma and limit
electrons losses on the walls.
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The diffusion chamber is placed between the ICP source and the substrate holder and plays
the role of a buffer zone to increase plasma uniformity. A permanent magnetic field is
generated by magnets to limit losses at the walls and maintain plasma density.

The cryogenic substrate holder temperature can be controlled between -170 °C and room
temperature by combining a liquid nitrogen circulation and discrete resistances, whose supply
is controlled by a PID regulator. The wafer is fixed by mechanical clamping and the energy
transfer between the substrate holder and the wafer is made by an helium film, whose pressure
is adjustable. The substrate holder can be biased by a RF generator (13.56 MHz or pulsed low
frequency), which allows to control the mean energy of ions during etching.
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Figure 2.3 Synoptic view of the Alcatel 601E (now Adixen AMS 200DSE) ICP etching
equipment.

Two Alcatel 601E etchers have been used to extend the available range of process
parameters: the one at EPFL-CMI, and the other at GREMI lab in Orléans, France.

2.2.2.2 Design of experiment

To investigate sacrificial layer etching, simple test structures have been designed: squares,
square openings, trenches, circles and crosses, whose lateral dimensions are 2, 5, 10, 20, 50,
100, 200 and 500 um. The structures are made of a 1 pm-thick transparent LTO (low
temperature oxide) LPCVD silicon dioxide layer is used as structural material, so that we can
easily measure the underetch length with a conventional optical microscope. The thicknesses
of the sacrificial layers were 0.5, 1, 2 and 3 pum and 200, 300 nm for sputtered amorphous and
LPCVD polycrystalline silicon thin films, respectively (Figures 2.4, 2.5 and 2.6). Silicon
dioxide thickness has been measured beside the membrane using a spectro-reflectometer
(Nanospec AFT 6100).
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Figure 2.4 Cross section illustrations of (a) the test structures: LTO LPCVD SiO; structural
layer and a-Si or poly-Si sacrificial layer and (b) the evolution of Si underetch and SiO;
shapes during SFs releasing (dashed line).
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Figure 2.5 Optical microphotographs of 500 x 500 um’ square (a) and square opening (b) in
LTO structural layer. Induced stress between released and non released parts causes LTO
membrane to buckle and locally disturbs the a-Si undercut (serrated shape).
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Figure 2.6 SEM cross section view with the profile of 1 um-thick a-Si sacrificial layer during
SFs releasing. The 1 um-thick LTO structural layer has been removed and is schematically

represented for clarity (thickness is not at scale).
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Based on the etching recipes used at EPFL-CMI prior to this work for 1 pm-thick a-Si and
400 nm-thick poly-Si sacrificial layers (Table 2.1) and on the capabilities of the two Alcatel
601E ICP etchers available, the experimental plasma parameters have been determined (Table
2.2).

Table 2.1 Etching recipes used at EPFL-CMI prior to this work for 2 um-thick a-Si and
400 nm-thick poly-Si sacrificial layers. These recipes were the basis for determining the
experimental plasma parameters (Table 2.2).

Sacrificial layer

material a-Si poly-Si

thickness [um] 2 0.4
Plasma settings

ICP source power [W] 1500 1500

bias power [W] 0 0

SF¢ flow rate [sccm] 200 200

pressure [Pa] 3 18

chuck temperature [°C] 20 20
Releasing features

Si underetch rate [um/min] 1.9 0.3

SiO; etch rate [A/min] 12.6 1.7

Si: Si0; selectivity 1500: 1 1750: 1

Table 2.2 Experimental plasma parameters. Central parameters are highlighted in bold.

Experimental plasma parameters

ICP source power [W] 1000, 1500, 2000, 2500, 3000
Bias power [W] 0

SF¢ flow rate [sccm] 100, 300, 500, 700, 900
Pressure [Pa] 3,5,10, 15, 18

Chuck temperature [°C] -110, -40, -20, 0, 20, 40

2.2.2.3 Influence of the different parameters

In the following, we present a detailed experimental study to determine the influence of the
most relevant etching parameters: (i) process time, (ii) SFs flow rate, (iii) pressure, (iv) ICP
source power, (v) chuck temperature, as well as design and sacrificial layer parameters: (vi)
opening feature size of the structures, (vii) silicon sacrificial layer thickness, (vii) a-Si
deposition temperature.

Subsequently, their impact on the: (i) silicon underetch rate, (ii) silicon dioxide etch rate,
and (iii) Si: Si0; selectivity are reported. Finally, the SiO, thickness under membranes is also
measured.

To evaluate the influence of the parameters separately, each experiment has the central
parameters (Table 2.2) as starting point and one parameter is varied.
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Process time and SF; flow rate

The releasing using a 1 um a-Si sacrificial layer was carried out up to 450 pm underetch
length resulting in a very uniform etch rate that can be as high as 15 pm/min (Figure 2.7). SF¢
flow rate is increased (100, 300 and 500 sccm) and leads to an increase in the number of
fluorine radicals available in chemical reaction resulting in higher etch rate of silicon.
Underetch rate increases rapidly with SF¢ flow rate (from 3 to 7 um/min) but remains linear
with process time. Contrary to deep anisotropic etching where etch rate decreases with depth,
underetch rate of thin silicon layer is constant over a large length. This implies that the
reactant flux in extremely thin gaps is sufficient to (1) enhance chemical reaction and (2)
evacuate volatile products.
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Figure 2.7 Underetch length of 1 um a-Si sacrificial layer vs. time for different processes
with increased SFs flow rate and for the optimized process (Table 2.7).

Figure 2.8 depicts oxide thickness beside membranes as a function of process time for
different processes. Increased SF¢ flow rates lead to an increased chemical reaction with
silicon dioxide.

After plasma optimization, very high Si underetch rate and high selectivity on SiO, were
performed (Optimized process, see Table 2.7). Fluorine reaction with silicon dioxide is frozen
by lowering chuck temperature at -110 °C.
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Figure 2.8 Wet oxide thickness vs. time for different processes with increased SFs flow rate
and for the optimized process (Table 2.7).

Table 2.3 Si underetch and SiO; etch rates and Si: SiO; selectivity for different SFs flow rates
and the optimized process (Table 2.7).

SF¢ flow rate [sccm] 100 300 500 Optimized
process
Si underetch rate [um/min] 3.4 4.2 7.0 15.6
SiO; etch rate [A/min] 17 22 30 7
Si: SiO; selectivity 2000: 1 1900: 1 2300: 1 >20000: 1
Pressure

Process pressure has a significant impact on the results of plasma etching. It has a large
influence on plasma features such as the reactive species density, ions flux, sheath potential,
energy of ions reaching the surface and chemical kinetics. Higher pressure leads to increase
the number of fluorine radicals available in chemical reaction resulting in higher etch rate of
silicon. The release etchings are performed at 20 °C with a source power of 1500 W and a SF¢
flow rate of 300 sccm by changing the process pressure in the range of 3 - 18 Pa. It can be
seen in Figure 2.9 that a-Si, poly-Si and SiO, etch rates increase as a function of reactor
pressure with a threshold around 10 Pa. This is probably due to the chemical reaction
saturation; indeed, silicon underetch rate cannot increase indefinitely and is limited by
reactant products. However, higher pressure also increases the ions/neutrals collision, thereby
reducing ions directionality and ions energy. This may explain the SiO; etch rate reduction
observed around 10 Pa.
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Figure 2.9 Si sacrificial layer underetch rate and SiO; etch rate vs. pressure.

Table 2.4 Si underetch and SiO; etch rates and Si: SiO; selectivity for different pressures.

Pressure [Pa] 3 5 10 15 18
a-Si underetch rate [um/min] N.A. 3.6 5.0 5.5 5.7
poly-Si underetch rate [pum/min] 1.9 N.A. 4.6 5.0 5.0
SiO; etch rate [A/min] N.A. 16 25 28 30
a-Si: Si0; selectivity N.A. 2200: 1 2000: 1  1960:1 1900: 1
poly-Si: SiO; selectivity N.A. N.A. 1840:1 1780:1 1670:1

ICP source power

Increasing ICP source power extends the electron energy distribution function (EEDF) and
therefore, a larger number of electrons with high energy are available for dissociation and

ionization. Evolution of sacrificial layer and silicon dioxide etch rates is shown in Figure
2.10. It can be seen that increasing ICP source power increases SiO; and sacrificial layer etch
rate. A threshold is observed around 1500 W for the 200 nm poly-Si sacrificial layer and
around 2500 W for the 1 um a-Si sacrificial layer. This is due to the saturation of reactant
species, which depends on thickness of the sacrificial layer and source power. In fact four

fluorine atoms react with one silicon atom to form SiF4 molecule, which is a volatile product

at room temperature, SiF4 molecules are then desorpted from the surface and pumped away.
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Figure 2.10 Si sacrificial layer underetch rate and SiO; etch rate vs. ICP source power.

Table 2.5 Si underetch and SiO; etch rates and Si: SiO; selectivity for different ICP source
power.

ICP source power [W] 1000 1500 2000 2500 3000

a-Si underetch rate [um/min] 3.9 5.0 7.0 10.2 10.7

poly-Si underetch rate [um/min] 3.3 4.6 4.8 N.A. N.A.

SiO; etch rate [A/min] 16 25 32 39 42

a-Si: SiO; selectivity 2440:1 2000: 1 2190:1 2610:1 2550:1

poly-Si: SiO; selectivity 2060: 1 2200:1 1500:1 N.A. N.A.
Temperature

The chuck temperature is controllable and influences underetch rate and Si: SiO;
selectivity. The influence of temperature on the etch process, with an experimental range of
-110 °C up to 40 °C for 30 min etch duration, is shown in Figure 2.11. It should be noted that
chuck temperature during etching plays a crucial role in reducing silicon dioxide etch rate,
while silicon underetch rate appears to have a maximum peak close to 0 °C. This is important
for suspended-gate MOSFET (see chapter 6), where a high quality gate oxide should remain
after releasing. By decreasing the temperature, we show that the silicon dioxide etch rate is
significantly reduced without significantly affecting the releasing. These results show clearly
that Si0O, reaction with fluorine was suppressed by lowering chuck temperature. A maximum
peak around 0 °C was observed for both sacrificial layers (a-Si and poly-Si). The reason for
the high etch rate at 0 °C is not well understood at the present time. A significant dependence
of underetch rate with chuck temperature is not unexpected since the etch rate depends on
sticking probabilities of the species and often changes with surface temperature. The
advantage of cryogenic cooling is seen in the selectivity with respect to silicon dioxide.
Temperature is an independent parameter, which affects silicon dioxide etch rate without
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decreasing Si underetching too much. The chuck temperature is therefore a crucial parameter
and special attention must be paid to this when releasing silicon sacrificial layer.

7 ‘
|
|
6 T---- —O—1lumasSi ———— N T 40
g —O—Wet oxide n
= 5 L e’ SN @) Y 6
g + 307
8 4 peencoeegndzessaner T | g
c 2
S 3t S 203
5 >
(] ~
B2 =l
2 +10=
n
l o
l
|
O T T T 0
150 100 50 0 50

Chuck temperature [°C]

Figure 2.11 1 pm a-Si sacrificial layer underetch rate and SiO, etch rate vs. chuck
temperature.

Table 2.6 Si underetch and SiO; etch rates and Si: SiO, selectivity for different chuck

temperature.

Chuck temperature [°C] -110 -40 0 20 40
Si underetch rate [um/min] 3.8 43 6.2 5.0 3.9
SiO, etch rate [A/min] 5 9 18 25 31
Si: Si0; selectivity 7600: 1  4780:1 3440:1 2000:1 1250: 1

Feature size

Test cells have been designed to study the releasing with the opening area of etching. It
consists of trenches with opening sizes from 2 pm to 500 um. Figure 2.12 shows the
relationship between etch rate and opening size. The etch duration is 30 min, source power,
bias power, pressure, SF¢ flow rate and chuck temperature are respectively 1500 W, 0 W, 10
Pa, 300 sccm and 20 °C. Feature size of the structure has been found to have little influence
on underetch rate: 4.0 um/min for 500 um opening size and 3.9 um/min for 2 um opening
size (i.e. a decrease of less than 3%). Experimental results show also that no aspect ratio
dependent etching (ARDE) effect occurs in lateral etching of silicon unlike deep RIE etching.
Taking advantage of this last remark, large metal membrane-based MEMS devices can be
designed with 5 x 5 um? etch holes to reduce the releasing process time.
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Figure 2.12 Underetch length of 1 um a-Si sacrificial layer vs. opening size after 30 min of
etching with the room temperature optimized process (Table 2.7).

Silicon sacrificial layer thickness

Si underetch rate was investigated for different sacrificial layer thicknesses and is shown in
Figure 2.13. Si underetch rate is only varies of 7% over more than one decade of sacrificial
layer thickness (3 um to 200 nm). This late remark is important for MEMS tunable capacitors,
where double air-gaps, hence two different sacrificial layer thicknesses, are needed (see
section 3.3). In addition, this process is very efficient in releasing very thin poly-Si sacrificial
layer as required for suspended-gate MOSFETs (see chapter 6) and to release thick a-Si
sacrificial layer as required for tunable capacitors and capacitive switches.
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Figure 2.13 Si underetch rate vs. sacrificial layer thickness for a-Si and poly-Si. Si underetch
rate only varies by 7% over more than one decade of sacrificial layer thickness (3 yum to 200

a-Si deposition temperature

Substrate temperature influences the film adhesion on the wafer, surface smoothness and
microstructure of the deposited layer. Therefore we decided to study underetching of 1 um a-
Si sacrificial layers deposited at 20 and 200 °C. We show that substrate temperature during
deposition has no influence on the a-Si underetch rate (Figure 2.14).
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Figure 2.14 Underetch length of 1 um a-Si sacrificial layer deposited at 20 and 200 °C vs.
time.
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Silicon dioxide thickness under membranes

To better understand silicon dioxide etching under a membrane, a 450 x 450 pm’
membrane has been removed to access the wet oxide layer and its thickness has been
measured using a spectro-reflectometer. A typical silicon dioxide profile under the released
membrane is shown in Figure 2.15. We show that SiO; etch rate depends on exposure time to
plasma since the etch rate under membrane is constant (16 A/min) and on ions flux since etch
rate is higher beside membrane (22 A/min).
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Figure 2.15 Wet oxide profile under a 450 x 450 pum’ membrane. The membrane is
schematically represented for clarity (thickness is not at scale).

2.2.2.4 Optimized parameters

Based on the previous study, several recipes have been investigated in order to optimize
the process parameters. This study emphasizes the fact that temperature plays an important
role in this process by limiting silicon dioxide etching. Moreover, the optimized recipe has
been found to be independent of the sacrificial layer used (a-Si or poly-Si) or its thickness.
SF¢ flow rate, pressure and ICP source power were set to 500 sccm, 18 Pa and 3000 W,
respectively, and chuck temperature was lowered to -110 °C. Using this recipe, 15.6 pm/min
Si underetch rate with very high Si: SiO; selectivity (> 20000: 1) has been obtained (Table
2.7).

In practice, we will not use this cryogenic process for releasing our aluminum membrane-
based MEMS devices. If it was the case, we should have considered the effect of releasing at
low temperature on stress, knowing that the structures will operate at room temperature or
higher temperature. The room temperature optimized process (Table 2.7) exhibits Si
underetch rate of 4.2 um/min with high Si: SiO, selectivity (1900: 1) which is sufficient for
releasing large membranes (few hundreds of um) with etch holes in a reasonable time of 10 -
15 minutes.
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Table 2.7 Optimized and room temperature optimized process parameters and respective
releasing features for a 1 um-thick sputtered a-Si sacrificial layer deposited at 20 °C.

Optimized process  Room T optimized

process
Plasma settings
ICP source power [W] 3000 1500
bias power [W] 0 0
SF¢ flow rate [sccm] 900 300
pressure [Pa] 18 10
chuck temperature [°C] -110 20
Releasing features
Si underetch rate [um/min]  15.6 4.2
SiO; etch rate [A/min] 7 22
Si: SiO; selectivity >20000: 1 1900: 1

2.2.2.5 Releasing of aluminum membranes

Fluorine chemistry does not etch aluminum because the AlF; etch product has a very low
vapor pressure [67, 68], compared to AICI; etch product (vapor pressure of 7x10” Torr at
25 °C) obtained when etching aluminum with chlorine chemistry.

Temp (°C)
1200 1280 1360 1440 1520 1600
1000 T T
/
' _
100 —
.
5
o«
é_ 10 —
g o ufllCI‘?>
a .QIB(B =
& AIFg
I l I I
100 140 180 220 260

Temp (°C)

Figure 2.16 Vapor pressure of AIF';, AICl; and AlBr; vs. temperature. From [68].

We have observed that, during aluminum membranes releasing, the Si underetch rate
saturates rapidly to a value of about 2 pm/min instead of a constant 4.2 um/min for the room
temperature optimized process (Table 2.7). The reason could be an AlF; passivation of the
etch front.
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2.2.3 Comparison with state-of-the-art dry releasing processes

Table 2.4 gives a comparison between the results we have obtained with the SF¢ optimized
and room temperature optimized processes (Table 2.7) and the state-of-the-art dry releasing
processes. SF¢ plasma has been chosen because it exhibits much higher etch rate than O,
plasma and HF vapor phase etching and moreover it presents a high selectivity to SiO, and
aluminum.

Table 2.8 Comparison between the results we have obtained with the SFs optimized and room
temperature optimized processes (Table 2.7) and the state-of-the-art dry releasing processes.

Process Sacrificial layer Underetch rate  Selectivity to
material [um/min] Si0,

SF¢ ICP plasma a-Si and poly-Si  15.6 >20000: 1

Optimized process

SF¢ ICP plasma a-Si and poly-Si 4.2 1900: 1

Room T optimized

process

SF¢ ICP plasma [65] bulk Si 4.5 N.A.

XeF; gas phase [60] Si 2-4 >1000: 1

BrF; gas phase [49] Si 1-14 >3000: 1

O, plasma * polyimide ~1 very high
PI126xx [37]

HF vapor phase [69] thermal oxide 0.07-0.1 -
(* at EPFL-CMI, Tepla300 microwave plasma stripper, barrel reactor)

2.3 METAL SURFACE MICROMACHINING FOR ABOVE-IC RF
MEMS APPLICATIONS

2.3.1 Choice of materials

The development of a new surface micromachining process requires the choice of different
materials: sacrificial and structural layer and insulating layers. The choice is dictated by on
the one hand the functionality of the MEMS devices and associated applications and on the
other hand by the clean room process available.

The process presented in this section is intended to be compatible with CMOS post-
processing for above-IC integration in order to fabricate radiofrequency (RF) MEMS devices.
These devices are mainly electrostatically-actuated capacitive membrane-based devices (see
following chapters).

2.3.1.1 CMOS post-process compatibility

In order to make integrated devices, the steps used to fabricate the micromechanical
structures must not adversely impact the underlying circuitry.

High temperatures, plasma or X-ray damage, electrostatic discharge (ESD), metal diffusion
into silicon, contamination, or physical etching of the CMOS must all be avoided.
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Among these, temperature is the main concern in above-IC approach since the underlying
circuitry is completely passivated by multiple dielectric layers except for some areas of the
top interconnect metallization layer, where we want an electrical contact between the circuitry
and the post-processed devices. High temperatures must be avoided since the aluminum
metallization in standard CMOS melts at 660 °C. However, the metallization will fail at the
junctions well before that temperature is reached. As a practical limit, the maximum post-
process temperature on CMOS wafers with Al interconnects is generally considered to be 450
°C [70]. However Sedky et al. have shown that 0.35 pum CMOS technology can withstand
annealing temperatures up to 525 °C for 90 min [71].

This rules out the deposition of many LPCVD films, such as LPCVD poly-Si and silicon
nitride, which typically takes place at temperatures in excess of 575 °C, for structural and
insulating layers but leaves place for metals and sputtered silicon [41, 42].

X-ray damage, a by-product of e-beam evaporation and, to a lesser extent, plasma
processes, is also a concern. The X-rays ionize atoms in the gate region resulting in shifts in
the threshold voltage of the affected transistors [72]. For these reasons it is advisable to avoid
e-beam evaporation when integrating microstructures with circuits.

Circuits are commonly protected against ESD.

Metals such as copper, silver and gold heavily diffuse into silicon at low temperature and
are not tolerated in standard CMOS fabrication.

Contamination by alkali atoms is a concern during etching of silicon in KOH solutions.
The K" ions are mobile in oxide and can shift threshold voltages if they reach the gate.

2.3.1.2 Structural material

The choice of structural material for RF MEMS is a compromise between electrical and
mechanical properties and process limitations.

RF MEMS need highly conductive materials in order to reduce series resistive losses. This
rules out LPCVD poly-Si and poly-SiGe, even if heavily doped, and also sputtered silicon.
The four most conductive metals are Ag, Cu, Au, and Al (Table 2.9).

Table 2.9 Electrical resistivity for bulk metals at room temperature [73].

Material Electrical resistivity
[10°®° Qm]

Ag 1.6

Cu 1.7

Au 22

Al 2.7

Among them, silver is the best electrical conductor but is uncommon in surface
micromachining. Copper is replacing aluminum as interconnect material (Cu-damascene
process) in advanced CMOS technologies and also as material for high-Q micromachined
inductors but requires diffusion barrier layers. Gold is the preferred conductor for
transmission lines in monolithic microwave ICs (MMICs).
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These three materials (Ag, Cu, Au) can be patterned by wet etching but cannot be plasma
etched. Moreover they are not allowed in some clean room equipment at EPFL-CMI, as they
may contaminate other on-going processes.

Aluminum and aluminum alloys with small amounts (few percents) of Cu and / or Si have
been widely investigated in IC technology as interconnect material [70] but also in MEMS
processes [38, 74, 75].

2.3.1.3 Silicon sacrificial layer deposition technique

Amorphous silicon (a-Si) thin films can be deposited at low temperature (< 300 °C) by
PECVD [76] or sputtering.

Some PECVD tests were performed in Alcatel 601D PECVD system using pure silane
(SiH4) and argon as dilution gas. The a-Si deposited layers exhibited poor quality and a
thickness uniformity of more than 10%.

The first a-Si sputtered films were deposited by RF sputtering in the Balzers BAS450
single chamber multi-target magnetron sputtering system. Results shown a low deposition rate
of 8 nm/min but a good thickness uniformity of 4%.

a-Si depositions are currently made by DC sputtering using a boron-doped target (5 - 30
mQcm) in the Pfeiffer Vacuum Spider 600 high vacuum magnetron sputter cluster system.
The obtained deposition rate is 100 nm/min with a thickness uniformity in the same range as
the BAS450 system.

2.3.1.4 Summary of chosen materials

Sputtered aluminum alloy with 1% of silicon (Al-Si (1%)) was chosen for the structural
material. Due to the unavailability of a PECVD system for depositing insulating layers at low
temperature, the SiO; layer covering the aluminum bottom electrodes of the devices was also
sputtered. This means that all the physical layers are deposited in the Spider 600 system.

Table 2.10 Summary of the materials used in the metal surface micromachining process
developed for above-IC RF MEMS applications. All of them are sputter-deposited in Spider
600 system.

Layer Material
Structural Al-Si (1%)
Insulating Si0,
Sacrificial a-Si

2.3.2 Successive improvements in the fabrication process steps

The following paragraphs chronologically describe the improvements that have been
brought to the fabrication process based on the initial process (Process 1) shown in Figure
2.17.
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Figure 2.17 Initial process (Process 1) cross section illustration. Both metal layers have a 1
Lum thickness.

In Process I, bottom electrodes, signal and ground paths and pads are made of Metal 1 and
the top suspended electrode, anchors and the pad connected to the latter electrode are made of
Metal 2. Both metal layers have the same 1 um thickness due to constraints with RF probing
(all the pads in G-S-G configuration should have the same thickness for probing). The
sacrificial layer was patterned either by SFs isotropic plasma or with the continuous SF¢/C4Fs
anisotropic process leading to vertical sidewalls and hence to very poor aluminum step
coverage (Figure 2.18). It was also difficult to control the thinning of the sacrificial layer,
required for the double air-gap architecture (see section 3.3), with such processes.
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Figure 2.18 SEM microphotograph of a mechanical anchor, after releasing, showing very
poor aluminum step coverage due to vertical sidewalls obtained by fluorine-based plasma.
The step is to 2 um high and the Metal 2 thickness is 1 um.

2.3.2.1 Patterning of the a-Si sacrificial layer

To alleviate the two problems mentioned above, we have investigated chlorine-based
plasma chemistry (pure Cl,, STS Multiplex ICP etcher) to pattern and thin the sacrificial
layer. The process developed uses a photoresist (PR) mask (Shipley S1818 positive-tone
photoresist) and has an etch rate of 200 - 400 nm/min. The PR: a-Si selectivity obtained was
1: 1 leading to a 2-angle slope in a-Si, explained by the combination of 2 mechanisms: PR
slope transfer and PR faceting (Figure 2.19). The aluminum step coverage is improved
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(Figure 2.20) and the same process can be applied to control the thinning of a-Si. These
improvements are illustrated in Process II (Figure 2.21).
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Figure 2.19 (a) Cross section illustration of the patterning of 2 um a-Si by Cl, plasma
(2.5 um PR mask) showing the two mechanisms involved: PR slope transfer and faceting. The
dashed lines represent the a-Si and PR profile evolution, the bold line the final a-Si slope with
2 angles and the remaining PR. (b) SEM cross section view.
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Figure 2.20 SEM microphotograph of aluminum step coverage, obtained after patterning a-
Si in Cl, plasma, after releasing. The step is 2 um high and the Metal 2 thickness is 1 pm.
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Figure 2.21 Process Il cross section illustration with improved aluminum step coverage.
Both metal layers have a 1 um thickness.
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2.3.2.2 Residual stress control in sputtered a-Si sacrificial layer
Measuring stress in thin films

The disk method, most commonly used for stress determination in thin films, is based on
the measurement of the change of wafer curvature caused by a stressed film. The radius of
curvature is measured optically by a laser (Tencor FLX 2900) before and after film
deposition. The Stoney’s equation (Eq. 2.10) [77] yields a reasonable estimation of the
residual stress as long as the film thickness #; is small compared to substrate thickness f,
which is the case for surface micromachined thin films of few microns thickness. The mean
residual stress in the film can be written as:

2
5, :Lt_s(i_l] (2.10)
6(1-v,)t; {1y

where E;, v, and ¢, are the substrate Young’s modulus, Poisson’s ratio and thickness,
respectively, # the film thickness and 7, and 7y the measured curvature radii before and after
film deposition, respectively.

The control of the residual stress in the sacrificial layer is important in order to avoid
strong deformation of the substrate. When releasing the micromachined structures, the
substrate recovers its initial curvature and hence can induced buckling in these structures. The
microstructure in sputter-deposited films as a great impact on residual stress [78]. At low
deposition temperatures (<< melting point of the film material), stress can be controlled by
the argon pressure / flow rate or by the RF bias. Varying the Ar pressure between 5x10~ and
1x107 mbar, the stress of a-Si can go from highly compressive to tensile values (Figure 2.22).
So it was possible to adjust the stress of the a-Si sacrificial layer to approximately zero.
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Figure 2.22 Measured mean residual stress vs. argon pressure / flow rate for a-Si sputtering
at room temperature and without RF bias in Spider 600 system.

2.3.2.3 Metal 1-to-Metal 2 via

Process III is a process extension to have Metal 1-to-Metal 2 via and hence more freedom
for the design of the structures. This improvement allows us to have a different thickness for
Metal 1 (1 um) and Metal 2 (2 um) and an electrical contact between them. In this process,
bottom electrodes, signal and ground paths and pads are made of Metal 1 and the top
suspended electrode, anchors and spiral inductors (see chapter 4) are made in the thick
Metal 2 (Figure 2.23).

—m [ | Sisubstrate
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Bl  ALSi (1%)
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Figure 2.23 Process Il cross section illustration with Metal [-to-Metal 2 via. Metal 1
thickness is 1 um, Metal 2 2 um.

The 200 nm-thick sputtered SiO, insulating layer is used as etch stop layer for chlorine
chemistry and then etched in carbon/fluorine plasma prior to Metal 2 deposition (Figure 2.24).
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Figure 2.24 FIB cross section view of a mechanical anchor and Metal 1-to-Metal 2 via.

2.3.2.4 CMP planarization of the sacrificial layer

The final improvement of the metal surface micromachining process was to planarize the
sacrificial layer. This is to avoid a step in Metal 2 and thereby weakening the structures when
passing over Metal 1 (Figure 2.25).
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Figure 2.25 (a) SEM microphotograph of a mechanical anchor made with Process III
showing the step in Metal 2 when passing over Metal 1 (Metal 1: 1 um, Metal 2: 2 um). (b)
SEM microphotograph of a mechanical anchors made with Process IV (Metal 1: 1 um, Metal

2: 4 um).

The chemical-mechanical polishing (CMP) planarization is made using a commercial
(Clariant) ammoniac-based slurry. Starting from 4 pm a-Si, we were able to completely
planarize the sacrificial layer while retaining a thickness of 2 um over Metal 1 (Figure 2.26).
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Experience has shown that 1.5 um is the maximum thickness for Metal 1 if we want to
planarize the a-Si sacrificial layer without leaving a too large crevasse due to a-Si step
coverage (the deposition is not conformal) which then could be filled in by Metal 2.
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Figure 2.26 FIB cross section view of the Metal 2 passing over patterned Metal 1 after CMP
planarization of the a-Si sacrificial layer. In our case, the crevasse is fortunately not
sufficiently open to be filled in by Metal 2.

i g,y A

l WD

4.9 mm

16:05:17

Si substrate
Wet oxide
Al-Si (1%)
SiO,

| il

Figure 2.27 Process IV cross section illustration with CMP planarization of the a-Si
sacrificial layer. Metal I thickness is I or 1.5 um, Metal 2 2 or 4 um.



36  METAL SURFACE MICROMACHINING PROCESS

2.3.3 Final process flow

Figure 2.28 shows the complete fabrication process sequence for Process V.

The MEMS structures are fabricated on 525 um-thick high resistivity silicon substrate (> 8
kQcm) to reduce the substrate losses (Figure 2.28a). The substrate is thermally oxidized (500
nm-thick) (Figure 2.28b). A 1 or 1.5 pm-thick Al-Si (1%) layer (Metal 1) is deposited by
sputtering (Spider 600 system) (Figure 2.28c) and patterned by dry etching in a standard
CL/BCl; gas mixture (STS Multiplex ICP etcher) using a photoresist mask (Shipley S1818
positive-tone photoresist) (Figure 2.28d). Then a 200 nm-thick sputtered silicon dioxide layer
is deposited at 200 °C (Spider 600 system) as an insulating layer (Figure 2.28¢). A 4 um-thick
amorphous silicon layer is then sputtered (Spider 600 system) (Figure 2.28f). Prior to
planarization, the a-Si layer is etched with continuous SF¢/C4Fs anisotropic process (Alcatel
601E ICP etcher) to have access to the alignment structures in Metal 1 and to monitor the a-Si
thickness during CMP (this step is not shown in Figure 2.28). Then it is planarized by CMP
(Steag Mecapol E460 machine) to a thickness of 2 um (Figure 2.28g). The thickness of this
layer will determine the nominal gap of the suspended membranes. The a-Si sacrificial layer
is twice patterned by chlorine-based chemistry (STS Multiplex ICP etcher) using a photoresist
mask (Shipley S1818). The first step is to thin the sacrificial layer to 1 um, which is required
for the double air-gap architecture (see section 3.3) (Figure 2.28h). The second step is to
pattern the mechanical anchors and the Metal 1-to-Metal 2 contacts (Figure 2.281). The SiO,
insulating layer plays the role of etch stop layer for the chlorine chemistry in this latter step. It
is then etched at 0 °C in carbon/fluorine plasma (Adixen AMS 200DSE ICP etcher), which is
selective to aluminum. A 2 or 4 um-thick Al-Si (1%) structural layer (Metal 2) is deposited by
sputtering (Spider 600 system) (Figure 2.28j) and patterned by dry etching in a standard
CL/BCl; gas mixture (STS Multiplex ICP etcher) using a photoresist mask (Clariant AZ9260
Novolak-based positive-tone photoresist) (Figure 2.28k). For wafers, which will be wafer-
level packaged afterwards (see section 3.4), annealing is done at 300 °C for 20 min in N»/H,
forming gases. The aluminum membranes releasing is done in SF¢ plasma with a high
selectivity to both SiO, and aluminum using the room temperature optimized process (Table
2.7) (Figures 2.281 and 2.29). Finally, the SiO, insulating layer over Metal 1 is etched in
carbon/fluorine plasma (Alcatel 601E ICP etcher) where it is not covered by Metal 2 (Figure
2.28m).

To summarize, Process IV involves 5 photolithographic steps and one CMP planarization
step and has a low thermal budget, the maximum temperature is 300 °C for 20 min, making it
compatible with CMOS post-processing.
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(a) High resistivity Si substrate

(h) a-Si thinning (central electrode)

(b) Wet oxidation

(i) a-Si + SiO; patterning (anchors)

(c) Aluminum sputtering (Metal 1)

() Aluminum sputtering (Metal 2)
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(d) Metal 1 patterning

(k) Metal 2 patterning
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Figure 2.28 Complete fabrication process sequence (Process IV).
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Figure 2.29 FIB cross section view of a 2-um air-gap. Metal 1 thickness is I um, Metal 2 1
L.

2.3.4 Characterization of sputtered Al-Si (1%0) alloy

2.3.4.1 Electrical properties extraction
Resistivity

The resistivity of Al-Si (1%) has been measured with four-point probe technique (KLA
Tencor OmniMap RS75). The measured value is 3.3x10™ Qm, which corresponds to typical
thin film values reported [70].
Metal 1-to-Metal 2 via resistance

The test structures consist of 5 x 20-via-chain resistance measurement structures (Figure
2.30). The via sizes are 5 x 5, 10 x 10, 20 x 20 and 40 x 40 pm”. It is possible to measure 20,
40, 61, 81 and 100 vias in series by using the appropriate pads.

EPFL-CMI
0t

(a) (b)

Figure 2.30 Optical microphotograph (a) and SEM close-up view (b) of a 20 x 20 um’ 100-
via-chain resistance measurement structure (Metal 1: 1 um, Metal 2: 4 um).
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The test structures were measured using a Karl Siiss PM8 manual prober coupled to a HP
4155B semiconductor parameter analyzer. The measurements show very low Metal 1-to-
Metal 2 via resistance, even for 5 x 5 um® vias (Table 2.11). The larger the via size the
smaller the resistance.

Table 2.11 Measured mean Metal 1-to-Metal 2 via resistance for different via sizes. Metal 1:
1 um, Metal 2: 4 um.

Via size [pm?’] Resistance/via [mQ)]

5x5 36.41 £0.14
10x 10 28.27 +0.33
20x 20 21.66 £0.08
40 x 40 13.98 £0.16

2.3.4.2 Mechanical properties extraction

All thin films foster a state of residual stress. Stress-causing factors can be categorized as
either intrinsic or extrinsic. The intrinsic stresses develop during the film nucleation and can
be due to growth mechanisms, lattice mismatch between film and substrate and interstitial or
substitutional impurities. The extrinsic stresses are imposed by external factors such as
temperature gradients or package-induced stresses. They results from the mismatch of the
coefficient of thermal expansion between film and substrate [19].

The residual stress in a thin film can be written as:

6 =0,+0(z) (2.11)

where oy is the mean residual stress, ofz) is the stress gradient with z in the thickness
direction.

Mean residual stress

The mean residual stress oy can be measured with the wafer curvature technique. Several
1, 2 and 4 pm-thick sputtered Al-Si (1%) thin films deposited by DC sputtering at room
temperature have been measured.

The results give a slightly tensile stress of 72 +£ 19 MPa.

Stress gradient

When releasing cantilever beams, oy is relaxed and ofz) remains.
The equivalent bending moment due to a stress gradient is

M = [ wzo(z)dz (2.12)

t/2

where w is the beam width, ¢ is the beam thickness.
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For a linear stress gradient, one can define the stress as:
c(z)= Eyz (2.13)

where E is the Young’s modulus and y is the linear stress gradient. Using Eq. 2.12, y can be
written as:

_I2M M
v Ewt® EI

(2.14)

where / is the moment of inertia of a rectangular beam (I = wr’/12). A moment applied at the
endpoint of a cantilever with length / results in a deflection at the tip of

2 2
Az=1;/gl =%. (2.15)

Az can be measured with an optical profilometer (Veeco Wyko NT1100) and then we
calculate the stress gradient y.

Measurements have been performed on arrays of cantilever beams and on several wafers
(with and without annealing at 300 °C before releasing). The beam lengths were 30 to 500
pum. The beam width and thickness were 10 um and 4 um, respectively. Cantilever beams
with air-gap of 2 and 1 um were available (Figure 2.31).

|ZEHT = 3.00kV Signal A=SE2  Date 8 Oct 2006

Hym
Mug= 741% | WD= 4mm StagestT= 350° Fil Nome =Ti4783_R_tsal F T L CMI

Figure 2.31 300, 400 and 500 um-long cantilever beams bending up due to stress gradient.
The beam width and thickness were 10 pum and 4 um, respectively. The a-Si sacrificial layer
was 2 pum-thick.

The results show the impact on stress gradient of annealing the structures before releasing
(Figure 2.32). We can also see the difference between cantilever beams having a 2 um air-gap
and a 1 um air-gap obtained by thinning the a-Si sacrificial layer (Figures 2.32 and 2.33). The
surface state and roughness for growing and the microstructure of the sputtered thin films are
different and hence the stress gradient is modified.
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Figure 2.32 Measured deflection at the tip vs. length for 30 to 500 um-long cantilever beams
on 2 wafers. The beam width and thickness and the air-gap are 10 um, 4 um and 2 um,
respectively. The calculated stress gradient is given (dashed lines: parabolic fit).
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Figure 2.33 Measured deflection at the tip vs. length for 30 to 500 um-long cantilever beams
on 2 wafers. The beam width and thickness and the air-gap are 10 um, 4 um and 1 um,
respectively. The calculated stress gradient is given (dashed lines: parabolic fit).
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2.3.4.3 Summary of sputtered Al-Si (1%) properties

Table 2.12 gives a summary of sputtered Al-Si (1%) properties compared with the ones for
Al thin films and bulk Al

Table 2.12 Summary of sputtered Al-Si (1%) properties compared with the ones for Al thin
films (in literature) and bulk Al

Sputtered Al thin films Bulk Al [73,

Al-Si (1%) 79]

Electrical properties

resistivity [10™ Qm)] 3.3 2.7-3.0[70] 2.7
Mechanical properties

Young’s modulus [GPa] 50 * 47-741[80] 70

55+ 6[81]

Poisson’s ratio 035" 0.35"° 0.35

mean residual stress [MPa] 72+ 19 N.A. -

stress gradient [um™'] 0.8-10x10° N.A. -

(* assumed to be the same than for Al thin films, mean value from [80, 81],
* assumed to be the same than for bulk Al)

2.4 CONCLUSIONS

The principle of surface micromachining and its usefulness for RF MEMS devices
fabrication have been explained as an introduction. It has been shown that the use of a dry
release step (gas phase or plasma) can substantially increase the yield for the overall MEMS
process by eliminating the release-induced stiction problem.

Silicon thin films have been investigated as sacrificial layer for surface micromachining. A
detailed and original study on SFs inductively coupled plasma (ICP) releasing has been
performed in order to find the optimized process parameters. This study has emphasized the
fact that temperature plays an important role in this process by limiting silicon dioxide
etching. Moreover, the optimized recipe has been found to be independent of the sacrificial
layer used (amorphous or polycrystalline silicon) and its thickness. Using this recipe, 15.6
um/min Si underetch rate with high Si: Si0, selectivity (> 20000: 1) has been obtained.

Based on this SF¢ plasma releasing, a metal surface micromachining process has been
developed for MEMS capacitors and switches. This involves a sputtered Al-Si (1%) structural
layer and sputtered a-Si sacrificial layer. A chronological description of the improvements
that have been introduced to the fabrication process leads to the final process: Process IV. The
electrical and mechanical properties of the sputtered Al-Si (1%) alloy have been extracted.

The process presented in this chapter is compatible with CMOS post-processing for above-
IC integration of radiofrequency (RF) MEMS devices. The following chapters will apply it in
order to fabricate electrostatically-actuated capacitive membrane-based devices.
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MEMS tunable capacitors



Previous page left

SEM microphotograph of a single-air-gap
circular tunable capacitor.

(Scale: the pads are 100 x 100 umz)

Previous page center
SEM microphotograph of a double-air-
gap tunable capacitor.

Previous page right

SEM microphotograph of a single-air-gap
tunable capacitor with a frame for
thermal stress geometrical
compensation.



3.1 STATE-OF-THE-ART

3.1.1 Introduction to tunable capacitors

A tunable capacitor, also called varactor or varicap, is a passive device in which the
capacitance can be tuned or varied. This functionality is widely used in RF communications
applications, such as low noise amplifiers (LNAs), tunable matching networks, tunable filters
and voltage-controlled oscillators (VCOs).

Conventional solid-state varactor implementations include Si (on-chip) or GaAs (off-chip)
p-n or Schottky-barrier junction diodes as well as MOS capacitors [82-84]. They generally
suffer from excessive series resistive losses, and hence a low quality factor and a low
electrical self-resonant frequency, and exhibit strong non-linear behavior.

The figures of merit used for tunable capacitors include unbiased capacitance Cj, tuning
range TR, equivalent series resistance R, or quality factor Q, associated parasitic inductance L;
or electrical self-resonant frequency SRF and linearity in response to RF power.

3.1.2 Principle of MEMS tunable capacitors

The MEMS tunable capacitors vary the capacitance by adjusting device physical
dimensions via an electromechanical actuator. The dielectric layer used is typically air, which
eliminates the majority of the dielectric losses. Neglecting the fringing effects, a parallel-plate
capacitor has a capacitance C given by:

(3.1)

where & is the relative permittivity or dielectric constant of the medium in the gap, & is the
permittivity of free space, A the area of the plates and d the gap between the plates.
The quality factor Q of a capacitor is defined as:

[ Snergy stored in the capacitor

ener oSt per CycClIE

diss

where W, is the peak energy stored in the capacitor and Py, is the power dissipated. If we
consider the capacitor simply modeled as a capacitance C in series with a resistance R;:

T L
_ 2" ec_ 1
T
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where @ is the pulsation. The traditional approach for obtaining Q from RF measurements
involves the computation of:

m(z) X[ _ 1

= 3.4
Q Re(Z) R, oR,.C G4
where Z is the impedance of the capacitor.
The tuning range of the capacitance 7R is generally defined as:
R = =% (3.5)
CO

where C) is the unbiased capacitance, taken as the reference capacitance.
The three physical parameters (d, 4 and &) can be varied to achieve the tuning
functionality.

3.1.3 Gap tuning

3.1.3.1 Electrostatic actuation
Parallel-plate structure

In 1996, Young and Boser [74] reported a variable capacitor using a surface
micromachining technique. It consisted of a 1 um thick aluminum plate suspended in air 1.5

pm above a bottom fixed aluminum electrode and anchored with four micromachined folded
beams (Figure 3.1).

Al ground plane
- Silicon substrate -

(a)

(b)

Figure 3.1 (a) Schematic model of a parallel-plate capacitor with associated parasitics and
(b) microphotograph top view of a fabricated variable capacitor. From [74].

The experimental device was composed of four tunable capacitors wired in parallel. Due to
the warping of the top plate and parasitic capacitance, the overall capacitance obtained was
larger. The capacitance varied from 2.11 pF with a 0 V tuning voltage to 2.46 pF witha 5.5 V
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tuning voltage. This corresponds to a tuning range of 16%. The equivalent series resistance
was 1.2 Q at 1 GHz, corresponding to a Q factor of 62.

When an electric field is applied to a parallel-plate system, the movable plate moves
towards the fixed plate as a result of the electrostatic force. When the critical voltage, called
the pull-in voltage, is reached, the plate snaps down to the bottom plate and the applied
voltage no longer controls the beam. The equilibrium between the electrostatic attracting force
and the restoring force of the suspension beams holds only for a deflection smaller than one
third of the initial gap. This restricts the theoretical limit to 50% to any electrostatically-
actuated parallel-plate system (see section 3.2).

To extend the usable range of electrostatic actuators, several methods have been suggested,
including series stabilizing negative feedback capacitance [85, 86], leveraged bending design
and nonlinear mechanical strain stiffening [87]. Two extensions of the parallel-plate structure
have also been proposed: the three-parallel-plate structure and the double-air-gap structure,
which will be described later in this paragraph.

In 1998, Fan et al. [88] reported a surface micromachined micro-elevator by self-assembly
(MESA) technique. This technique could raise a platform to several hundred micrometers
above silicon surface. It was applied to suspended inductors and variable capacitors. The
MESA structure consisted of three parts: the central platform (the suspended capacitor plate),
the side-support plates and the micro-actuator plates. These plates were connected with micro-
hinges. The MESA platform could be raised above the silicon surface by biasing the two
actuator arrays to move towards each other at the same speed. Scratch drive actuator (SDA)
arrays were employed to move up and down the suspended platform and hence varying the
gap spacing between the plates. The MESA structures were fabricated using the three-
polysilicon-layer MUMPs process. Since the capacitance is inversely proportional to the gap
spacing, the capacitance decreased rapidly from 500 to 20 fF when the suspended plate was
raised from the substrate to a height of 250 pum. The tuning range was 2400%. They reported
the difficulty to achieve fine tuning adjustment.

Bakri-Kassem and Mansour [89] proposed a concept based on a two movable-plate nitride-
loaded MEMS tunable capacitor, which seems to overcome the theoretical limit of 50%
tuning range for parallel-plate capacitors. The capacitance tuning was 117% for 21 V, before
plates collapse, and continued to increase until 280% and 495% for 39 V at 1 and 1.5 GHz,
respectively.

Goldsmith ef al. [90] demonstrated a six-bit switched-capacitor composed of MEMS
membrane bistable capacitors, having a dielectric layer on top of the fixed electrode so as not
to short the two electrodes after pull-in. A 2100% tuning range was achieved between the two
stable states. Even if the tuning range is very high, it doesn’t fulfill the continuous tuning
requirements of many applications.

An electrostatic digitally controlled MEMS tunable capacitor fabricated using MUMPs
process and flip-chip technology was reported by Hoivik et al. [91]. The capacitor consisted
of an array of individual plates of equal area, which were connected to the bonding pads by
springs of varying width. This created a cascading snap-down effect when actuated by
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electrostatic forces. The capacitor had a tuning range of 300% and a Q factor of 140 at 745
MHz.

Three-parallel-plate structure

In 1998, Dec and Suyama [92] proposed a concept for a three-parallel-plate tunable
capacitor. Figure 3.2 shows a schematic model of this capacitor. The top and bottom plates of
the capacitor are fixed while the middle plate is suspended by two springs. If a bias voltage
Vi(t) = V; is applied and V>(z) = 0 V, the electrostatic force causes the suspended plate to
move toward the top plate. If a bias voltage V() = V, is applied and Vi(t) = 0 V, the
suspended plate moves toward the bottom plate. According to the tuning range for a two-
parallel-plate capacitor, the maximum capacitance that this capacitor can be tuned to is 3Cp/2.
However, the minimum capacitance that this capacitor can be tuned to is 3Cp/4, if d; and d,
are equal. Hence, the theoretical tuning range is 100%. It could be even higher if d, > d;.

S?(Tgng N Fixed plate 2 S?(;igg
=] -
S i) + ¥

drxt) | G0 V0
Y B
|
s dod A _
uspended o _ x(t) cp;zg — V, (1)
plate = Y + L=
S Z
Fixed plate

Figure 3.2 Schematic model of the three-parallel-plate tunable capacitor. From [92].

Several tunable capacitors with two and three parallel plates were designed in MUMPs
process. The measurements included the parasitic capacitances of the pads. An open pad
measurement indicated a pad-to-substrate capacitance of approximately 0.26 pF. The two-
parallel-plate tunable capacitor had a Q factor of 20 at 1 GHz and of 11.6 at 2 GHz. The
tuning characteristics of the tunable capacitor were as follows: when a zero bias voltage (V; =
0 V) was applied, the measured capacitance was 2.05 pF and 3.1 pF when V; = 4 V. The
tuning range was hence 50%. The three-parallel-plate tunable capacitor had a measured Q
factor of 15.4 at 1 GHz and of 7.1 at 2 GHz. The tuning characteristics of the tunable
capacitor were as follows : under zero bias conditions (V; = 0 V and V>, = 0 V), the measured
capacitance (i.e. the desired capacitance Cp) was 4.0 pF and approximately 6.4 pF when V; =
1.8 Vand V, =0 V. When V; = 0 Vand V, = 4.4 V were set, the measured capacitance was
3.4 pF. The corresponding tuning range was 87%.
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Double-air-gap structure

In 2000, Zou et al. [44] reported the development of a novel MEMS electrostatically
tunable capacitor. They proposed a simple configuration providing a wide tuning range to
overpass the theoretical 50% limit for conventional two-parallel-plate tunable capacitors.
Figure 3.3 shows a schematic model of the wide-tuning-range tunable capacitor. It consists of
three plates:

- E; is a movable top plate suspended by four cantilever beams;

- E, forms a tunable capacitor by coupling with E;

- Esand E, are used to provide the electrostatic actuation.

Mechanical
Suspension

(b) (c)

Figure 3.3 (a) Schematic model of the wide-tuning-range tunable capacitor, (b) schematic
top view of the two fixed plates E, and E; and (c) schematic top view of the suspended top
electrode E;. From [93].

When a bias voltage Vpc is applied between E; and E;, the gap d; between E; and E, can
be adjusted. At rest (Vpc = 0), d; 1s designed to be smaller than d,, the gap between E; and Es.
Using an appropriate design (see section 3.3), the pull-in effect will not occur at all. And if we
assume that E; and E; can be pulled into infinitely close distance, the tuning range can be
infinite. In reality, the maximum tuning range depends on other factors, such as surface
roughness and curvature of the plates. The devices were fabricated on Pyrex wafer. E; and E;
were made in gold and E; in Permalloy (Ni-Fe alloy). Two copper layers were deposited and
patterned successively to form a variable-height sacrificial layer. Finally, the Cu sacrificial
layer was etched and the entire device was released in a supercritical carbon dioxide dryer.
The copper etchant had a high selectivity between copper and the structural materials
(Permalloy, Au). These prototype devices were designed to have a tuning range of 100% (d;
= 2 um and d> = 3 um). They reported a maximum tuning range of 69.8%. The parasitic
capacitance associated with each device in the measurement set-up was believed to cause the
decrease in the achievable tuning range. The pull-in effect was observed at about 17 - 20 V
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depending on the thickness of the Permalloy layer. Hysteresis was observed when the bias
voltage decreased from 20 to 0 V to recover from the pull-in effect.

Based on this concept, several works have been presented since. Nieminen et al. [94]
reported MEMS capacitors made of electroplated gold and having a tuning range of 171% and
Q factor of 66 and 53 at 1 and 2 GHz, respectively. Dussopt and Rebeiz [95] reported MEMS
varactors composed of a movable bridge in shunt configuration on a CPW line. The
measurements showed a tuning range of 46% for a tuning voltage of 25 V and Q factors
between 95 - 100 at 34 GHz. Xiao et al. [96] fabricated folded-spring, dual-comb-drive,
vertical-plate variable capacitors with displacement limiting bumpers combining ultra-thin
silicon wafers, SU-8 bonding and DRIE technology. Due to the presence of the bumpers, the
variable capacitor had two tuning regimes: first a parabolic region that achieved roughly
290% tuning range, then a linear region that achieved an additional 310%, making the total
tuning range about 600%. Gallant and Wood [97] demonstrated tunable micromachined
capacitors made of nickel and gold having a wide tuning range of 410% and 630%,
respectively. In 2003, De Coster ef al. [75] presented RF MEMS tunable capacitors fabricated
in the Philips PASSI process [98], a standard surface micromachining process which used a 5
um-thick aluminum layer as structural layer. They reported a tuning range of 310% at 21 V
tuning voltage for a dual-gap capacitor. Rijks et al. [99], using the same process,
demonstrated a continuous and reversible capacitance tuning with a tuning range up to
1600%, the highest ever reported for parallel-plate tunable capacitors. The actuation voltage
was 20 V and Q factors between 150 to 500 in the frequency range of 1 to 6 GHz were
measured. Peroulis and Katehi [100] proposed a MEMS varactor made of 13 pm-thick
electroplated gold and special suspension design, on high-resistivity silicon substrate. The
measured capacitance values are in the range of 40 - 160 fF, corresponding to a 300% tuning
range, and are achieved with voltages of 20 - 34 V. The results also showed very high self-
resonant frequencies (> 100 GHz) and Q factors greater than 80 at 40 GHz.

Cantilever structure (zipper mode)

In 1998, Hung and Senturia [101] reported a tunable capacitor with programmable
capacitance-voltage characteristic based on a contact electrostatic zipper actuator. The zipper
actuator varactor consisted of a conductive cantilever beam over a shaped bottom electrode.
The capacitance between the beam and the bottom electrode was controlled by an applied DC
voltage and the C-V characteristic of the device was determined by the geometry of the
bottom electrode. When an increasing voltage was applied between the beam and the bottom
electrode, the beam first bent downward, then collapsed toward the substrate due to the pull-in
effect. Dimples in the cantilever hold the beam a small distance off the bottom electrode. This
eliminated problems of hysteretic effects due to dielectric charging and stiction. At first, only
the beam tip contacted the substrate, but as additional voltage was applied, the tip flattened
and the beam zipped along the substrate toward the cantilever anchor, increasing the area of
the beam close to the bottom electrode, thus changing the device capacitance. The device was
optimized to obtain a linear characteristic in the zipping regime voltage range, 25 - 30 V.
Initial beam pull-in occured around 10 V. From 10 to 20 V, only the tip of the beam contacted
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the substrate. Above 20 V, the device was in the zipping regime. The capacitance varied from
0.55 to 1.0 pF under a bias voltage of 35 V, which represented a tuning range of 80%. The
tuning range was only 25% in the linear C-V characteristic part.

In 1999, Park et al. [102] reported a tunable filter using micromachined cantilever-type
variable capacitors. The cantilever structure was suspended 6.4 pum above a coplanar
waveguide (CPW) ground plate. Capacitance was controlled by the gap between the movable
cantilever beam and the CPW. The application of a DC voltage between these two electrodes
caused the cantilever to deflect downward and hence increased the capacitance. To avoid DC
voltage short, a dielectric layer was deposited on the CPW ground plate underneath the
cantilever. Experimental results showed pull-in voltages of 53 V for the 1.8 um-thick beam
and 70 V for the 2.4 um-thick one.

Ionis et al. [103] proposed a differential multi-fingered MEMS tunable capacitor based on
zipper actuator. The capacitance was tuned between 3.1 to 4.6 pF for 35 V, hence the tuning
range was 46%. A Q factor of 6.5 at 1.5 GHz was measured.

3.1.3.2 Electro-thermal actuation

Electro-thermal actuators can also overcome the pull-in effect of electrostatic parallel-plate
capacitors. Several works have been presented in this direction.

In 1998, Wu et al. [104] reported a thermal actuator used to control the gap of a tunable
capacitor. The vertical thermal actuator was driven by differential thermal expansions of the
thick/thin polysilicon arms. It worked on a similar principle as the thermal actuator described
by Reid et al. [105, 106], which consisted of two polysilicon parallel beams one on top of the
other separated by an air-gap. At one end, the arms were connected together with a via, while
at the other end, each arm was separately anchored to the substrate. The bottom arm, called
the cold arm, was wider than the top arm, called the /ot arm. Driving a current through the
arms resulted in the generation of thermal energy. The hot arm had a higher resistance
resulting in a greater expansion. As the hot arm expanded, it drove the tip of the actuator
downward to the substrate. The temperature of the hot arm was raised to a point where the
polysilicon began to reflow (plastic deformation). This resulted in a bow in the middle of the
hot arm hence a decrease in the length of the hot arm. When the current was removed from
the system, the tip of the actuator deflected back away from the substrate and past its original
position. They reported a capacitance change which achieved a range of 2.6 pF which
corresponds to an air-gap from 2 to 0.2 um. The relationship between capacitance and voltage
had an excellent repeatability and the component could reach the same measured capacitance
at the same voltage + 0.05 V. To enhance these results, they proposed to remove the silicon
substrate to avoid any RF interference and presented a new approach with a flip-chip
assembly of the MEMS on ceramics. Harsh et al. [107] reported further results with the same
technology: a tuning range of 600% under a bias voltage of 2.8 V. Q factors as high as 1050
at 1 GHz and 100 at 10 GHz were also measured. Feng et al. reported series-mounted [108]
and shunt-mounted [109] two-parallel-plate MEMS tunable capacitors in a coplanar
waveguide (CPW). For the series configuration, the capacitance value, measured at 13 MHz
and including the parasitic capacitance of the pads, which was of the order of 0.5 - 0.6 pF,
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could be tuned from an initial value of ~0.9 to ~1.7 pF at a tuning voltage of 5 V. That
corresponded to a 100% tuning range. The measured Q factor was 256 at 1 GHz for a 0.102
pF capacitance value. For the shunt configuration, they reported a tuning range of 170%. The
measured Q factor was 300 at 10 GHz for a 0.1 pF capacitance value.

In 2003, Oz and Fedder [110] proposed CMOS-MEMS tunable capacitors with electro-
thermal actuators. The structures were made from CMOS interconnect stack using a maskless
CMOS micromachining process. Two generations of capacitors were designed based on
different tuning schemes. The first generation used gap and area tuning and the interdigitated
beam tunable capacitors were fabricated using AMS 0.6-um and Agilent 0.5-um CMOS
processes. Polysilicon resistors acted as heaters inside the inner frame. Upon heating the
structure, the interdigitated beams curled down both vertically and sideways. This curling
changed the area between interdigitated beams for tuning. The reason of this curling behavior
is that metal and oxide layers inside the beams had different values of coefficient of thermal
expansion (CTE). The second generation used only gap tuning and these capacitors were
fabricated using TSMC 0.35-um CMOS process. Instead of interdigitated beams, small
fingers were used to increase the tuning range and area efficiency. One of the design goals
was switching between multiple capacitor values with low power operation. For these
designs, lateral electro-thermal actuators were used for implementation of lateral latch
structures. By using these latch structures, the intention was to consume power only when
switching between fixed capacitance values. Table 3.1 summarizes the characteristics
obtained for both generations.

Table 3.1 Characteristics of the electro-thermal CMOS-MEMS tunable capacitors by Oz and
Fedder. Adapted from [110)].

Device Chin [fF] Cmax [fF] TR [%] Bias Power Q@ 1.5
voltage [mW] GHz
[V]

AMS process 153 157 14.4 12 25.5 24

Agilent process 209 284 35.9 24 72.4 28

TSMC process, full 42 148 352.4 12 34.2 52

actuator

Compact TSMC, 40 98 245 12 27.1 40

full actuator

TSMC process, 53 108 203.8 6 22.4 35

half actuator

Compact TSMC, 35 102 291.4 6 18.3 48

half actuator

3.1.3.3 Piezoelectric actuation

Park et al. [111] presented a MEMS tunable capacitor in a CPW transmission line circuit
using integrated PZT (lead zirconate titanate) actuator. It had a tuning range of 210% for a
bias voltage of 6 V. The MEMS capacitor integrated with piezoelectric actuator had the
advantages of low driving voltages and linear tuning of capacitance. The PZT actuators were
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fabricated on silicon substrate by bulk micromachining and were diced and bonded to gold
transmission lines on a quartz substrate using flip-chip technology. The bias voltages applied
to the control pad moved the PZT actuator vertically onto the dielectric layer on top of the
fixed electrodes. The CPW transmission line played the role of fixed bottom electrode and the
PZT actuator was used as the movable top electrode. The capacitor showed a quality factor of
210 at 1 GHz.

Kawakubo et al. [59] reported a MEMS tunable capacitor using a piezoelectric bimorph
actuator. The actuator was made of singly or doubly clamped folded AI/AIN bimorph stack
beams. The poly-Si sacrificial layer was etched selectively with XeF,. They obtained a tuning
range of 200%, 2.5 V operation, and of 400%, 4.5 V operation, for singly and doubly clamped
folded bimorph actuators, respectively.

3.1.4 Areatuning

3.1.4.1 Electrostatic actuation

Larson et al. [112] reported in 1991 a MEMS tunable capacitor based on interdigitated
comb-drive structures. An electrostatic sliding micro-motor was used to actuate a three-finger
comb-drive structure to change the overlap area between the capacitor finger electrodes. The
initiation voltage for this sliding micro-motor was fairly high, in the range of 80 to 200 V
because of the small fringing capacitance between the stator and rotor and the high static
coefficient of friction. The structural material of the comb-drive structures was gold plated
layer on GaAs substrate. Photoresist was used as sacrificial layer and removed in a suitable
solvent. As a result, the structure was moved mechanically, as opposed to electrostatically, to
demonstrate the overlap area change and the capacitance tuning. A capacitance value change
from 35 to 100 fF was observed for a finger overlap distance change from 150 to 375 pm,
respectively. Further study was required to obtain electromechanical motion and capacitance
tuning functionality, but no improvements were reported afterwards.

Yao et al. [113] in 1998 reported a MEMS tunable capacitor based on interdigitated comb-
drive structures. By applying a tuning voltage between the fingers, an electrostatic force is
created to move the suspended structures relative to each other and change the overlap
distance between the fingers and hence the total capacitance. Figure 3.4 shows a schematic
model of a comb-drive structure. The capacitance for n fingers is approximately given by:

(3.6)

o 2n(80wh L o0+ x)hj

d—x g

where w and 4 are the finger width and thickness, respectively, / is the overlap distance, g is
the gap between two fingers, d is the distance between a finger tip and the bottom of the other
comb-drive structure and x the displacement. The electrostatic force is:

F=1Cy e v W—hz+E . (3.7)
2 0x d-x) g
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For d >> g, F, doesn’t depend of the displacement x:
F, =ng,V* h (3.8)
g

while the force varies as 1/x° for a parallel-plate capacitor. Unlike the parallel-plate systems,
there is no theoretical tuning limit. The only practical limits for the tuning range are the
supporting spring design (plastic deformation) and the length of the comb finger.

mobile i X

UL

Figure 3.4 Schematic model of a comb-drive structure.

The device was fabricated using an deep anisotropic silicon etching technique in ICP
reactor. The starting material was a SOI wafer with a 30 um-thick device layer and a 2 um-
thick oxide layer. Once the structure was released a thin film of aluminum was sputtered to
reduce the equivalent series resistance of the tunable capacitor. Experimental results showed a
capacitance change from 3.2 pF at 0 V to 6.44 pF at 5 V. The tuning range was about 100%.
A tuning range of 200% was also reported for a 15 V tuning voltage. In 2000, Yao and co-
workers [114] presented similar devices fabricated with a slightly different technique. Using
adhesive bonding and deep reactive ion etching, the MEMS structure was made of single-
crystal silicon suspended over a glass substrate. An electrostatic deflection of 23 um was
demonstrated with an applied voltage of 5.2 V, resulting in a capacitance tuning range of
350%. Alternative devices at lower voltage of 3 V showed a tuning range of 100%. In 2003,
Borwick et al. [115], with almost the same process, reported a 740% tuning range for a
capacitance change from 1.4 to 11.9 pF and Q factor values in excess of 100 in the 200 to 400
MHz range.

In 2004, Nguyen et al. [116] demonstrated an angular vertical comb-drive tunable
capacitor with very high tuning range of 3000%, the highest ever reported for continuous
tuning, and Q factor of 273 at 1 GHz. The device was fabricated by bonding a SOI watfer to a
glass wafer and with BCB hinges. The movable comb fingers were assembled to an initial
angle above the substrate plane due to the surface tension of the reflowed hinges.

Seok et al. [117] proposed a MEMS tunable capacitor which combined a parallel-plate
electrostatic actuator with the tuning of the overlap area of 608 comb fingers. The 6 um-thick
single-crystal silicon MEMS structure was bonded to Pyrex glass substrate using anodic
bonding technique and CMP to make the desired Si thickness. The capacitor showed a quasi-
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linear tuning characteristic but a narrow tuning range of 10% at 8 V, resulting from the
fringing fields.

In 2005, Cruau et al. [118] presented a MEMS tunable capacitor which relied on the
displacement of an insulated conductor in the air-gap of a V-shaped capacitor. The system
had two RF electrodes with comb fingers, fixed on the opposite sides of a micromachined
cavity in the substrate. The mobile conductor, also a comb structure, followed the V shape of
the cavity. It could be displaced laterally by electrostatic actuation to misalign the fingers and
hence vary the capacitance. The feasibility was demonstrated for fixed glass prototypes with
tuning range up to 340%.

3.1.5 Relative permittivity tuning

3.1.5.1 Movable dielectrics

In 2000, Yoon and Nguyen [119] reported a tunable capacitor based on a movable
dielectrics. The capacitance tuning was obtained via a movable dielectric plate suspended by
dielectric spring beams between two fixed conductive plates. The dielectric was free to move
and could be electrostatically displaced to alter either the overlap between it and the capacitor
plates (lateral spring design) or the fringing fields between them (vertical spring design).
When a DC bias voltage was applied between the two plates, the charges on the capacitor
plates exerted an electrostatic force on the induced charges in the dielectric into the gap. The
fragmented shape of the structure was designed to minimize the travel distance (or voltage)
required for a given change in capacitance and to provide etchant access during the sacrificial
layer releasing. Results showed Q factors as high as 291 at 1 GHz for a capacitance value of
1.21 pF and a tuning range of 7.7% under 10 V bias voltage for the lateral spring design. For
the vertical spring design, the Q factor was 218 at 1 GHz for a capacitance value of 1.14 pF
and a tuning range of 40% under 10 V bias voltage.

3.1.5.2 Voltage-tunable ferroelectric thin films

A tunable capacitor based on tuning the dielectric constant is not truly considered a MEMS
capacitor, but is included here for completeness and comparison. These capacitors employ
ferroelectric thin films like barium strontium titanate BaSrTiO; (BST) which have an electric
field tunable dielectric constant. Tunable capacitors based on this principle have the
advantage that they can be quite rugged as there are no movable parts. Tuning range and
quality factor are limited, but are acceptable for many applications. Tombak et al. [120]
obtained a tuning range of 71% at 9 V, with Q factors dropping below 20 for frequencies
exceeding 300 MHz for a BST capacitor. Erker ez al. [121] applied a BST capacitor in a phase
shifter. They reported a capacitance decrease by a factor of 2.2 (corresponding to a tuning
range of 55%) with an applied bias of 20 V. They also reported that the capacitor had a
quality factor of 10 at 30 GHz.

3.1.6 Summary of state-of-the-art MEMS tunable capacitors
Table 3.2 gives a summary of state-of-the-art MEMS tunable capacitors.



Table 3.2 Summary of state-of-the-art MEMS tunable capacitors.

Bias

GHz

Structure type ~ References rSI;[:tlec;?;rlal rsnilcti:lg:ll al Co [pF] TR [%] [V\(;l]tage Q factor [SCI:}FIZ] i%ehgiétlon Remarks
Young and Al photoresist, 2.11 16 5.5 62 @1 N.A. post-process data for 4
Boser [74] O, plasma GHz compatible  tunable
etch capacitors in
parallel
Dec and poly-Si/Au  SiO, 2.05 50 4 20@ 1 N.A. N.A. measurements
Suyama [92] GHz include pad
11.6 @2 parasitics
GHz
o SDA Fan et al. poly-Si Si0, 0.02 2400 N.A. NA. N.A. N.A. difficult fine
3 % actuator  [88] (Cmin) tuning
> 3 B two Bakri- poly- SiO, 4.6 280% 39 N.A. N.A. NA.
g S & movable Kassemand Si/nitiride, @1
2 & & plates Mansour Ni/Au GHz
= [89] 495%
O £ @15
Ry GHz
= switched-  Goldsmith ez Al photoresist, 1.5 2100  30-50 <20@1 >40 post-process no continuous
capacitor  al. [90] O, plasma GHz compatible  tuning
etch
digital Hoivik et al.  poly-Si/Au - N.A. 300 30 140 @ 745 N.A. Aflip-chip
control [91] MHz
three-parallel-  Dec and poly-Si/Au  SiO, 34 87 4.4 154@1 N.A. NA. measurements
plate Suyama [92] (Cmin) GHz include pad
7.1 @2 parasitics




Table 3.2 (continued)

o Bias :
Structure type References ilt;[l;r?:lal Islj:f[relrf;l;ll al Co[pF] TR [%] E/‘(;I]tage Q factor [SCI}{IFIZ] glfglgiglon Remarks
Zou et al. Au/Permalloy Cu, wet etch ~0.05 69.8 17-20 30@5 >5 post-process
[44, 93] GHz compatible
Nieminen et electroplated N.A. 1.15 171 17.7 66 (182 *) N.A. N.A. parasitics
al. [94] Au @ 1 GHz extracted,
double-air-gap 53 (119 *) * with substrate
@ 2 GHz removed under
signal electrode
Dussopt and Au SiO, 0.082 46 25 95-100 83 N.A.
- Rebeiz [95] @ 34
= GHz
o § vertical dual- Xiao et al. Si/Al - 1 600 70 ~100 @1 N.A. N.A. 2 tuning
g S comb-drive with [96] MHz regimes
2 = bumpers (parabolic and
g 3 linear)
O £ Gallantand ~ Ni Ti 0.7 410 12 N.A. N.A. NA.
3 Wood [97]
= Au 1.5 630 30
De Coster et Al Si0,/SiNy;, N.A. 310 21 N.A. N.A. post-process
al. [75] wet etch compatible
double-air-gap  “Rikseral Al Si0y/SiN,, 0.16 1600 20 150-500 N.A. post-process
[99] wet etch @1-6 compatible
GHz
Peroulis and thick photoresist  0.042 300 23 >80 @40 >100 N.A. high resistivity
Katehi [100] electroplated AZ9260, GHz Si substrate
Au wet etch
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o Bias .
Structure type References ilt;[l;rtil:lal ii;gg:ll al Co [pF] TR [%] E/\(;l]tage Q factor [SCI}{IEZ] iilfglgi?;lon Remarks
< Hung and poly-Si Si0, 0.55 80 (25 35 N.A. N.A. N.A. * linear C(V)
;§ Senturia *) characteristic
8 [101]
§ cantilever Park et al. gold photoresist, N.A. N.A. 53 N.A. N.A. N.A. * depengling of
'§ (zipper mode) [102] 0)) }llolasma (70 *) beam thickness
@ ete
S Tonis etal._poly-S/Au __ SiO 31 36 35 65@15 NA. wirc-bonding
% [103] GHz
vertical actuator Wu et al. poly-Si/Au  SiO; 0.5 600 2.8 1050 @ 1 29 N.A. *for2.1V
[104], Harsh (Cmin) * GHz
o etal [107] 100 @ 10
g GHz
2 <« vertical actuator, Fengeral  poly-Si/Au  SiO; 0.9 100 5 256 @1 31 N.A. *for C=0.102
S 2 seriessmounted [108] GHz * pF, parasitics
O § capacitor on a included
S CPW
§ vertical actuator, Fengefal.  poly-Si/Au  SiO; N.A. 170 5 300@ 10 >40 N.A. * for C=0.1 pF,
5 shunt-mounted [109] GHz * parasitics
X capacitor on a included
£ CPW
3 interdigitated Oz and SiOy/Al/poly- SiOs, 209 35.9 24 (724 28 @ 1.5 N.A. post-process
' beams (gap + Fedder [110] Si stack anisotropic  (Ciin) mW) GHz
area tuning) RIE etch
and Si bulk,
fingers (only gap SF¢plasma 42 (Cmin) 3524 12324 52 @ 1.5 N.A.
tuning) etch mW) GHz




Table 3.2 (continued)

I Bias .
Structure type References i;[;[l;r?:lal Isn";relrf;l;ll al Co [pF] TR [%] Ef\(;atage Q factor [SCI:}FIZ] gl;;gi?;lon Remarks
PZT actuator Park et al. Au or Cu, - N.A. 210 6 210@1 N.A. Aflip-chip
é overa CPW line [111] Pt/PZT/RuO; GHz
> 3
£ R
S _S folded bimorph  Kawakubo et Al/AIN stack poly-Si, 0.01 200 2.5 N.A. N.A. post-process
o £ actuator al. [59] XeF,etch  (singly compatible
& = clamped)
§ 0.1 400 4.5 N.A. N.A.
& (doubly

clamped)




Table 3.2 (continued)

conductor in the [118§]
air-gap

o Bias .
Structure type References ISnt;lecrt;rlal rsnilcti:lgsll al Co [pF] TR [%] E/‘(;I]tage Q factor [SCI}{IFIZ] gf;g%[lon Remarks
interdigitated Larson et al. Au photoresist, 0.035 185 80 -200 N.A. N.A. N.A. moved
comb-drive, [112] wet etch mechanically,
sliding micro- no electrostatic
motor actuation
Yao et al. Si/Al Si0; 32 100 5(15) N.A. 5 N.A.
[113] (200)
S interdigitated Yao et al. Si/Al epoxy, O,  N.A. 100 3(5.2) N.A. 5 N.A.
= . [114] plasma etch (350)
o comb-drive
£ 3 Borwick et Si/Al epoxy, O, 1.4 740 8 > 100 >3  NA.
5 3 al. [115] plasma etch (200 - 400
© 3 MHz)
b § angular vertical Nguyener  Si/Al glass 0.27 3000 40 273 @1 N.A. N.A.
S comb-drive al. [116] (Chnin) GHz
= parallel-plate Seok et al. Si/Al - 1.27 10 8 4@?2 435 N.A.
electrostatic [117] (Ciin) GHz
actuator, overlap
area tuning
mobile insulated Cruauetal Al - 0.23 340 - N.A. N.A. N.A. for fixed

prototypes on
glass substrate
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o Bias .
Structural ~ Sacrificial o SRF Integration
Structure type References material material Co [pF] TR [%] E/‘(;I]tage Q factor [GHz] with IC Remarks

» fragmented Yoon and electroplated evaporated 1.21 7.7 10 291@1 19 post-process
£ electrodes, Nguyen Cu, PECVD Al wet etch (lateral) GHz compatible
3 lateral and [119] nitride
% vertical springs
S 1.14 40 10 218@ 1 19
E (vertical) GHz
S

g =

S . BSTpanall-  Tombaker - i NA. 71 9 <20@f NA NA,

2 & platecapacitor  al. [120] > 300

2 2\ MHz

2 3

a &

R

8 2

2 & BST capacitor in Erkeretal. - - N.A. 55 20 10@ 30 N.A. post-process
X aphase shifter [121] GHz compatible
E
3
S
g
N
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3.2 SINGLE-AIR-GAP ARCHITECTURE

Based on the metal surface micromachining process of chapter 2, two architectures of
electrostatic gap-tuning capacitors have been designed, fabricated and characterized. We start
with the standard single-air-gap parallel-plate structure and the double-air-gap architecture for
extended capacitance tuning range will be described in section 3.3.

3.2.1 Electromechanical design

3.2.1.1 Pull-in effect

Figure 3.5 shows a schematic model of a single-air-gap parallel-plate capacitor. It consists
of a fixed bottom electrode and a top electrode suspended using a mechanical spring with an
equivalent spring constant K. The two electrodes have an overlap area of 4 and the initial gap
is d. The fixed electrode is covered by a dielectric layer, whose thickness and dielectric

constant are dy and &, respectively.

Spring K

— Suspended electrode, A

— Bias C(V) 7/1 77777777 d
voltage V X

Y

—:{(}M
* Fixed electrode, A

Figure 3.5 Schematic model of a single-air-gap parallel-plate capacitor.

Neglecting fringing effects, the capacitance Cy between the two electrodes is given by:

€A
4

€4

C, = (3.9)
d+
When applying a bias voltage V' between the two electrodes, the initial gap becomes x, the

capacitance is given by:
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Cx(v))= o2 (3.10)

and an electrostatic force F, is generated:

2 2 2
po_10Cy_1 &AV. 1 &eAV G.11)

¢ 20x 2( ddjz 2(d, +e,x)
X +—4
€q

When the top electrode is displaced, the suspension spring produces a restoring force F,
the magnitude of which is Kx (this is true only for small deflections). At equilibrium, we have
F.=F.:

_ 1 g eiAV?

K(d—x) 2(d e x)z .

(3.12)

Since the restoring force is a linear function of the gap and the electrostatic force is
inversely proportional to the second power of the gap, there exists a stable equilibrium point
only when

x>Sd-—4 (3.13)

for

(3.14)

where Vp; is called the pull-in voltage. After this point, pull-in happens and the suspended
electrode snaps down on the fixed electrode. The pull-in effect limits the maximum
theoretical continuous tuning range to 50% for an electrostatically-actuated single-air-gap
parallel-plate tunable capacitor.

After pull-in, the capacitance is equal to the capacitance of the dielectrics Cy:

zsdsoA

C
d d,

(3.15)

3.2.1.2 Release voltage

If the bias voltage is decreased after pull-in, the suspended electrode remains in its pull-in
state until some voltage level, called release voltage, is reached. The released voltage Vr can
be expressed as [122]:
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2
Vi =,/—2K2d ds (3.16)
€, A

We can show that if d; < d, which is the case for MEMS tunable capacitors and capacitive
switches:

=———<1 (3.17)

and the C(V) characteristic always exhibits hysteretic behavior. Figure 3.6 shows the
schematic C(V) plot of the single-air-gap parallel-plate capacitor. The hysteresis AV can be
adjusted by changing K or d,.

Gy [-————-——--=--—--- - >

AV
P

A\
\\

Hysteresis

S /_/

CO ‘_4_—_—_’/

T

VR Vb

Figure 3.6 Schematic C(V) plot of the single-air-gap parallel-plate capacitor showing the
hysteresis AV between Vpyand V.

In practice, for tunable capacitors, the pull-in voltage is never reached, to stay in the
continuous tuning region, and hysteresis is not a concern. For capacitive switches, where
switching between Cj (up-state) and C,; (down-state) is used, it is important to reduce the
release voltage so that the voltage applied to hold the switch in the down-state can be decrease
and hence limit the charge trapping in the dielectrics. The residual charges in the dielectrics
affect the pull-in and release voltages of the device and can cause various switch failures such
as sticking when control voltage is removed, inability to close or spontaneous release [123,
124]. It has been demonstrated that the pull-in voltage is significantly reduced due to the
residual charges, independent of the residual charges polarity [125].
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3.2.1.3 Equivalent spring constant

Since the capacitance choice determines A4, d and d,, the equivalent spring constant or
stiffness of the suspension beams K is the design parameter that is free for controlling the bias
voltage V' (see Eq. 3.14). Commonly, the membrane is suspended by several beams, whose
end is fixed by the anchor to the substrate. Various types of suspension beams can be used to
reduce the spring constant [122]. For one straight beam, which has one end fixed and the
other guided, the spring constant & is [126]:

Ewt’

k (3.18)

where E is the Young’s modulus of the structural material, w, ¢ and / are the width, thickness
and length of the beam, respectively. Eq. 3.18 assumes a linear spring stiffness, which is the
case only for small displacements.

The equivalent spring constant for n beams in parallel is:

n 3
K=Yk, :nEYZt (3.19)
i=1

3.2.1.4 Summary of electromechanical design

Several 0.4-pF single-air-gap parallel-plate capacitors with 1 or 2 um air-gap, square or
circular membrane shape, 2 or 4 um Metal 2 thickness and 4 or 8 suspension beams have been
designed. The dimensions as well as the calculated equivalent spring constants and pull-in and
release voltages are given in Table 3.3.

Table 3.3 Electromechanical design parameters for 0.4-pF single-air-gap parallel-plate
capacitors. Calculations are made neglecting the dielectric layer except for release voltage.

Device Membrane Gapd Area A Beams t W | K Vrr Vr
shape [um] [um’] number [um] [um] [pm] [N/m] [V] [V]
DO1 circular 1 46225 4 2 20 55 192 11.8 1.6
4 1539 334 44
D02,  square 1 46225 8 2 10 44 376 16.5 2.2
D04 4 3005 46.7 6.2
D07 circular 2 90000 4 2 20 88 47 11.8 0.8
4 376 334 2.2
D09 square 2 90000 8 2 20 88 94 16.7 1.1
4 751 473 3.2
D10 square 2 90000 8 2 10 70 93 16.7 1.1
4 746 47.1 3.1
D13 square 2 90000 frame 2 design for thermal stress
4 compensation (see 3.2.3.2)

(Earsi = 50 GPa (from literature, see Table 2.12), dg = 200 nm, g4 = 3.9 for SiO; [127])
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3.2.2 RF design

Series 2-port capacitors in coplanar waveguide ground-signal-ground (G-S-G)
configuration have been designed. The G-S-G pitch and the pad size are 150 um and 100 x
100 pm?, respectively. The optimization of the design is based on the work of our colleagues
at the University of Cambridge to improve RF performance [128]. Simulations of current
density distribution in the electrodes have shown that reducing the length of the current path,
hence the length of the feed path and the circumference-over-area ratio, and having
symmetrical current feed at ports 1 and 2 can significantly improve the quality factor and the
self-resonant frequency.

For that purpose, circular-membrane (devices D01 and D07, Figure 3.7a and d) and
diamond-membrane (devices D04 and D10, Figure 3.7c and f) designs with direct
symmetrical feed will be compared to the standard square-membrane capacitors (devices D02
and D9, Figure 3.7b and e).

3.2.2.1 Equivalent circuit model

For circuit simulation purposes, it is necessary to have a broadband equivalent circuit
model that fits the measured data.

The series capacitor can be modeled as a 2-port © network as shown in Figure 3.8. In this
model, C; is the parallel-plate capacitor and L, accounts for the series self-inductance of the
device. R, represents the series resistive losses. Cy,;2 are associated with Metal 1-to-wafer
insulation and can be reduced using low dielectric constant and thicker insulating layer. Rg,»; 2
are associated with the silicon substrate. These parameters are roughly proportional to the
inductor surface and are strongly dependent of the substrate resistivity. The use of high
resistivity silicon (HR-Si) wafers contribute to increase Ry,5;> values and provide at the same
time higher quality factors and higher self-resonant frequencies. Table 3.4 gives the ranges for
the different elements value of the equivalent circuit model.

Table 3.4 Ranges for the elements value of the equivalent circuit model [122].

Element Range

Cs parallel-plate capacitance: 0.1 - 10 pF
L, 1-100 pH
R 0.1-10Q
Cinsl,z 1-100 fF

Rubi 2 0.1-10kQ
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(d)

(©) ®

Figure 3.7 0.4-pF single-air-gap parallel-plate capacitor designs: circular, (a) and (d), and
diamond, (c) and (f), membranes with direct symmetrical feed to be compared to standard

square, (b) and (e), capacitors. The (a - c) and (d - f) capacitors have 1 ym and 2 um air-gap,
respectively.

Rs Ls Cs
= \‘II.-“'.\‘I,"\\. PN . ]| ] ll'w =
Port 1 l Port 2
T Cins1 Cins2 T
= Rsubf Rsub2 =

Figure 3.8 Equivalent circuit model for the fabricated capacitors.
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3.2.3 Characterization

3.2.3.1 S-parameter measurements

The devices described in Figure 3.7 were fabricated using Process IV (see Figure 2.27) on
BiCMOS wafers, hence standard low resistivity silicon substrates. Metal 1 and Metal 2
thicknesses were 1 um and 2 or 4 um, respectively. We present here the RF measurements of
tunable capacitors having a 4 um-thick Metal 2. The measurements were performed at room
temperature and atmospheric pressure in a nitrogen environment.

The usual procedure undertaken for characterizing the performance of RF and microwave
passive devices involves the measurement of the scattering parameters, S-parameters. The
scattering matrix, /S/ matrix, provides a complete description of a network. While the
impedance, /Z], and admittance, /Y], matrices relate the total voltages and currents at the
ports of the network, the scattering matrix relates the voltage waves incident on the ports to
those reflected from the ports [129]. The S-parameters can be measured directly with a vector
network analyzer.

The measurement set-up consists of a Siiss MicroTec PMC 150 probing system and an HP
8719D vector network analyzer, operating in the 50 MHz to 13.51 GHz frequency range. The
DC voltage is supplied by an HP 6624A DC source and coupled to the RF signal on each port
through an HP 33150A bias tee. The probes were Siiss MicroTec coplanar G-S-G 150 pm-
pitch /Z/ probes. A standard short-open-load-through (SOLT) calibration is performed before
the measurement session using Siiss MicroTec CSR-3 calibration substrate.

Capacitance and quality factor extraction

The calibrated S-parameter data are converted into Y-parameter data. Equivalent
capacitance and quality factor for each of port 1 and 2 are defined as:

%
_Im -
-1 Y,
S Nl 1 0 (3.20)

C=—F Q -
S
Yll

. — Im(Yl]
C, = 1_ Q, :—1 22 (3.21)
2n f Im(} Re(j
Y22 Y22

where f is the frequency and /Y, is the impedance seen at one port when the other is
connected to the ground. The self-resonant frequency SRF is intuitively defined as the one
where Q; or O, goes to zero, which means that the device behaves as an inductor and
becomes unusable beyond this frequency. Based on the extracted parameters C; and L, (Table
3.5), the self-resonant frequency can be calculated as:
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1

) 2m,/C.L

The extraction of equivalent capacitance, quality factor and self-resonant frequency at bias
voltage equal to 0 V for ports 1 and 2 is illustrated in Figures 3.9 and 3.10 for DO1 and D09
capacitors, respectively. The results for all the designed 0.4-pF single-air-gap parallel-plate

SRF (3.22)

capacitors are given in Table 3.5. All the devices exhibit an asymmetrical behavior when
comparing Q factor at ports 1 and 2: Q; is always higher than Q.. This can be explained by
the fact that the current feed at port 2 is completely realized by the thin Metal 1 while at port 1
it is a combination of Metal 1 and the 4 um-thick Metal 2. Figures 3.9 and 3.10 also show that
keeping the capacitance unchanged while reducing the area and the air-gap by half, hence
reducing the current path lengths, can significantly increase the self-resonant frequency,
pushing it to 12 GHz and beyond.

5 : 50
|
D ———_— ) - 40
|
|
(L A e - 30
_ l 1 O
L | | —
2 24 ; ; 20 8
O I I L o
| | -
1- | - 10
1 | ) |
O R e /vo
: SRF =12.3 GHz l i
1 1 ; ; 1 10
0 2 4 6 8 10 12 14

Frequency [GHz]

Figure 3.9 Equivalent capacitance, quality factor and self-resonant frequency extracted from
measured Y-parameters at bias voltage = 0 V for ports 1 and 2 for DOI capacitor (circular
membrane, 1 um air-gap).
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101081 O

Frequency [GHZz]

Figure 3.10 Equivalent capacitance, quality factor and self-resonant frequency extracted
from measured Y-parameters at bias voltage = 0 V for ports 1 and 2 for D09 capacitor

(square membrane, 2 um air-gap).

Figures 3.11 and 3.12 compare the quality factor of 1 and 2 pume-air-gap capacitors,
respectively, for different membrane shapes and current feeds.
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|
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i | .
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Figure 3.11 Comparison of the quality factor for the 1 um-air-gap capacitors with different
membrane shapes and current feeds.
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Figure 3.12 Comparison of quality factor for the 2 um-air-gap capacitors with membrane
shapes and current feeds.

The quality factor for circular and diamond membranes are significantly improved in
frequency ranges up to 8 and 4 GHz, for 1 and 2 pm-air-gap capacitors, respectively,
compared to square ones. This is assumed to be due to the direct symmetrical current feed at
both ports 1 and 2, which is not the case for square capacitors where feed at port 1 is provided
through a T-branch connected at two corners of the membrane. On the other hand, the quality
factor for circular membranes is slightly higher than for diamond ones but this is insufficient
evidence to allow us to conclude that reducing the circumference-over-area ratio plays a
significant role in Q factor.

Equivalent circuit parameters extraction

The equivalent circuit model (Figure 3.8) is fitted to the measured Y-parameter matrix
using the whole frequency information, above and including the first self-resonant frequency.
Standard non-linear least-squares algorithm is used for fitting.

The equivalent circuit parameters have been extracted for all the designed 0.4-pF single-
air-gap parallel-plate capacitors. The results are given in Table 3.5 for the unbiased
capacitors.

C(V) characteristic and tuning range

Figures 3.13 and 3.14 give the C(V) characteristic of DO1 capacitor at 1 GHz. A 24%
capacitance tuning range is obtained for a bias voltage of 29 V. The measured pull-in and
released voltages are 30 V and between 10 to 15 V, respectively.
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Figure 3.13 C(V) characteristic of DOI capacitor at I GHz.
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Figure 3.14 Enlargement of the C(V) characteristic of D01 capacitor at 1 GHz to highlight
the 24% continuous capacitance tuning range obtained for a bias voltage of 29 V.

The results for all the designed 0.4-pF single-air-gap parallel-plate capacitors are given in
Table 3.5. The maximum capacitance tuning range obtained for a single-air-gap capacitor is

29% for D07 2 pm-air-gap capacitor.



Table 3.5 Summary of S-parameter measurements for the fabricated 0.4-pF single-air-gap parallel-plate capacitors. The extracted equivalent
capacitance and quality factor (for port 1), self-resonant frequency and equivalent circuit parameters as well as the measured tuning range and
pull-in and release voltages are given.

For bias voltage =0 V @ 1 GHz

@ 1 GHz @ 2 GHz Equivalent circuit parameters

Device

SRF Co TR Bias VPI VR
Cl Ql C1 Ql [GHZ] Cs Rs Ls Cinsl 1{subl Cins2 Rsub2 [pF] [%] [V] [V] [V]
[PF] [PF] [fF] [@] [H] [fF] [0 [fF] [Q]
D01 0477 265 0469 225 |12.3 |[461 431 036 103 9928 22E- 550 0477 24 29 30 10 -
6 15
D02 0496 155 0476 135 |[13.3 |425 443 0.34 1.7 535 34E- 363 0496 12 34 36 18
6
D04 0456 25.0 0446 195 |13.1 (416 444 036 3.2 2161 1.9E- 410 0456 25 26 27 N.A.
4

D07 [0.630 29.0 0.645 240 |84 654 7.85 060 949 9311 42.0 1551 [0.630 29 20 21 5-10

D09 0.736 170 0.739 145 |84 693 7.75 057 90.0 8150 543 4437 [0.736 18 20 21 5-10

D10 |[0.658 275 0.674 225 |83 673 799 060 932 9579 50.8 1847 [0.658 21 18 19 N.A.

D13 |0.581 185 0.569 18.0 |13.1 |528 441 029 188 1303 14E- 281 0.581 22 21 22 0-5
6
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The huge discrepancy between calculated (Table 3.3) and measured release voltage can be
explained by the fact that Eq. 3.16 does not take surface roughness of the dielectric layer and
residual curvature of the suspended electrode after pull-in into account. Eq. 3.16 can be
rewritten as [122]:

V, = (3.23)

1 (x#0)
1
04-0.8 (x=0)

where ¢ accounts for the reduction in capacitance due to surface roughness and x is the mean
residual air-gap.

3.2.3.2 Thermal characterization

Metal membrane MEMS capacitors have temperature dependence due to the mismatch of
coefficient of thermal expansion between the suspended electrode and the substrate. The
thermal expansion and contraction of the suspended electrode is restricted by the anchors to
the substrate. This causes a force to act on the suspended electrode and hence a stress on the
suspended electrode. Depending on the temperature, thermal stress can be either tensile or
compressive. Tensile stress stiffens the suspended electrode and strongly increases the pull-in
voltage, while compressive stress causes buckling of the electrode and hence a change of
capacitance or in the worst case the suspended electrode remains pulled in even at zero bias.

Nieminen et al. [130] proposed a geometrical way to decrease thermal stress in the
suspended structure by designing a thermal compensation structure that eliminates the force
created by thermal stress at certain points. When the suspended structure is connected to these
points no thermal stress is exerted on it. Such a design has been applied to D13 capacitor
(Figure 3.15) and will be compared to capacitors with standard suspension beam design
(Figure 3.7).

D09 and D13 devices were fabricated using Process III (see Figure 2.23) on high resistivity
silicon wafers (> 8 kQcm). Metal 1 and Metal 2 thicknesses were 1 and 2 um, respectively.
Annealing was done at 300 °C for 20 min in N,/H, forming gases before releasing.

The measurement set-up consists of a Cascade Microtech Summit 12000 prober with
thermal chuck and an HP 4285A LCR meter. The bias voltage is supplied by the internal DC
source. The probes were Cascade Microtech DCP-HTR probes. The measurements were done
at 1 MHz and the chuck temperature was varied between room temperature and 150 °C. A
standard short-open calibration (SOC) is performed before the measurement session using on-
wafer calibration test structures.
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Figure 3.15 SEM microphotograph (a) and close-up view (b) of a 0.4-pF single-air-gap
parallel-plate capacitor (D13, 2 um air-gap) with a frame for thermal stress geometrical
compensation.

Figures 3.16 and 3.17 show the temperature dependence of the C(V) characteristic for D09
and D13 capacitors and Table 3.6 summarizes the temperature shifts for the pull-in voltage
and the capacitances at 0 and 25 V.

25

2.0

15

1.0

C [pF]

0.5

0.0

20 30 40
Bias voltage [V]

o
=
o

Figure 3.16 C(V) characteristic as a function of chuck temperature for D09 capacitor at 1
MHz.
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Figure 3.17 C(V) characteristic as a function of chuck temperature for D13 capacitor at 1

MH:z.

No tuning at all is observed for D09 capacitor at 50 °C. For D13 capacitor, the Vp; shift at
150 °C is less than 50%. The capacitance shift at 150 °C is -20% and -2% for C(0 V) and

C(25 V), respectively.

Table 3.6 Summary of C(V) measurements as a function of chuck temperature for D09 and

D13 capacitors at 1 MHz.

Bias voltage [V]

25

Device T [°C] 25 50 75 100 125 150
Vo [V] 7 no” mno” NA. NA. NA.
shift [%] - - - N.A. NA. NA.

oo COV)[PF] 060 037 026 NA. NA NA
shift [%] - 38 -57  NA. NA. NA.
C(25V)[pF] 231 038 025 NA. NA. NA.
shift [%] - 84 -89 NA. NA. NA.
Vi [V] 134 14 15 17 18.6 19.4
shift [%] - 4 12 27 39 45

pi3  COV)[PF] 052 053 054 050 045 042
shift [%] - 1 3 4 14 220
C5V)[pF] 1.79 180 181 180 177 1.75
shift [%] - 1 1 1 -1 2

(" no pull-in occurs before 40 V)
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3.3 DOUBLE-AIR-GAP ARCHITECTURE FOR EXTENDED
CAPACITANCE TUNING RANGE

3.3.1 Electromechanical design

3.3.1.1 Tuning range

Based on the idea of Zou et al [44], we have designed double-air-gap parallel-plate
tunable capacitors to extend the capacitance tuning range. Figure 3.18 shows a schematic
model of such a capacitor. It consists of three electrodes:

- E; is the movable top suspended electrode;

- E, forms a tunable capacitor by coupling with E;;

- Es and E; are used to provide the electrostatic actuation. This means that the actuation is

decoupled from the RF capacitor.

Spring K

Suspended electrode E;

Bas ~  * o _|1« ________ ds
voltage V X v

L f d
Electrode E3 Electrode E,, A Electrode Es, Az ¢

Figure 3.18 Schematic model of a double-air-gap parallel-plate capacitor. As is the area of
electrode(s) Es, which is used for electrostatic actuation.

Given d; the gap between E; and E; and d, the gap between E; and E3, d; 1s designed to be
smaller than d, at rest (V' = (0). When a bias voltage V is applied between E; and Es, d;
becomes x and the tuning range is derived as:

80A2_80A2
x+d—d d1+01—d d
TR=—4 e -2—F (3.24)
02 X+ 4
d1+d—‘i €a
€q

where A is the area of electrode E,. It is valid as long as the pull-in effect between E; and E;

) ) ) ) d d )
is not reached, i.e. the displacement of E, is smaller than —2+3—d. Two cases are of interest.
€4
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If d, >$+d—d, the pull-in effect is reached when x =d, —i—d—d. Eq. 3.24 gives the
3 3g, 3 3g,
maximum tuning range:
d, + dq
TR = & - (3.25)
3d,-d,+2-¢
€y
d, d, . . . . :
If d, <—+—, the pull-in effect will not occur at all and the maximum tuning range is
€4
reached for x =0:
TR = £a 4 (3.26)
d,

In reality, the maximum tuning range depends on other factors, such as surface roughness
and curvature of the suspended electrode.

The choice of d; and d> was 1 and 2 um, respectively. These values give a tuning range of
186% (ds = 200 nm) (Eq. 3.25) and 200% when neglecting the dielectric layer.

3.3.1.2 Summary of electromechanical design

Several 0.4-pF double-air-gap parallel-plate capacitors with 1 and 2 pum air-gap,
rectangular or circular membrane shape, square or circular E, shape, 2 or 4 um Metal 2
thickness and 4 or 8 suspension beams have been designed. The dimensions as well as the
calculated equivalent spring constants and pull-in and release voltages are given in Table 3.7.

Table 3.7 FElectromechanical design parameters for 0.4-pF double-air-gap parallel-plate
capacitors. Calculations are made neglecting the dielectric layer except for release voltage.

Device Membrane E;shape Aj Beams t W | K Vrr Vr
shape [um’] number [um] [um] [um] [N/m] [V] [V]

D14  circular circular 46225 4 2 20 110 24 11.8 0.8
4 192 334 2.2

DI5  rectangular circular 46225 8§ 2 20 110 48 16.7 1.1
4 385 472 3.1

D16  rectangular circular 46225 8§ 2 20 110 48 16.7 1.1
4 385 472 3.1

D17 rectangular square 46225 8 2 20 110 48 16.7 1.1
4 385 472 3.1

D18 rectangular square 46225 8 2 20 110 48 16.7 1.1
4 385 472 3.1

(Earsi = 50 GPa (from literature, see Table 2.12), dg = 200 nm, g4 = 3.9 for SiO, [127])
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3.3.2 RF design

Series 2-port capacitors in coplanar waveguide ground-signal-ground (G-S-G)
configuration have been designed. The design is optimized to improve RF performance again.

For that purpose, all-circular (device D14, Figure 3.19a) and circular electrode E, (devices
D15 and D16, Figure 3.19b and c) designs will be compared to the standard square electrode
E, capacitors (devices D17 and D18, Figure 3.19d and e).

(b)

(d)
Figure 3.19 0.4-pF double-air gap parallel-plate capacitor RF designs: (a) all-circular, (b)
and (c) circular E,, and (d) and (e) square E,.

(e)
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3.3.2.1 Biasing configuration

For all the designs, electrode E; is grounded and the bias voltage is applied to electrode E;
through port 1. But to really decouple the electrostatic actuation from the RF capacitor, the
potential of E, Vg, should also be controlled. The bias voltage is also applied to electrode E,
through port 2, so that electrode E, does not participate in the electrostatic actuation. The
measured C(V) characteristics (see 3.3.3.1) will show what happens when Vz; is equal to zero.

3.3.2.2 Equivalent circuit model

The equivalent circuit model is the same than the one used for single-air-gap capacitors
(see Figure 3.8).

3.3.3 Characterization

3.3.3.1 S-parameter measurements

The devices described in Figure 3.19 were fabricated using Process IV (see Figure 2.27) on
BiCMOS wafers, hence standard low resistivity silicon substrates. Metal 1 and Metal 2
thicknesses were 1 um and 2 or 4 um, respectively. We present here the RF measurements of
tunable capacitors having a 4 um-thick Metal 2. The measurements were performed at room
temperature and atmospheric pressure in a nitrogen environment.

The measurement set-up consists of a Siiss MicroTec PMC 150 probing system and an HP
8719D vector network analyzer, operating in the 50 MHz to 13.51 GHz frequency range. The
DC voltage is supplied by an HP 6624A DC source and coupled to the RF signal on each port
through an HP 33150A bias tee. The probes were Siiss MicroTec coplanar G-S-G 150 pm-
pitch /Z/ probes. A standard short-open-load-through (SOLT) calibration is performed before
the measurement session using Siiss MicroTec CSR-3 calibration substrate.

Capacitance and quality factor extraction

Equivalent capacitance and quality factor for each of port 1 and 2 are defined in Egs. (3.20)
and (3.21).

The extraction of equivalent capacitance, quality factor and self-resonant frequency at bias
voltage equal to 0 V for ports 1 and 2 is illustrated in Figure 3.20 for D14 capacitor. The
results for all the designed 0.4-pF double-air-gap parallel-plate capacitors are given in Table
3.8. All the devices exhibit an asymmetrical behavior when comparing Q factor at ports 1 and
2: Q, is always higher than Q,. This can be explained by the fact that the current feed at port 2
is completely realized by the thin Metal 1 while at port 1 it is a combination of Metal 1 and
the 4 um-thick Metal 2.
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Figure 3.20 Equivalent capacitance, quality factor and self-resonant frequency extracted
from measured Y-parameters at bias voltage = 0 V for ports 1 and 2 for D14 capacitor (all-
circular).

Figure 3.21 compares the quality factor for the double-air-gap capacitors with different
membrane and electrode E, shapes and current feeds. The quality factor for the all-circular
capacitor is significantly higher than for the rectangular capacitors in the frequency range up
to 2.5 GHz, but the self-resonant frequency is lower. Among the rectangular capacitors, the
ones with direct symmetrical current feed at both ports 1 and 2 (D16 and D18) have the
highest quality factors and then the one with circular E, (D15) is better than the square
capacitor (D17).

50 T T T T T
| |
, ! : —o—D14: all-circular
40 4+ - - e D15: circular E2 -
| 1 1 ——D16: circular E2
| |
30+ -,/ D17:square E2 _
= | | —0—D18: square E2
o
S 20 i : : :
‘5, | ! SRF (others) =7.5-9 GHz
|
10 -
S I ‘ ‘ /
] SRF (D14) =5.7 GHz
-10 ‘ ] 1 ‘

0 1 2 3 4 5

Frequency [GHZz]

Figure 3.21 Comparison of the quality factor for the double-air-gap capacitors with different
membrane and electrode E; shapes and current feeds.
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Equivalent circuit parameters extraction

The equivalent circuit model (Figure 3.8) is fitted to the measured Y-parameter matrix
using the whole frequency information, above and including the first self-resonant frequency.
Standard non-linear least-squares algorithm is used for fitting.

The equivalent circuit parameters have been extracted for all the designed 0.4-pF double-
air-gap parallel-plate capacitors. The results are given in Table 3.8 for the unbiased
capacitors.

C(V) characteristic and tuning range

Figure 3.22 gives the C(V) characteristic of D16 capacitor at 1 GHz. A 127% capacitance
tuning range is obtained for a bias voltage of 70 V. No pull-in occurs before 70 V. There is
only a small hysteresis between 70 and 50 V when the bias voltage is decreased. On the other
hand, if the potential of electrode E, is equal to 0 V, the C(V) characteristic is the same as for
single-air-gap capacitors. A 17% capacitance tuning range is obtained for a bias voltage of 15
V. The measured pull-in and released voltages are 20 V and between 15 to 20 V, respectively.

3.0 -
25 +------ b R e
20

= 297

=3

O -

15 - ‘
1 |
I I 1
10 TR I ——VE2=VE1l __|
[ e n ‘ | | ——VE2=0V
RS
0 10 20 30 40 50 60 70

Bias voltage [V]
Figure 3.22 C(V) characteristic of D16 capacitor at 1 GHz for 2 different bias conditions.
The results for all the designed 0.4-pF double-air-gap parallel-plate capacitors are given in

Table 3.8. The maximum capacitance tuning range obtained for a double-air-gap capacitor is
207% for D18 capacitor for a bias voltage of 70 V (Figure 3.23).
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Figure 3.23 C(V) characteristic of D18 capacitor at I GHz.



Table 3.8 Summary of S-parameter measurements for the fabricated 0.4-pF double-air-gap parallel-plate capacitors. The extracted equivalent
capacitance and quality factor (for port 1), self-resonant frequency and equivalent circuit parameters as well as the measured tuning range and
pull-in and release voltages are given.

For bias voltage =0 V @ 1 GHz

Equivalent circuit parameters

@ 1 GHz @ 2 GHz SRF Co TR Bias  Vp Vr
C, C, o [GHz] C R, L Cinst Rawnt Gz Rum [pF]  [%]  [V] [V] [V]

pFl & [PF] [(fF] [Q] [nH] [fF] [OQ] [F] [Q]

Device

D14 (1344 395 1467 245 |57 957 350 081 445 115 3342 570 1.344 31 70 no” no’

D15 0995 205 1.012 180 |7.6 727 6.82 057 742 129 309.2 9841 |0.995 115 70 no” no”

D16 |[0.887 255 0910 205 |7.6 639 757 0.68 477 122 317.5 9297 |0.887 127 70 no” no”

D16 * (0.876 25.0 0.897 205 |7.6 633 7.76  0.67 46.6 126 311 9695 [0.876 17 15 20 15 -
20

D17 (0.881 16.0 0.880 13,5 |89 492 785 067 234 82 250.7 9971 |0.881 191 70 no” no”

D18 |(0.811 23.0 0.823 18.0 |85 519 848 071 141 104  288.1 9993 |0.811 207 70 no” no’

(*with Vg, =0V, *no pull-in / release observed)
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3.4 WAFER-LEVEL PACKAGING

RF MEMS devices contain movable fragile parts that must be mechanically protected and
packaged in a clean and stable environment. To ease wafer dicing, chip handling and further
integration, the packaging is preferably carried out during wafer processing, prior to die
singularization. This packaging step is referred to as wafer-level or 0-level packaging [131,
132].

The wafer-level package defines the first protective interface for the MEMS device,
achieved through on-wafer encapsulation of the movable parts in a sealed cavity. A key
consideration in the design of the wafer-level package for RF MEMS is the impact of the
package on high frequency characteristics. Ideally, the high frequency characteristics before
and after packaging are identical.

In the framework of WIDE-RF European project, Tronics Microsystems in Crolles, France,
has developed a wafer-level packaging process. It involves the thermal bonding of a capping
wafer, with predefined cavities, on the device wafer using a polymer seal. The thermal budget
does not exceed 200 °C during one hour and hence is compatible with metal membrane-based
MEMS tunable capacitors, which are already released. The polymer seal allows a near-
hermetic package that keeps the cavities in an inert (nitrogen) environment.

3.4.1 Brief description of the process

Figure 3.24 gives the complete wafer-level packaging process sequence developed by
Tronics Microsystems.

The capping wafer is a 525 um-thick high resistivity silicon (HR-Si) wafer (> 8 kQdcm)
(Figure 3.24a). The backside of the wafer is patterned to provide alignment marks for wafer
bonding (Figure 3.24b). 20 pm-deep cavities are etched on the frontside by deep reactive ion
etching (Figure 3.23c). The substrate is thermally oxidized (2 pm-thick) (Figure 3.24d). Then
the polymer seal material is spin-coated (Figure 3.24¢) and patterned by photolithography
(Figure 3.24f). In parallel, the MEMS tunable capacitors have been fabricated on the device
HR-Si wafer with Process III (see Figure 2.23). Before releasing, the device wafer has been
annealed at 300 °C during 20 min in N,/H; forming gases and the backside has been patterned
to provide alignment marks for wafer bonding (Figure 3.24g). The device and capping wafers
are brought into contact (Figure 3.24h) and thermally bonded. The sealing is made at 200 °C
for one hour in a nitrogen environment at atmospheric pressure (Figure 3.241). The capping
wafer is patterned by deep reactive ion etching to define the single caps (Figure 3.24j). The
resulting silicon bars lying in-between the caps are manually removed with tweezers (Figure
3.24k), giving the access to the coplanar RF feedthroughs.

Figure 3.25 shows some photographs of successfully packaged devices.
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Figure 3.24 Complete wafer-level packaging process sequence: (a - f) process of the HR-Si
capping wafer, (g) device wafer which has been processed with Process Il (see Figure 2.23)
and (h - k) thermal bonding of the wafers and patterning of the single caps. (Courtesy of
Tronics Microsystems).
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Figure 3.25 (a) Photograph of a wafer with packaged devices, (b) close-up view of the HR-Si
caps, (c¢) SEM microphotograph of a cap with the coplanar RF feedthroughs and (d) infrared
microphotograph of a packaged MEMS tunable capacitor. (Courtesy of Tronics
Microsystems).

Metal lines
TS k" -_Bﬂ oD

3.4.2 Effect on RF performance

There are four main issues that determine the RF characteristics of the wafer-level
package: (1) the resistive losses of the RF feedthroughs, (2) the reflection at the package
boundary and (3) the losses and (4) the detuning of the transmission lines due to proximity
coupling to the cap [133].

The impact of the package on RF performance has been investigated by measuring the S-
parameters of traversing CPW lines on HR-Si substrates with and without the HR-Si package.
The cavity depth is 20 um. Figure 3.26 shows the measured return (S;;) and insertion (S;;)
losses of a traversing CPW line on HR-Si (1.55 mm-long, 70 pm-wide, 1 pm-thick Al-Si
(1%)) with and without HR-Si package. No significant impact on the matching and the
insertion loss is observed.

The HR-Si package could be modeled as a 2-port w network as shown in Figure 3.27.
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Figure 3.26 Measured S-parameters of a traversing CPW line on HR-Si (1.55 mm-long, 70
um-wide, 1 um-thick AI-Si (1%)) with and without HR-Si package: (a) return loss S;; and (b)

insertion loss S»;. The cavity depth is 20 pm. The measurements of three naked and two
packaged lines are shown. (Courtesy of Tronics Microsystems).
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Figure 3.27 Equivalent circuit model for the HR-Si package.

3.5 CONCLUSIONS

Based on the metal surface micromachining process described in chapter 2, single-air-gap
and double-air-gap parallel-plate MEMS tunable capacitors have been designed, fabricated
and characterized in the pF range, from 1 MHz to 13.5 GHz.

For both architectures, the equivalent capacitance and quality factor, self-resonant
frequency and equivalent circuit parameters have been extracted and the tuning range and
pull-in and release voltages have been measured. It has been shown that an optimized design
of the suspended membrane of the capacitor and direct symmetrical current feed at both ports
can significantly improve the quality factor. Quality factors of 29 and 24 at 1 and 2 GHz,
respectively, have been obtained for the circular 2 um-air-gap capacitor. Quality factors of 40
and 25 at 1 and 2 GHz, respectively, have been obtained for the all-circular double-air-gap
capacitor. It has been also shown that keeping the capacitance unchanged while reducing the
area and the air-gap by half can significantly increase the self-resonant frequency, pushing it
to 12 GHz and beyond. The maximum capacitance tuning range obtained for a single-air-gap
capacitor is 29% for a bias voltage of 20 V. The maximum capacitance tuning range obtained
for a double-air-gap capacitor is 207% for a bias voltage of 70 V. C(V) characteristics as a
function of temperature have shown the importance of thermal stress compensation to
minimize the shifts of the pull-in voltage and of the capacitance values at zero bias and after
pull-in.

MEMS tunable capacitors have been packaged using a wafer-level packaging process
developed by Tronics Microsystems. The HR-Si package with a cavity depth of 20 um have
shown no significant impact on the matching and the insertion loss of traversing CPW lines.
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4.1 INTRODUCTION

Integrated LC voltage-controlled oscillators (VCOs) are common functional blocks in
modern radiofrequency communication systems and are widely used in phase-locked loops
(PLLs) and frequency synthesizers to realize a precise reference frequency. Very stringent
requirements are placed on the spectral purity of reference oscillators and the demand for
increased efforts to improve the phase-noise performance [134]. Since the phase noise of LC
oscillators is inversely proportional to the quality factor of the LC tank, inductors and
varactors with high Q factors are needed. Recent progress in MEMS technologies has opened
new possibilities in realizing such high-Q passive components.

4.1.1 State-of-the-art of MEMS-based LC VCOs

In 1997, Young and Boser [135] reported a low-noise micromachined voltage-controlled
oscillator. Parallel-plate MEMS variable capacitors along with a discrete commercially
available 8.2-nH inductor and a separately-fabricated CMOS circuit were attached to a test-
board surface and wire-bonded to form the VCO. The measurement results showed that the
prototype oscillated at a center frequency of 714 MHz and could be tuned from 707 to 721
MHz over a DC voltage of 5.5 V. The phase noise was -107 dBc/Hz at an offset frequency of
100 kHz. In 1999, Young et al. [136] proposed a VCO prototype with the same MEMS
variable capacitors and a 5 mm-long bondwire 6-nH inductor. It achieved -105 dBc/Hz phase
noise at 100 kHz offset frequency from a 1.028-GHz carrier. The oscillator could be tuned
over 20 MHz with 3 V and dissipated 3.8 mA from a 3.3 V supply. In 2001, Young et al.
[137] implemented a VCO with always the same MEMS variable capacitors but with a
micromachined three-dimensional coil inductor. It achieved -106 dBc/Hz phase noise at 100
kHz offset frequency from a 863-MHz carrier. At 3 MHz offset frequency, the phase noise is -
136 dBc/Hz. The oscillator is tunable from 851 to 863 MHz with 3 V.

In 2000, Dec and Suyama [138] reported a 1.9-GHz CMOS VCO where the resonant
circuit consisted of micromachined electromechanically tunable capacitors and a bondwire
3.5-nH inductor. The tunable capacitors were implemented in a MUMPs polysilicon surface
micromachining process. The active circuits were fabricated in a 0.5-um CMOS process. The
VCO was assembled in a ceramic package where the MUMPs and CMOS chips were bonded
together. The experimental VCO achieved a phase noise of -98 dBc/Hz and -126 dBc/Hz at
100 kHz and 600 kHz offsets from the carrier, respectively. The tuning range of the VCO was
9%. The VCO circuit and the output buffer consumed 15 and 30 mW from a 2.7-V power
supply, respectively. They demonstrated further results with the same approach [139]. The
oscillator operated at 2.4 GHz, achieved a phase noise of -122 dBc/Hz at 1 MHz offset from
the carrier and exhibited a tuning range of 3.4%.

In 2002, Innocent et al. [140] proposed two 5-GHz oscillators in 0.35-um CMOS. The
active part was flip-chip mounted on the passive part which was realized in two different
technologies. The version with MOS varicaps used an MCM inductor while the version with
MEMS varicaps used an inductor in the MEMS technology. The MOS varicap-based VCO
had a worst case phase noise of -89 dBc/Hz at 100 kHz offset, in the middle of its tuning
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range. The MEMS-varicap based VCO had a phase noise of -94 dBc/Hz at 100 kHz offset
with zero tuning voltage. The phase noise was expected to stay almost constant over the
tuning range, so it was a 5 dB improvement over the MOS varicap-based VCO.

In 2004, Ramachandran et al. [141] reported a voltage-controlled oscillator whose LC tank
consisted of micromachined high-Q 6.25-nH inductors, MEMS reconfigurable capacitors for
digital tuning between 1.8 and 3.1 GHz and foundry-provided varactor diodes for analog
tuning of 150 MHz around these two set points. The carrier frequencies obtained as a result of
the digital tuning were 2.75 (Cuin configuration) and 2.15 GHz (Cy..x configuration). Along
with analog tuning, the minimum and maximum frequencies obtained were 2.1 and 2.8 GHz,
respectively, resulting in a tuning range of 30% for a center frequency of 2.45 GHz. The VCO
achieved a phase noise of -104, -118, -122 and -129 dBc¢/Hz at 100, 600 kHz, 1 and 3 MHz
offsets from a carrier at 2.2 GHz, respectively.

In 2006, Paillard et al. [142] reported an hybrid 1.3 - 1.8 GHz MCM VCO dedicated to C
and Ku band receivers frequency conversion modules in satellite payloads. The LC tank
consisted of MEMS tunable capacitors and gold bondwires as high-Q inductors. RF
measurements demonstrated VCO oscillations around 1.60 GHz with continuous tuning
between 1.70 and 1.45 GHz when the MEMS tunable capacitors were actuated between 0 and
25 V. The phase noise measured for an actuation voltage of 20 V was better than -100 dBc/Hz
at 100 kHz and -125 dBc/Hz at 1 MHz offset from the carrier.

Gaddi et al. [143] proposed a reconfigurable MEMS-enabled LC-tank network for a multi-
band RF oscillator, made of ohmic RF MEMS switches, spiral suspended inductors and
metal-insulator-metal (MIM) capacitors all integrated on a high resistivity silicon MEMS
substrate. The LC-tank is connected to a differential cross-coupled nMOS pair on a separate
CMOS substrate, by chip-on-chip integration and wire bonding. Two resonant frequencies of
1.375 and 3.605 GHz were obtained for the standalone LC tank for the up-state and down-
state of switch, respectively. The complete oscillator showed a 17% frequency down-shift for
the up-state LC-tank configuration compared to the LC tank giving an oscillator frequency of
1.17 GHz. The phase noise was -125 dBc/Hz at 1 MHz frequency offset.

In 2006, Kawashima et al. [144] proposed a dual-band VCO integrated with RF MEMS
devices using flip-chip mounting. A wide frequency band switching capability was realized
using low-loss RF MEMS switches and high-Q inductors to switch one series-connected
inductors. The analog tuning was obtained with standard varactors. When the RF MEMS
switches were turned off and the tuning voltage varied from 0 to 6V, the carrier frequency of
the fabricated VCO varied from 4.443 to 4.695 GHz. When the RF MEMS switches were
turned on and the tuning voltage varied from OV to 6V, the carrier frequency of the fabricated
VCO varied from 5.106 to 5.411 GHz. The measured phase noise at lower band was -103
dBc/Hz at a 1 MHz offset from the carrier frequency of 4.443 GHz. The measured phase
noise at high band was -97 dBc/Hz at a 1 MHz offset from the carrier frequency of 5.106
GHz.

In 2006, Coustou et al. [145] reported the comparison of 10-GHz VCOs with two
realizations of the LC tank: first a full monolithic architecture in which the variable LC tank
was composed of spiral inductors and p+/n-well varactors and then a MEMS-based
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architecture where the MEMS resonator was realized through two MEMS bridges acting as
variable capacitors above a coplanar waveguide (CPW). The MEMS-based VCO was
assembled through wire-bonding. Simulations showed that the MEMS-IC concept could
improve on phase noise and output power by 8 and 4 dB, respectively, at 10 GHz.
Measurements showed oscillation frequency values ranging from 6.35 to 5.93 GHz for bias
voltage from 0 to 65V. The discrepancy between simulated and measured operating
frequencies corresponds to technological dispersion of the bridges heights and bondwires
sizes. A phase-noise level in the range of -85 dBc/Hz at a frequency offset of 100 kHz was
measured.

In 2003, Park et al. [146] presented monolithically-integrated high-performance voltage-
controlled oscillators (VCOs) with on-chip MEMS inductors. The post-CMOS MEMS
inductors were realized in suspended electroplated thick copper layers. A phase noise of -124
dBc/Hz for the 1-GHz VCO and -117 dBc/Hz for the 2.6-GHz VCO at 300-kHz offset,
respectively, was measured. The VCO tuning range was measured by varying the control
voltage of the varactor from 0 to 4 V. The oscillation frequency was tuned from 1.08 to 1.83
GHz and from 2.6 to 4.2 GHz for the 1- and 2.6-GHz VCOs, respectively. VCOs consume 15
mW in the VCO core from a 3-V power supply.

In 2005, Chen et al. [147] reported a VCO integrated with high-Q MEMS Cu inductors.
While dissipating only 6.3 mW, a phase noise of -121 dBc Hz at 600 kHz offset from 2.78
GHz carrier was achieved. The tuning range was 15.6%.

Table 4.1 gives a summary of state-of-the-art MEMS-based LC VCOs.



Table 4.1 Summary of state-of-the-art MEMS-based LC voltage-controlled oscillators (VCOs).

Technology - Tuning Tuning Phase noise [dBc/Hz] Output  Supply Current [mA]

Circuit LCtank  Integration References [Cr}e;ll;]ency range  voltage %0 %0 @1 @3 power voltage Core Buffer
0
[%] [V] WHy KkHp MHz MHz [dBm] [V]

HP 0.8-  discrete  wire- Young and 0.714 2 5.5 -107 N.A. N.A. N.A. NA. 33 15 (total)
um inductor, bonding  Boser
CMOS  MEMS [135]

variable

capacitors
Conexant bondwire wire- Younget 1.028 2 3 -105 N.A. N.A. N.A. NA. 33 3.8 (total)
Sibipolar inductor, bonding  al [136]

MEMS

variable

capacitors
HP0.8- 3-Dcoil  wire- Younget 0.863 1.5 3 -106  -123 -128 -136 N.A. 3.3 N.A. N.A.
um inductor, bonding al [137]
CMOS MEMS

variable

capacitors
0.5-um  bondwire wire- Dec and 1.9 9 1.25- 98 -126 -130 -139 34 2.7 5.7 11.3
CMOS inductor, bonding  Suyama 5.25 (esti

MEMS [138] matio

tunable n)

capacitors
0.5-um  bondwire wire- Decand 24 3.4 27- 93  -120 -122 N.A. -14 2.7 5 15
CMOS inductor, bonding  Suyama 8.7

MEMS [139]

tunable

capacitors




Table 4.1 (continued)

Technology

Phase noise [dBc/Hz]

Current [mA]

Frequency Tuning Tuning @ @ Output  Supply
Circui LC tank Inteorat References [GHZ] range voltage 100 600 @1 @3 power voltage C Buff
ircuit tan ntegration [%] [V] MHz MHz [dBm] [V] ore Buffer
kHz kHz
0.35-um MCM flip-chip  Innocenter 5 20 0.5-4 -89to N.A. N.A. NA. NA. 3 2.5 (total)
CMOS inductor + al. [140] (MOS -98
MOS varicap)
varicaps
MEMS 5 no 0 94  N.A. NA NA. NA. 3 2 (total)
inductor + tuning
varicaps reported
Jazz 0.35- MEMS post- Ramachand 2.45 30 4.5 -104  -118 -122 -129 -4 N.A. dissipated
um SiGe  inductors, process ran et al. (digital power:
BiCMOS MEMS [141] + 3.5 mW (Cuin
reconfigur analog) config.)
able 5 mW (Cpax
capacitors, config.)
varactor
diodes
N.A. bondwire  wire- Paillard er 1.6 17 0-25 -100 -120 -125 N.A. N.A. NA. NA. NA
inductors, bonding  al. [142]
MEMS
tunable

capacitors




Table 4.1 (continued)

Technology

Phase noise [dBc/Hz]

Current [mA]

Frequency Tuning  Tuning @ @ Output  Supply
Circui LC tank Inteorat References [GHZ] range voltage 100 600 @1 @3 power voltage C Buff
ircuit tan ntegration [%] [V] MHz MHz [dBm] [V] ore Buffer
kHz kHz

STM ohmic RF  chip-on- Gaddietal 1.17 no 0 -100 -120 -125 N.A. 1.8 1.2 3 (bias)
0.13-um MEMS chip, wire- [143] tuning
CMOS  switches, bonding reported

spiral for the

suspended oscillator

inductors,

MIM

capacitors
SiGe RF MEMS Aflip-chip Kawashima 4.443 22 0-6 N.A. N.A. -103 NA. -13 2 N.A. N.A.
BiCMOS switches, et al. [144] (digital + (analog)

MEMS analog)

inductors, 5.106 -97 -13

standard

varactors
STM spiral wire- Coustouer  6.35 7 0-65 -85 N.A. NA. NA NA NA NA NA
0.35-um inductors  bonding al. [145]
SiGe from
BiCMOS BiCMOS

process,

MEMS

variable

capacitors

above

CPW




Table 4.1 (continued)

Technology

Phase noise [dBc/Hz]

Current [mA]

Frequency Tuning  Tuning @ @ Output  Supply
Circui LC tank Inteorat References [GHZ] range voltage 100 600 @1 @3 power voltage C Buff
ircuit tan ntegration [%] [V] MHz MHz [dBm] [V] ore Buffer
kHz kHz

TSMC  MEMS post- Park et al. 1 70 0-4 N.A. -124 N.A. N.A. NA. 3 5 (total)
0.18-um inductor,  process [146] *
mixed-  accumulati 2.6 61 0-4 N.A. -117 N.A. N.A. NA. 3 5 (total)
mode on-mode *
CMOS  MOS (* @ 300

varactors kHz)
0.25-um MEMS post- Chenetal. 2.78 15.6 0-3 N.A. -121 N.A. NA. -144 3 2.1 N.A.
CMOS inductors, process [147]

MOS

varactors
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4.2 DESCRIPTION OF THE INTEGRATED CIRCUIT

Integrated voltage-controlled oscillators (VCOs) have been implemented using the X-FAB
XB06 0.6-um BiCMOS process [148]. Its key features include 0.6-um double polysilicon,
double metal n-well CMOS process, high frequency npn transistors with polysilicon emitter
and buried collector and special inductors in third thick metal M3 (2.3 pum-thick Al-Cu
(0.5%)).

The designed VCO is a cross-coupled LC topology. The LC tank of the VCO is realized by
using either X-FAB components and / or MEMS devices. The targeted operating frequency
band is the 2.4 GHz ISM (Industrial, Medical and Scientific) band.

The electrical schematic of the VCO integrated circuit is shown in Figure 4.1. It consists of
three sub-circuits:

- The cross-coupled LC voltage-controlled oscillator;

- The amplitude control sub-circuit which controls the output amplitude of the VCO;

- The output buffer which is designed in order to deliver power to a 50 Q load.

The inductance and varicap capacitance values are approximately 2 nH and 0.4 pF,
respectively.
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Figure 4.1 Electrical schematic of the voltage-controlled oscillator (VCO) integrated circuit
with three sub-circuits: the cross-coupled LC oscillator, the amplitude control part and the
output buffer.

Four signals are imposed from outside the IC:

- The supply voltage Vpp which is 5 V in this technology;

- The voltage signal Vcrg, to control the center frequency of the oscillator through the
capacitance value of the varactors;

- The voltage signal ¥V pr to control the output amplitude of the oscillator;

- The bias current Ipyr of the output buffer.
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4.2.1 Different realizations of the LC tank

The layout includes several VCO circuits with the same active part but with different
versions of the LC tank:

(1) X-FAB spiral inductors and standard diode varicaps;

(2) X-FAB spiral inductors and wire-bonded MEMS tunable capacitor;

(3) X-FAB spiral inductors and above-IC MEMS tunable capacitor;

(4) Above-IC MEMS LC tank.

4.2.2 Measurement set-up

The measurement set-up consists of a Siiss MicroTec PMC 150 probing system and an
Agilent ES052A signal source analyzer. This equipment allows frequency versus DC control
voltage and phase-noise measurements and spectrum monitoring and operates in the 10 MHz
to 7 GHz frequency range. Vcrgy 1s supplied by the internal DC source until 35 V or by an HP
6624 A DC source for higher voltages, like other signals. /zyr is adjusted by a potentiometer.
One of the RF outputs is connected to a 50 € load and the other to the analyzer. V yp, is not
working properly, so is left at Vpp. The probes were Siiss MicroTec coplanar G-S-G 150 um-
pitch /Z/ probes. The measurements were performed at room temperature and atmospheric
pressure in a nitrogen environment for the circuits with MEMS tunable capacitor.

4.3 VCO WITH STANDARD DIODE VARICAPS

4.3.1 Layout
Figure 4.2 shows the layout of the VCO with 2 standard diode varicaps.

Tz

TR SR RN R TS M

Figure 4.2 Optical microphotograph of the VCO with standard diode varicaps.
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4.3.2 Simulated results

The simulated results are summarized in Table 4.2.

4.3.3 Characterization

The VCO has an oscillation frequency of 2.2 GHz. It can be tuned between 2.21 and 1.56
GHz, by varying the control voltage Verg, from 0 to 5 V, which corresponds to a frequency
tuning range of 42%. Figures 4.3, 4.4 and 4.5 show the output spectrum and the phase noise
for a 2.2-GHz center frequency and the frequency tuning characteristic, respectively.
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Figure 4.3 Output spectrum for a 2.2-GHz center frequency.
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Figure 4.4 Phase-noise spectrum for a 2.2-GHz center frequency.



VCO WITH STANDARD DIODE VARICAPS 103

Frequency [GHZz]
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Figure 4.5 Frequency tuning characteristic. The frequency is tuned between 2.21 and 1.56
GHz, by varying the control voltage Vcrrr from 0 to 5 V, which corresponds to a frequency
tuning range of 42%.

The VCO achieves a phase noise of -97, -120, -124, -135 and -144 dBc/Hz at 100, 600
kHz, 1, 3 and 10 MHz offsets from a carrier at 2.2 GHz, respectively. The VCO circuit and
the output buffer consume 8 mA from a 5 V power supply.

Table 4.2 gives a summary of the VCO performance.

Table 4.2 Summary of the performance of the VCO with standard diode varicaps.

Simulation Measurements
Frequency [GHz] 2.5 2.2
Tuning range [%] 35 42
Verre [V] 0-5 0-5
Phase noise @ 100 kHz [dBc/Hz] -88.9 -97
Phase noise @ 600 kHz [dBc/Hz] N.A. -120
Phase noise @ 1 MHz [dBc/Hz] -111.3 -124
Phase noise @ 3 MHz [dBc/Hz] N.A. -135
Phase noise @ 10 MHz [dBc/Hz] N.A. -144
Output power (50 Q load) [dBm] 0 -12.9
Supply voltage [V] 5 5
Current (core) [mA] 3.5 8 (total)

Current (buffer) [mA] N.A.




104 VOLTAGE-CONTROLLED OSCILLATORS (VCOS)

44 VCO DEMONSTRATOR WITH WIRE-BONDED MEMS TUNABLE
CAPACITOR

44.1 Assembly

Before directly post-processing a MEMS tunable capacitor on BiCMOS wafers, we
hybridize MEMS capacitor chips on a quarter of X-FAB BiCMOS wafer.

The MEMS tunable capacitors were fabricated using Process III (see Figure 2.23) on high
resistivity silicon wafers (> 8 kQcm). Metal 1 and Metal 2 thicknesses were 1 and 2 pum,
respectively. Prior to release the structures, the backside of the wafer is etched at a depth of
about % of the thickness of the wafer (400-um deep for 525-um thick wafers) to pattern pre-
paths for cleavage. The wafer with released structures is then manually cleaved.

The MEMS capacitor chips are glued on a quarter of X-FAB BiCMOS wafer and the
different aluminum pads are connected through gold bondwires. Figure 4.6 shows the VCO
with wire-bonded MEMS tunable capacitor.

The double-air-gap capacitor employed is fully described in the next section (see 4.5.4).

e o il Kl el

MEMS capacitor — _ I
chipgluedon | s

X-FAB wafer "

Figure 4.6 Optical microphotograph (Photographic montage) of the VCO with wire-bonded
MEMS tunable capacitor.

4.4.2 Characterization

The VCO has an oscillation frequency of 1.98 GHz. It can be tuned between 1.98 and 1.88
GHz, by varying the control voltage Vergy from Vpp to 35 V, which corresponds to a
frequency tuning range of 5%. The VCO achieves a phase noise of -80, -93, -96, -104 and -
120 dBc/Hz at 100, 600 kHz, 1, 3 and 10 MHz offsets from a carrier at 1.888 GHz,
respectively. The VCO circuit and the output buffer consume 8 mA from a 5 V power supply.
Figures 4.7, 4.8 and 4.9 show the output spectrum and the phase noise for a 1.888-GHz center
frequency and the frequency tuning characteristic, respectively.
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Figure 4.8 Phase-noise spectrum for a 1.888-GHz center frequency.
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Figure 4.9 Frequency tuning characteristic. The frequency is tuned between 1.98 and 1.88
GHz, by varying the control voltage Vcrgy from Vpp to 35 V, which corresponds to a
frequency tuning range of 5%.

Table 4.3 gives a summary of the VCO performance.

Table 4.3 Summary of the performance of the VCO with wire-bonded MEMS tunable
capacitor.

Frequency [GHz] 1.98
Tuning range [%] 5
Verre [V] 5-35
Phase noise @ 100 kHz [dBc/Hz] -80
Phase noise @ 600 kHz [dBc/Hz] -93
Phase noise @ 1 MHz [dBc/Hz] -96
Phase noise @ 3 MHz [dBc/Hz] -104
Phase noise @ 10 MHz [dBc/Hz] -120
Output power (50 Q load) [dBm] -17
Supply voltage [V] 5

Current (core + buffer) [mA] 8
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45 VCO DEMONSTRATOR WITH ABOVE-IC MEMS LC TANK

This section describes the different steps in realizing the VCO demonstrator with above-IC
MEMS LC tank. First, we present the realization, design and characterization of suspended
planar spiral inductors fabricated by surface micromachining. Then, the first attempt at
MEMS L & C co-integration and the post-processing of BICMOS wafers are shown. The
design of the two-in-one double-air-gap capacitor which is intended to replace the pair of
standard diode varicaps is presented. Finally, the layout and the characterization of the VCOs
with X-FAB spiral inductors and above-IC MEMS tunable capacitor and the one with above-
IC MEMS LC tank are described.

4.5.1 Surface micromachined suspended planar spiral inductors

45.1.1 Realization

The metal surface micromachining process developed in chapter 2 can also be used for the
fabrication of suspended planar spiral inductors (Figures 4.10 and 4.11). The signal and
ground paths, the underpass and the pads are made of Metal 1 and the spiral of the inductor is
made in the thick Metal 2. The spiral is suspended 3 pum above the wet oxide and is anchored
by the two Metal 1-to-Metal 2 vias and by anchors at each of its corners (Figure 4.11Db).

[ ] Sisubstrate
Wet oxide
Bl ASi (1%)
Metal 1-to- Underpass Hl SO
Metal 2 via

Figure 4.10 Cross section illustration of a surface micromachined suspended planar spiral
inductor fabricated with Process IV (see Figure 2.27). Metal 1 thickness is 1 um, Metal 2 2 or
4 um.

45.1.2 RF design

Series 2-port 2-nH suspended inductors in coplanar waveguide ground-signal-ground (G-
S-G) configuration have been designed. The G-S-G pitch and the pad size are 150 um and
100 x 100 um?, respectively. These inductors are intended to be used in the above-IC MEMS
LC tank on standard BICMOS low resistivity Si substrates. Three octagonal (Figure 4.12a, ¢
and d) and one circular (Figure 4.12b) inductors have been designed in Process IV (see Figure
2.27) with Metal 1 and Metal 2 thickness equal to 1 and 4 um, respectively. The L24c
inductor (Figures 4.11 and 4.12d) has the same design than the inductor used in the VCO with
standard diode varicaps (see section 4.3) and is from X-FAB components library. Table 4.4
gives the geometrical parameters of the suspended aluminum inductors.
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Figure 4.11 (a) SEM microphotograph and (b) close-up view of the L24c suspended inductor
fabricated with Process 1V (see Figure 2.27). Metal 1 thickness is 1 um, Metal 2 2 um.

Mag * |mxx|m_w| EPFL-CMI

(b)

(©) (d)

Figure 4.12 2-nH suspended aluminum inductors. (a) Indl, (b) Ind2, (c) Ind3 and (d) L24c.
The geometrical parameters are given in Table 4.4.
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Table 4.4 Geometrical parameters of the suspended aluminum inductors (Figure 4.12). They
are designed in Process 1V (see Figure 2.27) with Metal 1 and Metal 2 thickness equal to 1
and 4 um, respectively. D, is the outer diameter of the spiral, Ny, the number of turns, W
the spire width and S the inter-spire spacing.

Device Spiral shape Doy [um]  Num W [um] S [um]
Ind1 octagonal 200 2.5 10 10
Ind2 circular 250 3 20 6

Ind3 octagonal 300 2 14 20
L24c octagonal 260 2.5 16 10

4.5.1.3 Characterization
S-parameter measurements

The measurement set-up consists of a Karl Siiss PA 200 probing system and an Agilent
N5230A vector network analyzer, operating in the 300 kHz to 20 GHz frequency range. The
probes were Siiss MicroTec coplanar G-S-G 150 pum-pitch /Z/ probes. A standard short-open-
load-through (SOLT) calibration is made before the measurement session using Siiss

MicroTec CSR-3 calibration substrate. These measurements have been performed at CSEM
SA in Neuchatel, Switzerland.

Inductance and quality factor extraction

The calibrated S-parameter data are converted into Y-parameter data. Equivalent
inductance and quality factor for each of port 1 and 2 are defined as:

i11 ill
L=———"~2 Ql :ﬁ (41)

: 2nf

rRel L
Yll
Im(YIJ Im Yl ]
L, =—27 2 4.2)

2 = i f sz [1J
Re| —
Yzz

where f is the frequency and /Y, is the impedance seen at one port when the other is
connected to the ground. The self-resonant frequency SRF is intuitively defined as the one
where Q; or O, goes to zero, which means that the device behaves as an capacitor and
becomes unusable beyond this frequency.
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Figure 4.13 shows the equivalent inductance, quality factor and self-resonant frequency
extracted from measured Y-parameters for L24¢ suspended inductor (4-um thick Al-Si (1%))
and X-FAB L24c¢ inductor (2.3-um thick Al-Cu (0.5%)). Both have the same design and are
measured on the same BiICMOS wafer. Increasing the thickness of the spiral from 2.3 to 4 um
and having the spiral suspended 3 um above the passivation layers lead to an improvement
factor of 2 for the peak quality factor O,..x and the self-resonant frequency is shifted beyond
15 GHz. The results for all the designed 2-nH suspended aluminum inductors and the X-FAB
inductor are given in Table 4.5. Table 4.5 also shows the measured DC resistance.

L [nH]
10108} O

Frequency [GHZz]

Figure 4.13 Equivalent inductance, quality factor (for port 1) and self-resonant frequency
extracted from measured Y-parameters for L24c suspended inductor (4-um thick Al-Si (1%))
and X-FAB L24c inductor (2.3-pum thick Al-Cu (0.5%)).

Table 4.5 Summary of the extracted equivalent inductance, quality factor (for port 1) and
self-resonant frequency for the fabricated 2-nH suspended aluminum inductors and the X-
FAB L24c inductor. The measured DC resistance is also given.

Device

@ 2 GHz Qpes fopeak Lopeak  SRF Measured

L[nH] Q [GHz] [nH] [GHz] DCR [Q]
Ind1 15 7.5 9.2 3.0 1.6 >20 14
Ind2 1.6 7.3 8.9 3.0 1.6 189 09
Ind3 1.7 8.5 102 29 1.7 17.9 1.1
L24c 1.8 9.7 118 3.0 1.8 18.0 1.0
X-FAB 1.9 5.8 6.0 2.3 1.9 104 NA.

L24c
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45.2 First attempt at MEMS L & C co-integration

The first attempt at MEMS L & C co-integration was to build a simple tunable MEMS LC
tank in series notch configuration (Figure 4.14).

The single-air-gap tunable capacitor (1-um air-gap) and the suspended aluminum inductor
were fabricated using Process III (see Figure 2.23) on high resistivity silicon wafers (> 8
kQcm). Metal 1 and Metal 2 thicknesses were 1 and 2 um, respectively.

Port 1 Port 2

EHT = 300KV  Signal A = SEZ Date :1 Dec 2004

A100pm
Mag= S14X b——r b 7rm Stage atT= zso-r-qm.-n:wztpc_‘«:_:ragpn"cm

(a) )

Figure 4.14 (a) Schematic circuit and (b) SEM microphotograph of a tunable MEMS LC tank
in series notch configuration. The single-air-gap tunable capacitor (I-um air-gap) and the
suspended aluminum inductor were fabricated using Process Il (see Figure 2.23) on high

resistivity silicon wafers (> 8 k€xcm). Metal 1 and Metal 2 thicknesses were 1 and 2 um,
respectively.

The inductance value is 1.5 nH and the tunable capacitor has a minimal capacitance value
of 0.4 pF, which corresponds to zero bias voltage. The resonant frequency fj is estimated at:

1

f =
" on4/LC

Figure 4.15 gives the measured S,; parameter for a bias voltage Vpc varied between 0 to
15 V. The resonant frequency is 6.2 GHz at zero bias and a tuning range of 10% is obtained
for a 11-V bias. After the pull-in, the resonant frequency is 3.6 GHz.

=6.5GHz. (4.3)
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S21 [dB]

Frequency [GHZz]

Figure 4.15 Measured S>; parameter for Vpc = 0 to 15 V for the tunable MEMS LC tank in
series notch configuration.

4.5.3 Post-processing of the BICMOS wafers

The 150-mm BiCMOS wafers to be post-processed are delivered by X-FAB foundry
without final passivation (X-FAB does not support passivated wafers with a global
planarization). The remaining topography is 2.3 um, which corresponds to the thick third
metal layer M3 of the X-FAB process (2.3 um-thick Al-Cu (0.5%)) (Figure 4.16a). The first
step in EPFL-CMI clean room is the deposition of a 5 um-thick low temperature oxide (LTO)
passivation layer by LPCVD at a temperature of 425 °C (Figure 4.16b). The wafers are then
protected with a 8 um-thick photoresist coating (Clariant AZ9260) (Figure 4.16c). The wafers
are re-sized to 100 mm and edge-grinded using Synova Laser MicroJet® technology (water-
jet guided laser) [149]. The wafers are returned into the clean room and the photoresist is
stripped in standard remover solvent. Then chemical-mechanical polishing (CMP)
planarization is used with a commercial (Clariant) ammoniac-based slurry. The remaining
LTO thickness over M3 is controlled to 0.5 = 0.1 um (Figure 4.16d). The contact to M3
openings are etched with Pad-etch solution at 20 °C using a photoresist mask (Shipley S1818)
(Figure 4.16e). This solution is selective to aluminum and is a mixture of ammonium fluoride
(NH4F (40%)), acetic acid (CH3;COOH (100%)) and water in a 4: 4: 2 proportion. The etch
rate was 240 nm/min. A 1 um or 1.5 pm-thick Al-Si (1%) layer (Metal 1 of our process) is
deposited by sputtering (Spider 600 system) (Figure 4.16f) and patterned by dry etching in a
standard Clo/BCl3 gas mixture (STS Multiplex ICP etcher) using a photoresist mask (Shipley
S1818) (Figure 4.16g). The MEMS tunable capacitors and the suspended planar spiral
inductors are then normally fabricated with Process IV (see Figures 2.27 and 2.28) (Figure
4.16h).
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Figure 4.16 BiCMOS wafer post-processing sequence. The MEMS tunable capacitors and
the suspended planar spiral inductors are fabricated above-IC with Process IV (see Figures
2.27 and 2.28). The 200 nm-thick SiO; insulating layer over Metal 1 is not shown.
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Figure 4.17 shows a MEMS LC tank with the MEMS tunable capacitor and the suspended
planar spiral inductors fabricated above-IC (Figure 4.16) using Process IV (see Figures 2.27
and 2.28).

(b)

EHT = 3.00kV  Signal A = SE2 Date 18 Oct 2006 EPFL-CMI
WD= &mm Stage at T= 35.0" File Mame = #6_F_01 o

(a)

Figure 4.17 (a) SEM microphotograph of an above-1C MEMS LC tank, (b) close-up view of a
L24c suspended inductor and (c) close-up view of the mechanical anchors and folded-beam
design of the MEMS tunable capacitor. Metal 1 thickness is 1 um, Metal 2 4 um.

4.5.4 Two-in-one double-air-gap capacitor

45.4.1 Principle

To entirely benefit from the intrinsic electromechanical nature of MEMS tunable
capacitors, we propose the design of a two-in-one double-air-gap capacitor which is intended
to replace the pair of standard diode varicaps. Figure 4.18 shows a schematic model of such a
capacitor. The H-shaped electrode is used as a common actuation electrode and the suspended
membrane will be connected to the two inductors to form the LC tank.
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Figure 4.18 (a) Schematic top view of the two-in-one double air-gap capacitor. The bottom
electrodes are represented in light grey and the suspended membrane with the solid lines. (b)
Cross section. The biasing configuration is also shown.

4.5.4.2 Design

Several two-in-one double-air-gap capacitors with 1 and 2 um air-gap, 2 or 4 um Metal 2
thickness and 8 suspension beams have been designed. The dimensions as well as the
calculated equivalent spring constants and pull-in voltages are given in Table 4.6.

The two-in-one double-air-gap capacitors have been fabricated in Process IV (see Figure
2.27) with Metal 1 and Metal 2 thickness equal to 1 and 2 or 4 um, respectively. Figure 4.19
shows the C_ VCO 5 capacitor as an example.
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The capacitance value is designed to be two times 0.4 pF.

Table 4.6 Electromechanical design parameters for two-in-one double-air-gap capacitors.
Calculations are made neglecting the dielectric layer.

Device Actuation Beams t W 1 K Vi
arca [um’] number [um] [um] [um] [N/m] [V]

C VCO_1 177000 8 2 20 70 299 21.3
4 2388  60.1
C VCO 2 177000 8 2 10 70 149 15.0
4 1194 425
C VCO 3 177000 8 2 20 140 37 7.5
4 299 21.3
C VCO 4 177000 8 2 10 140 19 53
4 149 15.0
C VCO_5 177000 8 2 folded beams
4
C VCO 6 177000 8 2 meander-like beams
4

(Earsi = 50 GPa (from literature, see Table 2.12))

Figure 4.19 Optical microphotograph of the C_VCO 5 two-in-one double-air-gap capacitor.
The biasing configuration is also shown.

455 Layouts of the VCOs

455.1 VCO with X-FAB inductors and above-1C MEMS tunable capacitor

Figure 4.20 shows the layout of the VCO with X-FAB_L24c¢ inductors and the C VCO 5
above-IC MEMS tunable capacitor (Table 4.6 and Figure 4.19).
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Figure 4.20 Optical microphotograph of the VCO with X-FAB L24c inductors and
C VCO 5 above-I1C MEMS tunable capacitor (Table 4.6 and Figure 4.19).

4.5.5.2 VCO with above-IC MEMS LC tank

Figure 4.21 shows the layout of the VCO with above-IC MEMS LC tank. The suspended
inductors are Ind3 (Figure 4.12 and Table 4.4) and the above-IC MEMS tunable capacitor is
C_VCO_5 (Table 4.6 and Figure 4.19).

Figure 4.21 Optical microphotograph of the VCO with above-IC MEMS LC tank. The
suspended inductors are Ind3 (Figure 4.12 and Table 4.4) and the above-IC MEMS tunable
capacitor is C VCO 5 (Table 4.6 and Figure 4.19).
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45.6 Characterization

4.5.6.1 VCO with X-FAB inductors and above-1C MEMS tunable capacitor

The VCO has an oscillation frequency of 2.09 GHz. It can be tuned between 2.09 and 1.87
GHz, by varying the control voltage Verg, from Vpp to 16 'V, which corresponds to a
frequency tuning range of 12%. Figures 4.22, 4.23 and 4.24 show the output spectrum and the
phase noise for a 2.089-GHz center frequency and the frequency tuning characteristic,
respectively.

10 +------- - - - - -
-20 -
3830 +----------—-- - — -
-40 -
50 |
60 +---- - - - - - -—-—-—--—---—¢ -
-70 -
80 +--------------
90 +-----------

-100
2.08

Output level [dBm]

Frequency [GHZz]

Figure 4.22 Output spectrum for a 2.089-GHz center frequency.

Phase noise [dBc/Hz]

-140 Tt Tt T ettt
1.E+03 1.E+04 1.E+05 1.E+06 1.E+07

Offset frequency [Hz]

Figure 4.23 Phase-noise spectrum for a 2.089-GHz center frequency.
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Figure 4.24 Frequency tuning characteristic. The frequency is tuned between 2.09 and 1.87
GHz, by varying the control voltage Vergy from Vpp to 16 V, which corresponds to a
frequency tuning range of 12%.

The VCO achieves a phase noise of -92, -110, -106, -118 and -133 dBc/Hz at 100, 600
kHz, 1, 3 and 10 MHz offsets from a carrier at 2.089 GHz, respectively. The output buffer
consumes 11 mA from a 5 V power supply.

Table 4.7 gives a summary of the VCO performance.

Table 4.7 Summary of the performance of the VCO with X-FAB spiral inductors and above-
1IC MEMS tunable capacitor.

Frequency [GHz] 2.09
Tuning range [%] 12
Verre [V] 5-16
Phase noise @ 100 kHz [dBc/Hz] -92
Phase noise @ 600 kHz [dBc/Hz] -110
Phase noise @ 1 MHz [dBc/Hz] -106
Phase noise @ 3 MHz [dBc/Hz] -118
Phase noise (@ 10 MHz [dBc/Hz] -133
Output power (50 Q load) [dBm] -11
Supply voltage [V] 5
Current (core) [mA] N.A.

Current (buffer) [mA] 11




The VCO has an oscillation frequency of 2.16 GHz. It can be tuned between 2.16 and 1.95

GHz, by varying the control voltage Verg, from Vpp to 20 V, which corresponds to a
phase noise for a 2.158-GHz center frequency and the frequency tuning characteristic,

frequency tuning range of 11%. Figures 4.25, 4.26 and 4.27 show the output spectrum and the

120 VOLTAGE-CONTROLLED OSCILLATORS (VCOS)
4.5.6.2 VCO with above-IC MEMS LC tank

respectively.
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Figure 4.25 Output spectrum for a 2.158-GHz center frequency.
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Figure 4.26 Phase-noise spectrum for a 2.158-GHz center frequency.
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Figure 4.27 Frequency tuning characteristic. The frequency is tuned between 2.16 and 1.95
GHz, by varying the control voltage Vcrgy from Vpp to 20 V, which corresponds to a
frequency tuning range of 11%.

The VCO achieves a phase noise of -89, -108, -103, -117 and -135 dBc/Hz at 100, 600
kHz, 1, 3 and 10 MHz offsets from a carrier at 2.158 GHz, respectively. The output buffer
consumes 10 mA from a 5 V power supply. Table 4.8 gives a summary of the VCO
performance.

Table 4.8 Summary of the performance of the VCO with above-IC MEMS LC tank.

Frequency [GHz] 2.16
Tuning range [%] 11
Verre [V] 5-20
Phase noise @ 100 kHz [dBc/Hz] -89
Phase noise @ 600 kHz [dBc/Hz] -108
Phase noise @ 1 MHz [dBc/Hz] -103
Phase noise @ 3 MHz [dBc/Hz] -117
Phase noise @ 10 MHz [dBc/Hz] -135
Output power (50 Q load) [dBm] -10
Supply voltage [V] 5
Current (core) [mA] N.A.

Current (buffer) [mA] 10
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4.6 SUMMARY OF THE PHASE NOISE PERFORMANCE OF THE
DIFFERENT VCOS

Table 4.9 gives a summary of the phase noise performance of the different versions of
VCO compared with GSM specifications.

Table 4.9: Summary of the phase noise performance of the different versions of VCO
compared with GSM specifications.

Phase noise Standard ~ Wire- Above-IC  Above-IC GSM

[dBc/Hz] diode bonded MEMS MEMS LC specifi-
varicaps MEMS capacitor  tank cations

capacitor

@ 100 kHz -97 -80 -92 -89 -71

@ 600 kHz -120 -93 -110 -108 -118

@ 1 MHz -124 -96 -106 -103 -118

@ 3 MHz -135 -104 -118 -117 -139

@ 10 MHz -144 -120 -133 -135 -143

We can first see that the VCO with standard diode varicaps is within the GSM
specifications. Comparing the different versions with MEMS capacitor, there is a significant
improvement for the ones with above-IC MEMS capacitor. On the other hand, no
improvement is observed for the VCO with MEMS suspended inductors. An improvement
was expected due to the higher quality factor of the MEMS suspended inductor.

For the moment, it is not clear why the MEMS versions are inferior to the CMOS version.
Further investigation of the two-in-one double-air-gap capacitor, that replaces the pair of
standard diode varicaps, is required to properly understand and model its RF performance.
The inferior performance could be explained by excessive series resistance or parasitic
capacitances in the two-in-one double-air-gap capacitor.
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4.7 INFLUENCE OF THE POST-PROCESSING ON BICMOS
PERFORMANCE

To highlight the influence of post-processing on BICMOS performance, we have measured
the bipolar and MOS transistors characteristics on a wafer as received from the foundry (i.e.
with the X-FAB SiON/TEOS/SiON passivation layers) and on another wafer after the post-
processing of the MEMS structures.

The measurement set-up consists of a Cascade Microtech Summit 12000 prober and an
Agilent 4156C semiconductor parameter analyzer. The probes were Cascade Microtech DCP-
HTR probes.

4.7.1 Effect on bipolar transistor characteristics

Five vertical n-p-n transistors were measured on different chips on both wafers. Figure
4.28 shows the measured /¢(V¢g) characteristic before (X-FAB passivated) and after the post-
processing and also the simulations performed with Cadence® Virtuoso® Spectre®
simulator. The maximum /¢ change is -18%. The measured /¢ p(Vpg) characteristics seem not
to be affected by the post-processing (Figure 4.29).

We therefore conclude that the variation due to post-processing is in the same range as the
wafer-to-wafer variation.

1.2 \ \

—— X-FAB passivated
10 +-- simulation
o after post-processing

lc [mA]

VcelV]

Figure 4.28 Measured and simulated Io(Vcg) characteristics of vertical n-p-n bipolar
transistors for Ig = 2, 4, 6, 8 and 10 uA. The measured characteristics are mean values of 5
transistors on different chips. Breakdown is neglected in these simulations.
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Figure 4.29 Measured and simulated Ic p(Vpg) characteristics of vertical n-p-n bipolar
transistors for Veg = 1, 2 and 3 V. The measured characteristics are mean values of 5
transistors on different chips.

4.7.2 Effect on MOS transistor characteristics

Five n-MOS transistors were measured on different chips on both wafers. Figures 4.30 and
4.31 show the measured Ip(Vps) and Ip(Vgs) characteristics, respectively, before (X-FAB
passivated) and after the post-processing and also the simulations performed with Cadence®
Virtuoso® Spectre® simulator. The maximum saturation current change is -14%. The
subthreshold slope is not affected nor the level of the leakage currents that stay below 100 pA
before and after post-processing.

We therefore conclude that the variation due to post-processing is in the same range as the
wafer-to-wafer variation and the main characteristics of the device are preserved (no
significant degradation of the channel or the junction regions).
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Figure 4.30 Measured and simulated Ip(Vps) characteristics of n-MOS transistors for Vg =
0.5, 1, 1.5, 2, 2.5 and 3 V. The measured characteristics are mean values of 5 transistors on
different chips.
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Figure 4.31 Measured and simulated Ip(Vgs) characteristics of n-MOS transistors for Vps =
5 V. The measured characteristics are mean values of 5 transistors on different chips.
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4.8 CONCLUSIONS

Voltage-controlled oscillators (VCOs) have been designed and fabricated in X-FAB 0.6-
um BiCMOS process. Different realizations of the LC tank have been presented and
characterized:

(1) X-FAB spiral inductors and standard diode varicaps;

(2) X-FAB spiral inductors and wire-bonded MEMS tunable capacitor;

(3) X-FAB spiral inductors and above-IC MEMS tunable capacitor;

(4) Above-IC MEMS LC tank with suspended planar spiral inductors and MEMS tunable

capacitor.

The post-processing of BiICMOS wafers has been successfully demonstrated to fabricate
monolithically integrated VCOs with above-IC MEMS LC tank.

The realization, design and characterization of suspended planar spiral inductors fabricated
by surface micromachining have been presented as alternative to standard X-FAB inductors.
Comparing a suspended inductor (4 pm-thick Al-Si (1%)) and the X-FAB inductor (2.3-um
thick Al-Cu (0.5%)) with the same design, it has been shown that increasing the thickness of
the spiral from 2.3 to 4 um and having the spiral suspended 3 um above the passivation layers
lead to an improvement factor of 2 for the peak quality factor and a shift of the self-resonant
frequency beyond 15 GHz.

We have proposed the design of a two-in-one double-air-gap capacitor to replace the pair
of standard diode varicaps. It has been applied in the VCOs with MEMS tunable capacitors
but requires further investigation to properly understand and model its RF and tuning
performance.

The fabricated VCOs exhibit oscillation frequencies between 2 to 2.2 GHz. The frequency
tuning obtained for the different versions of VCO with the two-in-one double-air-gap
capacitor is in the range of 10%.

The influence of the post-processing on BiCMOS performance has been evaluated by
measuring the effect on bipolar and MOS transistors characteristics. No significant variation
on the transistors characteristics has been observed and we conclude that the variation due to
post-processing is in the same range as the wafer-to-wafer variation.
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5.1 COPLANAR WAVEGUIDE (CPW) MEMS SHUNT CAPACITIVE
SWITCHES

5.1.1 Introduction to MEMS switches

The use of microelectromechanical systems (MEMS) for radiofrequency (RF) switching
applications was first demonstrated in 1979 using bulk-micromachined cantilever switches
[150]. Since then, RF MEMS switches have been extensively studied all over the world by
research groups [151, 152].

The switches can be categorized by the following three characteristics:

(1) RF circuit configuration;

(2) Mechanical structure;

(3) Contact type.

The two common circuit configurations are series [39, 153-156] and shunt (or parallel)
[157-160] connected. Both are single pole single throw (SPST) configurations. Following
electrical convention, the number of poles is the number of input ports to the switch, while the
number of throws is the number of output ports. The mechanical structure is either a
cantilever [39, 153, 156] or a bridge (or membrane) [155, 157-160]. Contact types can be
capacitive (metal-insulator-metal (MIM)) [155, 157-160] and ohmic (metal-to-metal) [39,
153, 154, 156]. Any switch is assumed to be binary and digital in the sense that it can lie in
one of only two possible actuation states. Each type of switch has certain advantages in terms
of performance, manufacturability and reliability.

5.1.2 Description of the CPW MEMS shunt capacitive switch

A coplanar waveguide (CPW) MEMS shunt capacitive switch is depicted in Figure 5.1. It
consists of a membrane suspended above the central conductor of the CPW by four
suspension beams (Figure 5.2). The CPW line has a W/S/W dimension of 85/60/85 um for
measurements between 1 to 20 GHz. The membrane, also called bridge, is actuated by
applying a bias voltage V' between the central conductor of the CPW line and the ground. The
suspension beams were designed to have a pull-in voltage of about 10 V. When a bias voltage
higher than the pull-in voltage is applied, the bridge snaps down (down state) and the central
conductor of the CPW line is shorted to ground.

The devices were fabricated using Process II (see Figure 2.21) on low resistivity silicon
substrates (0.1 - 100 Qcm). Both Metal 1 and Metal 2 layers have a 1 um thickness. The SiO,
insulating layer over Metal 1 was 130 nm-thick.
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Figure 5.1 Schematic model of a CPW MEMS shunt capacitive switch in the up state.
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Figure 5.2 SEM microphotograph of a CPW MEMS shunt capacitive switch fabricated with
Process Il (see Figure 2.21). The length of the switch is 350 yum. Both Metal 1 and Metal 2
layers have a 1 um thickness.

5.1.3 Simulation and calculation
Scattering matrix and reference impedance

The characterization of the devices has been made with the scattering matrix, namely S;;
and S;, parameters in our case since the capacitive switch is symmetrical [129]. These S-
parameters are always referred to reference planes and reference impedance, which must be
the same when comparing measured and modeled results.

We have measured our device on-wafer using a TRL (through-reflect-line) calibration
[161]. This calibration method is especially convenient for on-wafer measurements as it
allows the placing of the reference planes at our convenience. However, the S-parameters
obtained from the TRL-calibrated measurements are always referred to the characteristic
impedance of the line, due to the calibration algorithm [161]. This last remark is of primary
importance when comparing measured, simulated, or calculated results.
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Lumped-element model

In the case of the capacitive switch presented here, the total distance chosen between
reference planes, 450 pm, is less than 0.03 x wavelength A at the maximum frequency of 20
GHz. For such dimensions, it is reasonable to model any RF device by a combination of
lumped elements.

CPW line model

It is well-known [162] that a short transmission line section can be represented by two
parallel and two series lumped elements called C;, G, and L;, Ry, respectively. For a small
symmetrical device, it is sensible to adapt the model so that it is also symmetrical (Figure
5.3).

_\/\/\/\_m ML AAN——

R|_ LL LL RL

CL= § GL

Figure 5.3 Lumped-element model of the CPW line.

The lumped elements of the line (Cz, Gz, Lz, and R;) are calculated using conformal
mapping [162] and a perturbation method based on the calculation of the losses in the line.
The calculation has proven to be very accurate when compared to the results of different
numerical methods, and is also much faster.

As explained previously, it is also especially important to obtain a precise characterization
of the line as the calculation will be compared to TRL measurements. More precisely, we will
refer the S-parameters calculated with the lumped-element model to the characteristic
impedance of the CPW line, so that they can be compared with the measured results.

The use of low resistivity Si substrates leads to a complex, dispersive characteristic
impedance. The impedance calculated with the aforementioned method is compared to the
simulated one in Figure 5.4.
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Figure 5.4  Simulated (Agilent ADS Momentum [163]) and calculated characteristic
impedances of the CPW line on low resistivity Si substrate.

Bridge model

A simple way to model the capacitive membrane is by a shunt admittance Yj. This
admittance is a RyLyC)ys series circuit. It is a parallel-plate type capacitance between the
bridge and the central CPW conductor, which is calculated by a parallel-plate empirical model
taking the fringing effects into account [164]:

A . 0.222 . 0.728
Cy=¢ 1.15—+l.40[—} P+4.12geﬁ‘[—j
Lesr Berr Eefr

Berr = d+d_d
€4

(5.1)

where gy is the effective gap (d is the air-gap between plates, d; and &; the thickness and
relative permittivity of the insulating layer, respectively), ¢ is the Metal 2 thickness and 4 and
P the surface and perimeter of the plates, respectively.

The resistance R, represents the resistance of the four beams of the bridge shown in Figure
5.5, connected in parallel. A calculation of Ry based on the surface resistance R,y of a
conductive layer, whose conductivity, thickness and magnetic permeability are o, ¢ and g,

respectively, and taking the skin depth d'into account is given by [165]:



CPW MEMS SHUNT CAPACITIVE SWITCHES 133

) 2t (2t

sinh| — [+ sin| —

R 0 0
Sul’f 80 2t 2t
cosh| — |+ cos| —

0 0

(5.2)

This calculation results in a resistance Ry, of less than 0.1 Q, which is negligible when
compared to wC),.. By contrast, the inductance L), can not be easily calculated but it has been
observed here and in [166] that an inductance of about 20 pH is needed in order to obtain a
better model for the device, depending on the geometry of the line and the bridge.

Complete lumped model

As a result, we obtain the lumped-element circuit model for the bridge over its line section
shown in Figure 5.5.

—
CL

. =
GL

Reference plane

} } Dref

Reference plane

Figure 5.5 Lumped-element model for the CPW MEMS shunt capacitive switch. Notation:
L = CPW Line, M = MEMS.
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The circuit shown in Figure 5.5 is a 2-port T network, from which the S-parameters are
easily deduced from the circuit depicted in Figure 5.6, when connected to the reference
impedance Z,:

14227+ 7
(+Z)(1+2Z,+Z,)
2Z,

Sy = ' ' '
(+Z)(1+2Z,+Z,)

S]l

(5.3)

where Z =

ref

Z ref ZP Z ref

I I

Figure 5.6 2-port T equivalent circuit.

It is noticeable that if required, the method could take into account series components of
the bridge by introducing them in the series impedance Z;.

5.1.4 Experimental results

On-wafer TRL calibrated measurements were carried out with a HP 8510XF network
analyzer and a Cascade Microtech 42 probe station. The results for the switch up and down
states are shown in Figures 5.7 and 5.8, respectively, compared with full-wave simulation and
calculation with the lumped-element model. The corresponding actuation voltages are
respectively 0 and 10 V. Table 5.1 summarizes the performance of the CPW MEMS shunt
capacitive switch on low resistivity Si substrate.

As mentioned previously, the reference impedance Z,., for the measurements is the
impedance of the CPW line. Consequently, simulated results referred to 50 Q for instance
must be re-referred to the line impedance by using the transformation from S to Z matrix
[129].

A good agreement between measured and calculated results is observed, whereas the full-
wave simulated results differ from the measurements. This is not surprising since the
numerical methods implemented in software such as Agilent ADS Momentum [163] are not
accurate for devices which are electrically small, such as MEMS. Consequently, solutions are
invalid when the capacitive gap is very small compared to the wavelength. This explains why
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the full-wave results differ more significantly from measured and modeled results in the down

state than in the up state.
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Figure 5.7 S;; and S>; parameters in the up state (0'V).

An explanation for the difference between measured and calculated results (lumped-

element model) is the inconsistent repeatability of the connections, which is a main cause of

imprecision in the TRL calibration. Nevertheless, it is more likely that the major cause for the

difference is the lack of precise knowledge

of the conductivity of the substrate used for the

device. Indeed, the conductivity of the low resistivity silicon substrates varies with frequency

and position on the wafer, this last point being a cause for concern wit regard to the precision

of the TRL calibration.
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Figure 5.8 S;; and S,; parameters in the down state (10 V).

Table 5.1 Summary of the performance of the CPW MEMS shunt capacitive switch on low

resistivity Si substrate at 10 and 20 GHz.
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52 APPLICATION TO VARIABLE TRUE-TIME DELAY LINES (V-
TTDLS)

5.2.1 Introduction

This section concerns the realization of variable true-time delay lines (V-TTDLs) which
are made reconfigurable by the use of the coplanar waveguide (CPW) MEMS shunt
capacitive switches, described in section 5.1, as distributed loading capacitors. This particular
type of V-TTDL is often referred to as distributed MEMS transmission line (DMTL) [166,
167].

A TTDL is a device that produces a delay 7 on the RF signal between its input and output
independently of the signal frequency. From this point of view, a simple transmission line is a
TTDL, but it does not allow control of the delay. A TTDL is a phase shifter with linear phase
variation with frequency. This results from the fact that for a constant phase velocity, the
wave number is proportional to the frequency.

0 T AT
A f A A
> Down state
I AT
Up state
AO Up state
f f
Down state g '
(@) (b) (©)

Figure 5.9 Illustration of the propagation characteristics of a V-TTDL: (a) phase shift, (b)
absolute delay and (c) differential delay vs. signal frequency.

They are some possible applications of V-TTDL in ultra wideband telecommunication
subsystems, but it is generally understood that the primary application of V-TTDL are as feed
networks for scan phased-array antennas. The need of TTDL in phased arrays is first linked
with the bandwidth of the array, from a scan angle error point of view. In the case of parallel
(also called corporate) feed networks (Figure 5.10), the angle scanned by the array is constant
with frequency only if the differential phase shifts between the signals at the input of the
radiating element are proportional to the frequency.

With regard to these applications, the performance of a V-TTDL is related to the following
characteristics:

(1) Minimum insertion loss for a given delay;

(2) Minimum mismatch;

(3) Minimum delay dispersion;

(4) Minimum space consumption.
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Figure 5.10 Illustration of the application of a V-TTDL in the corporate feed network of a
scan phased-array antenna. (Courtesy of J. Perruisseau-Carrier (EPFL-LEMA)).

5.2.2 Description and modeling

A distributed MEMS transmission line (DMTL) is a one-dimensional periodic structure
whose unit cell consists of a MEMS shunt capacitor loading a coplanar waveguide (CPW)
line. Such a periodic device can be modeled by cascading identical two-port networks, each of
those corresponding to a unit cell of the structure.

Figure 5.11 presents the layout of a digital DMTL. The unit cell is a digital capacitor, made
with a metal-air-metal (MAM) fixed capacitor and a mobile capacitor suspended by four
beams, loading a CPW line.

<+— MAM fixed capacitor

Beams

Figure 5.11 Layout of a digital DMTL (34 unit cells). The unit cell is a digital capacitor,
made with a metal-air-metal (MAM) capacitor and a mobile capacitor suspended by four
beams, loading a CPW line (white: Metal 1, dark grey: CPW slots, light grey: Metal 2, black:
anchors).
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Figure 5.12 illustrates the comprehensive circuit model of the unit cell. The shunt elements
Cp, Lp and Rp are well described in [166] and can be deduced from full-wave simulations (or
static simulations and approximate formulas in the case of the capacitance Cp (see Eq. 5.1)).
The corrective elements ALg and ARg represent the difference between the distributed series
elements of the unloaded CPW line and the top-covered one and are linked with currents
parallel with the axis of CPW line.

ARs  ALg Als ARs

W

Cp=Cy // 2Cr
Lp
Zo Yo Ry
RO ) 1S I
d/2 d/2

Figure 5.12 Equivalent circuit model for the unit cell. Cy is the capacitance of the mobile

capacitor and is equal to C, or Cy in the up or down state, respectively. Cr is the capacitance
of the MAM fixed capacitor. d is the cell length.

5.2.3 Experimental results

Digital DMTLs have been designed in the 1 - 20 GHz range [168]. They were fabricated
using Process III (see Figure 2.23) on high resistivity silicon wafers (> 8 kQcm). Metal 1 and
Metal 2 thicknesses were 1 and 2 pum, respectively. The thick wet oxide in the CPW slots was
etched in order to avoid charge deposition between the silicon substrate and the insulator.
Reference [169] suggests that if the insulator is not removed, the conductive layer resulting
from the aforementioned charge deposition leads to high additional losses due to a distributed
shunt leakage conductance.

Figure 5.13 shows SEM microphotographs of a digital DMTL, where MAM fixed
capacitors and mobile capacitor can be observed. The narrow suspension beams (10 um wide)
were designed for an actuation voltage of 20 V.

The parameters of the line are: differential delay A7 = 20 ps, Bragg frequency fz = 80 GHz
and capacitance ratio C, = 2. The calculated and simulated values for the unit cell model are:
C,=58fF,Cpr=29fF,N=34cellsofd =288 um,Rp =1 Q, Lp = 50 pH, ALs = -4 pH and
ARs = 0.1 2at 20 GHz.
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Figure 5.13 SEM microphotographs of a digital DMTL with MAM fixed capacitors and
mobile capacitor.

Figures 5.14 and 5.15 show the measured and simulated delay results in terms of absolute
phase shift and differential delay, respectively. This second representation is preferred with
regard to the phased-array application. It is also noticeable that, although the dispersion is
invisible when observing the phase shift, it is prominent in the delay plot. The dispersion in
the upper part of the band (linked with the periodic structure of the DMTL) and in the low
frequencies (due to the dispersion of the CPW characteristic impedance) is perfectly modeled
when the mismatch is included in the computation of the delay [168]. The modeled designed
capacitances values have been slightly tuned in order to fit the measurements. The difference
is not due to modeling inadequacies, but linked with the limited precision in the height of the
free-standing parts of the structure after sacrificial layer etching, which obviously results in
some deviation in the designed capacitances values.

Figure 5.16 exhibits the matching and insertion loss of the delay line. The matching is
better than -20 dB in both states. The insertion loss performance is approximately -2 dB at 20
GHz, which is rather poor when compared with state-of-the-art DMTL insertion-loss
performance [167]. We first thought that it was due to excessive conductor losses in the
sputtered 1 pm-thick Al-Si (1%) layer but we are now convinced that it is related to the high
resistivity silicon substrates. The formation of conductive surface channels at the
silicon/silicon-dioxide interface greatly degrades the quality of passive components in HR-Si
by masking the excellent properties of the bulk HR-Si substrates [170]. It has been
demonstrated that surface-passivated high resistivity silicon, achieved by forming a thin
silicon layer having a very high density of traps within the band-gap of silicon, can alleviate
this problem. The very high density of traps leads to a very high recombination rate and a
reduced rate of impurity ionization. Consequently, accumulation, depletion, and inversion
layer formation will be prevented and the additional source of loss will be eliminated. Such a
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high trap density can be achieved through a high-dose implantation of a neutral impurity, such

as argon [171] into the silicon surface region or by depositing a thin highly defective silicon

layer such as polycrystalline [172] or amorphous [173] silicon onto the wafer.
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Figure 5.15 Measured and modeled differential delay of the digital DMTL.
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Figure 5.16 Measured and modeled matching and insertion loss of the digital DMTL.

5.3 CONCLUSIONS

Based on the metal surface micromachining process described in chapter 2, coplanar
waveguide (CPW) MEMS shunt capacitive switches and variable true-time delay lines (V-
TTDLs) have been designed, fabricated and characterized in the 1 - 20 GHz range.

A lumped-element model has been developed for the CPW MEMS shunt capacitive switch
and proved to be a simple and efficient way to model its behavior. This method is preferable
to full-wave simulation as it requires negligible computation time, enabling a fast assessment
of the influence of various parameters. Moreover, it can be directly used in a design procedure
where dimensions are deduced from S-parameters used as figures of merit, whereas a full-
wave simulator requires the use of optimization algorithms to fulfill this purpose.

The digital distributed MEMS transmission line (DMTL) prototype has shown very good
agreement between measurements and the comprehensive circuit model used for the design. It
is believed that the periodic structure approach presented could be useful for other microwave
periodic MEMS devices.

Following this work, our metal surface micromachining process has been successfully
applied by colleagues at EPFL-LEMA to build composite right/left-handed transmission-line
metamaterial phase shifters (MPS) in MMIC technology [174].
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Suspended-gate MOSFET
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SEM microphotograph of a suspended-
gate MOSFET with meander suspension
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6.1 INTRODUCTION

The first transistor with a mobile gate was proposed more than 30 years ago [23]. Since
then, most of the applications of this device have been reported in the field of
electromechanical sensors: pressure sensors [175, 176], accelerometers [177] and
microphones [178].

In this chapter, we present a novel MEMS device architecture: the suspended-gate
MOSFET (SG-MOSFET), which combines a solid-state MOS transistor and a suspended
metal membrane. The SG-MOSFET is investigated as a possible candidate architecture for an
integrated DC current switch that combines MOSFET and MEMS virtues.

6.2 ARCHITECTURE AND PRINCIPLE

The principle of the suspended-gate MOSFET is depicted in Figure 6.1. A metal mobile
gate is suspended over the gate oxide and semiconductor channel of a MOS transistor by
suspension beams with an equivalent spring constant K.

Anchor
Equivalent
spring, K
I Mobile gate
Air-gap, tgap v

tox

Source [n¥ [ ¥ ny | Drain

p substrate

Figure 6.1 Cross section schematic of a suspended-gate MOSFET (SG-MOSFET) including
the mobile metal gate over the gate oxide and semiconductor channel.

When the gate voltage Vi is increased, the intrinsic gate voltage Vg, which drives the
MOS channel formation, is tuned according to a capacitor divider (Figure 6.2):

Voin = L (6.1)

1+ Coom
Coap
where Cgeime and Cgy, are the intrinsic gate-to-channel capacitance of the underneath
MOSFET and the air-gap capacitance, respectively. The membrane moves continuously
downwards as long as the equilibrium is maintained between the electrostatic and elastic
forces. Non-equilibrium occurs at a value that is slightly larger than one third of the air-gap
(compared to a pure metal-metal parallel-plate capacitor (see 3.2.1.1)) because of the series
connection of the intrinsic gate-to-channel capacitance [85].
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Figure 6.2 Simplified equivalent circuit model: capacitor divider. C,,, Cyep and Ci,, are the
oxide, depletion and inversion capacitances, respectively.

It is worth noting that the SG-MOSFET architecture has not any underneath metal line and,
for simple analogy, it can be considered that the inversion layer of the MOSFET plays the
role of the underneath metal line of a metal-metal RF MEMS capacitive switch.

6.3 UNIFIED ANALYTICAL DC MODEL

The following physical unified expression of the intrinsic gate-to-channel capacitance
available from weak to moderate and strong inversion is proposed [179, 180]:

n-1 ex |:VGint(VG) — Vo — 2¢Fj|
p
) — Coxcinv — n\E thh C
Cox + Cinv + Cdep n—- 1 eXp|: VGint (VG) B Vfb - 2¢F :| +1 "
n\/E thh

Cocin (VGint (6.2)

where C,., Cgp and Cj,, are the oxide, depletion and inversion capacitances, respectively,
1n=1+C4e/C,y and all the other parameters are standard for MOSFET devices. This simple
continuous formulation allows the compact integration of the inversion charge as a function
of the intrinsic gate-voltage Vi

VGint ﬁ _ 1
Qiny (Vgin) = ICGCint (Vain ) Vi = ncothhln{T U exl{

Vaint (Vo) = Vi, =20 } " 1}
n

NV

(6.3)

Eq. 6.3 is then used to derive the drain current /p at low voltage (Vps = 50 mV, quasi-linear
regime) in both on and off states of the switch:
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I, = BT—%dV (6.4)
D C .
VS [0)'¢

The proposed analytical model is able to capture some unique characteristics of the SG-
MOSFET in a single unified analytical expression:

(1) The dynamic threshold voltage: low in the on state and high in the off state, which is a
key advantage for RF switch use because of a higher isolation in the off state compared
to the solid-state MOSFET;

(2) The super-exponential dependence of Q;,, vs. Vy in the subthreshold region;

(3) The super-linear dependence of Q;,, vs. V, in moderate and strong inversions.

It is worth noting that in strong inversion, Eq. 6.3 becomes similar to the well-known

formulation of the inversion charge:
Qinv (VG) = Cox (VGint (VG) - VT) (65)

where V, =V, +2n¢, and because Vg is a non-linear function of V¢ through Eq. 6.1, it

follows that the SG-MOSFET has a specific super-linear dependence of Q;,, with respect to
the gate voltage V.

A key parameter for a capacitive switch is the ratio between its capacitance in off and on
states that should be larger than 100. Typical switching capacitance characteristics are shown
in Figure 6.3. A C,y/Cos ratio in excess of 100 is demonstrated for a very thin oxide (¢,, ~ 10
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Figure 6.3 Cgcins vs. gate voltage Vg with the equivalent spring constant K as a parameter.

The drain current at low Vps = 50 mV is shown in Figures 6.4 and 6.5. Typically, the
switching occurs prior to the onset of strong inversion (in moderate inversion) and the drain
current has a slightly super-linear dependence on the gate voltage V.
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It is worth noting that in the subthreshold region (weak inversion), because of the action of
the capacitor divider described by Eq. 6.1, the SG-MOSFET can theoretically exhibit a local
subthreshold slope better than the ideal limit for solid-state bulk or SOI MOSFETs
(60 mV/decade).
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Figure 6.4 Drain current Ip vs. gate voltage V, (in log-lin scale) at low drain voltage, Vps =
50 mV, with K as a parameter.
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Figure 6.5 Drain current Ip vs. gate voltage Vy (in lin-lin scale) at low drain voltage, Vps =
50 mV, with K as a parameter. The specific super-linear dependence in moderate inversion,
prior to the gate snap-down, is highlighted.
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6.4 FABRICATION PROCESS

Figure 6.6 gives the complete fabrication process sequence for the metal suspended-gate
MOSFET (SG-MOSFET). The process is CMOS compatible and is a non self-aligned
process.

The silicon substrate is thermally oxidized (100 nm-thick) and a 200 nm-thick LPCVD
silicon nitride layer is deposited. The active and ground zones are etched through the
insulating layers. Then a 40 nm-thick thermal gate oxide is grown over the active and ground
regions (local oxidation of silicon (LOCOS)) (Figure 6.6a). The non photolithographically-
protected source/drain and ground regions are implanted with phosphorous and boron,
respectively (Figure 6.6b). Then a 350 nm-thick polysilicon sacrificial layer is deposited,
followed by a 200 nm-thick low temperature oxide (LTO) layer (Figure 6.6c). A two-step
chemical-mechanical polishing (CMP) is used to planarize the poly-Si sacrificial layer at the
level of the nitride layer in the active and ground areas, hence defining the initial gap
thickness. To open the electrical contacts, polysilicon is patterned by C4Fs/SF¢ plasma
followed by C4Fs plasma to etch the thermal gate oxide (Figure 6.6d). A 2 um-thick Al-Si
(1%) layer is sputtered as structural material (Figure 6.6e) and patterned by dry etching in a
standard Cl,/BCl; gas mixture. The aluminum suspended gate releasing is done in SF¢ plasma
with a high selectivity to both gate oxide and aluminum using the room temperature
optimized process (see Table 2.7) (Figure 6.6f). This process exhibits a poly-Si underetch rate
of 4.2 um/min while etching the gate oxide at 2 nm/min. Therefore the damages to the gate
oxide can be limited during the suspended gate releasing.

Nitride +
@) SiO, Ground zone () Contact openlng After CMP process
Active zone * * gl
Gate oxide

Silicon substrate In|t|a| gap thlckness

)

(b) Phosphorous implant Boron implant
R + A —
Source Drain Ground
Released
C
© LTO for CMP purpose ® suspended gate
'_L'Sacriﬁdal v N — * — _

Figure 6.6 Complete fabrication process sequence for the metal suspended-gate MOSFET
(SG-MOSFET).

The structure of the suspended-gate MOSFET is depicted in Figure 6.7 and shows an air-
gap of 220 nm between the suspended-gate and the gate oxide.
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Figure 6.7 (a) SEM microphotograph and (b) FIB cross section view of a suspended-gate
MOSFET. The air-gap height is 220 nm over the 40 nm gate oxide.

6.5 EXPERIMENTAL RESULTS

The characteristics of current switches based on the SG-MOSFET are shown in Figures 6.8
and 6.9. It is remarkable that due to the air-gap, the gate leakage is extremely low (lower than
0.1 pA) despite the large area of the gate. An experimental subthreshold slope of
4 mV/decade is demonstrated, and the super-exponential operation in the weak inversion

region is confirmed.
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i Vps =50 mV 1o
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Figure 6.8 Measured drain current and gate leakage vs. gate voltage for a fixed-fixed
flexural suspended gate. The pull-in occurs at Vo = 7 V. I peak indicates the pull-in event,
while the overall gate leakage level is very low (< 0.1 pA). The super-exponential dependence
predicted by model is experimentally confirmed (see exponential dependence in dashed line).
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Figure 6.9 Switching drain current characteristics for the SG-MOSFET depicted in Figure
6.10. The pull-in occurs at 10.5 V where the drain current abruptly increases, in weak
inversion, from 80 pA to 0.5 A resulting in a subthreshold slope of 4 mV/decade.

Figure 6.10 SEM microphotograph of a suspended-gate MOSFET with meander suspension
beams. The metal suspended gate is 13 x 60 um’, the beam width is 4 um.

Figure 6.11 shows a typical mechanical hysteresis (resulting from the difference between
pull-in and pull-out voltages) measured in a SG-MOSFET with an air-gap of 370 nm. The
hysteresis also suggests that the SG-MOSFET can be used as a pure MEMS memory cell.
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Figure 6.11 Measured hysteresis cycle suggesting memory operation. Both pull-in (13.1 V)
and pull-out (7.9 V) occur for positive gate voltage, which is characteristic to any
electromechanical switch (pure electromechanical hysteresis: mirroring difference between
pull-in and pull-out voltages).
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6.6 CONCLUSIONS

A novel MEMS device architecture: the SG-MOSFET, which combines a solid-state MOS
transistor and a metal suspended gate has been proposed as hybrid MEMS-MOS current
switch.

A unified physical analytical model has been used to investigate main electrostatic
characteristics and the influence of some design parameters. It has been shown that the
control of the gate oxide thickness (<20 nm) is essential for a high C,,/Coy ratio (> 100).
Other key results concern the specific super-exponential and super-linear drain current
dependence on the gate voltage, at low drain voltage, and the possibility to obtain a
subthreshold slope better than the theoretical solid-state bulk or SOI MOSFET limit of 60
mV/decade.

A fabrication process using polysilicon as a sacrificial layer has been developed to release
metal gate suspended over gate oxide. The aluminum suspended gate releasing has been done
in SF¢ plasma using the room temperature optimized process described in chapter 2.

We have demonstrated very abrupt current switches, with subthreshold slope better than
10 mV/decade and ultra-low gate leakage (less than 0.001 pA/um?) due to the air-gap.

Further investigation in our group about suspended-gate MOSFET devices has led to other
applications, where their figures of merit as CMOS-compatible architectures can bring new
MEMS functionality to the solid-state MOS devices, such as: (i) ultra-low voltage
micromechanical resonator based on resonant suspended-gate MOSFET [181] and (ii) 1T
MEMS memory based on suspended-gate MOSFET [182].






Chapter 7
Summary and outlook






7.1

SUMMARY OF MAIN ACHIEVEMENTS

The main achievements of this thesis can be summarized as follows:

A detailed and original study on SFg inductively coupled plasma (ICP) releasing has
been performed in order to find the optimized process parameters. This study has
emphasized the fact that temperature plays an important role in this process by limiting
silicon dioxide etching. Moreover, the optimized recipe has been found to be
independent of the sacrificial layer used (amorphous or polycrystalline silicon) and its
thickness. Using this recipe, 15.6 um/min Si underetch rate with high Si: SiO,
selectivity (> 20000: 1) has been obtained.

Based on this SFs plasma releasing, a metal surface micromachining process which is
compatible with CMOS post-processing has been developed for the above-IC
integration of MEMS tunable capacitors and suspended inductors. This involves a
sputtered Al-Si (1%) structural layer and a sputtered a-Si sacrificial layer.

It has been shown that an optimized design of the suspended membrane of single-air-
gap and double-air-gap parallel-plate MEMS tunable capacitors and direct symmetrical
current feed at both ports can significantly improve the quality factor and increase the
self-resonant frequency, pushing it to 12 GHz and beyond. The maximum capacitance
tuning range obtained for a single-air-gap capacitor is 29% for a bias voltage of 20 V.
The maximum capacitance tuning range obtained for a double-air-gap capacitor is 207%
for a bias voltage of 70 V.

The post-processing of BICMOS wafers has been successfully demonstrated to fabricate
monolithically integrated VCOs with above-IC MEMS LC tank.

Comparing a suspended inductor and the X-FAB inductor with the same design, it has
been shown that increasing the thickness of the spiral from 2.3 to 4 um and having the
spiral suspended 3 um above the passivation layers lead to an improvement factor of 2
for the peak quality factor and a shift of the self-resonant frequency beyond 15 GHz.

No significant variation on bipolar and MOS transistors characteristics due to the post-
processing has been observed and we conclude that the variation due to post-processing
is in the same range as the wafer-to-wafer variation.

Based on our metal surface micromachining process, coplanar waveguide (CPW)
MEMS shunt capacitive switches and variable true-time delay lines (V-TTDLs) have
been designed, fabricated and characterized in the 1 - 20 GHz range.

A novel MEMS device architecture: the SG-MOSFET, which combines a solid-state
MOS transistor and a metal suspended gate has been proposed as DC current switch.
The corresponding fabrication process using polysilicon as a sacrificial layer has been
developed to release metal gate suspended over gate oxide by SFs plasma. Very abrupt
current switches have been demonstrated with subthreshold slope better than 10
mV/decade (better than the theoretical solid-state bulk or SOI MOSFET limit of 60
mV/decade) and ultra-low gate leakage (less than 0.001 pA/um?) due to the air-gap.
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7.2 OUTLOOK

RF MEMS devices and technology have recently experienced huge progress and gain of
credibility for industrialization; FBARs are today considered by many companies (Infineon,
Samsung, Agilent, etc) as candidates for RF filters. On the other side, MEMS passive devices
have also gained the needed maturity in order to be considered as true replacement
components for the off-chip passives. With the above-IC integration approach, which was the
final target of this work, the MEMS passives are today not only a solution for better
performance and increased compactness but also a cost-effective alternative. For instance,
NXP announced the take-off in the 2007-2008 frame of the MEMS passives into product.

Looking into the future, we believe that RF MEMS will play a role in communication
applications beyond the replacement approach. It is clear that the resonator devices, which are
making full circuit functions (like filtering or mixing) in a single device will open a true
electromechanical signal processing era, with impact on new front-end architectures.
Moreover, as shown in the last part of our work, some new hybrid devices integrated in-
CMOS process could also contribute to a much faster integration of the new MEMS functions
with CMOS. A lot of innovations are then expected at different levels:

- At technology level: to provide movable structures into traditional silicon processing;

- At device level: to design and develop device architectures that can combine, as the
resonant gate transistor, principles of MEMS and solid-state devices to address low
power and high performance;

- At circuit/system level: in order to exploit, by new adapted circuit architectures, the
features brought by MEMS.

We are convinced that the future hybridization of MEMS and traditional ICs is a very
interesting and promising alternative to the exclusive scaling of CMOS for future applications
and products. The research and applications in the More-than-Moore era have just started to
appear.
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