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Abstract

Modern communication devices demand challenging ciipations in terms of
miniaturization, performance, power consumption andt. Every new generation of radio
frequency integrated circuits (RF-ICs) offer betfenctionality at reduced size, power
consumption and cost per device and per integraiadtion. Passive devices (resistors,
inductors, capacitors, antennas and transmissi@s)lirepresent an important part of the cost
and size of RF circuits. These components havevaltved at the same level of the transistor
devices, especially because their performanceosgy degenerated when they scale down
in size. The low resistivity silicon used to builte transistors also imposes prohibitive levels
of RF losses to these passive devices. Radio freguaicroelectromechanical systems (RF
MEMS) are enabling technologies capable to brigmificant improvement in the electrical
performances and expressive size and cost reducfictmese functions, with unparallel
introduction of new functionalities, unimaginable &ttain when using bulky, externally

connected discrete components.

High quality factor Q) inductors are amongst ones of the most needegaoents in RF
circuits and at the same time ones that are mésttatl by thin metallization and substrate
related losses, demanding considerable researoft.€efihis thesis presents a contribution
toward the development of thick metal fabricati@eshnologies, covering also the design,
modeling and characterization of high quality facad high self-resonant frequen&§RB

RF MEMS passive devices, with a special emphasispiral inductors. A new approach
using damascene-like interconnect fabrication st@gsociated to lowk dielectrics
(polyimide), highly-conductive thick copper elegitating, chemical mechanical polishing
(CMP) and tailored substrate properties deliveradlity factors in excess of 40 and self
resonant frequencies in excess of 10 GHz, perfotesain the current state-of-the-art for
integrated spiral inductors built on top of silicaafers. Furthermore, the developed process
steps are compatible with back-end processing tesébricate modern IC interconnects and
have a low thermal budget (< 25Q), what makes it a good choice to build above-IC

passives without degenerating the performance sdipated RF-CMOS circuits.

Deep reactive ion etching (DRIE) of quartz subssavas also studied for the fabrication of

spiral inductors, offering excellent RF performan@® exceeding 40 and SRF exceeding 7



GHz). A new doubly-functional quartz packaging ogpic for RF MEMS devices was
developed. This technique process both sides gidhkaging wafer: the top is used to embed
high quality factor copper inductors while the batt is thermo-mechanically bonded to
another RF MEMS wafer, offering a semi-hermetic &l@poxy-based seal. The bonding
process was optimized for high yield, to be conipatwith Sk-plasma-released MEMS and
to present low level of RF losses.

Band pass filters for the GSM (1.8 GHz) and WLAN2(&Hz) standards were fabricated and
characterized by RF measurements and full wavetrefeagnetic simulations. Although

further development is need in order to predictftleguency response accurately, insertion
losses as low as 1.2 dB were demonstrated, lelvatscannot be usually attained using on-

chip passives.

Systematic analysis, RF measurements, electromagsiatulations and equivalent circuit
extraction were used to model the behavior of thbri€ated devices and establish a
methodology to deliver optimum performances foineexy technological profile and specified
performance targets (quality factor, inductance &eduency bandwidth). A simple yet
accurate physics-based analytical model for spadiictors was developed and proved to be
accurate in terms of loss estimation for thick rhketgers. This model is capable to accurately
describe the frequency-dependent behavior of tiveceldelow its first resonant frequency
over a large device design space. The model wadatadl by both measurements and full
wave electromagnetic simulations and is well suitedperform numeric optimization of

designs. The proposed models were also systematizeMatlab® toolbox.

Keywords radio frequency micro electromechanical systeRE MEMS), high quality RF
passive devices, above-IC integration, copper /Kot@chnology, RF passive modeling and

characterization.



Version Abrégée

Les dispositifs de communication modernes ont gegiBcations agressives en termes de
miniaturisation, de performance, de consommatignelgie et de colt. Chaque nouvelle
génération des circuits intégrés radio (RF-ICsheoffe meilleures fonctionnalités a une petite
taille, avec une faible consommation d’énergie retcadt réduit par fonction implémentée.
Les dispositifs passifs (les résistances, les lshites condensateurs, les antennes et les
lignes de transmission) représentent une parti@itapte du codt et de la taille des circuits
RF. Ces composants n'ont pas évolués dans le m@ghrae des transisteurs, principalement
car leur performance est fortement dégradée quamiminuent de taille. La faible résistivité
du silicium utilisé dans la fabrication des tratwis impose de forts nivaux de pertes RF aux
dispositifs passifs. Les dispositifs micro électémaniques pour la radio fréquence (RF
MEMS) sont de nouvelles technologies qui ouvrentvéée pour avoir une amélioration
significative de performance, avec l'introductioe douvelles fonctionnalités inimaginables

de s’obtenir par l'utilisation des composants ditset encombrants.

Les bobines a fort facteur de quali€d) Gont parmi les composants les plus attendus awemé
temps qu’elles sont une des plus affectées papdegs associées aux couches métalliques
minces et aux pertes RF du substrat. Cette thégertap des contributions vers le
développement des procéedés de fabrication de ceudétalliques épaisses, aussi bien que
pour le dessin, la modélisation et la caracténsaties dispositifs RF MEMS a fort facteur de
qualité et a forte fréquence de résonance. Unatattespéciale est dédiée aux bobines en

spirale.

Une approche originale utilisant la méthode dames@®ur la fabrication d’interconnexions

a été proposée. Le polissage chimique mécaniqueéPjCMtilisation des polymeéres a faible

constant diélectrique (polyimide) associés aux bea@paisses en cuivre a faible résistivité et
au contrble des propriétés du substrat ont periai®ut des facteurs de qualité plus forts que
40 et des fréquences de résonance plus fortesGy@Hz. Ces performances sont dans |'état
de l'art pour les bobines fabriquées sur des wadarsilicium. Le procédé développé est
compatible avec d’autres utilisés dans la fabeatback-end” des interconnexions pour les

Cls d'actualité, avec un petit budget thermique260 °C) ce qui fait de cette technique un

Xi



bon choix pour la fabrication “above-IC” des passifins une dégradation de la performance
des circuits RF CMOS.

La gravure profonde (DRIE) des substrats en quar&té utilisée comme technique de
fabrication alternative pour les bobines en spjralg@sentant d’excellents résultats pour la
performance RFQ plus fort que 40 et SRF plus forte que 7 GHz).

Un nouveau procedé d’encapsulation avec doublditonpour le wafer quartz appliqué pour
les RF MEMS a été développé. Cette technique seatdes deux cotés du wafer : le dessus
pour la fabrication de bobines et le dessous peuncépsulation au nivaux du wafer pour des
plaguettes RF MEMS avec une protection semi hequétbasée sur la résine époxy SU-8.
Le procédé de soudage a été optimisé pour avoremtlement éleveé, pour étre compatible
avec des dispositifs libérés par la gravure seasédsur le SFet pour présenter des faibles
pertes en RF.

Des filtres passe bande GSM (1.8 GHz) et WLAN (BI2z) ont été fabriqués et caractérisés
par des mesures RF et des simulations électromggast Méme si une maitrise de la
réponse en fréquence est encore envisageablegdes d’insertion aussi faibles que 1.2 dB
on été démontrées, des valeurs particuliermentcité a obtenir pour des filtres concus a

partir des composants passifs sur silicium.

L’analyse systématique, des mesures RF et desationg électromagnétiques et par circuit
électriqgue équivalents ont été utilisés pour maeéélile comportement des composants
fabriqués et pour établir une méthodologie afiniala performance désiré en fonction des
parametres de dessin (le facteur de qualité, létahce et la bande de fréquence de travail).
Un modele physique simple et précis pour les babarespirale a été développé et validé par
des mesures RF et par des simulations électromggest Les modeles proposés ont été

systématisés dans une librairie de calcul pouraib&il

Mots-clés systemes microélectromécaniques pour la radiquééce (RF MEMS),
composants passifs a fort facteur de qualité, ratén “above-IC”, technologie cuivre /
diélectriques a faible constante diélectrique, rtied#on et caractérisation de composants RF

passifs.
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Physical constants

Co vacuum speed of light (exactly 2.99792488 m/s13.0110° m/s)

€0 vacuum dielectric constant = 1p€) = 8.8541878176210"% F/m

Ho vacuum magnetic permeability (exact§d0’ H/m 0 1.2566110° H/m)
No vacuum characteristic impedanc g%o =376.73..Q 01201tQ

deu copper density = 8.920 g/ém

Pcu copper resistivity (bulk value = 1.7& cm, thin film value = 2.0Q1Q cm)
PaG silver resistivity (bulk value = 1.62Q cm)

PaU gold resistivity (bulk value = 2.44Q cm)

PAL aluminum resistivity (bulk value = 2.6& cm, thin film value = 3.3QQ cm)
€R.OX relative dielectric constant of silicon dioxide %) = 3.9

ERPI relative dielectric constant of polyimide = 2.9

€rR.SI relative dielectric constant of silicon (Si) = 11.9
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Chapter 1

Introduction

Microelectronic devices are miniaturized electrooamponents generally built in a single
piece of a monocrystaline semiconductor matetka $iilicon (Si) or gallium arsenide (GaAs).
The possibility to fabricate very small componestgbles the integration of complex circuit
functionalities in a small piece of semiconductoatemial at minimum cost and energy

consumption per device.

An intense increase in both the degree of miniaaion and in the performance of the
electronic circuits has been observed since thabkstment of the microelectronic

fabrication industry. A consistent increase in thenmber of transistors per integrated circuit
has been observed every year. For each new gemeddtintegrated circuits new and more
complex functions can be integrated in a single isenductor chip. A trend known as

Moore's law, observed in 1965 by one of the co-ftaws of Intel Corporation and still valid

today, states that the number of transistors inptexnintegrated circuits approximately
doubles every 2 years [Moore 1965, Moore 1995].

Passive devices (resistors, capacitors, inductord #&ansmission lines) have been
traditionally built separately from the main intatgd circuit transistor functions and attached
to them using special interconnection techniquégs€& bulky components represent a large
amount of the cost of the RF circuits and the ewefabrication and interconnection of these

devices is a factor that adds significant volungeapitics, weight and cost to the RF products.

Co-integration of passive devices in the sameasilisubstrate is desirable in order to reduce
the interconnect parasitics, reduce the size astl @bthe units and increase the operating

frequencies of the RF circuits. The challengesofwihg this tendency are associated to the



limited performance of these devices when builtmmiaturized configurations and in

proximity with high conductivity substrates. Thisafmnework introduces the need of using
new materials and fabrication technologies in otdeincrease the electrical performance of
these devices, while still keeping the process ¢ost and compatible with the standard

technologies used to fabricate RF CMOS circuits.

Moreover, the design of passive devices to attaiertain specification must trade-off many
variables that determine the size and the perfocmanf these devices. Careful
electromagnetic optimization of the device geomstrguld be carried out in order to ensure
that one can obtain the maximum performance tigaten fabrication technology can deliver.

The aim of this thesis is to present a contributionthe study and development in the
fabrication of high quality factor integrated passidevices. The development of a new
fabrication technology based on the definition loick copper layers embedded in low

polyimide is proposed. A systematic study on th&gteand characterization of the fabricated
devices was carried out, with special emphasis woiegrated inductors used as a

demonstration vehicle to probe the performancéefdeveloped fabrication techniques.

1.1. Organization of the thesis

This first chapter of the thesis presents a genetadduction to the field of MEMS and RF
MEMS and a brief description of the advantagesiasdes related to RF MEMS fabrication
technologies. The motivations and objectives o fAhD project as well as a picture of the

current state-of-the-art in the field are also présd.

The chapter 2 presents the basic underlining caacemdels and equations defining passive
integrated inductors, with special attention to thedinition of the inductance calculation

formulae and merit factors used in this research.

In the chapter 3, the fabrication technology depetbin the frame of this thesis is presented
in detail, describing the fabrication steps, thermmssues involving the technological choices
made and how they were addressed. This chaptefimally present the fabrication results

obtained using the developed technology platform. application of the high Q passive



devices developed in the frame of this thesis igr $ynthesis of high frequency bandpass
filters is also presented.

Chapter 4 presents an alternative fabrication m®dmsed on the direct deep reactive ion-
etching of insulating substrates filled with thiekectroplated copper lines. An innovative
double-functionalized RF packaging solution is gisoposed. This solution can be used for
both packaging and fabrication of high Q inductbysexploiting both sides of the capping

wafer.

Chapter 5 presents the simulation tools and RFackerization methods used to predict and
measure the performance of the fabricated devitgwmesents and discusses the software
tools used and especially developed to accompdisk. tFinally, an accurate, physics-based

model for spiral inductors is proposed and validate

Finally, the chapter 6 draws up the general commhssof this research project and point some

research directions to be followed in order to oorg the advancement in the field.

1.2. MEMS and RF MEMS passive devices

Micro-electro mechanical systems (MEMS) are mimiaed devices having functionality
related to both the mechanical and electrical domjaipresenting in general both
functionalities in a single device. The term emdrgedescribe a class of devices that can be
fabricated using adapted technologies inheritednipdrom integrated circuit fabrication
techniques [Madou 1997].

MEMS devices can effectively incorporate integratadtuit functions and interface these
circuits with a variety of domains like fluidics @rbiology (microchannels, micropumps,
defining the so-called Bio-MEMS field), optics (maenirrors and optical switches, defining
the so called optica-MEMS or MOEMS field) and manltal sensors and actuators

(electrostatic, thermally or magnetically drivemsers and actuators).

Radio frequency micro-electro mechanical systents EEMS) is the term used to describe
the emerging technology of fabricating and usingM&Edevices that have functionality in

radio communication circuits operating in the GHeaqgluiency range [de los Santos 1999, de



los Santos 2002, Yao 2000, Nguyen 2002, VaradarB]2Q0dEMS and microelectronic
fabrication techniques are enabling technologiedataricate high quality factor passive
devices (capacitors and inductors), low-loss trassion lines, RF switches, microrelays and
a number of application circuits obtained by conrmnthese basic devices in functional
blocks. Emerging RF applications demand a numbgyaskive circuit functions, including
high performance switches with low insertion losaed high isolation [Rebeiz 2001], large
tuning range variable capacitors [Rijks 2004], tueainductors [Fukushige 2003], tunable
filters [Brank 2001], suspended transmission liffesam 2001], tuning matching networks
[Unlu 2006], reconfigurable antennas [Erdil 2004riable true-time delay lines (VTTDLS)
[Hung 2004, Perruisseau-Carrier 2006], antenna qghaarrays [Sagkol 2002], and
electromechanical filters and resonators [Nguye®81®ubois 2005, Piazza 2006] as basic

passive network building blocks.

Figure 1.1 shows a MEMS market forecast shared dmwhe various families of MEMS
devices available to date. The predominant prodarctsdata read / write heads, followed by
micro displays, inkjet printer heads, pressure sensnd RF MEMS occupying thé"5
position. Figure 1.2 shows a forecast with the islgaof the RF MEMS market in different
sub-areas. This projection predicts a U$ 1.2 hillimarket for 2009 by having mobile
telephony and consumer electronics as the majamweldrivers, followed by other wireless
applications. RF test and WLAN networks represesigaificant percentage of this market,
followed by other low volume, higher technology wenis like satellites and military

applications (fig. 1.3).

These market projected figures are, of coursemesions based on the behavior and
expectations of the market, and are dependent nanzer of uncertain economical and

technical issues that should be addressed.

From the technical point of view, the large-scaisertion of RF MEMS in mobile and
consumer electronics is dependent on a numberyatfdolinological factors related to:

* How low-cost the technology would be, including fheckaging issues and how this
aspect impacts the cost and the performance ofdéweces. This topic should be
addressed by searching for solutions that shoultbb®patible with the current CMOS
fabrication and packaging practices, using low d@filmaterials and simple and robust

fabrication methods,



The added value that RF MEMS can provide for thedpcts in terms of new
functionality, performance and energy saving,

The reliability and long-term stability of the etecal and mechanical characteristics
of these devices, especially the ones having mevaddchanical parts and electrical

contacts like variable capacitors and switches.
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1.3. Motivation and objectives

High Q passive devices, especially inductors, asrdble in order to reduce the phase noise
in voltage controlled oscillators (VCOSs), reduce tlosses in filter and tuning matching
networks (TMN) and reduce the power consumptioosicillator and power amplifier circuits
(PA) [Malba 1998, Rebeiz 2003]. Table 1.1 shows tleevmain circuit figures of merit scale

as function of the inductor quality factor (suppasithat all the other parameters are kept

Source: WTC

2008 2009

constant).
Application Parameters Assumptions Scaling withQ
Phase noise LC-type resonator circuit 1/¢
Oscillators Power For a fixed phase noise level 1/Q
consumption
Gain Proportional to load impedance Q
Amplifiers Power . Same gain with less 1/Q
consumption | transconductance for the
transistor
Matching networks | Insertion loss Unloaded resona@isets the 1/Q

and filters

loss

Table 1.1: Scaling of RF circuit parameters as fuotof the inductor quality factor [Rebeiz

2003].




The use of MEMS devices in RF circuits is very agjpg because at very high GHz
frequency ranges semiconductor switches and trassoni lines built on conventional silicon
substrates become too lossy. Solid-state devieesalap limited in terms of linearity and
power handling capability, limitations that electrechanical devices are less subject to. On
the other hand, there are off-chip high qualitytdacdevices available today, but the co-
integration of these devices with the IC functiomslesirable in order to reduce the volume,
costs and parasitics associated to the fact of ngawulky components with long

interconnecting lines going outside the RF cirgudore.

Additionally, the possibility of building high quat factor, tunable and switchable
components will be key enabling factors for new egimgy multi-GHz reconfigurable radio

circuits and high performance / low power telecomioation modules by introducing new
functionalities that the present day componentsictinffer due to their high cost, size and
impossibility of being fabricated in large numbargl co-integrated with transistors.

Passive devices have been largely studied andcéabd on GaAs and more recently on
silicon-based RF technologies. RF performancesopnaf silicon substrates are poor in
general, which poses severe limitations in theadxlity and use of these technologies when
co-integrated with CMOS technologies for the higHzZ3requency ranges. The use of new
technologies and materials associated to innovatigeoptimized RF designs are key points
for what this thesis will propose contributionsctantinue the advancement in the RF silicon-
based technologies.

The objective of this thesis is to contribute ie field of high quality factor RF MEMS by
developing new CMOS-compatible fabrication techggl@latforms and by the systematic

analysis on the performance limitation factorsh&fste devices.

In order to explore all the potential of a given Réchnology, numeric optimization,
electromagnetic simulation and RF measurement-basedels should be extensively
exploited to give optimal designs in the sense thatbest possible performance for a given
technology profile can be delivered. This thesikena contribution in this direction with the
systematic use of modern RF simulation tools akbgldao date, as well as applying and
comparing the various models available in thedit@re and by extracting accurate equivalent

circuit models based on S-parameter measurements.



The devices fabricated and studied in the framehd thesis had also the objective of
providing different RF MEMS related EU researchjects with demonstrator prototypes.
These research projects were: Wide-RF ("InnovatM&MS devices for Wideband

reconfigurable RF Microsystems”, project IST-20@286), Mimosa ("Microsystems

platform for Mobile Services and Applications”, pot 1ST-2002-507045) and Amicom
("European Network of Excellence on RF MEMS and NRErosystems”, project IST-2003-

507352).

1.4. State-of-the-art on RF MEMS

Integrated passive devices have been fabricated naodeled initially on top of GaAs
substrates [Cauton 1968, Greenhouse 1974, Petleh®88]. The fabrication and study of
spiral inductors on top of low resistivity silicamafers has been performed essentially in the
past two decades [Nguyen 1990], and started torgane interest in the past decade [Nguyen
1998]. The first devices that appeared in thisafiom showed very poor RF performances,
with peak quality factors that do not exceed thegeaof 3 — 5 and self resonance frequencies
in the 1 — 3 GHz range, imposing severe limitatibmshe practical application of these
devices [Nguyen 1990, Yue 1996].

The availability of Cu / lowk advanced interconnects in the state-of-the-arh ldgeed
CMOS processes provided an enabling way to delistices with significant increase in
both peak quality factor (around 10) and self-resme frequencies (around 5 GHZz)
[Burghartz 1996, Burghartz 1997].

In 1996, Burghartz et al. proposed to shunt laydrsnetal in a multilevel metallization
BICMOS process by putting traces of metal in pataly using many vias interconnecting
them. Inductors in the range of 1 to 5 nH with gydiactors in the range of 5 to 20 were

obtained by using this technique [Burghartz 1996b].

The obtained increase in the RF performance bygusigh-speed interconnects is related to
the reduction in the parasitics and increase inctimeuctivity of the interconnects, the same
driving force that is pushing the IC local interoeats for the multi-GHz frequency range, but

these performances did not showed to be enougbsfmond the demand for high Q devices



with resonant frequencies into the 6 — 10 GHz raegeected for the new emerging RF
application standards (GSM, WLAN for example).

These issues have been addressed by introducindaheiwation technologies and materials
and by removing the limitations imposed the losigan substrate. In 1993, Chang et al.
demonstrated for the first time a suspended 100nadctor by etching a cavity underneath
the inductor and improving both gain and bandwifta CMOS RF amplifier [Chang 1993].
In 2000, Lépez-Villegas et al. proposed to etch ghieon on the backside of the designed
spiral inductors, demonstrating an increase ingbality factor from 3 to 30, shifting the
frequencyfomax from 1.5 to 5 GHz.

In 1997, Young et al. fabricated copper soleno@ltors with conductors wrapped around a
5004um-wide and 65Q¢m-high alumina core [Young 1997, Malba 1998b]. 8-4H inductor
with Q = 30 @ 1 GHz was demonstrated by this fabricatemmnique. Kim et al fabricated
copper solenoid inductors with air-core insteadalfmina, demonstrating inductors in the
range of 1 to 20 nH with quality factors in the ganof 7 to 60 [Kim 1998]. Chen et al.
demonstrated in 2001 solenoid inductors made uiidk SU-8 resist on top of CMOS
circuits withQuax = 20 @ 4.5 GHz and SRF > 10 GHz [Chen 2001].

In 1999, Yoon et al proposed to fabricate overhemyctor structures in order to reduce
substrate related losses, placing the inductop®0to 50um far away from the substrate
[Yoon 1999]. A suspended inductor of 1.8-nH havimgQ-factor of 50 at 7 GHz was
demonstrated by using this technique. This samé&oauproposed solenoid inductors
fabricated on top of 1@ cm substrate. An inductor of 2.7 nH with a peakligqy factor of 17

and self-resonant frequency of 2.4 GHz was dematestrusing this technique.

Another fabrication technique adopted in orderetduce substrate-related losses is to locally
increase the resistivity of the silicon substratelarneath the inductor by providing a poor
conductivity silicon material by modification ofdéhsubstrate by proton ion bombardment or
by the formation of porous silicon layer (PS). Hgwal. demonstrated an increase on the peak
quality factor from 8 to 18, with a shift ifjuax from 1.5 to 3.5 GHz by applying proton
implantation treatment of the silicon underneath ittductors. A peak quality factor of 45 at
15 GHz with a resonant frequency of 22 GHz was detmated [Hsu 2002]. This process
presents some issues related to the damage ofiltbensby the high-energy particle



bombardment [Liao 2003]. Nam et al. demonstrateldiciors fabricated on top of oxidized
porous silicon (OPS): a 6.3-nH with peak Q-factérl8.3 at 4.6 GHz and self-resonant
frequency of 13.8 GHz was demonstrated [Nam 19B7R003, Royet et al demonstrated
Quax = 45 @ 1 GHz and SRF of 5 GHz by using also pomilison formation technique
[Royet 2003]. In 2007, Contopanagos et al. dematedr inductors fabricated on top of
porous silicon layer using copper conductor wihax = 30 @ 3.5 GHz [Contopanagos
2007].

In 1999, Lee et al. as well as Kim et al. demonstiehe use of bondwires to fabricate
solenoid-type inductor structures by closing laecuit loops [Lee 1999, Kim 1999].
Inductors between 2 to 6 nH with quality factorghe range of 30 to 60 were demonstrated
using this fabrication technique. The problem witis approach is the difficulty to accurately
control the form and size of the loops and so ihal inductance value characteristics of the

final device.

In 2002, Chomnawang et al. demonstrated high Qciiedsi using thick resist fabrication of
solenoid-like inductors. A 1.8-nH inductor wit) = 40 at 10 GHz was demonstrated
[Chomnawang 2002].

The use of LIGA processing enables the fabricadithick metal structures suitable to build
high Q passive devices [Bacher 1995]. In 2003, Bagkt. demonstrated high current handling
(> 3A) devices using nickel-iron magnetic matefal the inductor core, but with very low-
frequency and low quality factoiQ(= 4.5 @ 50 kHz) [Park 2003]. In 2007, Lu et al.
demonstrate@uax between 60 and 90 @ 2.5 GHz and SRF between 12@@Hz using
very thick out-of-plane solenoid structures fabtéchusing LIGA process. This process uses
100 and 20@m-thick vias [Lu 2007].

Active inductors are circuits made of a combinatioh transistors and other passive
components to emulate the electrical behavior &fsipa inductors [Kaunisto 1995, Hara
1988, Hayashi 1996, Haslett 2001]. These circudas present high Q and broadband
frequency behavior at moderate to low on-wafer a@asumption. The major drawback of
these devices is their very poor performance imgeiof phase noise and high power

consumption [Craninckx 1995].
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Variable inductors are highly needed to fabricatgnfperformance reconfigurable filters, and
are probably the less developed RF MEMS deviceate.dThe major issues associated in
fabricating this kind of device is the difficulty bbtain in the same device a high inductance
per area density, large range tunability, low attmavoltage or currents, high quality factor
and high self-resonant frequency. No design to dae answer to all these issues
simultaneously. Fukushige et al. presented an bptame movable helical design with 3% of
tuning range (demonstrated by the use of extercialator) and a quality factor of only 2
[Fukushige 2003]. Tassetti et al. proposed an ®sttically actuated actuator to operate the
secondary of a transformer-like structure, withuatibn voltages in the range of 100 V to 200
V and no reporting on the quality factor, expectedbe inherently low in this kind of
structure [Tassetti 2003, Tassetti 2004]. The nmstmising variable inductor solution
proposed to date seems to associate high Q fixeidegewith high-performance switches in
order to build switchable banks of fixed devicebgeve the total inductance is defined by the
series or parallel combination of individual higefmrmance devices. This configuration, in
spite of requiring high-performance switches toitb@lemented, does not compromise the
quality factor of the inductor in order to acquihe desired tunability. This approach also let
the circuit designer free of the use of complicédedback mechanisms or non-linear
calibrations needed to precisely control the indnce value.

The current state-of-the-art results on CMOS-coibfmtintegrated inductors has been
obtained associating thick highly conductive metédsv k polymers and high resistivity
substrates, offering peak quality factors in thegeaof 20 — 60 and self-resonant frequency

exceeding 6 GHz, reaching sometimes the range ef22MDGHz [Carchon 2004].

The focus of this thesis is mainly put on spiradluotors, which are to date the devices
suffering from the lower quality factor and highsubstrate related losses. Finding good
technological alternatives for the fabrication afluctors will set technological solutions
enabling low insertion losses and high self-resbrie@guencies that can be successfully

applied for virtually any type of passive device.

1.5. Quality factor enhancement techniques

Many technigues have been proposed and testedeirpdhsuit of higher quality factor

integrated inductors. These techniques can beativihsically in two major groups: design-
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related and technology-related. Design-related egapres try to extract the best performance
that a given technology can offer by using adapkesign methodologies in order to increase
the performance of the device without changing calti the way it is fabricated. These
methodologies are needed when a given mature texynonust be used to fabricate the
devices and the designer has no choice about thg. @'his approach is also necessary in
order to obtain the best quality factor that a gitechnology can offer. Technology-related
approaches propose new materials and fabricaticmédogies in order to provide better
performance and functionality by overcoming theeir@mt limitations of the materials and
processing steps used to fabricate the device, Ipatihe thin metal layers and substrate-

related losses.

From the design point of view, in spite of beingetrically simple, inductors present many

trade-offs related to the choice of the geometipeahmeters.

Amongst all polygonal forms, circular spirals prasa better quality factor related to a better
inductance / perimeter ratio [Chaki 1995, Park 19%& 2001, Aguilera 2002]. The circular
design is not available in general for all the miadkication processes. In that case, octagonal
inductors are the best compromise for the numbesides per turn when only 4%ines are

allowed by the design rules.

Craninckx demonstrated by electromagnetic simulatiat the inner segments of the spiral
inductors do not contribute effectively to the totaductance of the device due to their
reduced length compared to the overall spiral @raninckx 1997]. On the other hand, the
inner segments are prone to strong magnetic fidldance generated by the outer segments,
and present more AC resistance per unit length tih@muter ones, contributing significantly
to increase the losses of the device. The conclusfathis study is that it is advisable to
design "hollow spirals" having the largest possiiliernal diameter. The drawback of this
technique is the increased on-wafer area consumptiml some increase on the parasitic
capacitances that scale with the total device anethis same way of thinking, tapered spirals
having narrow widths for the inner segments weoppsed [Lopez-Villegas 2000, Lin 2002].
The narrow inner tracks are less prone to AC r@sce increase due to the external magnetic
field generated by the outer tracks, and have aisce inductance per unit length. Both
effects together can compensate for the increasssgtance due to the reduction in the cross

section area, and these inductors can have gaths iquality factor in the order of 10 to 20%
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if correctly optimized. The major drawback of thechnique is that an accurate modeling
approach is needed in order to have the good balaiib the tendency to increase the quality
factor by having more resistive narrower inner kead-or this kind of spiral, no simple rule

for the track width decrease ratio as function led geometry and inductance is clearly
established. By the same way, no accurate clogad-foductance calculation formulae are
available, making it difficult to build devices an accurate predictive basis.

Differential excitation of spiral inductors showed be less prone to substrate parasitic
influence [Danesh 2002, Reiha 2003], due to theesexrssociation of parasitic capacitances
when both sides of the device have potentials eafsrd to the ground. The result from this
study suggest that moving for differential circaithitectures are beneficial and can offer up
to 30% of improvement in the quality factor wittspect to single ended devices build on top
of low resistivity silicon substrates. A symmetticpiral design can also help in order to
flatten the frequency response of the device ane Fager frequency bandwidth inductors, a

feature desirable for multi standard RF circuitrapien.

Transformer-like designs like the one proposed igynEijer et al. [Tiemeijer 2001] basically
put two or more spirals in parallel in order to =se the total resistance of the inductor. This
technique is effective only when the 2 spirals barput in close proximity in order to have a
high magnetic coupling coefficient that does nokenthe parallel inductance decrease by the
same ratio of the resistance, presenting in theaebdtter inductance / resistance ratio and
then a better quality factor. Another drawbacklo$ type of design is that putting spirals in
close proximity can increase the parasitic capacéaeducing the frequency response of the
devices. The fabrication of spirals by stackingelayof metal in parallel can reduce the low
frequency resistance of the spiral, presentingoaljh a strong reduction in the self-resonant
frequency due to the increase in parasitic capams [Koutsoyannopoulos 2000, Zolfaghari
2001].

When designing inductors on top of low resistivitybstrates, the excessive losses of the
substrate can be avoided by putting a conductiie lggtween the spiral and the substrate,
made of highly-doped silicon or metal. The grid imues patterned with thin, non-closed paths
in order to avoid induced losses due to eddy ctumed reduction of the inductance by the
image currents that would be induced by a soliddaotive structure. This technique is
known as the patterned ground shield (PGS, fig. [M#han 1998, Yue 1998, Tan 2000, Ng
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2001] and is effective when the resistivity of géstrate is in the order of L cm or less.
For higher resistivity substrates, this techniquesents the drawback of increasing the
parasitic coupling capacitance to the substrateggtwhduces by consequence the resonant
frequency of the device. Burghartz demonstratel®®i7 that the surrounding ground ring and
the way it is electrically connected to the sulistaso plays an important role in the quality
factor of the inductors [Burghartz 1997D].

Liszo

(a) Highly diffused silicon and lateral (b) Spiral build on metal with GSG lines
contact vias. contacting the underneath structure.
Fig. 1.4: The use of a patterned ground shied (@arneath the spiral inductor (b) built on
top of low resistivity substrate in order to aveubstrate eddy current losses.

Designing higher track widths reduces proportionalie low-frequency resistance of the
device, but an optimum point is reach due to theredese of inductance with the increase in
the cross-sectional area as well as due to anaseref the parasitic capacitance to the
substrate, proportional to the metal area. Desgymiith small track spacing is usually

beneficial due to the gain due to the increasé®itutual inductance term. This gain usually
overcomes the drawback of having more track-toktgarasitic capacitance coupling that can

potentially reduce the resonant frequency of thecds.

A summary of the studies and techniques perforroethte in order design and fabricate high
Q integrated inductors is schematically shown inegsli.2 and 1.3.
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Strategy

Advantages

Issues

References

Use of circular
spirals

Better quality
factor than squarg
ones

Not always available in the
> design kit (octagonal can be
good compromise)

[Chaki 1995, Park
al997, Lee 2001,
Aguilera 2002]

Use of hollow
spiral designs

Avoid using low
quality /
inductance in the
inner part of the
spiral

Use of more on-wafer
surface, increasing cost

[Craninckx 1997]

Tapered width
spirals

Increase inQ for
the same area of
other geometries

Complicated design and
optimization, gain in Q is
marginal if not properly
designed

[Lopez-Villegas
2000, Lin 2002]

Symmetrical or
transformer-like

Increase iQ

Needs high coupling (lower
spacing), via resistance limit

[Tiemeijer 2001,
sDanesh 2002]

inductors the performance, needs

differential excitation
Symmetrical Increase iQ and | Needs special circuit design| [Reiha 2003]
excitation SRFdue to less | (differential topology)

substrate
influence

Increase track
width

Increasd) in low
frequencies

Large substrate parasitics ar
on-wafer area consumption,
reduce inductance

1dAguilera 2001]

Reduce track

Increase mutual

Needs tight fabrication

[Aguilera 2001]

spacing coupling, reduce | tolerances, increase of spira
on-wafer area capacitance

Overall Get best device | Needs accurate modeling | [Crols 1996]

optimization for | for the given tools or a large library of

target inductance and | devices to produce

application frequency measurement-based modelg

Reduce track Increase in Large losses due to increased -

width inductance, small| line resistance
footprint

Stacked spirals | Increase in Large parasitics, decreased | [Koutsoyannopoulos
inductance SRF 2000, Zolfaghari
density 2001, Lee 2007]

U7

Table 1.2: Overview of design-related spiral induajuality factor improvement strategies.
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Strategy Advantages Issues References
Increase the Reduce losses, | Effective only at certain [Massin 2002]
thickness of the | increasingQ frequencies (skin depth

metal

limited), challenging etching
steps or need of thick resist
processing

High conductive
metals

Reduce losses,
increasingQ

Needs new processing steps
and materials (e.g. thick
electroplating, advanced
etching or CMP)

[Bahl 2001, Zu

Carazzetti 2005]

1996, Ternent 1999

Low K polymers

Decrease parasiti
capacitances,
increase botlQ
andeES

cNeed of new materials and
processing steps (diffusion
barriers, adhesion
optimization)

[Burghartz 1997,
Jeong 2003]

Thick polymer
under the spiral

Decouple spiral
performance from

Delaminating, need of high-
quality vias or packaging-like

[Arnold 1992,
Baringer 1993,

[72)

or use of substrate technology to fabricate the | Beyne 1995,

multichip resistivity, very | devices Shimoto 1995,

module good RF Samber 1998,

deposition performances Pieters 1998, Pieter

(MCM-D) 2001, Carchon

technology 2004]

High resistivity | Eliminate killing | Makes the process less [Benaissa 2003,

substrates substrate compatible with standard Spirito 2005]
parasitics CMOS

Backside etching| Eliminate killing | Complicated fabrication [Ozgur 1999,
substrate steps, stress related issues fokopez-Villegas

parasitics using
low resistivity
substrates

thick metals, fragile structure

£000]

Front side
etching

Eliminate killing
substrate
parasitics when
using low
resistivity
substrates

Complicated fabrication,
stress related issues with thi
metals

[Lakdawala 2002]
ck

Free standing
structures

Less prone to
substrate losses,
enable the
fabrication of
tunable devices,
introducing new
functionality

Stress related issues, tunabl
L has very lowQ and
bandwidth and usually need
very high actuation voltage

1999, Jiang 2000,
Dahlmann 2001,
Dahlmann 2002,
Zou 2003]

e[Syms 1993, Yoon

Solenoid-like
structures

Good inductance
density, very high
Q reported

Can be subject to killing via
resistance, needs thick meta
and sacrificial layers to have
good inductance density

[Edelstein 1998,

Weon 2005, Lu
2007]

(large loops)

| Chomnawang 2002
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Use of patterned
ground shields

Increas& by
eliminating some

Works only in low resistivity
substrates, marginal gain on

[Mohan 1998, Yue
1998, Burghartz

(PGS) and substrate Q 1997b, Tan 2000,
substrate taps parasitics, simplef Ng 2001]
modeling
Local increase of| Eliminate Exotic fabrication process, | [Yu 2000, Hsu
substrate substrate ion bombardment induced | 2002, Chan 2003,
resistivity parasitics in low | defects Royet 2003,
resistivity CMOS Contopanagos 2007

4

ed

Table 1.3: Overview of technological-related spiraductor quality factor improvement

strategies.

The main contributions of this thesis that will peesented in the following chapters are

related to both technology and design-related sopyc

1) Developing new fabrication technologies, using higilonductive thick metals, low

polymers and high resistivity or insulating subktsa and

2) Studying and optimizing the spiral inductor desigpysmeasurement, simulation and

accurate physics-based model for the fabricatetcegsy
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Chapter 2

Integrated Inductors

2.1. Inductors and inductance

Inductors are used in a number of RF circuits,udirig LC resonant tanks in oscillators, RF
chokes, filters and as tuning / impedance transiition elements in amplifier and tuning

matching networks.

An inductor is a passive device for which the nfaimction is to store electrical energy in the
magnetic field. The main property of an inductortssinductancd., defined as the ratio of

produced magnetic flux linkage for a given appbedent:

L=— (eq. 2.1),

where® if the magnetic flux induction measured in [Wb]\£s] andl the applied current in
[A]. In the Sl units, the inductance is measuretienry, 1 H = 1 Wb/A. This equation defines
the self-inductance of a circuit, in a sense thatlates the current and the flux inside a

closed-loop circuit.

The dynamid-V behavior of an inductor when a time varying currienapplied is obtained
using the Faraday induction law that states thaargable magnetic flux@(t) produces an
induced voltageV = -d@(t) / dt on the inductor terminals. For a sinusoidal tinaeying

current with angular frequenaey, the time varying current is expressed as:

i(t) =1,sin(at) (eq. 2.2).
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The magnetic flux linkage and voltage can be writs:

o(t) =Li(t) (eq. 2.3),
V(t) = L% = all, cos(t) (eq. 2.4).

In terms of Fresnel complex phasor representatienrelation between the phasdsand |

defines the complex impedan&eof an inductor:

N >
11
—>|<>

s

(eq. 2.5),
where b is the voltage / current amplitude ratio (induetieactance) and= V-1 = e’
defines thav2 phase difference between the voltage (eq. 2d)arrent (eq. 2.2) signals.
2.2. Quality factor and self-resonant frequency

Practical inductors are made of finite conductiwityres that offer some resistance to the

passage of the current, modifying the eq. 2.5Herilnpedance to:
Z=R;+jal (eq. 2.6),

whereRs represents the series resistance of the induktoreasure of how good an inductor

is can be expressed by its quality fac@odefined as:

_Im(Z) _al

% Re@) R

(eq. 2.7).

Q defines a merit factor in the sense that the bigge quality factor is, the better an inductor

will be, presenting lower losses. More specificatlye quality factor can be defined as the
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ratio between the peak stored magnetic energy etivlny the energy dissipated per cycle in

the device. This definition gives eq. 2.7 as result

Practical inductors have also stray capacitancasappear in parallel with the device in a

first order model show in fig. 2.1.

Cp
| |
Rs L
X -~ X

Fig. 2.1: First order RLC model of an inductors &counts for the series resistance and C
for the stray parallel capacitance and L for theluctance.

In this case, the definition using the real / inmagy impedance relation is still used and the

following expressions hold for the impedance andlityufactor:

R al(1-a’LC, -R°C, /L

Z= s ~+ oL ( Czd Co ~R; CP/2 ) (eq. 2.8),
(1_(‘)2LCP)+(C’~RSCP) (l-w LC)+(C"RSCP)
1-’LC, —-R’C, /L
0= Im(Z) _ &l (1-’LC, ~R*Cy /L) (€0.2.9).
Re(Z) Rs
The circuit of fig. 2.1 presents a self-resonance at
1 (R

W = _| s eq.2.10),
RES LC, ( Lj (eq )

at which the quality factor (eq. 2.9) equals zébthis frequency, the imaginary part of the
impedance goes to zero and beyond this frequereydhnasitic capacitance dominates the

electrical behavior and the device does not work lsnped inductor anymore.

This definition of quality factor is appropriate fdevices working at low frequencies or far
below the self-resonant frequency, when the deidcased as a pure inductive one. For
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devices working in resonant circuits, the capacia@pr can be included as part of the
resonant circuit and a more convenient definitnsed [Bahl 2001, O98]:

fRES
= _RES eqg.2.11),
Q BV (eq )

wherefresis the desired resonant frequency obtained byipgdke impedance value when
an ideal capacitor is put in parallel with the iothw, andBW is the 3-dB frequency

bandwidth (where the impedance amplitude fall$/t@ of its maximum value).

Another definition of quality factor useful for didbuted resonators is [098]:

fRES d
Q :T{d_ﬂ (eq.2.12),

f=fres

that measures the stability of the phase at theneeg frequency. The resonance frequency is
obtained by setting the parallel capacitance toamevthat makes the impedance to be

maximized at the frequendyesthat is the frequency of operation of the induatathis case.

The quality factor at a given operating frequencyhis main merit factor used to rank an
inductor, but when the device is aimed to be usedifferent frequencies or in a large

frequency range and other factors like wafer serfsicould be taken into account, another
merit factors can be defined to fit the desiredgtesriteria. Of particular interest, is the one
defined in [Bahl 2001]:

FMI =[QEFF—DfRES} (€q.2.13),
Lerr f

Pl

where Qegrr and Legr are the effective quality factor and inductancehat desired working
frequencyf, fresis the self-resonant frequency of the device Agdlis the device area. This
merit factor gives best ranking for small footpribtoadband devices, having the maximum
quality factor at the desired operating frequency.
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For applications where the quality factor is na flist concern (high impedance RF chocks
for example), one can suggest using the inductpacenit arealPA as merit factor:

IPA=

(eq.2.14),

PI
which will best rank devices with large inductamecel small footprint devices.
2.3. Inductance calculation

The procedure to calculate the inductance of ancitoduconsists in evaluating eq. 2.1 as
function of the geometry and properties of the negigncircuit of a device. For inductors
made of non-magnetic materials, the inductancenigxlusive function of the geometric
configuration of the conductors from what the induds made of. Eq. 2.1 defines the self-
inductance in a sense that it relates the linkaggnatic flux and the current inside a closed
loop-circuit. When two or more neighbor circuitéeract magnetically, the magnetic flux in
one circuit induces a voltage into the other cireud vice-versa. The constant defining this

inter-circuit magnetic flux linkage as functiontbe current defines the mutual inductaivte

M. =

1

Of
T (eq.2.15),

where @i is the magnetic flux induced in the circuit loopy the currenti applied to the-th

circuit.

The mutual inductance between two circuits can beutzdied using the Neumann formula
[Grover 1962]:

M =%Tﬂ%lld|2 (€q.2.16),

wheredl; is a length element in the circuit dl; is a length element in the circuit 2the

distance vector between the two elements @ritie angle between them. [Grover 1962]
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proposes analytical and approximated solutionshierself and mutual inductances of various
elementary and complex geometries of conductorsgsigm of conductors.

2.3.1. Inductance of a system of conductors

For a system of conductors in series (carryingsdm@e current), the total inductance can be
calculated as [Ruehli 1972, Niknejad 2000]:

N N N
Lseries = Zl: M; :Z:;, L + 2‘; M; (eq.2.17),
j=1 j=i+l

where M = M;; is the mutual inductance between 2 subcircuits land M; is the self-
inductance of each subcircuit. The elemelg composes the inductance matrix, and
characterizes completely the inductive behavioarf complex system of conductors. If two
parallel conductors have the current flowing in game directionsM; > 0. When the
currents flow in the opposite directioN; < 0. In order to maximize the inductance, one

should look for geometries that maximize the pesithutual inductance term.

For N segments connected in parallel (having the sartenpal), the total inductance can be
calculated as [Ruehli 1972]:

I_SHUNT = N

z K, (eq.2.18),
i=Lj=

whereK is the reluctance matrix, defined as the invefdgb@inductance matrix:
K=M"> (eq.2.19).
One can note that, for a group of parallel conreatductors without magnetic coupling the

inductance matrix is diagonal and egs. 2.17 an8 gile the well known series and parallel

equivalent inductance formulae for non-coupled otdts.
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2.3.2 Elementary inductance calculations

The most elementary inductive element used in E€ra@onnects is a rectangular stripe line.
Although getting exact solutions as function oftbgeometry [Hoer 1965, Wu 1992] and
frequency [Djordjevic 1994, Schnieder 2001] is ploles the proposed solutions are
cumbersome and do not provide much insight for haaldulations and optimizations. One
accurate solution for the low frequency inductaasdunction of the geometry of the stripline

to the 4" order expansion is given by [Mohan 1999b]:

Ml 2 o AW+ 06w (v )

L n 2.
RECT = 5 Wt 3] 242 (eq.2.20),

wherep is the magnetic constant of the mediuns the stripe lengthy is the stripe width
and t is the stripe thickness. Figure 2.2 shows thegaesurves for the inductance of

striplines having a fixed thickness 5 um and different line widths and lengths.

Wire Inductance (thickness = 5.0 um)

1.2
A o wW=10mm | A
W =20 um
v W=50pum
0.8 W=100pum |~ R 4 T ‘
W =200 um
L : :
LY — o A S -
>
0.4 “““““““““““““““““““ “““““““““““““““
0.2} ------------------ ---------------------------- ‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ -
0 200 400 600 800 1000

Length / um

Fig. 2.2: Design curves for the inductance of sinip$ of different widths (10 to 2@Mn) and
fixed thickness t = m.

In most of the practical cases, the length of the is much larger than both the width and

thickness I(>> w+t), and the eq. 2.20 simplifies to:
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2l
Lrecr :%(In vt O.5j (eq.2.21).

2.3.3. Mutual inductance between current filaments

The starting basis for the calculation for the maltinductance between striplines is the
mutual inductance between 2 filament currents (withwidth or thickness). This process
involves evaluating eq. 2.16 for a couple of stnailges (fig. 2.3).

l /

.....

P" 4
‘u'f\'ﬂ
»

m, m,

(e)

Fig. 2.3: Different geometrical configurations camhsied for mutual inductance calculation
of 2 current filaments (eq. 2.22 to 2.26).

For 2 parallel overlapping lines of equal lengig.(2.3a), the mutual inductance is given by:

Moar(h) :2I[In[la+\/l+(Ij—z}—\/ﬂ(l]l—z2 +|ﬂ} (eq.2.22).

If the segments are parallel but not of equal ler{Gy. 2.3b), the mutual inductance can be

evaluated by computing the differences due to thesimg segment areas and using
addictiveness property as [Chen 2006]:
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M PAR(I ) m) Z%[M PAR(l tm+ 5) +M PAR(5) -M PAR(l + 5) -M PAR(m+ 5)] (eq.2.23).

If the 2 segments forms an angleand have their extremities at a distaf;ethe mutual

inductance term is evaluated as:

M, (,m) = cos(a){l.m['*m—“ﬁj " m.|n('+m—+Rﬂ (€0.2.24).

| —-m+ m-1+R

When the segments form an angkeand do not join, the following expressions hold

respectively for figs. 2.3d and 2.3e:

Minc (M) =M e (U +1v +m) + M o (U +1,V) =M e (1 +1,0) =M o (v +m, 1) (eq.2.25),

and

Minc (M) =M o (M, g +1) + Mo (M, 1 +1) =M o (My, 1) = Mo (M,, 1) (eq.2.26).
These expressions can be used when the wire wadtlery small compared to the other
distances, which can fail in dense IC interconndntthat case these expressions are still used
by replacing the 2 wires by 2 equivalent thin wiseparated by a distance that would give the
same resulting mutual inductance. This distanagefsned as the geometric mean of all the

possible distances between the segments. For ardigares, the geometrical mean distance
GMD [Grover 1962, Greenhouse 1974] can be evaluated as

In GMD:ﬁJ;J'J;J'In(r) dxdy, dxdy, (€q.2.27),

whereA; is the area of the first figurdy, is the area of the second ouk gy; is a surface
element in the figure 1 andik.dy, a surface element in the figure 2. In general, GindD

distance is slightly smaller than the center-toteedistances between the lines, but using the
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center-to-center distance insteadaiD is an approximation that can be used without major

loss in precision.

For 2 thin parallel wirest k< w), GMD can be calculated as:

w? w? wo we wt
In(GMD =In(d) - - - - - .2.28).
(GMDene) =I0(d) = 35 2 " 500 168d°  3600°  660d° (eq.2.28)

An exact solution for theGMD value of parallel rectangular strips is cumbersoanel
discussed in detall in the literature [Weeks 19%8tonini 1999]. As a numeric example, 2
parallel rectangular strips having = 20 um, spaced bys = 5 pym and having 5um of
thickness have a center to center distance af s = 25 um. Thin film approximation (eq.
2.28) givesGMD = 23.49um. The complete solution gives 23.6h. In this typical example,
taking the center-to-center distance resulted ioarestimation of about 6% in the value of
GMD. The mutual inductance is proportionaln¢GMD), resulting in overestimation of only

about 2% in the value ofl.

2.4. Spiral inductors

Spiral inductors, like the ones seen in fig. 2.6 aommon geometries used to fabricate
inductors in planar technologies. They present atieantages of having the best possible
inductance density for a planar geometric figuré argeometry simple to fabricate. Common

geometries are squares, rectangles, octagons.gd-paygons and circular spirals.

yyyyyyyyyyyyyyyyy T\ N
Y 1 ===\ \'\ Ty, B
VI =N\ FH8TTRINT
VIUa\\N @Y
NN\ ! §§SH
\\\§%§§;’/ NN\
N =g
S s—
(@) (b) (c) (d) (e)

Fig. 2.4 Different spiral inductor geometries (agjuared, (b) hexagonal, (c) octagonal, (d)
circular, (e) tapered [L6pez-Villegas 2000].

Circular spirals have the best inductance denstyupit of area and the best quality factor

amongst all the possible planar geometries, buestircular wiring is not available in many
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design and fabrication tools, octagonal geometaes presented as a good compromise
between having a simple feasible geometry and dgriegerformances. Circular geometries
sometimes poses electromagnetic simulation ditiesil due to the need of exaggerated
number of rectangular or triangular meshing cefleded to represent the geometry in design
and simulation tools that do not have suitable edrobjects as meshing discretization

elements.

Some studies have demonstrated that the use ofablawidth tracks, with narrower tracks
for the inner segments (fig. 2.4e) can increaseqtiaity factor [Lopez-Villegas 2000, Lin
2002]. This type of spiral is known as “tapered thidnductor.

The main geometric parameters that characterizaral snductor are: its external diameter
Dout (measured from the 2 outmost conductor distan¢ks)wiring widthw, the track-to-
track distance (or spacing) and the number of turns. The thickness of the conductor
winding plays a minor role in the value of the inthnce, and is neglected in most of practical
formulae, although thick metal spirals needs spemarection for the inductance and loss

calculation as discussed further.

Many studies proposed different formulae to calieuthe inductance of spirals as function of
their geometrical parameters [Wheeler 1928, BaBB1@rols 1996, Ronkainen 1997, Bryan
1995, Voorman 1993, Dill 1964, Grover 1962]. Gremmde method is also frequently used,
although being a cumbersome method that does wet @dosed formulae for all types of

spirals [Greenhouse 1974]. All of these methods sisbnin different analytical or

approximated solutions to the eqgs. 2.15 and 2.1& &f the most practical and accurate
formulae available to date are presented in [Moh889] and were used in this work to

estimate the inductance of planar spiral inductors:

Lep, :%{In(c—;j+cg+cgz} (€q.2.29),

whereu is the magnetic constant of the mediumis the number of turn®avc is the average

diameter of the spirak,, c;, ¢z andc, constants for a given spiral geometry (given ineab
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2.1) andé a geometric factor describing how dense the spiegign is. The definitions of

Dave andé as function of the internal and external diamedees

D +D
Dave :% (eq.2.30),
and
D -D
f=—T N eq.2.31),
DOUT + DIN ( q )

where Doyt IS the external diameter (measured from the outrexgemity of the external
conductors) andD,y the internal diameter (measured from the innerneastemities of the

internal conductors) of the spiral.

Geometry ¢} C C3 Cy

Square 1.27 2.07 0.18 0.13
Hexagon 1.09 2.23 0.00 0.17
Octagon 1.07 2.29 0.00 0.19
Circle 1.00 2.46 0.00 0.20

Table 2.1: Values of the coefficients @, ¢; and g for the inductance calculation of planar
spiral inductance using eq. 2.2.

These formulae are based on fitting current shgatoximations over a large design space of
thin film inductors (thickness around 1p0n) [Mohan 1999b]. They give accurate results
(5%) in the range of 2 to 50 nH and acceptableltesuthe range of 1 to 100 nH (10 — 20%).
Further corrections are necessary to design smatpfint or sub-nH inductors as well as
thick metal inductors (these expressions do nowvdhackness dependency of the inductance,

causing some overestimation for thick metal indigto

Typical inductance values for integrated spiralictors are in the range of 1 to 100 nH, with
external diameters varying typically from 50 to @0@m. Applications in the frequency
ranges above 10 GHz can demand values in the @.hH range. In that case, special care
should be taken in modeling the parasitics andections should be applied to eq. 2.29
[Biondi 2005].
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Fig. 2.5 shows the design curves for the maximunetance one can obtain for an octagonal
spiral inductor havindour = 250 um, track widths between 5 and 4én ands / wratios
between 0.1 and 1.0 (typical design values foragjmductors). It should be noted that spiral
inductors, although of simple realization, consuméot of on-wafer surface, and careful
optimization to have the best size / inductanceiaddctance / quality factor ratio should be
carried out. This optimization should consider &egi inductance value, frequency of

operation and the technology profile used to fatedhe inductors.

Dgsign curves for spiral inductor: Dout = 250 um, form = 8

10
o s/w=0.10
o sw=0.20
& siw=0.50
T 101 v sw=0.75 |
c
= ¢ s/w=1.00
@
(&)
c
8
O
S .0
10 ¢}
10 : : : :

5 10 15 20 25 30 35 40
Track width / um

Fig. 2.5: Design curves for the maximum inductarfoectagonal spiral inductors having
external diameter Byt = 250 um, track width w between 5 and 4t and track spacing s
defined by the s / w ratios between 0.1 and 1.0.

2.5. Other types of integrated inductors

Spiral inductors are the most common used desigfafricating on-chip inductive devices
due to the fact of being compact and presentingo#tter quality factor for a planar figure.
The main drawback associated to this kind of stimgcis the need of 2 metal layers or one air
bridge or wire bonding step to connect the innetnsagment to an RF port. Single loop
spiral [Bahl 2003], meander type [Wadell 1991] (fg6a) and S-type inductors (fig. 2.6b) are
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devices that can be fabricated using a single layaenetal, simplifying the technological
requirements to fabricate integrated inductors. di@vback associated to these structures is
the absence of positive mutual inductance coniobuin the single loop geometry, and the
negative mutual inductance presented by curreondrip in opposite directions along parallel
segments. In spite of having a good length to aaéa, the meander inductors present less
inductance than a linear section of conductor wthsame length due to the negative mutual
inductance contribution term, and tend to exhibw Iquality factors [Stojanovic 2006]. S-
type inductors also suffer from this same problbut,the negative inductance term is reduced

by minimizing the number of segments with negativgual inductance terms.

When the on-chip space is limited and the desigeeds inductive elements near the input
and output ports of the RF circuit, inductors canfabricated by exploiting the inductive
behavior of the bondwires [Steyaert 1994] (fig.c2.6I'hese devices can be modeled to the
first approximation as straight circular cross mectconductors having the same nominal
length of the bondwire connection [Bahl 2003]. Adudial modeling effort is needed in order
to take into account the irregular and curved faihthe bondwires as well as to take into
account mutual inductance terms presented by vitredose proximity [Mouthaan 1997,
Harm 1998].

Bondwire

Pad
Pad

a) Meander type inductor b) S-type inductor c) Beimd inductor

Fig. 2.6: Examples of alternative geometries forfedaication of on-chip inductors.
The availability of new MEMS fabrication techniquesing thick sacrificial layers enables
the fabrication of solenoid and toroidal inductf?ark 2003, Nieminem 2004], expected to
have good RF performances due to less parasitiplioguto the substrate and good

inductance per wire length ratio presented by tlgesenetries.

2.6. Simplified physical model of integrated spiralnductors
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Figure 2.7 shows an equivalent circuit model prepld®r spiral inductors built on top of low
to moderate resistivity silicon wafers [Yue 2000he network formed b€ns1, Cinsa Rsuss
Rsusa Csus1andCsygz represents the parasitic effects of the subsinatieis first order basic

model.

Fig. 2.7: Equivalent circuit model of a spiral indoctbuilt on top of low to moderate
resistivity substrate.

The 1-port quality factor for this equivalent ciitconodel is given by [Yue 2000]:

al ’C
Q= == LA 1K O_wZLSCOJ 2.32
Ry R +[(als/R)’IR\" L (eq.2.32),
spiral only self-resonacefactor substratdoss factor
with
— 1 RSUB(CINS + C:SUB)2
_ N 2.33),
RP CUZCINSZRSUB CINS2 (eq )
and
2
CP - c:lNS 1+ a)z(CINS + CSUB)CSUBR‘SUB (eq234)

1+’ (Cps +Csus)*Reue.
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The first term in eq. 2.32 represents the intrisgizal quality factor (due only to spiral metal
series resistance), the second term representsefhe@esonance factor and third term is

defined as the substrate loss factor.

The main inductancks is calculated by different methods and formulaetids presented
in [Greenhouse 1974] and [Mohan 1999] are the fmequently used ones.

First order approximations have been proposed ltulede the parasitic terms of this model
as function of the inductor geometry and the plalsiroperties of the used metal and
substrate [Yue 2000].

The series resistance can be estimated as [E0:1993]

t |

wheret is the conductor thickness,
2
o= |— .2.36
oan (eq )
is the skin depth and
I
Rpc =— .2.37
DC g (eq )

is the DC resistance of the spiralthe conductivity of the metaly the spiral track widtH, is

the total length of the spiral andis the angular frequency.

The insulator and substrate capacitance can baastl using these relations:

1 . W &
Clezzlwcle , Cpps"'= 10 (eq.2.38),
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1 . . €
CSUBZEIWCSUB , Coug' =7 (eq.2.39),

tSUB

whereCins’ andCsyg’ are the capacitance per unit area of the spisabétrate insulation
layer and the substrate respectively, calculatgdomately as function of their dielectric

constantsins and&syg and their thicknessegss andtsyg

The substrate resistance can be estimated as:

RSUB:| G ! GSUB - t
WGg s SuB

(eq.2.40),
where Ggyg’ is the substrate conductance per unit area, eddmilapproximately from its

conductivity osyg and thicknestsus

The parallel spiral capacitandgs is usually considered as due mainly to the undsrpa

segment, and is calculated as:

nw
Cs =éns (eq.2.41),

tINS,Ml

wherew is the underpass track width (supposed to be dhee s0f the spiral inductor) and
tins M IS the thickness of the insulator between the yrakes and the first level of metal. This
equation explicitly ignores the capacitive couplmgfween adjacent inductor tracks, which is
in fact the main contribution to the parallel patiascapacitance. Chapter 5 addresses more

accurate methods to calculate the capacit@ace

Many other models have been proposed in the liusrdCrols 1996, Bahl 1998]. They are in
general obtained by fitting physics-based equatidos large sets of measured or
electromagnetic simulated data. The accuracy anisliof applicability of this simple first

order model as well as other models available enliferature should be toughly analyzed
before drawing conclusions outside the design smauwd technology profile where the

considered models were validated.
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Although not very accurate, this first order modales the first insight one should have in
order to improve the performance of these deviE&s. 2.8 shows the contribution of each
quality factor term of eq. 2.32 for a typical spiraductor fabricated on top of low resistivity
10 Q cm standard CMOS substrate. One can notice thiatetr frequencies (below 1 — 2
GHz), the most important performance limitation esrirom the finite conductivity of the
metal. The peak value and position of the quabkistdr is affected by the overall parasitics
associated to the device, and the resonant freguyamereQ goes to zero), is mainly defined

by the parasitics coming from the substrate anthbyparallel stray capacitance (interspiral /

underpass) capacitance.
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Fig. 2.8: Quality factor limitations for inductotsuilt on top of high to moderate conductivity
substrates. In this simulation, typical values ased: [s=1.2 nH, R = 1.2 Q, Cs= 200 fF,
Cins = 250 ﬂ:, Rus=1200 and Gue=50 fF.

For inductors built on top of low resistivity siin wafers and using thin aluminum
metallization layers, typical peak quality factdhait can be obtained are in the range of 5 —
10, with self-resonances below 3 GHz. These poop&Fformances motivates the use of new

technologies having thick highly conductive layassociated to low polymers as well as
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the use of micromachining techniques or high resigtsubstrates in order to reduce the
impact of the substrate-related losses.

This first order model was used as a guide fomoigation of spiral inductor designs initially
fabricated in this thesis. This model points thedef reducing the associated parasitics,
especially the ones originated from the substiaterder to have higher quality and higher
self-resonant frequencies. Further observations iamtovements based on measurements

and electromagnetic simulations will be discussedetail in the chapter 5.

Summary

This chapter presented the basic definitions actnigogical limitations associated to the
fabrication of integrated inductors on top of shicsubstrates. The inductance calculation
problem involves calculations as function of cortdugeometries that were discussed in
detail. From the technological point of view, thajor drawback of integrate spiral inductors
are associated to their poor RF performances atigth from the thin layer metallization
losses and substrate-induced losses. A first-amtttel initially used in this thesis for the
estimation of the performance of spiral inductoeswalso presented.
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Chapter 3

Copper / polyimide fabrication process

One of the main objectives of this research is dbeelopment of a process flow for the
fabrication of copper / low high quality factor devices having a low thermadget and

being compatible with other CMOS back-end techrsqud process flow using the
equipments and procedures available in the cleamsoof the EPFL Center of Micro and

Nanofabrication (CMI) was developed and validatethe frame of this research.

3.1. Proposed process flow

Preliminary experiments were conducted with thelalike processing equipment in order to
establish a process flow to fabricate thick higheactivity copper lines embedded in law

polymer.

For the metal deposition, copper electroplating alassen for a variety of reasons, amongst

them:

» Copper is a high-conductivity metal, which is a Kagtor for the fabrication of high
quality factor passives. Typical thin-film resistiv of electroplated copper films is
about 2.0uQ cm, considerably less than the traditional alumnirused in standard IC
interconnects (between 3.3 and HQ cm depending on the deposition process and
conditions).

» Itis possible to deposit considerably high thicdses using the electroplating process.
The high deposition rate, about Qu&/min, allows obtaining thickness in the range of

10 um in a time frame of a few minutes.
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The electroplating of copper with organic addicsive used in advanced interconnects
and is reported for its excellent step coveragewahg the fabrication of thick metal
structures with relatively large aspect ratios. sTkhoice was also related to the
availability of advanced CMP steps, good step cayer low resistivity of the films,
and much higher resistance of copper against elegjration with respect to

aluminum.

The main drawbacks and issues associated to theecefectroplating based processes are:

38

Organic contamination of the films, which can résnlopaque color aspect with a
resistivity higher than the expected one. Caretilaf the additives and on the used
current density values is necessary to controldleetrical quality of the obtained
films.

Non-uniformity of deposition due to local currergnsity thickness dependency. For
thin seed layers the thickness tends to be high#ra border of the wafer than in the
center.

Copper films tends to oxidize promptly just afteepdsition, and special care
concerning the time between different process steqb previous cleaning of the
layers is needed in order to avoid excess con&smistance and adhesion problems
between oxidized layers.

Adhesion between copper and polymers is known tpdog, and the use of additional
adhesion promoter layers is needed to avoid eathnaination problems.

Copper is well known as a microelectronics contaminand a fast diffuser in
polymers, requiring the use of special anti-diftusbarriers between copper and used
polymers or semiconductor materials and specia aad limitations with respect to
the availability of process steps in a clean robat ts also used for microelectronic-
compatible processing.

There is no well established solutions for the @tghing of thick copper films
available to date, where a high etch rate withciigy to standard masking materials
would be desirable [Steinbriichel 1995, Markert 1995 2004]. The definition of
copper films in modern interconnects is mainly perfed by means of a chemical-

mechanical polishing (CMP) step using a dual daeasapproach [Kaanta 1991].



3.2. Development of the process flow

Figure 3.1 shows the developed process flow forféeication of 2-metal level structures

embedded in polyimide built on top of silicon wafer

NN

RF Ports
p

Materials:
[ISi;N, [ Polyimide 4-8pm
iO, @ ECPCu4-8pm
LS 7) Ta40 nm + Cu Seed 200nm

Fig. 3.1: Established process flow for the fabrioatof thick-Cu / polyimide embedded

passive devices on top of silicon wafers.

First, a thin thermally grown silicon oxide layarused to insulate the first level of metal of
the silicon wafer surface. A $l, buffer layer is deposited on top of the i@ order to

reduce the induced stress on the silicon wafer.

Polyimide is then spin on (Pl 2610 or Pl 2611 frBupont, & = 2.9) at typical thicknesses

between 1.5um and 4um, defining the thickness of the first metal layRalyimide film is

then cured at 250 or 30C for 1 h.
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A 0.34um thick sputtered SiQayer is used as hard-mask to pattern the polygmald using
O.-based plasma etch recipe ¢). This process enables the fabrication of vertiealls with

up to 5um resolution for 1Qum-thick lines. A 40 nm-thin tantalum layer and a @m-thick
copper layer are deposited by sputterigg Working as diffusion barrier between copper and
polyimide and as seed layer for the electroplatihg thick copper layerf\ The copper lines
are then defined by a fast removal rate chemicalhawical polishing step (CMB) capable

of polishing films much thicker than the ones ttadhally used in thin-metal layer
interconnects. This step was developed specificalthe framework of this thesis project in
order to provide a high-speed process capablefioedihickness between 1 anqu8 needed

for the fabrication of high Q passives [Pisani 20(isani 2004].

The successive repetition of these process stepsfrovide a second level of metal with a

via in between.

The steps-n are performed to define both the second level efamand via using a single
CMP step. This process is known as the buried \&thad [Steinbriichel 2001], and has some
inherent advantages and issues associated totlte Istepif the hard mask is etched without
etching the underneath polyimide. The second lef/@blyimide is deposited and the second
hard mask is then define@).(A single etch step is then used to define bo#taim?2 and via
level moulds. This approach presents as the madjmardage the use of lithography steps on
top of planar surfaces, which enables to changghibkness of each layer independently and
without the need of critical lithographic stepsredoing the optimization of the lithographic
conditions for different via layer thickness. Asug that can arise from this is the increased
probability of contamination due to redeposition thie bottom line of the channels. The
plasma etching of the polyimide is very verticaldaigh aspect ratios vertical structures can
be obtained by this double layer etch techniques &pproach also permits to have a single
CMP step to define 2 levels of metal at the samme tisimplifying the process flow and
reducing the number of CMP steps needed, whichésod the most critical fabrication steps.
Furthermore, after the second electroplating stepthe topography of the patterns to step is
more irregular, having two different levels whehere is a via. Although the CMP step tends
to planarize the surface, the more irregular ihithe beginning of the process, the more non-

uniformity will be observed in the final resuft)(
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3.3. Copper CMP process

The dual damascene approach adopted in this waitki¢R 1991], requires CMP of copper in
order to define the lines embedded into the poly(stpse to f andm to n of fig 3.1). The
CMP process is based on the use of an abrasiveiai@iate that interacts with the surface of
the wafer through a solution having a mixture oérmical reactants that oxidize the copper
and contain also silica abrasive nanoparticlesghdicipate in the mechanical removing part

of the process.

[ S
Fig. 3.2: Photo of the main CMP setup used in wisk (polishing head on the left,
conditioning head on the right, polishing pad at thottom).

The main process parameters (schematically showiigin3.3) are the working pressure
(WP), defined as the pressure between the polishiad bhad the underling rotating plate, the
rotation speed of both polishing heatS(— head speed) and plateS- plate speed) and the
nature and flow of the polishing solution used risly There is an additional pressure
parameter applied to the center of the wafer ddfiae back pressur®P). This parameter
permits to compensate for slight differences inghessure and chemical species distribution
along the wafer surface, and is set as a fractidheomain working pressure. The polishing
cycles are alternated by conditioning steps usindiaanond-covered abrasive head that
recondition and clean the polishing plate surfafterassome minutes of processing. The
polishing materials are consumables that degenestvely quickly with time and usage,
and constant monitoring and conditioning of thel iscmeeded in order to have reproducible

results.
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Input Variables:

WP: Working Pressure (psi)
BP: Backside Pressure (psi)
HS: Head Speed (rpm)
Wafer PS: Plate Speed (rpm)

Eg Radial Movement

Output Variables:

RR: Removal Rate
Uniformity: dishing, erosion &
pattern dependency

Fig. 3.3: Schematic view of a CMP tool showinghiasic input and output process
parameters.

As main output parameters, the film mean removi @R in nm/min orpm/min) and the

uniformity of the removal rate all along the waéee usually measured.

CMP is a pattern dependent process, which meamnshthaemoval rate depends on the size
and density of the topographical parameters predealong the wafer surface. The main
defects that this dependency generates are knowislisg and erosion. Dishing makes that
large structures are polished faster on their akmirea, making in general negative bowled
surfaces for large structures like RF Pads or mad’F ground planes. Erosion occurs due to
a faster polishing on denser structures, makingtte have less thickness than the overall
mean level of polishing of the surface. Both defemte schematically illustrated in the fig.

3.4.

Erosion

Fig. 3.4: Schematic representation of common CMgeniections: erosion and dishing.
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Copper CMP tends to be very sensitive to a numb&abors. First, the chemicals used etch
copper with selectivity with respect to copper @idnd the first seconds of polishing present
lower mean removal rates up to the time where dkide is removed and the reactants are
well adsorbed by the surface. In order to keep gooiflormity of the processes, lower
working pressures should be used, which is a fattar tends to reduce the removal rate,
what lead some negative impact in the performaegairements for the polishing of thick

copper films.

Self-annealing of copper is another phenomenoncidratcause instability on CMP results and
due to self-recrystallization of copper during thest hours after electroplating the film

[Ritzdorf 1998, Ritzdorf 1999, Lagrange 2000]. Bhsm that, it is advisable to wait at least
48 h before proceed to the CMP of electroplatechdjl or to do a thermal treatment to

accelerate the self-annealing process of the films.

Typical thickness used in traditional microelectogninterconnects are in the order of 0.5to 1
um. Slurries traditionally used for this type of igsbing are a solution based on a mixture of
abrasive particles having typical sizes from 2%@nm, an acid that attacks the copper and
other chemicals to block excessive copper corrosioth stabilize the pH of the solution.

Typical removal rates are around Qu/min for working pressures around 27.6 kPa (4. psi)

In this work, CMP process was used to define muulckér structures, with typical
thicknesses in the order of 4 tqué. For this propose, special formulations were istilich
order to have high removal rates, in the order ¢d B um/min. These solutions are much
more aggressive and the final result presented maneounced dishing and erosion effects.
Nevertheless, these effects can be kept at acdeptakels by a careful selection of the
polishing conditions and by the fact that they lass important on thick films than on thin

ones.

A series of experiments using different slurriesnfolation and polishing conditions was

conducted. The best results were obtained usimduéian having 30% of a base 25-nm-sized
alumina abrasive particles solution, peracetic asicxidant agent, and BTA (benzotriazole)
as surfactant and corrosion inhibitor. Relatively lworking pressures (in the 13.8 — 27.6 kPa
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or 2 — 4 psi range) and low speeds (30 — 35 rpwe tfae best results in terms of uniformity,

with a mean removal rate between 1 andr@min.

3.4. Adhesion and diffusion issues

The adhesion between copper and polymers is reptotbe weak [Steinbrichel 2001]. It is

especially problematic when one uses CMP as deimistep, since the pressures on the
surface during the processing are very high anadfmesion of the polymer / metal stacks can
be solicited to its extremes. Simple adhesive tagées can help to identify early adhesion

problems and help to diagnose major problems imptheess.

Moreover, copper is known to be a fast diffuseiioth polymers and semiconductor

materials, and anti-diffusive layers must be emgtbiyn order to avoid this problem.

Sputtered tantalum was chosen to fulfill both regmients. Tantalum has been studied in
advanced interconnects as an efficient diffusiomriéa between copper and polymers
[Steinbrichel 2001]. It presents also the desirajded adhesion properties with both
polyimide and copper, serving as a good adhesipar lpromoter for the fabricated stack.
Studies shown that the minimum recommended thickfasthese proposes are around 10 —
20 nm. 40-nm nominal thickness was chosen for fhatering deposition in order to have
some safety margin, especially in the vertical syalthere the effective thickness could be the
half of the nominal one. This deposition was perfed in a Balzers BAS 450 sputtering tool,

with a final vacuum in the order of@0°® mbar.

Some simple tests showed that the adhesion is yhigghsitive to a number of factors,
nominally the degree of cleanliness of the surfaues the formation of thin tantalum oxide
layers when these layers are exposed to ambiessyne The solution to these issues

suggests the following surface treatments befodedaming tantalum deposition:

= If the underlying surface that will receive therthantalum film is polyimide, it should
be cleaned from any previous polymeric residuegirmated from the plasma etching
process. An optical or electronic microscopy insjpecshould be need at this step in

order to ensure that the surfaces are smooth aad elfter the @plasma etching step.
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= Just before loading the wafers into the sputtetaad, a slight Q plasma treatment of
the surface is recommended in order to remove uakpblymeric films and humidity
adsorbed on the surface. A quick 30-s plasma tezdtat 5 mbar and 300 sccm O
flow showed to be effective. The lithographic resd should be carefully removed
before this step, since it is too aggressive to ploéyimide and the time and
temperature of the step should be reduced in otoeavoid loss of polyimide
thickness.

= Before the tantalum sputtering, an argon plasmanabg step of the surface is needed.
The power level should be relatively low in orderdo not damage the polyimide
surface, what can also result in severe adhesiablegms. The recommended
conditions in a BAS 450 sputtering tool are: 33nscof Ar, 5.3 010° mbar of
pressure, a power level that does not produce thare-200 V of DC polarization to
voltage in the plasma, during 3 to 5 min.

* One should ensure the best final pressure of thdesmg tool in order to minimize
the residual oxygen present in the chamber. Tisislual gas can be consumed by the
tantalum during the deposition resulting in adhegmblems.

» Tantalum oxide can pose problems in both adhesmhcantact resistance between
different metal layers, since it is an insulatod dras not the same good adhesion
properties of the tantalum film. The Quéh copper electroplating seed layer should be
deposited in the same process step (just switcthiegsputtering target after Ta
deposition, without breaking the setup vacuum itwben), in order to completely

avoid exposition of the tantalum layers to the anbatmosphere.

3.5. Fabrication results

The complete process flow was broken down intorgspa order to validate the basic process
steps that were used more than one time for thiaiteh of 2 metal level structures. A 1
mask basic process covering the st@swas designed and studied in details before running

all the steps listed in figure 3.1.

3.5.1. Substrates used

The devices were built on top of <100> silicon wafdaving 100 mm of diameter (4 inches).
As the resistivity of the substrate plays an imgattrole in the RF performance of the
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devices, high resistivity silicon wafers having ammum resistivity of 8 K cm were used.
Since devices for CMOS-compatible applications waameed, the influence of the substrate
resistivity on the RF performance was also studitferent silicon resistivities between 0.1

and 100Q cm were used during the fabrication.

For most process development and tests where th@dRBrmance were not taken into
account, test-grade wafers having uncontrolledstiegy values between 0.1 and 10cm
were used. Some subsequent development and stimty gartz substrates will also be
presented in chapter 4. This type of substratesexd udue to its insulating properties and
relatively low dielectric constant, delivering ekeat RF performances.

3.5.2. Wafer insulation

The devices are insulated from the silicon waferablyum thermally grown silicon dioxide
layer. Part of the experiments was conducted waferg having a stress-compensated double
layer of 0.6um of thermally grown Si@covered by a stress compensating buffer layerbf 0

um of LPCVD deposited &\, layer.

3.5.3. Polyimide deposition

Pl 2610 and Pl 2611 polyimides from Dupont weresgmas lowk dielectric g = 2.9)
[Dupont]. This choice is related to its low dielgéctconstant, previous experience with this
material in other microfabrication projects and dauoaterial properties like hardness and
thermal stability. Polyimide has good mechanicald achemical resistance, can be
anisotropically etched by plasma and has a cedegnee of freedom in the cure temperatures.
Different types of polyimide can cover differentidkness needs, in photosensitive and non-
photosensitive configurations. Pl 2610 and 261 1par¢ of a non-photosensitive family. The
option for non-photosensitive type of polyimidesiagome process steps related to the hard
mask and lithographic definition, but gives moreefilom in the choice of final thickness of
the metal layers without having to change the gtiaphic conditions. The Sphard mask
plasma etching process presents more scalabilitlyisnaspect and can provide very vertical
and deep walls, more adequate for the fabricatighick rectangular section conductors used
in inductors and transmission lines. Pl 2610 is lascous and adapted for thickness between
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1.2 and 4um. Pl 2611 has the same polymeric base but is mis@us, enabling the

deposition of thickness between 4 andptf. The spin curve (final thickness after thermal

curing as function of spin-on rpm at a given tinge3hown in fig. 3.5 [Dupont 1997].
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Fig. 3.5: Spin-on curves for soft baked and harldshP12610 and PI2611 Dupont

polyimides (for 30 s of spinning).

The basic steps followed in the deposition of P&2polyimides are the following:

Pre-cleaning of the surface using isopropanol at@drA),

Thermal treatment at 13€ / 5 min in order to eliminate any trace of hurhidhat is
not favorable to the adhesion promoter applicasiot deposition steps,

Application solution ofa-amino propyltriethoxysilane (VM-651) diluted al06% on
IPA. This is an adhesion promoter based on oxysdatiluted in an organic solvent. It
improves the adhesion of polyimide films when aggblion top of Si@ and SiNg4
surfaces. This adhesion promoter is effective amlytop of substrates that form a
native oxide. Deposition of polyimide on top of edrpolyimide layers or layers that
do not form native oxide is better followed by agha descum step instead (recipe
previously presented).

Deposition of the polyimide at the desired spineonditions (typically 3000 rpm / 30
s for a 4qum-thick P1 2611 layer),

Soft bake at 136C / 5min in order to solidify the deposited filmdapromote initial
evaporation of part of the solvent content,

Hard bake in N environment at 256C / 1h + 300°C / 1h in order to provide the
complete elimination of the solvent agent and hairdgof the film. Polyimide cannot
be exposed to temperatures exceeding 150 Q00 oxygen-containing environment

without an important risk of burning the films.
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Thickness and uniformity inspection using reflecébm technique.

Figure 3.6 shows a thickness mapping measuredld®anm wafer just after the long hard

bake, measured using a Nanospec 6100 Fourier eramseflectometer. Optical parameters

of the polyimide are known to be not constant almdsfwith a fewum cannot be considered

as transparent anymore, conditions that make thesunement less precise. The presented

result should be considered as qualitative only eowfirmation by other techniques like

mechanical profilometry can show deviations aroli@€5% for the real thickness values.

Final non-uniformity is around 10% of the mean kiniess, which is due mainly to the high

viscosity of the polyimide and to the fact that mandeposition equipment is used. A

reduction in the range of 30% to 40% on the thisknafter the hard bake is observed,

indicating that a large amount of solvent is evapat in this step. This diminution in the bulk

volume of the film should be carefully monitoreddasan be a source of problems of adhesion

and residual stresses when polyimide is used aserdisial layer.
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Fig. 3.6: Thickness distribution map after soft ®ad hard bake for a typical Pl 2611
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3.5.4. Polyimide hard mask deposition

The @ plasma etching of polyimide is not selective widspect to photoresist, both being
etched at rates around Jm/min in typical conditions. SiOwas used as a hard mask
polyimide etching, presenting a selectivity betwe2d:l and 50:1 at typical etching
conditions. At a maximum thickness of fufh, a film between 0.3 and On showed to be
enough to permit the etching of the whole polyimidekness without mask damage. The
SIO, film was deposited in a multi-chamber Pfeifer Spid00 sputtering system, with a
typical deposition rate of 30 nm/min (ambient tenapere, 1000 W of plasma power, 5100

% mbar of pressure, and 33 sccm of argon flow). fhiigkness of this film was confirmed by
using the same recipes on top of test bare silicafiers having the thickness measured using

by a Nanospec 6100 reflectometry measurement tool.

3.5.5. Lithography

Exposition to hexamethyldisilazane (HMDS) at lovegsure (1 Torr) and high temperature
(150 °C) was applied to the wafers before the resist siipn. This step ensures good

adhesion between the photoresist and the Bier.

A positive, high resolution Shipley S1805 resistlgim nominal thickness was used. The
reduced thickness permits to obtain a good reswmybetween 1.5 and#m) and define fine

structures on top of the Siard mask.
The resist exposition dose was about 40 m3(afmout 4 s with a 10 mW/cng-line UV-lamp
in a MA 150 alignment / exposition tool). The desigvere aligned to the preceding levels by

using alignment markers located on 2 places irbtrder of the wafers.

After development the wafers were inspected bycaptmicroscopy and profilometry for

correct development, resolution, alignment andsteékickness.
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3.5.6. Hard mask definition

The lithographic patters are then transferred & 3 hard mask by CfFplasma etching,
performed in a STS inductively coupled plasma eighool (ICP), at etch rates around 0.25
pum/min (typically 1 — 2 min to etch down a 0.3 — u SiG; film). This step is very critical
because a visual control of the $i€ching end-point is not possible since it is mtilghner
than the polyimide film underneath and masked Ieyr#ésist present on most of the surface.
The best way to ensure a complete etch of this Blifo adopt enough overetching time (a
factor 1.5 to 2) or by using a test wafer with g@me base SiCfilm and lithography to
control precisely the etch rate. The second meikopreferred since a long overetch can
attack the polyimide film with CFspecies forming polymeric compounds that can bd ta
remove and produce side products that can chargg@dlyimide etch step and eventually
contaminate the bottom line of the trenches wittdha clean polymeric films. An excessive
overetch time can also damage the hard mask diecetth rate of the resist is close to the
one of the Si@(about 4-5 minutes of Gplasma can almost strip the resist used as mask fo
the SiQ etch).

3.5.7. Polyimide etch

An O, plasma etching of the polyimide in the same IG# was performed, just pumping out
the chamber and changing the gas and etching comslifThis procedure showed to be more
effective in terms of reducing the possibility sarb humidity and forming side products by
exposing the CF/ polyimide products to the ambient atmosphergrécess at 1000 W of
plasma power (ICP), 100 W at the substrate RF gal@wn and 20 sccm of pure,@t 5 mbar
etches the polyimide anisotropically with rateswestn 0.75 and 1.0m/min. The rates are
sensitive to the loading of the process, the lova¢e presented when a 100% unprotected
polyimide film is etched. For a typical 5% — 10%lypmide surface exposure, typical etch

rate values are around Jufh/min.

A typical result of the polyimide etched cavity da@ seen in fig. 3.7. The process offers very
vertical walls and relatively clean profiles. Somets a thin polymeric film can be observed
along the walls, which is attributed to undesiralpielyimide or Ck polymeric etch

byproducts. This can be avoided by ensuring a gdedning of the plasma reactor. It is
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recommended to run a §FO, clean step before the first etching process anthéxk the

good cleaning state of the reactor walls periodical

Polyimide

Fig. 3.7: SEM picture of a polyimide plasma-etchaould.

3.5.8. Hard mask removal

Different tests were performed keeping the remgirdiO, hard mask after the polyimide
etch. The low temperature sputtered oxide can l@vilyebombarded by the Oplasma
etching of the polyimide film, especially duringethetching the buried via layer (what
practically doubles the etching time). Tests kegphis oxide presented in general adhesion
problems, suggesting that the best technique éscto this film away after its usage as a hard
mask. This will ensure a cleaner surface for thealam deposition and make the 2 metal

layers free of a low quality and higher dielectranstant dielectric.

This film is removed using the same {#asma etching used to define the hard mask for th
polyimide, with the necessary care to do not pernféoo long overetching in order to not
produce CEk / polyimide side-products that can also pose mmisl with respect to the
adhesion to the metal.

3.5.9. Seed layer deposition

The polyimide mould is treated by an @lasma descum just before loading the wafers into
the sputtering tool in order to slightly etch the&face and improve its adhesion with the
tantalum layer. 40 nm-tantalum barrier / adhesayet is deposited, followed by a deposition
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of 0.2 um of copper that will protect the tantalum layerstdosequent oxidation and serve as
electroplating seed layer. Independent of the mmoblelated to tantalum oxidation and
adhesion, preliminary tests showed that a verytdmtalum layer is not conductive enough to
ensure good electroplating conditions (the bettersurface conductance is, the better are the

electroplating starting conditions).

3.5.10. Copper electroplating

The process is based on the electrochemical reduofi Cif* ions presented in a Cu$®
H.SO, + NaCl solution containing organic compounds aiilks that improve the step
coverage and conductivity of the final film obtain€lhe main deposition reaction can be
described as:

Cr +2¢e - Cl.

The electrons for the reaction are provided byajglication of an external constant electrical
current through a current source, the wafer beinthe negative electrode. The reaction is
reversible and copper ions are introduced intosthietion at the positive-polarized copper

electrode side. This kind of deposition is possdnéy on top of conductive substrates.

The deposition rate is approximately proportiormathe current density, being at a nominal
value of 1.0um/min for a current density of 50 mA/émLower current densities provide
higher quality films and proved to be less sensitte the quality and age of the bath
additives. The bath presents degeneration in thétgof the result as function of the age and
usage of the solution, which can be observed bysoresy the resistivity of the obtained
films and visually checking the bright and cleapexg of the films after deposition (which
becomes opaque when the concentration of addictares pH needs correction). The
measured resistivity was 24Q cm using the higher current densities with agethda

Correct addicted baths working at 25 mAfc(i.385 A of current for an 84 mm circular
diameter deposition surface) give the best re#igtresult at 2.0uQ cm. The resistivity

measurement was made by measuring the sheet negislby four-point method using a
Tencor Omnimap RS-75 prober. The thickness of deggb8ims by wafer mass variation and

by profilometry using a Tencor Alphastep 500 tddie wafer mass increase was measured in
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an analytical balance at a rate of about 49.45umgfor a 84 mm-circular substrate

(considering the copper densityy = 8.920 g/c).

The trench filling capability and the topography thie electroplating process step was
monitored by profilometry measurements and SEM ofagi®ns. Profilometer measurements
confirmed a step difference on the electroplatbdsfiequal to the thickness of the polyimide
trenches. A typical profile is shown in fig. 3.8hd results were obtained by cleaving the
wafer along a group of copper lines, what damagedstructures in some degree and made
the observation of the details of the cross seatione difficult. Further measurements using
focused ion beam technique were performed for thal 2 metal-level structures. The
electroplating process proved to fill-in trenchassanall as 2um in width, with a 2:1 aspect
ratio, making it suitable to fill-in vias in a dudamascene definition approach. For wide
structures havingv > h, the copper filling is not perfect and a residetdp with a high
slightly lower than the polyimide thickness is otv&egl. This height difference is attenuated in
the CMP step (although not completely removed).

= Cu 8 um Polyimide
Polyimide
" EOUKXZWH EWT= 150K/ SigrlA=SE2  Date:fSSep2003 o o0 Mag = 10.00 K 2um EWT= 150KV SigralA=SEZ  Date:l5Sep2003 oo
o = WD= 3mm  StageatT= 0.0° File Name=fling5tf : g WD= 5mm  StageatT= 0.0° FileName=filing17.if i

Fig. 3.8: SEM cross section view of a polymer mdilled after the electroplating step. (a) 8
um-wide 2im thick structure and (b) 2m wide and 4m thick structure.

3.5.11. Electroplating uniformity optimization

The current-driven electroplating process is higtgysitive to the uniformity of the current
density on the electroplated surface, and the gotends to be inherently non-uniform. An
optimization study for the setup used in this thésipresented in fig. 3.9. In this experiment,
different surface coverage fixtures surroundinglibeder of the wafer were installed in order

to reduce the local current density and compenfatehe initial +30% in the thickness
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observed when no fixture was used. The repetitlensng he same colors / symbols were
performed at different times and using differenfersin order to check the reproducibility of
the results (in the order of £2.5 % in most of dases). The depositions were made at 25

mA/c’ (deposition rate about Opn/min giving 8um after 16 min of deposition).

The uniformity improvement fixture is a disk madeld> mm thick PVC, placed at a distance
of about 1 cm of the wafer surface in order to oedthe current density in the wafer border
area. The external diameter of the disk is fixedG2 mm. Experiments with different values
of the internal diameter (30, 52 and 58 mm) antedeht number of small 1.8 mm diameter
holes (72, 60 and no holes at all) were performiaable 3.1 shows a summary of the 3

studied fixtures.

Fixture Dout (mm) Din (mm) | # of holes / diameter
#1 102 30 72 /@L,8 mm
42 102 52 60 1,8 mm
#3 102 58 no holes

Table 3.1: Geometrical parameters of the uniformitprovement fixtures studiedobxis
the outer disk diameter,{pis the internal disk diameter. Fixture #1 and #X&amall 1.8
mm-diameter small circular holes uniformity distrtbd over the disc area.

The best result obtained had a difference betw&eand -10 % in the copper thickness
measured at the border of the 100 mm diameter wabtained using a disk of 58 mm of
internal diameter and with no holes on its surfécenfiguration #3 in table 3.1). The
maximum deposition diameter is 84 mm and the maximadii of measurement were limited

to 40 mm due to the 5 mm diameter 4-point probamgling size.

The best results in terms of resistivity were aiedi using the recommended organic
addictives (which should be corrected periodicalle to aging and usage of the bath) and
using reduced current densities (25 mAfdnstead of the usual recommended 50 mA/cm
setting). 4-point sheet resistance measurement paofllometer thickness measurement
established a thin film resistivity of (2.0 + 0.2 cm, which is about 16% more than the
bulk reference value (1.742m cm). This difference is attributed to organic taonination in

the films and probably cannot be further improveohg electrochemical baths.
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| | Current Source

Uniformity Improvement Fixture

Fig. 3.9: Schematic view of a copper electroplatiragh. The wafer border is protected by the
uniformity improvement fixture in order to redube tcurrent density in the wafer border
region and increase the overall uniformity acrdss wafer diameter.
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Fig. 3.10: Border to center thickness variationngsdifferent current uniformity
improvement fixtures of table 3.1.
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Fig. 3.11: Thickness distribution along the waféteaelectroplating of 4.%/m nominal
thickness copper layer (thickness measured by dtpoéthod resistance measurement using
a KLA Tencor Omnimap RS75 setup).

3.5.12. Copper CMP

Fig. 3.12 shows the cross section of copper limeseglded in polyimide after the CMP step.
Some dishing in the copper film can be observedchwis at a level of about 0.15 — 0.gth
below the polyimide one (value measured by profétmfor a group of parallel lines having
track widthw = 50um and track spacing= 20 um). Although this value can be considered
high for most thin-film CMP process, it is in trenge of 10% of the nominal thickness of the
copper film, and can be considered acceptable fuglaspeed CMP process step operating

on thick copper films.

Figure 3.13 shows a picture of a comb-like longrpeter capacitor with 20 x 30@m-long
structures with track widtlv = 5 um, track spacing = 5 um and thicknes$ = 5 um. DC
electrical measurements showed a very low leakagesrt of less than 1 nA for applied
voltages up to 5 V, showing that there is no metaldue between the lines after the CMP
process, although the copper lines integrity isussts by the electrical continuity of the

central serpentine part (left-up and right-dowrcetedes).
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copper
4 um

2um EHT = 1.00kv  SignalA=InLens Date :13 Jun 2003
Mag = 12.47 K)"_' EPFL-CMI
WD= 4mm StageatT = 10.2° File Name = CMP2_024if

Fig. 3.12: Copper lines embedded in polyimide a@®&P process

Fig. 3.13: Comb-like serpentine for metal integiatyd intermetal leakage current test. The
square pads have 1Q@n x 100um size.

3.5.13. Two metal level process

After validating the fabrication steps needed todpice copper lines embedded into law
polymer, the process flow was extended to accomtedl&evels of metal needed to fabricate
spiral inductors with an underpass connection. dcess with 2 metal levels can also enable
the fabrication of shielded RF structures as welheetal-insulator-metal (MIM) capacitors,
allowing the fabrication of relatively complex intennect networks without the need of
auxiliary techniques like wire-bonding that can adgbredictable parasitics to the devices. A
two metal level process can also provide the necgssterconnection between different
components of a passive network, enabling thedaban of circuits like filters, LC tanks and

transmission lines.
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Figure 3.14 shows the via etching result inplasma. Both polyimide layers are covered with
a thin oxide layer used as hard mask.

(Z2nd level )

o s
EHT = 1.50 ignal A =InLens Date :21 Jul 2005

2pm
Mag = 14.95 K)1—| EPFL-CMI
=2 WD= 7mm Stage at T= 20.0° File Name = A3 M2 10if

Figure 3.14: SEM picture showing the via and secpolgimide level definition openings on
top of the firs- level copper layer.

Figure 3.15 shows schematically a passive netwosk ¢an be fabricated using a 2 metal

level structure with a interconnecting via in begéwe

RF Ports
parallel plate spiral
capacitor inductor
MR J] | vew 2
Via
Metal 1

] Si3N4 [ ] Polyimide
[ sio2 B Copper
[JHighresSi [ Tantalum

Fig. 3.15: Cross section view of a spiral inductdiIM capacitor passive network that can
be fabricated using a 2 metal level process.
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3.6. Process characterization test structures

The next paragraphs present test structures eHpedasigned to characterize the
performance of the developed process steps in tainmetal resistivity and contact

resistance.

3.6.1. Copper resistivity

To characterize the resistivity of the metal, |l@@gpentine-like 4-point probing resistors with
different track width and access to 4, 8, 16 andfi@@ers were designed [Pisani 2005b].

These tests structures have a total resistanca give

Nog,w
R, = '0% (eq.3.1)

whereN is the number of fingers,the length of a single fingew the width of the fingen

the thickness of the metal apdy the resistivity of the copper. The use of 4 pomtskes the
result independent of the contact resistance betwlee probes and the test structure, which
can be bigger than the resistance of the deviedf,iwspecially for thick copper films. The
resistivity of the copper films produced in thisnwavas always in the range of 2.0 + U@

cm. This value were confirmed by 4-point measurdmever large surface patterns
surrounded by thick resist lines fabricated in ordepermit direct thickness evaluation by

profilometry.

Fig. 3.16: Test structure designed for sheet rasist / metal resistivity characterization by
the 4 point method.
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3.6.2. Via contact resistance

The major issues in extending the basic process fto 2 metal levels were the contact
resistance at the via level and the additional moifermity at the CMP level since thé®2

level of metal is thicker and has extra topogragghgccommodate the via.

The contact resistance is a very important aspedtet taken into account with integrated
spiral inductors. High quality factor devices hdess than 1Q of series resistance. The
contact resistance of a via in between can thusedse dramatically the performance of this
type of device. Typical via resistances in the oafea few nf for big vias and no more than
1 Q for very small ones should be obtained (in thé t@se a large number of small vias

should be put in parallel in order to ensure theelopossible series resistance).

In order to characterize the contact resistanced®t the 2 metal levels, via-chain structures
containing a matrix of 100 vias designed in groap20 and having different contact sizes
were designed and fabricated [Pisani 2004c, PR@dbb, Pisani 2005c]. The basic structure

for these matrices of contacts can be seen i3 fig.

= Metal 1
+— Via
= Metal 2

(&) (b)
Fig. 3.18: (a) Via-chain structure with 100 viast&st the contact resistance between the

metal 1 and metal 2 layers (pad size is 100 x&40f) via size is 10 x 1on7). (b) detail
showing the design of the metal 1 / via / metdt&aating structure.

Four-point measurements were performed in ordeietonbed the contact resistance between
the DC probes and the structure on the measuredsat (2 points are used for current

60



injection and 2 for voltage sensing, similarly toettechnique used to extract the DC
conductivity of the metal).

Fig. 3.19 shows the results obtained for a 10 »udB in the first 2 metal-level structure
fabricated. A mean resistance per via of more tBa@/via was initially measured, an
excessive value that represents more than thealypatue of the series resistance of a spiral

inductor (in the range of 0.5 toQ2).

Further investigations were conducted by focusadieam imaging (FIB). Figure 3.20 shows
the cross section view of a Lbn via, with a zoomed view in the interface betwdemetal

1 and the via structure. The roughness of thefaitersuggests the presence of a contaminant
film between the 2 levels. The probable cause shbel the oxidation of the underlying
copper layer induced by the plasma etching of tigimide (fig. 3.1 j-k) or an undesired ¢F
etching side product deposited on this surfacehigfc away the underling tantalum
protection of metal 1 is done by the sameg @GlEsma step used to remove the remaining SiO
hard mask existing on top of metal 2 and via poiganmould (fig. 3.1 k). The main
hypothesis is that it is originated from a polyreside product issued from the polyimide /
O, / CK, treatment that cannot be completely removed in@ealescum step performed
before the 2 tantalum liner deposition (I). In fact, this steipould not be extended for too
long time in order to avoid excessive loss of th@yijmide and the oxidation of the

underlining copper, which will also end up resudtin a bad contact resistance.

The best results were obtained by a 30 s immersitime copper exposed structures into a 5%
H.SO, solution diluted in water that softly etches theface of the copper. This step is
followed by the @ plasma surface activation of the polyimide andrbynediately loading the
wafers into the tantalum sputtering tool in order avoid subsequent oxidation of the

underlying copper film.

Figure 3.21 shows the final metal 1 / via / metadt@ck image obtained by FIB analysis.
Metal 1 is 1.5um, via is 3um and metal 2 is fim-thick. The interface between the 2 metal
layers is clear, which is confirmed by the contasistance measurement showed in table 3.2.

The maximum resistance per via is in the order feflanQ / via, which should not affect the
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RF performance of high Q inductors (having a mimmseries resistance in the 300 —
500 mMQ range).

2.0
1.6- Mean=2.17 +0.43 Q/via
1.2
0.8—_

2 0.4+

g) 0.0

8 -0.44

g '0-8'_ 20 vias : 2.52 Q/via
-1.2- 4 40 vias: 1.920 Q/via
-1.64 v 60 vias: 2.540 Q/via
X0 ) ¢ 100 vias: 1.696 Q/vig

10 -5 0 5 10
Current / mA

Fig. 3.19: Initial via resistance measurement foe 1.0 x 1Qu’ via chain structure.

Fig. 3.20: FIB cross section view of the metalla// metal 2 structure, with a detailed view
on the roughness of the metal 1 / via interface.
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Viasize Number Resistance Uncertainty Resistance/Via Mean + dev
{nm) of vias (mQ) (mQ) (mQ/via) (mQ/ via)
10 20 764 14 38.2 25+ 11
10 40 860 17 21.5
10 60 1014 15 16.9
10 80 1145 14 14.21
10 100 3496 16 34.96
40 20 84 22 42 3.66+0.31
40 40 141 26 3.52
40 60 210 21 3.5
40 80 274.5 28 3.43
40 100 364 .1 55 3.64

Table 3.2: Via contact resistance for 10 x€" and 40 x 4Qn structures.

\
(|
i Via

Fig. 3.21: FIB cross sectional view of the meté@iia / metal 2 stacked structure after
bottom line cleaning optimization.

FIB analysis showed also that the interface coppantalum / polyimide is clean and smooth,

suggesting that no major problems with this stdakaterials are presented.

3.7. Fabricated devices and RF performances

Figure 3.22 shows some spiral inductor designsdatad using the developed process steps.
These devices have surrounding RF pads for therielccharacterization. Fixed capacitors

and various test structures were also designedadmidated.

RF electrical characterization of the fabricateduictors was performed using full 2-port S-
parameter measurements in a microprober equipp#d avi HP 8719D vector network
analyzer (VNA) and Cascade Microtech RF groundaigmound probes (GSG). The RF

setup is calibrated in the range of frequenciemffb05 to 13.51 GHz using dmpedance
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Standard SubstratdSS) with SOLT references (short-circuit, opercait, load and thru).
The maximum power level used to test the devices lwaited to O dBm. The data is saved

by a computer program written in Matlab that tates data through the GPIB interface bus
of the VNA.

1205 4500
o 1.2035_400

Fig. 3.22: Examples of spiral inductors fabricatesing the developed process steps.

Measured S-parameter data are then transformed Yisgarameters and inductance and
quality factor of the devices are calculated frén@ ¢quivalent 1-port impedance of the device

as [Yue 2000J:

imag{lJ
Lo \Yu) (€9.3.2),
27f
and
e
imag —
= (eq.3.3),
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whereL is the inductance is the quality factor is the measurement frequency dnbly; is
the equivalent complex impedance of port 1 whem pag connected to the ground.

These formulae are commonly used for isolated itmaqnot connected to other resonating
components), working below the self-resonant fregye The resonant frequency is defined
when the expression f@ (eq. 3.3) goes to 0.

It should be noted that, even if one port paramsedee more frequently used to characterize
the device, the 2-port measurement gives more atcuesults in order to extract the inductor
parameters [Aguilera 2002b]. Non-linear least sesditting routines were used to fit the
equivalent circuit model of the device to the meadis-parameter data [Pisani 2004b, Pisani
2005].

Fig. 3.23 shows the measured and equivalent fitled model S-parameter data for a 2.5 nH
inductor optimized to work in a 2.45 GHz VCO (oatagl spiral inductor witiDoyr = 450
pm, n = 2.5 turnsw = 45um ands = 10um). The thick noisy line represents the measured S-
parameter data. Guess and fitted lines are thiandr superimposed in these graphs. The
guessed lines results are obtained by direct alonl of the component values from Y
parameters and the equivalentircuit model of fig. 2.7. The equivalent circuntodel fits
well both the moduli and phase of the measured dptéo the resonant frequency. This
device has a peak quality factor of 38 at a frequeri 2.6 GHz and a self-resonant frequency
of 10.2 GHz. The quality factor exceeds 20 oveligevirequency range spawning from 1 to 6
GHz, making a single device usable in differengfrency standards (GSM, IMS, UMTS,
Bluetooth and WLAN) without the need of having npl# components to fit into different
applications.

Table 3.3 shows the extracted equivalent circurtupeters for this device. A calculation
using eq. 2.40, although very approximate, suggeststhe substrate resistance should be in
the order of severalk (gsus = 0.0125 S/mtsyg = 525Um, Gsugs' = Tsus/ tsus = 23.81 S/M

| = 2500um, w = 45 um, Rsyg ~ 700 K2), although the extracted value is in the order of
hundreds ofQ. A conductive layer resulted from charge accunmutaduring the thermal
oxidation process of the high resistivity silicorafer can be the cause of this discrepancy

[Wu 1999]. This layer can greatly reduce the restgtof the silicon on the interface between
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the oxide and the high resistivity silicon. The g@ece of this higher conductivity thin layer
near the surface can be highly detrimental foroquhality factor of RF passive devices built on
top of silicon substrates. Solutions to this iskased on a deposition of relatively low quality
amorphous silicon can alleviate this issue by mhog recombination centers that can help to

keep the local resistivity of the silicon high [Gale 1999, Jansman 2003, Rong 2004].
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Fig. 3.23: Four complex S parameter inductor meadutata (in blue, thick, noisy line)) and
S-parameter data for the equivalent circuit fitdresmooth). Fit was performed between 0.05
and 10 GHz and is representative for the devicg below its self-resonant frequency.

Table 3.4 shows the extracted electrical perforraant different prototype inductors

fabricated using the thick Cu / polyimide technglagodule. The self-resonant frequency
SRF is defined as the frequency where the eq. 82 tp zero. Beyond this frequency, the
device will behave as a capacitor. Different fragpyebandwidths are defined as function of a

minimum desired quality factor. For optimized degcself-resonance frequencies above 8 —
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10 GHz were demonstrated. Quality factors in exoé& over a wide frequency range were
also demonstrated (typically from 2 to 6 GHz), dimgpthe operation of a single device
covering different frequency standards (for example GSM or WLAN module). These

performances are in the current state-of-the-artirfductors built on top of silicon wafers

[Carchon 2004].

Ls=2.45nH
Rs=0.67Q
Cp=0fF
Cins1=Cins2= 110 fF

Rsue1= Rsug2= 115Q
Csus1= Csus2= 500 fF

Peak quality factorQuax = 38 @ 2.60 GHz
Self-resonant frequenciges= 10.2 GHz

Table 3.3: Fitted equivalent circuit model and exlated performance for the 2.5 nH / 2.45
GHz inductor.

20

10

X
o

o
Inductance (nH)

Quality Factor

SRF =10.2 GHz

N
o

0 2 4 6 8 10 12 14
Frequency (GHz)

Fig. 3.24: Equivalent RLC model inductance (eq) arid quality factor (eq. 3.2).

Fixed capacitors like the one showed in fig. 3.25enalso fabricated measured.
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Geometry Device L (nH) | Qmax |f(Qmax)] SRF [BW (Q>5) BW (Q>10) BW (Q>20)
@ 1GHz * GHz GHz | f1 (GHz) 2 (GHz)] f1 (GHz) f2 (GHz] f1 (GHz) f2 (GHz)
Optimized |L1n4_400 1.66 25 4.0 ] 13.0 - - 0.5 10.0 2.0 6.0
L1n4 4000 1.65 25 4.0 | 135 - - 0.5 11.0 2.0 6.0
L23n1 450 2.45 25 4.0 9.5 - - 0.5 8.0 1.8 6.0
L2n1_450 2.23 25 4.0 ] 10.0 - - 0.5 8.5 1.8 6.0
L2n1 5000 2.34 25 4.0 ] 10.0 - - 0.5 8.5 1.8 6.0
L2n5_4500 2.50 25 4.0 9.5 - - 0.5 8.5 1.8 6.0
L2n35_400 9.83 20 15 4.0 - - 0.5 3.0 - -
L460 fin 2.52 25 4.0 9.0 - - 0.5 7.5 1.8 6.0
L460_fout 2.82 25 2.5 8.5 - - 0.5 7.0 1.8 6.0
Non- L120 0.90 10 6.0 - 1.0 12.0 - - - -
optimized |L1270* 0.80 10 6.0 - 1.0 - - - - -
L172 1.93 12 6.0 ]135 0.5 11.0 4.0 8.0 - -
L240 1.98 20 6.0 1120 - - 1.0 9.5 - -
L400 5.22 15 3.0 7.0 - - 1.0 5.0 - -
L450 4.26 13 2.5 6.5 0.3 5.7 1.0 4.5 - -
L4500 5.09 18 3.0 7.0 0.5 6.0 1.0 55 - -
L4880 4.19 20 2.5 7.0 - - 0.5 5.5 - -
Lcl0n 6.31 15 3.0 6.5 - - 0.8 5.5 - -
Lc30n 16.60 18 15 3.5 - - 0.5 2.5 - -
Lc50n 29.80 13 1.0 3.0 - - 0.5 2.0 - -
Lf_on6_2000**| 0.49 20 6.0 - - - 1.8 7.5 - -
Lf On6_220** 0.55 20 6.0 - - - 0.5 7.5 - -

Table 3.4: Extracted electrical performance of was prototype inductors fabricated with
the thick Cu / polyimide module.

Fig. 3.25: 0.77 pF, 300 x 300" squared fixed capacitor with RF pads for full 2H{pRF
measurement.

In direct analogy with the definitions used for ulatbrs, effective capacitan€zand quality
factor Q below the self resonant frequency are defineduastion of the equivalent 1-port
impedancel/y;; as:

_ -1
Y2 .imag(l/ y,,) (eq.3.4),
_—imagd/y,,)
t oreall/y,,) (eq.3.5).
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A peak quality factor of 40 with a resonant frequenf 6.5 GHz were demonstrated with a
design that has not been fully optimized using tebeeagnetic simulations (fig. 3.26 and
3.27), suggesting that the developed fabricatimhrielogy can also be used to fabricated

other types of high Q devices.

1O§ 40- /o
| C_=077pF A 530l 7\
] 5 /s
M © o \
= 1__/ I';20 o
QO T = / \o
] _ ] g 10 o \O\
| —- Equivalent capacitance & N
1 0 o<¢
0L - oo 0 1 2 3 4 5 6 7
0O 1 2 3 4 5 6 7 Frequency (GHz)

Frequency (GHz)

Fig. 3.26: Equivalent capacitance of the 0.77-pF Figure 3.27: Quality factor of the 0.77-pF
squared MIM capacitor (eq. 3.4). squared MIM capacitor (eq. 3.5).

3.8. Other process development based on this prosamnodule

The developed process steps were used as baseltagsbal platform for the development of

other RF MEMS fabrication processes.

Fig. 3.28 shows the concept adopted to fabricaga R thick copper inductors and out-of-
plane actuators on top of aluminum membrane RF MEN&&orm [Fritschi 2004, Fritschi

2005]. The use of thick copper layers enables pialtiadvantages for building high
electrostatic force laterally actuated variable M&EMapacitors co-integrated with high Q

inductors [Mehdaoui 2005, Mehdaoui 2007].
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MEMS capacitor «—— MEMS inductor

Out - of- plane
Cu actuator

Fig. 3.28: Concept adopted for a mixed aluminuimdk copper MEMS platform with high Q
inductors co-integrated with variable capacitors¢htlaoui 2005, Mehdaoui 2007].

Fig. 3.29: SEM picture showing the thick copperelagn the out-of-plane actuator built on
top of a 4um-thick released aluminum membrane variable capagMlendaoui 2007].

3.9. Filter applications using high Q passive devss

The availability of high Q passive devices makesjiale to associate a nhumber of them to
fabricate filters and tuning matching network citsu A complete analysis on the filter

synthesis using discrete components with finiteliquéactor is beyond the scope of this

thesis and is well explained in the literature [#Exe1967, Helszajn 1994].

Two LC bandpass filters were designed to initialherate in the GSM (1.8 MHz) and WLAN
(5.2 GHz) standards.
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These solutions can be designed using LC passimpaoents with moderate levels of losses,
solutions which were not possible to date due édithited performance of these passives due

to losses (low quality factors) and low self-resarfaequencies (high parasitic capacitances).

The classical Butterworth and Chebyshev filter bgsis presented in the literature [Chen
1995] usually do not take into account the finiteakify factor of the devices. The limited

quality factor strongly degenerate the responsesdacing both insertion losses (the level of
the signal that passes in the pass band) and reductthe selectivity (the distance between

the gain in the pass band and outside it).

One way of including these effects in the respaadeulation is by replacing pure inductance
and capacitance by complex counterparts defined” as L {1-j/Qs) and C* = C/{1-j/Qp),
whereQs = alL/Rsis the series quality factor of the inductors &§hd= wRpC is the parallel
quality factor of the capacitors. These substingiare valuable when using synthesis tools

with natural extensions to complex arithmetic, ékg Matlab.

Figure 3.30 shows the schematics and layout o&BaplLC band pass filters designed for the
GHz range (designs kindly provided by IMT Buchaiaghe frame of the European Research

project Amicom).
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(a) WLAN filter schematics. (b) GSM filter schemsti
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(c) WLAN filter layout. (d) GSM filter layout.
Fig. 3.30: Schematics and layout for the desigiiegt tircuits: WLAN (a and ¢) and GSM (b
and d).

These designs were fabricated using a simple psofiess using 1 level of thick high
conductive metal (1im electroplated and CMP-polished copper coveretabyalum) on top
of high resistivity silicon = 8 kQ cm, 525 + 25um thick, &g = 11.9), show in fig. 3.31.

Polyimide is spin on and dry etched by @asma using Sighard mask to serve as mould for
a CMP process, like in the process flow describedhapters 4 and 5. The devices are
covered by a layer of 100 nm of tantalum (diffusbi@arrier and adhesion promotion) and 200
nm of aluminum (adhesion layer for the subsequenting). The air bridges are formed by

gold write bonding (7@um diameter wire soldered in a ball bonder tool).

______ L

(a) polyimide deposition (b) SiQ hard mask (c) Photolithography,
deposition polyimide etch

LI i

o e e e e e

(d) Fill by thick copper and ~(g) Passivation deposition  (f) Sacrificial polyimide
CMP (tantalum + aluminum) etch.

Fig. 3.31: Process flow used to fabricate the filter destrator.
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Figure 3.32 shows SEM pictures of the fabricatedads, with a closed view near the air

bridges of one of the spiral inductors.

Fig. 3.32: SEM pictures of the fabricated filtesbhowing in detail the air bridge
connection of one of the spiral inductors.

The 2-port S-parameter response of these filters mvaasured using an HP 8719D vector
network analyzer calibrated by the SOLT method &kenmeasurements in the range of 0.05

to 6 GHz. There results are shown in figure 3.33.

The response of these filters did not match thediptien using the lumped-element
component values of fig. 3.30a and 3.30b (1.8 Gstztlie central frequency of the GSM
filter and 5.2 GHz for the central frequency of thethe WLAN one). The response of these
filters was predicted using simple analytical fotagufor each lumped component and by
combining the impedances and admittances of thesepanents in the ABCD matrix
response, without considering any mutual couplind @ansmission line effects between the
elements. The expected responses were also codflssn8PICE circuit simulations.

In order to correctly predict the performance oésh devices, full wave electromagnetic
simulations using ADS momentum were performed [&afil 2005]. As the circuits are
relatively large in size and number of componetits, simulation options had to be set for
very coarse meshing in order to be capable of sitimg the design on a 2 GB-RAM PC
computer. For these designs in particular, one @amave a fine mesh around the edges of the
conductors, which affect considerably the accudhe simulations. This shows one of the

main drawbacks of full wave simulations when theesbf the circuit and number of
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components become relatively large. Although furtbevelopment using electromagnetic

simulations and more accurate prediction of theacapnces (especially the ones of the

interdigital capacitor, which are strongly affectied the fabrication tolerances) need to be

carried out, the fabricated circuits demonstratey ygromising performances in terms of

insertion losses (1.2 dB) and by exhibiting re@ctsuperior to 20 dB out of the pass band,
being capable to fulfill the filtering specificatis of the GSM, UMTS and WLAN standards.
The measured performance is similar to the onertegpausing high Q inductor fabricated by

thick metal modules based on the low temperatuwfred ceramic (LTCC) [Choi 2007].
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Fig. 3.33: RF measurements of performances ofabhedated filters.

WLAN (5.2 GHz) GSM (1.8 GHz)
Center frequency 3.2 GHz 2.2 GHz
Bandwidth 1.0 GHz 0.3 GHz
Insertion loss -1.2dB -5.6 dB
Return loss -21 dB -11.5dB

Table 3.5: Measured performance of the fabricatkers.
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In the chapter 4, further fabrication developmeotduild high Q inductors and RF MEMS
packaging based on thick-copper metallization aktiPQvill be also presented.

Summary

This chapter discussed the experimental approastlazed and used to fabricate the devices
presented in this thesis. The process is inspiredhb dual damascene process used to
fabricate modern IC interconnects, and was espg@edbpted to produce thick metal layers,
with thickness between 1 to 3}0n. Basic aspects like adhesion improvement, theofise
tantalum as anti-diffusion barrier, the optimizatiof the electroplating bath and the dry
plasma etching of the polyimide mould were addm@s¥be best electroplating results were
obtained using a standard organic added bath wggi?5 mA/cr and protecting the wafer
border with a ring, that reduced the non-uniformitgm 30% to 10%. The measured
resistivity of the copper films was 2.0 £ Quin cm, about 15% more than the bulk reference
value (1.72uQ cm). The best CMP results were obtained using mthworking pressures
(WP about 4 psi) and speeds (about 30 / 35 rprthioplate and head speeds). The thickness
of the copper layer was monitored by mass measunsnié9 mg of copper pgrm removed

on 4 inches wafers) and by 4-point measurements. Steictures were developed to qualify
the 2 metal level process, which exhibited goodaciresistance after cleaning optimization
and low leakage current for comb-like capacitokéege measurements.

This chapter presented one application of high @sipa devices built on top of high
resistivity substrates and using thick metal d&bni steps developed in this thesis. Although
the response of the filters did not fully matchied EM simulations, insertion losses as low as
1.2 dB were demonstrated, suggesting that thisntdogy can provide devices for multi-
gigahertz operation circuits, although further degment is still needed in order to better

synthesize and predict the response of these device

The original contributions of this thesis for thdvancement of the state-of-the art in the
fabrication techniques are related to the establéstt of a new CMP process capable to
tackle with films much thicker than the ones trimghially used in microelectronic
interconnects and by the introduction of a low tiarbudget thick metal MEMS fabrication
process compatible of the current trends in higkedpinterconnects fabrication (use of
copper and low dielectrics). This process flow closes a gap ohjgatibility between CMOS

and MEMS processing, enabling the fabrication atkimetal MEMS using the same
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technology framework available for the fabricatiaf high-speed interconnects. This
technology platform permitted to fabricate deviegth RF performances in the current state-
of-the art in terms of both peak quality factor aftdquency of operation, exhibiting

broadband behavioiQ(> 10 in the 1 to 6 GHz range), which enables the of a single

device in different operating frequencies withdu¢ inconvenient of having low Q devices
usually reported in large bandwidth application®¢Y2000]. Low-loss bandpass LC filters
were also demonstrated, showing new possibilitiasse of this topology that usually cannot

be fabricated on chip due to prohibitive leveladdes when built using on-chip passives.
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Chapter 4

High Q inductors and RF packaging

using quartz substrates

This chapter presents an alternative process floveldped for the fabrication of high quality
factor passive devices directly embedded in inswasubstrates, namely floating glass and
quartz wafers [Leroy 2006, Leroy 2007]. This tecfus showed to be promising in terms of
offering excellent RF performances due to the cetepsuppression of the underneath lossy
silicon substrate. Further development also demaitest that the quartz substrate can be used
as a functionalized RF MEMS packaging cover [Le2096b].

With the availability of new state-of-the art ICRagma etching equipments capable of
performing deep reactive ion etching of quartz salss, the possibility to produce thick
copper lines embedded directly on an insulator tsateswas investigated. The deep trenches
are filled by copper electroplating and the lines defined by copper CMP in a damascene
like approach, using the same approach developedcdpper inductors embedded in
polyimide. The main advantage of this techniquethe high resistivity of the quartz
(2 L0"* Q cm @ 20 °C), which reduces dramatically the sabsirelated RF losses.

Many previous works revealed that RF performanecessaongly dependent on the limited
metallization thickness and on the conductivitytted substrate [Burghartz 1998, Yue 2000].
Some solutions have been investigated to increhsset performances. For reducing
substrate-related losses, high resistivity siliamnSOIl substrates have been used [Reyes
1996], insulating the inductor from the silicon strate. Etching a cavity underneath the

inductor has also been investigated [Lakdawala R002
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Even if inductors with high Q factors and resorfa@quencies can be manufactured on top of
low resistivity silicon wafers [Carchon 2004], cowg most of the telecommunication

applications, the nature of the substrate remainscarrent limitation [Pisani 2003, Pisani

2004b]. Yoon et al. investigated the RF performanakethe same solenoid inductor design
fabricated on both silicon and glass substrateohY5999]. On-glass inductors provided a
significant increase in both quality factor (45%)daself resonant frequency (2.5 times
higher). The increase in the performance is reltiesl considerable reduction in the parasitic

capacitance and resistance associated to the atgbstr

4.1. Fabrication Process

Fig. 4.1 shows a schematic cross section view etékhnology steps developed to fabricate
thick copper spiral inductors embedded in a quanizstrate. A 2im sputtered amorphous
silicon film is used as hard mask for the etchimghe quartz cavities (fig. 4.1a). This a-Si
hard mask is patterned by thin-resist photolithpgyafollowed by a S§/ C4Fg dry plasma
etching step (fig. 4.1b). The quartz substratehentpatterned by £s / CH, / Ar plasma
etching step performed in a state-of-the-art AlcatdS 200 DSE ICP dry etcher (fig. 4.1c).
After stripping off the amorphous silicon mask (fg1d), the quartz mould is cleaned in a
piranha bath (k50 / H0,) and receives 0.im sputtered chromium as adhesion layer and a
0.2um sputtered copper as seed layer (fig. 4.1e). Tongldnis filled out with 4.81m of high
conductive electroplated copper (resistiviy= 2.0uQ cm, fig. 4.1f). Copper lines are then
defined by a damascene approach using a high rémateachemical-mechanical polishing
receipt (CMP, fig 4.1g) [Pisani 2004]. The CMP sag the top chromium layer which is
removed in a very selective chromium to copperetet bath (fig. 4.1h).

A protection layer is then defined in order to avaiopper oxidation and to have good
electrical contacts to the devices. The protecisomade of 0.21m titanium and 0.¢im of
aluminum layers deposited successively in the samki-target evaporator system, which
prevents exposition of the first film to air (fig.1i). The protection layer is patterned by lift-
off process, using reversal thin-resist (fig. 4.J)nally, connections are established by
bonding a 2um diameter gold wire between the inductor centeal and the lateral RF port
(fig. 4.1K).
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Fig. 4.1: Schematic cross section view of the feditication process flow: (a) a-Si deposition
(PVD), (b) a-Si dry etching, (c) Quartz dry etchifd) a-Si mask strip, (e) Adhesion and seed
layers deposition (Cr / Cu, PVD), (f) Cu electraphg, (g) Chemical mechanical polishing,
(h) Top Cr wet etching, (i) Lithography and proieatlayer deposition (Ti/ Al), (j) Lift-off,
(k) Gold wire bonding.

4.2. Fabrication Results

Fig. 4.2 shows scanning electron microscopy (SEMfupes of quartz etched mould4Fg /

CH, / Ar plasma etching is a very selective proces2@>L to amorphous silicon) that
provides very vertical walls [Pavius 2004].

A SEM picture of a final fabricated device can bersin fig. 4.3.

Fig. 4.2: SEM closed view of au4n deep dry etched quartz inductor mould (40 track
width and 8um track spacing).

79



Fig. 4.3: View of a fabricated 3-turn circular spirinductor (400um outer diameter, 40m
track width, 8um track spacing).

4.3. RF Performance results

Two devices of 3.8 and 9.0 nH nominal inductancasritated using this process were
characterized and analyzed in detail in the 0.a8.5 GHz frequency range, using the same

methods presented in the previous chapter.

Dimensions and calculated inductance of each deaneesummarized in table 4.1. Expected
inductance values are calculated following the entrisheet method presented in chapter 2
(eq. 2.29, [Mohan 1999]). The thicker layer usedhiis work with respect to [Mohan 1999]
explains a reduction of a few percent in the indoce values with respect to the predicted
ones (inductance decreases with both increasingk twadth and thickness, but must of
practical formulae neglect the thickness dependency

L, L,
DOUT (um) 800 800
w (um) 20 40
S (um) 12 12
form octagonal circular
# of turns 1.5 3
L (PReDICTED) 4.3 nH 9.3 nH
L (mEASURED) 3.8 nH 9.0 nH

Table 4.1: Dimensions and inductances of two aralymaductors.

Figs. 4.4 and 4.5 show respectively the extraateddtance valuek (eq. 3.2) and)-factors
(eq. 3.3) of these 2 inductors.
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Fig. 4.4: Extracted inductance (eq. 3.2) and Q-baceq. 3.3) vs. frequency for the 3.8-nH
device.
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Fig. 4.5: Extracted inductance (eq. 3.21) and @tda (eq. 3.3) vs. frequency for the 9.0 nH
circular inductor.

A broadband RLC equivalent circuit of a spiral iothr was used in order to model the
measured parameters. Fig. 4.6 shows the equivalpatt circuit [Yue 2000] and the values
of the parameters extracted from the measurememg @ dedicated procedure (non-linear

least squares fit on the S-parameter and on imped#atia).
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Fig. 4.6: Equivalent broadband RLC model of a shinauctor [1] and extracted values for
L1 and L, devices (s, Rsusiand Gugi Substrate parameters are negligible).

In the model of fig. 4.6Rs accounts for the series resistance of the metakdsr and is
dependent of the frequency in the formy(f)=R,.+a,/f +bf where Rc is the low

frequency resistance aral and b are constants depending on the device geometty tha
accounts for the skin and proximity effects. Theffects increase the resistance as function
of the frequency.Cp is the parasitic parallel capacitance that comesnly from the
capacitive coupling between adjacent inductor ackys: and Csyg; accounts for the
parasitic capacitances between the measuremerst giudt between the spiral tracks and the
backside ground of the wafelRsyg1 accounts for the resistive losses in the substdaie to

the substrate conductivity as well as to eddy cusrénduced by the magnetic field of the
inductor. This value ranges from typically some shim hundreds of ohms when the spiral is
designed on top of low resistivity substrates. Te&Estance decreases the peak quality factor
as well as the self resonant frequency. For thecds\built on top of quartz substrates, the
contribution of the substrate is reduced to itsimum by the use of an insulating substrate,

and only theCp value needs to be considered to produce an aecegaivalent circuit model.
For the 3.8-nH inductor (fig. 4.4). A peak qualiactor of 35 at 3.5 GHz and a self-resonant

frequency of 9 GHz were measured. For the 9.3-midator (fig. 4.5), measured peak quality
factor is 40 at 2.1 GHz and resonant frequencyas3Hz.
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It should be pointed that the fabricated devicekileik a broadband Q-behavior, with Q
exceeding 20 in the range of 1 to 5 GHz, enabllmg use of such devices in multiband
circuits. The achieved performances in term®@fx andSRFare in the current state-of-the-

art for integrated inductors [Carchon 2004].

4.4. Functionalized quartz packaging

The packaging is one of the most important partthef MEMS devices being considered
today, together with the MEMS reliability, a craidssue for the success of future RF MEMS
device technologies [Jourdain 2001]. An adaptedkg@giog ensures correct working
conditions of the component by protecting it frohe toutside environment (particles and
moisture being usual failure causes) and in sorsesca provides the operating environment

(vacuum, gas) compatible with the expected perfoges.

Moreover, for RF MEMS operating at GHz frequendy packaging parasitics should be
controlled to not jeopardize the device figuresrarit. High-resistivity packaging and very
short interconnects are then needed. On the otaed, hfor any functionally successful
packaging the associated cost should stay verydompared to the device itself, which
motivates increased interest in wafer-level paakagiolutions. Despite the relatively large
number of packaging solutions and studies [But@98l Jourdain 2005, Pisani 2004b], the
functionality of the cap itself is an aspect thaswot studied and very rarely exploited.

In this part of the work a wafer-level packaginduson for RF MEMS is addressed, the
packaging being functionalized by fabricating hi@hinductors on top of it. This solution
could be an interesting candidate for LC tanksntegrated ladder filter solutions that need
high Q inductors and tunable MEMS capacitor comptsmeausing a hybrid technology
fabrication. Moreover, such a solution can offelirmreased functionality per volume, being

one of the most compact possible ones.
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4.5. Wafer-level packaging process

Performances of the packaged RF MEMS significaddpend on the height between the
device and the bottom of the sealing cavity. A mracess allowing the fabrication of thick
layers (thicker than 40 um) and with low thermatippet was chosen apart from other existing
wafer-packaging bonding solutions using BCB [Jourd2005] or other soft photoresists

[Gallant 2005].

Fig. 4.7 shows an example of a measured performaheeCPW line covered by various

packing wafer resistivity and distance from theelifJourdain 2003]. In order to avoid

changes in the naked line response, high resispatkaging at a distance higher thangb

should be used.

naked CPW

01
A h=45um
S, 0.2 _ heoEpm
[dB] 53 | h=15um
h=5um
0.4
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Fig.4. 7: Study showing the impact of the resistigind cap-distance of the RF performance

of a packed CPW line [Jourdain 2003].
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Furthermore, a low thermal budget process can pteRé& MEMS with membranes from

being warped during the packaging process. Thentdobical process chosen is based on
adhesive bonding of two SU-8 layers on two sepdratafers: a partially soft baked layer at
the bottom of the cap wafer and a photolithograpéigerned layer on the device wafer. The
wafers are brought into contact, pressed togetimer lzeated until the glass transition
temperature of the SU-8, resulting in the polymegran of the two layers together and the
wafers to become bonded. Fig. 4.8 shows a schemratss section view of the technology

steps used for the bonding process (B steps etietbonding wafer ones and C steps refers

to the cap wafer ones).
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Figure 4.8: Schematic cross section view of thanetogical steps used for defining the
quartz substrate as packaging and the bonding m®ceéhe high gap (5@m) between the
MEMS and the packaging (C3) allowing parasiticsuetibn motivated the choice of SU-8 as
bonding solution.

B3

B4

4.6. SU-8 photolithography

SU-8 patterning is a well-established multi-stepogeiss with associated parameters
dependent on the thickness of the layers. Firstwtafers receive a dehydration and cleaning
treatment for 7 minutes in lasma to improve the adhesion of the SU-8 filig. @.8 B1).
The wafers are then spin-coated. Two commercialbilable SU-8 negative photoepoxies
from Gersteltec SA were used (GM1040 and GM107@r$€eltec]. GM 1040 is suitable to
obtain thin layers (0.8 to 10 um) and GM 1070 ttaobthick layers between 50 and 500 pum.
A 50 pm-thick layer was spin-coated on the deviegew(fig. 4.8 B2), while a very thin layer
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(about 1 um) was spin-coated as a bonding layaherbackside of the cap wafer (fig. 4.8
C1). The parameters of the spin coating proceshsaed in table 4.2.

Parameters Device wafer Package wafer
Speed 2400 rpm 4000 rpm
Acceleration 100 rpm/s 100 rpm/s
Time 40 s 40 s
Thickness 5@m lum

Table 4.2: Spin coating parameters for the packggnd device wafer.

After the spinning, a relaxation step is neededrder to improve the uniformity of the SU-8

film. Relaxation time is determined by the thickmes the photoresist. It ranges from 5
minutes for 1 um-thick layers to 2 hours for 50-thick layers. The wafers are then dried on
a hotplate during a soft bake step. The soft bakdone at 2 temperatures: first bake is
performed at 65°C resulting in the evaporationhaf $olvent from the SU-8 film and second
at 95°C. The duration for each bake is fixed bytthekness of the film. The wafers are then
cooled down to room temperature. The photolitholgyaprocess stopped after the soft bake
for the 1 pum-thick bonding layer. No patterning toe SU-8 is necessary. A full layer

coverage ensures increase in the bonding surfabeuwtithe need of precise wafer alignment.

Cross-linking process is initiated by exposing $-8 film to UV. This step is conducted on
a Siss Microtech MA6 mask aligner, with hard contased to improve exposure
homogeneity (Fig. 4.8 B3). The required exposurgediepends on the thickness of the SU-8
and on the intensity of the i-line UV light (365 hrfror 50um-thick SU-8 film, 650 mJ/cf
UV exposure dose was used. Exposure only initicesnical amplification in the SU-8 and
the cross-linking process is really slow at roormpgerature. It is enhanced by a thermal
treatment called post-exposure bake, making th@sexp areas insoluble in the developer.
This step is the most critical one and is performmea progressive ramp to avoid cracking on
the resist. The wafers were ramped linearly froomrdemperature to 65 °C and from 65 °C
to 90 °C at a 2 °C/min rate, baked for a time pefized by the thickness of the SU-8 film
and then cooled down to room temperature. Finakywafers were developed by immersion
and slight agitation in a propylene glycol mononye#ther acetate solution (PGMEA) for 3
minutes and rinsed with isopropanol (Fig. 4.8 B4y. 4.9 shows a picture of one developed
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SU-8 seal bond. The holes designed permit a begteaw of the resist along the channel
during the bonding step.

Fig. 4.9: Optical microscope and SEM pictures afewveloped SU-8 cavity.

4.7. Bonding Process

The last step of the process is the bonding oflthece and cap wafers together. Bonding is
based on the polymerization of both SU-8 layerslevkept together under pressure. At this
step at least one of the two films should not bl cross-linked before the bonding
process. The cross-linking should be done during gtep. That is the reason why the cap
wafer was not exposed to UV light.

The bonding process was performed in a Stiss Mahmo&B6 bonder. An Oplasma pre-
bonding treatment was done for 30 s on the deviafenwMeanwhile the cap wafer was UV
exposed through a glass plate with hard contadts&yuently the two wafers were aligned in
a Suss Microtech BA6 mask aligner and transfenngal the bond chamber. The two wafers
were brought into contact and heated at 65 °C fonidutes, then heated at 95 °C for 15
minutes, applying a force of 615 N on the staclg.(HE.8 C1, Fig. 4.8 C2). The bonding
process was performed at atmospheric pressure mitdegen atmosphere. Fig. 4.10 shows
optical microscope pictures of fully-bonded andtiply bonded cavities. At the end of the
bonding, a detailed optical inspection enabledesimation of the bonding yield, which is
about 80% (of fully bonded SU-8 cavities). Thislgiean be further increased by optimizing
the size of the bonding ring as well as the siz&érammber of holes for resist reflowing along
It.

87



(@) (b)

Figure 4.10: SU-8 structures after bonding procegss:a bonded structure, (b) a partially
bonded structure.

4.8. Package characterization

Once the wafers are bonded, the upper wafer,heequartz wafer, was diced in order to
singularize the caps (Fig. 4.11). This step alloveedualitative evaluation of the bonds
strength and adhesion of the SU-8 films on eaclemaf

Figure 4.11: Wafer level packaging pictures aftering the quartz caps.
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4.9. Bond strength and adhesion

Quartz wafer was diced in order to remove all ublesguartz and keep just bonded quartz
caps at the top of SU-8 cavities. In spite of tkeeyMow bonding surface (only 12% of the
wafer surface), adhesion and bonds strength wesagsenough to allow the dicing without

de-bonding. Pictures of bonded and diced quartz eeppresented in Fig. 4.11.

4.10. Wettability

Even if all the tests of this study were performnagth a dummy silicon wafer covered by 0.5
pm of wet silicon dioxide working as a device wafére compatibility of this packaging

process with S§released MEMS, e.g. tunable capacitors fabricatdéFritschi 2004], was

fully tested. A first bonding test was performediwa dummy wafer covered with 0.5 pm
wet oxide and exposed one minute t@ §&s. The bonding did not withstand after dicind an
wafers de-bonding occurred at the SU-8 / SU-8 fiater during the dicing process. Drop
wettability tests were performed to investigate ithpact of Sk gas on the wetting tendency
of SU-8 films. The shape of the drop is directhkid to the wettability of the material: round
drop is characteristic of a hydrophobic surface mwiebattered one shows a hydrophilic
surface. Micro drops with the same volume were diépd on the SU-8 surface at different

steps of the process and their shapes were obsended the optical microscope.

First test showed that SU-8 was hydrophilic aftevedlopment (Fig. 4.12a). This test suggests
that a hydrophilic nature provides a successfuldoban Second test revealed that fluorine
chemistry had an impact on the wetting tendenayh@fSU-8. Indeed one minute exposure to
Sk gas resulted in the SU-8 becoming hydrophobic.(Big2b). Among the solutions
investigated to reverse the wetting tendency of $le8 film, the Q plasma treatments
showed to be efficient (Fig. 4.12c), and providessaution to solve the packaging

compatibility with Sk release of MEMS.
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(a) (b) ()

Figure 4.12: Drop tests at different steps of thecess: (a) just after development, (b) after 1
minute Sk plasma, (c) after 1 minute §plasma and 30 seconds flasma treatment.

Figure 4.13: SEM view of the stacked quaytzFigure 4.14: SEM picture of a bonded and
/ SU-8 / silicon structure. diced quartz cap.

Summary

This chapter studied an alternative process flowelbped to fabricate passive passives,
suitable to fabricate both high Q inductors anagrmaission lines. This process is based on
the deep reactive ion etching of quartz substratedirect patterning of copper lines using
the basic steps developed for the copper / polygmpicdbcess module. A functionalized wafer
level packaging solution (WLP) is also presenteathBsides of the quartz wafer are used: the
top to fabricate high Q inductors and the bottom pt@vide semi-hermitic high RF
performance RF MEMS seal. The process uses thicl® $sist processed at relatively low
thermal budget, making it suitable to package mtevabembrane RF MEMS devices and
offering a new and original development of a hyhnigh-performance functionalized RF
packaging. The packaging process was particulgolymized to be compatible with $F
released membrane RF MEMS switches and tunableitarsaFritschi 2004].
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The original contribution of this study residegthe use for the first time of deep anisotropic
dielectric etching associated to thick metal CMPRaioricate high-performance passives and
by the realization of an original doubly-function@ckaging solution by using 2 sides of the
wafer, one to fabricate high Q passives and anotheprotect the encapsulated wafer.
Innovation is also introduced by the use of SU4BR& applications were traditionally BCB

is used. The use of a thick resist gives more fyeesh terms of choice of the cap height to do
not degenerate the RF performances (é), without the need of deep reactive ion etching

of the capping wafer.
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Chapter 5

Simulation, characterization and

modeling of spiral inductors

5.1. RF passive simulation tools

Predictive modeling is an essential step in thegaesf any electronic device. The capability
to model the behavior and performance of the deagéunction of the technology profile,
geometry and frequency is needed in order to peowgtimal designs within the desired
specifications before effectively fabricating themgonents. Inspire of its relatively simple
geometry, the design and optimization of spiraluictdrs is constrained by complex,
frequency-dependent phenomena that affect both ctadoe calculation and losses
estimation. Accurate frequency-dependent loss tlon is needed in order to correctly
predict the quality factor, which is one of the ordjmitations imposed in the design of on-
chip small footprint passive devices. Some simpjeations suitable for*Lorder hand
calculations are available in the literature, lhese approximations show to be too rough in

order to accurately predict the equivalent cironitdel of passive devices.

The approach to tackle with this modeling task lmes in general the calculation of
equivalent circuit parameters from the solutions Méxwell equations by the use of
specialized numeric solvers. Several RF passivespmdl inductor computer simulation tools
are available in commercial or free versions. Tleap be divided in 2 main categories
depending on how they model the devices. Electromiag (EM) simulation tools solve
Maxwell equations numerically in the time or freqog domain and give as result S-
parameter data or RLCK (resistance, inductanceaatgmce and mutual inductance)

parameters of the of the device. Simulation toled fall in this category are, amongst many
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other: Fasthenry [Kamon 1994, Guan], ADS-Momentukgilpnt 2005], Sonnet [Sonnet],

Zeland IE3D [Zeland], Ansoft HFSS [Ansoft 2006] a@8T Microwave studio [CST]. These

tools have different degrees of accuracy relatethéoway used to discretize the Maxwell
equations and the fact that some approximationsised or not: use or assumption of special
types of symmetries, 2 or 3-D approximations, baupd/alue conditions assumed, number
and type of cells used to discretize the problerasfmmng), use of quasi-static approximations,
and if radiation effects are taken into accountnot [Hanington 1968]. These tools are
computationally intensive and take typically hotwsdays of computing time to accurately
simulate a single device. They are essentially usedvalidation of measurement-based
models or for calibration of other faster metho@lse second class of simulation tools are
based on equivalent RLCK semi-analytical solutiand produce as output a SPICE circuit
netllist or the S-parameter data as function of fileguency for the proposed equivalent
network. KSU Spiral [KSU], VeloceRF [Helic, Koutsmynopoulos 1997], OEA Spiral

[OEA] simulators, amongst others, fall in this guey. These tools are much less
computationally intensive than direct EM solvingdazen produce results for a device in a
few seconds or minutes. They are suitable for aptittons (were comparing many devices
spawning a large device space and picking up teegerformer is needed), but can be very
inaccurate if the models are not well calibratedhimst measurements and full wave
simulation tools. Some tools like ASITIC [Nikneja@98, Niknejad 2000] falls between these
two categories, and can be used to solve numerit@llS-parameter data as well as for fast

equivalent circuit extraction.

In this work, ADS-Momentum and Matlab were usedrasn simulation tools. Part of the
designs and simulations were also conducted usiJTIE, VeloceRF (simulations
performed by Helic SA — Athens — Greece) and HFSi®&lations performed by EPFL-
LEMA) as alternative tools. The major drawback thaghen using ASITIC to model the
devices used in this thesis were related to lackatibration and convergence when using
frequencies above 5 GHz and due to bad estimafitwsses for devices built on top of high
resistivity substrates. The numeric stability ismpoomised when the resistivity of the
substrate is higher than Qkcm and the uniformly distributed meshing grid bees too
demanding in terms of memory when a fine meshgaested, what is needed for correct loss
estimation especially at frequencies above 3 Ghlfadt, this tool is calibrated and validated
for frequencies below 3 GHz and using devices builttop of low resistivity substrates

[Niknejad 2000]. VeloceRF simulations present agaathge a seamless integration with
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other Cadence design tools [Cadence], but needsrder of semi-empirical parameters as
input and lack some functionality in order to prtdirequency-dependent losses of the
substrate. Although these tools can be effectieelysidered and used to design and model
spiral inductors, care must be taken to interphet tesults and some calibration against
measured devices is needed in order to provideraiecuesults, especially in very high
frequencies above 3 — 5 GHz range.

From the analytical point of view, the design amtimization of spiral inductors involve
tedious and error prone calculations. There areyrpanasitic calculation models available in
the literature that will be analyzed in detail metnext paragraphs. All the equations and
models used in this thesis were coded using M@ltbhworks] and grouped in a specialized
toolbox entitled’'RF Analysis and Passive Design ToolbopPisani 2004d]. This toolbox is
one of the outcomes of this thesis project andvalable for free on the Internet. This tool
was also successfully used to perform RF paranmesteaction and analysis in other RF
passive fabrication and analysis projects [Frits2007, Mehdaoui 2006, Mehdaoui 2007b,
Mehdaoui 2007c].

5.2. Measurement-based models

Measurement-based models are probably the mostamesd For a given technology, a large
number of devices is designed, fabricated and nmedstihe characteristics and performances
of the fabricated devices are correlated with thengetrical and technological parameters and
give the circuit designer the choice for differdevice sizes, inductance densities, inductance
values, peak quality factor or the quality factbraagiven operating frequency. The major
inconvenient of this approach is a certain lacklofsical insight of the parameters that affect
the performance of the device, the need to falmiaatl measure accurately a large number of
devices to gather the needed information and ditfies to apply the obtained results for

technological profiles different of the one usedha reference device library.

Equivalent circuit parameters are extracted fropaB&meter measured data, usually by non-
linear least squares fitting of the equivalent wircparameters using impedances or
admittances. One should be careful when runnirggghocess since sometimes the extracted
parameters can produce good fit but can lack obighY significance and scalability on real

physical parameters of the devices. The equivaldiEK circuits are suitable for doing
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SPICE-like simulations of the devices, but are ligualid over a narrow range of frequency
values since most of physical phenomena in spin@dlictors are strongly dependent on the
frequency of operation. Some complex circuit modedse been proposed in order to take
into account frequency-dependent behavior like slid proximity effects without having
frequency-dependent components in the equivaletuitnetwork [Kim 1996, Sen 1998, Mei
2003].

Measurement-based models are also highly affecgteatitiitional parasitics added by the RF
routing and padding used to connect the devicbadF setup and by the inherent limitations
of the S-parameter measurement setup. Pad pasasitects can be usually subtracted from
the measurements by a careful measurement of dustragtures especially designed to
compensate for the extra parasitics introducedheypgads needed for the probing of the
devices [Cho 1991, Vandamme 2001, Watenberg 2002js process, known as

deembedding, is generally done in 2 steps, onedopensating for the series impedance of
the RF probes and other for compensating for thhastecs of the pads, especially parallel

capacitance that can be introduced by large RF. pads

5.3. Simulation-based models

This approach is somewhat similar to the measuretvesed one, but in this case a large
number of electromagnetic simulations is used tplar the design space and draw up
conclusions about the performance trends in thelteesJsually this approach needs to be
calibrated against measurements in order to matetba simulation models and options are
accurate and the correct physical parameters dirgedefor the simulation. This approach is
more adequate when used in addition to measureaneinanalytical modeling as a validation

step based on the numeric solution of the Maxwaglagions.

5.4. Analytical models

Analytical models are highly desirable to model dagd of device, and in particular
integrated inductors. They can provide all the ssagy physical insight for the devices and

permit to synthesize and optimize them in a fastueate and effective manner. They are not

easy to produce for spiral inductors, since anaggnumber of physical phenomena play an
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important role in these devices, defining how theagitic resistances and capacitances should
be evaluated.

The resistance of the spiral is a function of thexjfiency. It is affected by both skin and
proximity effects. Skin effect pushes the currentard the metal surfaces at high frequency
regime, making the resistance increase roughly uhih square root of the frequency.
Proximity effect is due to the coupling betweenaadnt spiral tracks. The magnetic field of
the external tracks couples into the innermost opeshing the current lines toward the
external diameter of the spiral. This phenomenorery difficult to model analytically since

it depends on all geometrical parameters of theasph number of empirical studies have
been done about this topic [Kuhn 2001, Tuncer 1998®] practical equations involving the
frequency and the geometrical parameters of thécele\have been proposed, but none of
them can model this phenomenon accurately. Roughky, proximity effect makes the
resistance of the spiral increase with the frequéndhe formf? with the exponentr being

between 1 and 2.

The parasitic capacitances that set the resonaqudncy of the device are distributed and
come from many different contributions: track teack capacitance, coupling to the

surrounding ground lines and to the substrate.

The RF modeling of the substrate is also essersilate an important part of the losses on
spiral inductors come from it. Accurate modelingtloé substrate losses involves knowing
how much energy is injected in and absorbed byldteconductive substrate through the
electromagnetic field produced by the spiral. Ohghese mechanisms are eddy currents
produced by the circulating magnetic field of theral that induces currents in the body of
the substrate by inductive coupling. Bulk eddy ents are negligible whepsys > 1 Q cm
(quasi-TEM mode), and dominant wheg,s< 0.01Q cm (skin effect mode) [Niknejad 1998,
Niknejad 2001].

In very high frequencies, the properties of thdedigics can be affected by dispersion [Gupta

1981], and in general the physical properties like dielectric constant, assumed to be

constant, should be modeled as functions of thguéecy.
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A complete modeling approach should also take adoount thermal effects, specially in
power devices that are subject to operate in teatpexs higher the ambient one were the
devices usually have the RF parameters measurad2{®i, Grovers 1997, Bhattacharya
2004]. By the same way, the substrate parasitisteagxe and capacitance are affected by the
temperature what also impact the performance of déeice. [Shi 2004] suggests that
differences of between 8 and 20% less in the quédittor and up to 20% less in the self-
resonant frequency can occur when the temperatum@eration of aluminum inductors
changes in the range of 26 to 85°C (TCRof 3.7[110°/ °C @ 25°C was measured for the
metal traces). The resistance temperature coeffico resistance TCR of copper is
estimated to be about 4[310° @ 25°C [Cech 1993, Brandes 1983]. TRER for doped
silicon is estimated to be betweer180° and 90010° / °C @ 25°C [Shi 2004, Arora 1993].
[Shi 2004] also reports the temperature coefficiehtcapacitance TICC) for the silicon
substrate to be in the order of -810° / °C @ 25°C.

5.5. ADS Momentum simulations

Advanced Design System from Agilent has an EM satioih module based on the method of
moments [Hanington 1968], called Momentum. All gimulations done with Momentum in
this work neglected radiation losses (using RF moleglecting radiation produces results
much faster and does not affect the accuracy ofehidts for spiral inductor designs, since all
devices are very small with respect to the waveleagd radiation losses do not play primary
role. Preliminarily simulations enabling and disaglthis mode were done to numerically
verify this hypothesis. ADS documentation givessthempirical equations to help deciding if
radiation losses are important considering a typidewice sizeD in mm and a simulation
frequencyf in GHz [Agilent 2005]:

150
f (GH2)

D(mm) < (eq.5.1).

Spiral inductors studied in this thesis have alwiags than 1 mm in size and less than 20

GHz for the operating frequency, largely satisfyihig equation.
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For circuits made on top of finite thickness sudusts, these empirical relations for the
simulation frequencyin GHz considering the dielectric constant of shbstratess supand its

thicknesdsyg are also suggested [Agilent 2005]:

300
f(GHz < eq.5.2
tsua(m@ {€rsue -1 ( g )’

for the frequency of operatidnor

< A

tsug <77 eq.5.3),
a\/‘gR,SUB_l ( g )

for the substrate thicknegs s, wherel, is the free-space wavelength givenAgy= c / f, and

a a constant ranging from = 20 if a ground plane is placed in the backsid#he substrate
and a = 10 if the backside of the substrate is at amdpeund domain with air. For the
simulations done in this thesis, the substratekiigss is 525 + 2fm for both silicon and
quartz wafers, withg sygranging from 3.8 (quartz) to 11.9 (silicon). Iretfrequency range
of interest for this work (0.05 to 20 GHz), thedrspace wavelength varies from 6 m to 15

mm and egs. 5.1 and 5.2 are also largely satisfied.

The meshing options revealed to be important insiheulation of spiral inductors. Coarse
meshing options usually tend to underestimate $oaad give quality factors overestimated in
respect to the reality. Bad meshing is usually oihthe most frequent source of inaccuracies
and overestimation of performances when doing EMuktions. For the simulations
presented in the next paragraphs, the finest dessieshing options were used to run the
simulations on a PC with 1 or 2 GB or RAM memoryl. tAe available modeling effects like
thick metallization (3-D approximations), speciakshing options to tackle with the skin
depth effect and the substrate RF properties weed in order to give the maximum possible
accuracy in the results. Typical simulation timesavin the range of 3 to 30 hours per device
depending on the configuration of the computer,gbemetry of the device, the complexity
of the selected meshing and the number of frequeonayts. Usually 10 to 15 points in the
frequency range of 0.05 to 15 GHz where simulased, expanded into a larger number of
points using adaptative frequency sampling andmati expansion interpolations on the S-
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parameter data. This approach proved to be moeetafé than simulating a large number of
frequency points with less accurate meshing opti@nsce the interpolation ensures the
correct values in the fixed points used to caleutae interpolated solution and showed to be
capable to predict correctly the frequency valumstiie main inductor parameters (notably
the peak quality factdpmax and the self resonant frequer8igF.

5.6. HFSS simulation for a 2.5 nH inductor

In order to validate the accuracy of EM simulatiothsne by Momentum, a reference

simulation of a 2.5 nH device was performed usifS8. The meshing used is shown if fig
5.1. Fig. 5.2 shows the current density at 2.4 GHz.

One can notice that the current distribution is moiform along the width, suggesting that
proximity effect is important for this device.

FOYAVANY
Y

=
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b

Fig. 5.1: Meshing used in the HFSS simulation efltBn5 device. Adaptative triangular
meshing generates more cells where the currentityectsanges are more important.

The same device simulated by ADS presented simméaults, with maximum 10% of
differences in the main device parameters (tablg, Tconfirming a consistent behavior
between the 2 tools, even if ADS is frequently répd as being a limited 2-D simulation tool
with limited accuracy. In fact, the version 2005eof some 3-D functionality useful to
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simulate thick-metal inductor designs that wereduaghe simulated designs presented in this

thesis.

Isurf[a/m]

3, 55EVe+E83
. 3, 3298e+E83
3, 1873e+883

2. 8B56e+303
2. GE40e+383
2. 442364383
2. 2206e+303
1. 9969e+003
1.7773e+003
1.5556e+8@3
1.3339e+0@3
1.1122e+333
| 8, 9B55e+3E2
. 6 6885e+B02
4, 47206+332
2. 2553e+382
3. 8529e+380

Fig.5.2: HFSS current density simulation for thenbZopper inductor device. The simulation
is done at 2.45 GHz and shows that the currentitdecan vary by a factor of 3 along inner
track due to proximity effect (port P1 is on thp t@ht central pad and port P2 is on the

bottom left central pad).

Simulator fQmax| Omax |L @ OGmax| SRF L 2.40 GHz | O @ 2.40 GHz Port
GHz nH GHz nH
ADS version 2005a | 4.35 35.4 2.55 12.14 233 34.2 P1
4 56 38.7 2.56 12.56 233 34.2 P2
HFSS version 9.2 419 3a.7 276 10.56 248 326 P1
4.31 36.0 2.76 10.55 2.45 32.7 P2

Table 5.1: Simulation results for the L2n5 devising different tools (Agilent ADS
Momentum version 2005a and Ansoft HFSS version 9.2)

The simulation options used to produce the resiitable 5.1 are listed here for clarity:
= For ADS Momentum 2005a: mesh frequency = 5 GHz, hmdsnsity = 20
cells/wavelength, edge meshing = on, transmissi@rhesh = on (using 5 divisions),
thin overlay extraction = on, mesh reduction = bffrizontal currents = on, simulation
mode = RF, thick metal expansion = ydVBD USE THI CKLOSSMODEL = 2

(set in themomentum.cfgonfiguration file)
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» For HFSS 9.2: mesh frequency = 2.5 GHz, mesh nefm passes = 12, solving
inside the metal = off (using this feature wouldjuige more than 2 GB of RAM
memory available to perform this simulation).

For more details about the meaning of each optite, reader should refer to the

documentation of each software [Agilent 2005, Ab26006].

5.7. Geometric parameter definitions

Figure 5.3 shows the cross section view alongtitokiess of a typical spiral inductor device.
The outer diameteDoyr is defined as the outmost distance between twallphsegments.
The inner diameteb,y is defined as the innermost distance between &lphsegments. The

track width isw, and the track spacingssThe example device in fig. 5.3 has 2 turns.

Dout

tm2

tins, m2

¢tm1

ting

Fig. 5.3: Cross section view of a spiral inductdthwthe definition of the main geometrical
parameters.

The total lengthsg of a square spiral is given exactly by:
lsg = 4n(Dgyr —W) = (2n=1)*(W+5) (eq.5.4).

For aNssided polygonal spiral, the total spiral lenth, y can be calculated exactly from its

geometrical parameters as:

soLy =N Ng tanNi Doy —W+ 0.5(w+s) - (NNs
S

~)(w+59) (eq.5.5).
N
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Exact circular spiral lengtlzirc can be found by takings— «in eq. 5.5
lere =770 [DOUT —w=(n-05)(w+ S)] (eq.5.6).
Ignoring the polygonal line length variation betwesbnsecutive segments, one can find an

approximation considering the spiral as made oygmmis circumscribed in concentric circles

as:

n
loory N Ngipgs Dave tan (eq.5.7).
SIDES
For a circular spiral, this approximation gives:
leire B77N Dy (eq.5.8).

Egs. 5.7 and 5.8 give an overestimation betweend2586 on the real value of the length,

depending on the form and on ffve+s)/Doyr ratio of a given spiral.

The lateral perimeter of a spiral is important whegarasitic fringing capacitances are
specified, and can be defined as being simply 2girthe length. For short spirals or

rectangular segments, a te2w should be added giving in genefal= 2| + 2w.
The interspiral length (the length of the middieelibetween two adjacent segments) can be
calculated replacin®out by Dout = D our — W —$ and the number of turmsby n’ = n-1 in

eq. 5.41t05.7.

Some spiral software or formulae use the intermaindter instead of the external one. This

parameter can be easily obtained from the others as
D,y = Dgyr = 2[n(w+s) -5 (0.5.9).

Other spiral software use the center to centektdistance diameter, that can be simply

calculated aPcenter= Doutr — W. ASITIC uses a very particular definition for pgbnal
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spirals, which is the radiuR of the circle containing the spiral. The outerndéger can be

obtained from this one as:
Dour =2Re0s(/ Ng) =(}y = 1 )(w+3)+w (eq.5.10).

In other contexts, like for deducing inductancecakdtion formulae, the average diameter is

more meaningful, and can be calculated as the gedratween the external and internal ones:

Doyr +D
Dave =% =Dgyr —N(W+s) +s (eq.5.11).

The metal area used by the spiral is useful whdouleing parallel plate equivalent
capacitance, and is given simply by the width dediéngth of the spiral:

Avera =1 TW (eq.5.12).

5.8. Inductor design space

For copper / polyimide inductors fabricated on tdsilicon substrates, a number of devices
were designed to attain fixed values of inductafmainly 2, 5 and 10 nH) at different
optimal frequencies (2.45, 1.0 and 0.8 GHz). Theicdegeometries studied are shown in
table 3.4 (chapter 3). These same devices weredddd on top of low resistivity (0.3 to 20
Q cm) and high resistivity (> 8(k cm) substrates in order to evaluate the influesfcthis

parameter in the performance of the devices.

For glass inductors, a different approach was usedorder to validate the modeling
methodology and generate useful device informatmrering the largest possible area in the
given design space without increasing too much rttmber of devices to fabricate and
measure. A design-of-experiments (DOE) approacte wsed to produce a set of 21 devices
covering nominal initial inductance values of 2,aBd 10 nH approximately. The outer
diameter values were fixed to be 22, 400pum and 80Qum, the track width to be 1jm,

20 um or 40um, the track spacing to be|8n or 12um the for number of sides to be 4

(square), 8 (octagon) or 32-sided polygons (almoastular). The number of turns was
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adjusted to give the desired inductance when albther parameters are fixed by solving the
eq. 2.30 for the nearest half number of turns. §thdied devices are summarized in the table

5.2. A schematic view of the geometry of deviceshiswn in fig. 5.4.

L {nH) Dout {pm) w {pm) s (pm}) Ns n
Ldoe 1 1.3 220 10 12 32 2
Lidoe 2 1.3 220 10 g 32 2
Ldoe 3 1.3 220 10 g g 2
Ldoe 4 1.3 400 40 12 32 1.5
Ldoe 5 1.3 400 40 g 32 1.5
Ldoe 6 4.3 400 20 12 32 3
Ldoe 7 4.3 400 20 g 4 25
Ldoe 8 4.3 400 20 g 32 3
Ldoe 9 4.3 400 10 12 g 25
Ldoe 10 4.3 800 40 g 4 1.4
Ldoe 11 4.3 500 20 12 32 1.5
Ldoe 12 4.3 500 20 g 32 1.5
Ldoe 13 4.3 500 20 12 g 1.5
Ldoe 14 8.3 400 10 g 32 4
Ldoe 15 8.3 400 10 g g 4
Ldoe 16 2.3 800 40 12 4 25
Ldoe 17 2.3 800 40 g 4 25
Ldoe 18 23 800 40 12 32 3
Ldoe 19 8.3 500 40 g 32 3
Ldoe 20 8.3 500 10 12 4 2
Ldoe 21 8.3 500 20 12 g 24

Table 5.2: Geometrical description of the 21 industfabricated in this study.

5.9. Influence of the RF pads and ground rings onhe RF performance of spiral

inductors

In this paragraph the influence of the RF padsgnoednd rings on the performance of spiral
inductors is studied. These pads are necessaiv®RF probing and external circuit contact
access to the device, and should be designed mautanner to do not impact too much the

performance of the device.

The major effects are image currents introducechéwying the routing around the device
(what decreases the total inductance value) anc sadditional parasitic coupling between
the device and the ground lines. RF pads add substoupling which can be translated into
additional capacitance in general additional salstlosses when the pads are large and the

resistivity of the substrate is low.
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Fig. 5.4. Comparative view of the 21 inductors fahted in this study (see table 5.2 for
geometrical parameter details).

Figure 5.5 shows the top view of different deviseaulated in order to verify the impact of
the RF pads on the performance of a 2.5 nH octdgadactor. This octagonal device has
2.5 turns,Doyt = 450pum, w = 45um ands = 10 um. Simulations of the same device were
performed on top of high resistivity (&kcm) and low resistivity (0.82 cm) substrates, for

different routing schemes showed in fig. 5.5.

Fig. 5.6 shows the simulated quality factor theheae of these configurations (on top of a

high resistivity 8 K cm substrate).
The same simulations were performed for the samee@eometry, but using a 03.cm

low resistivity substrate in order to verify if htendency have a dependency on the type of

substrate used. The results are shown in the 5aBle
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(@) (b) (€) ©)

Fig. 5.5: Break down of a spiral inductor design(@) naked spiral, (b) spiral + access lines,
(c) spiral + access lines + contact pads, (d) spikaaccess lines + contact pads + ground
ring (complete device used in fabrication and measents).

- = Maked
40 ' + Access lines
==+ RF Pads
==+ Ground ring
30 -

Quality Factor @ Port 1

0 2 4 6 8 10 12 14 16
Frequency / GHz

Fig. 5.6: Quality factor of the different spiraldnctor designs of fig. 5.5 built on top of an 8
k@ cm silicon substrate

Device fQmax (GHz) Qmax Lgmax (nH)] SRF(GHz) | L (1 GHz) | Q(1GHz) | R (1 GHz) Port

Naked spiral 5.50 37.37 2.08 15.44 1.87 19.37 0.61 P1
6.13 38.27 2.07 17.48 1.87 19.38 0.61 P2

Added access lines 4.94 42.04 2.45 13.22 2.17 21.47 0.63 P1
4.75 41.88 2.42 13.36 2.17 21.45 0.63 P2

Added pads 4.50 40.37 2.39 12.38 2.13 21.07 0.64 P1
4.50 40.51 2.38 12.70 2.13 21.07 0.63 P2

Added ground ring 4.38 38.45 2.55 12.14 2.28 20.36 0.70 P1
4.56 38.68 2.56 12.56 2.28 20.37 0.70 P2

Table 5.3: Extracted parameters for the devicegof.5 built on top of a high resistivity
silicon wafer (8 K2 cm): peak quality factor parameters, self resorfaefjuency and
parameters at 1 GHz for both port 1 (left side) gquudt 2 (right side).
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Device fQmax (GHz) Qmax | Lgmax (nH)] SRF(GHz) | L(1GHz) | Q(1GHz) | R(1GHz) Port

Naked 2.63 29.72 2.02 8.47 1.89 19.19 0.62 P1
2.63 29.27 2.02 8.70 1.88 19.16 0.62 P2

Added access lines 2.38 31.56 2.38 7.17 219 2115 0.65 P1
138 21.18 244 3.92 2.30 19.42 0.74 P2

Added pads 1.56 22.93 2.38 4.60 2.22 19.74 071 P1
122 19.03 242 3.42 231 18.28 0.79 P2

Added ground ring 163 23.25 2.54 4.80 2.37 19.42 0.77 P1
131 19.70 2.58 3.67 244 18.35 0.84 P2

Table 5.4: Extracted parameters for the devicefigo®.5 on top of a low resistivity silicon waf@.3
2 cm): peak quality factor parameters, self resorfeejuency and parameters at 1 GHz for both port
1 (left side) and port 2 (right side).

As conclusion from this study, it is clear thatttlhath ground rings and RF pads have an
important influence on the performance of the $pinductor and should be taken into

account when modeling the device. All the importpatameters are affected by the access

lines parasitics and surrounding RF connections.

5.10. Effect of metallization thickness and substta resistivity

In this paragraph, the influence of the substragestivity and the top metal thickness on the
performance of a 2.1-nH nominal spiral inductoaimslyzed. This device is a square spiral
havingDoyt = 450um, w = 40 um ands = 10 um. Two different substrate resistivities were
simulated: low resistivity silicon (LR-Si) at 03 cm and high resistivity silicon (HR-Si) at 8
kQ cm. Two different top metal thicknesses were aiswlatedty, = 5um andty, = 8 um.

The results are shown in table 5.5 and fig. 5.peetsvely.

Thickness / Substrate | fQmax (GHz)] Qmax | Lgmax (nH)| SRF (GHz) | L (1GHz) | Q(1GHz) | R (1 GHz) Port
t(M2) =5um, LR-Si 1.56 2121 2.63 470 2.46 23.05 0.67 P1
1.28 23.01 2.67 3.61 2.54 21.68 0.74 P2

t(M2) =8 um, LR-Si 141 29.67 2.50 490 2.40 27.62 0.55 P1
1.16 26.23 2.54 3.69 2.48 25.89 0.60 P2

t(M2) =5 um, HR-Si 431 45.76 2.67 11.75 2.37 24.09 0.62 P1
4.50 46.05 2.69 12.04 2.37 24.09 0.62 P2

t(M2) =8 um, HR-Si 4.25 45.77 2.66 11.75 2.37 24.09 0.62 P1
4.44 46.04 2.67 12.04 2.37 24.09 0.62 P2

Table 5.5: EM simulated performance of a 2.1 nH imahinductor (L2n1_450) as function
of the top metal thickness t(M2) and the resigtiftthe substrate.

Increasing the thicknesses from 5 tui@ does not increase significantly the quality facto
mainly because the resistance of the metal tracksiited by the skin effect. At 2 GHz and 5

GHz (peak of the quality factors) the skin depthcopper (eg. 2.36) is equal to about it
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and 1.0um respectively. On the other hand, increasing #sestivity of the substrate can
increase the quality factor by about 50%, suggggtat at very high frequency the substrate

related losses are the dominating ones when ulicig etal layerst(> 4 um).

20 —O—LR-SI 5 pm — 454 ﬁtiggﬂ
15 ——LR-Si. 8 um 5 40 —o—HR-51, 5 um
T —0—HR-SI, 5 um T 351 —/—HR-SI, 8 um
c —A—=HR-Si, 8 um "
= ® 30
S 5 25]
o 3 20
O L 14
3 oz
& = 10
= ® .
> 5
a 0
_5 T T T T T
0O 2 4 6 & 10 12 U
Frequency / GHz Frequency / GHz
@) (b)

Fig. 5.7: Inductance (a) and quality factor (b) tddor the L2n1_450 device as function of the

frequency for different substrate resistivity (LBow resistivity and HR — high resistivity) and

different top metal thicknessesg and 8um). For the high resistivity substrate, 5 anh8
curves cannot be clearly distinguished.

5.11. Physics based model for spiral inductors

As discussed before, physics-based model for spidaictors are difficult to set since there
are many important physical phenomena occurringarallel that affects the performance of
the device. On the other hand, a physics, scalzdded model is highly desirable in order to
perform fast simulations, generate equivalent @incwwdels and give insight about the design
trade-offs and possible optimizations. An accugatgsics-based model for spiral inductors

based on transmission line equations is propos#tkifollowing paragraphs.

5.11.1. Spiral losses

The series resistand®s is responsible for most of the losses in the deviChapter 2

presented a model proposed by Yue in 2000, whignabably the most referenced one [Yue
2000]. Many other models are presented in thealitee. Some of them seem to be more
adequate for spiral inductors made of rectangultasscsection striplines [Massin 2002, Neagu
1997, Lotfi 1995, Pettenpaul 1988]. An overviewtld results given by these various models

as function of the frequency for a typical micrgstectangular line having = 20um andt =
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5 pum is shown in fig. 5.8. This figure shows the rakg(f) = R(f) / Ryc defining the
resistance increase factor as function of the fraqu. wy and ty are defined as the
normalized width and thickness as function of then depth:wy = w/d andty = t/d
respectively. In the frequency range of interestligs work, the skin effect will limit a lot the
current, giving a factoKg than can represent many times the DC resistanitkeough all
these models scale wellf , suggesting that they do take skin effect limitedrent flow into
account. The large differences between them corom fthe assumptions done in the
approximations of each model or device studiedhim $pecific papers can result in large

differences between the estimation of the resigtaising these models.

Fig. 5.8: AC resistance increase factor for a msgtrg line having w = 2Qum and t = 5um
as function of the frequency for different modetppsed in the literature: 1-D [Jackson
1975], 2-D approximations [Massin 2002], [Neagu ¥§9microstrip approximation [Yue

2000], [Lotfi 1995] and [Pettenpaul 1988].

ADS momentum and ADS Libra (using MLIN componentricrostrip line [Hammerstad
1980]) simulations were conducted in order to eat@uhe best model for a stripline with
typical dimensions used in spiral inductors studrethis work. The results are shown in fig.

5.9. ADS and Libra give similar results for highesistivity substrates, and Libra plots were
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omitted for clarity. The influence of the type arekistivity of the substrate is also shown
comparatively to the resistance of a microstripifgonly air as surrounding dielectric.

Appendix A presents a detailed discussion on thgreagmations used in each model and

make comparisons between them and results obtajn8® EM simulations performed using

Fasthenry.
5 4
a
r 4-
.
0
I
i
31
cr
A 5 —g— ADS on on air
2 - —0— ADS on 8 ki cm
—4— ADS on 10 Qcm
¥ Pettenpaul 88 (1.365 7)
1 —<— 1-D thickness skirreffect (1.2 £7)
: :

0 2 4 6 8 10 12 14 16 18 20
Frequency / GHz

Fig. 5.9: Comparison between various resistancewdation models and ADS Momentum
and Libra simulations performed on top of differsabstrates.

Direct comparison with full-wave simulations suggedhat the model presented in
[Pettenpaul 1988] is the most accurate one overgelsampling of device geometries and

working frequencies. This model calculates the A€lstance as:

I{ 043093 , 11147+12868p

+0.0035t/w-1)* |if p=25
owt| 1+ 0.044t/w)™® 1.2296+1.287p° 1 ) } P

Ryc(wit, f) =

2 eq.5.13),
I—[1+0.0122p<3*°mp> if p<25 (eq )
owt

where
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0= 2 ot =% 2wt (eq.5.14),
T

is a non dimensional parameter defined as the "alized frequency”.

This model also gives similar results of ones atadiby rigorous partial element equivalent
circuit (PEEC) analysis [Antonini 1999, Weeks 19#81d by the approximated 1-D skin
depth effect taken only along the thickness [Jatkgy5].

For copper conductors, the following empiric redativas observed to represent well the

resistance as function of the frequency above 1 @dmpatible with the one presented in

[Abdo-Tuko 1993]):
R,.=13 LRD (eq.5.15)
AC “V1GHz ° g.0.19).

The dependency of the losses with the substratpepies will be addressed in the next

paragraphs.

The thin microstrip line model [Yue 2000], is valhly at low frequencies (below 2 GHz)
and for thin stripst(< 29), and cannot be used for thick metal spirals waglkat high GHz

range.

For spiral inductors, it is also important to calesithe properties of the substrate as well as
the coupling between neighbor tracks. Fig. 5.9 satgythat the properties of the substrate
affects the overall propagation properties of aapngmission line and should be taken into
account even for non-coupled single microstripdibailt on top of silicon.

5.11.2. Current crowding effect

Current crowding is the effect of having an inceeasthe AC resistance on the inner tracks
of a spiral inductor due the concentration of thgent caused by the magnetic field produced
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by the external turns. The most referenced empinalel proposed in the literature for this
phenomenon is proposed by [Kuhn 2001], by defimangritical frequencyficrir where the

current crowding effect becomes important. Thigdiency is given by:

_ 3.1(W+ s)

fCRIT_ 272U\N2 Rsni (eq.5.16),

wherew ands are the width and spacing of the spiral inductat Rsy is the sheet resistance
of the spiral metal. Above this frequency, the s&sice increase due to the current crowding

effect is supposed to vary quadratically with tregfiency as:

2
f
Rerown = Roc {1"' OJ( f j ] (eq.5.17).
CRIT

This equation is only a rough approximation validydor the devices studied in the reference

article. It does not take into account the numbieuims, the form or the diameter of the spiral
inductor, and in general can highly overestimae AC resistance of a spiral. Figure 5.10
shows a plot of this equation for a spiral indudtavingw = 20pum, s = 5 um andRsy = 2.0

HQ cm /5um =4 nQ2 / sq.

0 1-D skin effect on thickness [Yue 2000]
3| o Proximity [Khum 2001]

0 2 4 6 8 10
f/[GHZz]
Fig. 5.10: Plot of current crowding increase resiste factor K(f) = Rcrowd(f) / Roc (€q.
5.17) as function of the frequency (w =#0, s=5m, t = 5um). The thin microstrip
approximation (eg. 2.35, [Yue 2000]) is also shdamcomparison.
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This model clearly overestimates the importanceth& current crowding effect, which
contributes only with a fraction of the increassistance with respect to the skin effect
contribution. More accurate models for this phenoome needs long simulation and
measurement-based effort that is beyond the sdofmsdhesis. Such modeling effort should
be capable to predict the increase in the resistasdunction of the geometrical parameters
of the spiral inductor and the frequency, withouertapping with other frequency-dependent
phenomena, namely the skin effect.

5.11.3. Coupled strip line model for spiral inductos

In the following paragraphs, a transmission linedesh model for spiral inductors will be

proposed, based on coupled strips (CPS) equatidns. model will suppose that adjacent
tracks can be treated as parallel striplines, wiscl reasonable approximation for large
polygonal inductors or inductors having low numbérsides per turn (namely squares and
octagons). On the other hand, this model will take account only the coupling between
adjacent inductor segments, neglecting the interadietween a given segment and other

ones farther away than the closest neighbor.

This model involves the evaluation of the charastierimpedance, of the transmission line
and its capacitance per unit lengih. For the quasi-static approximation and at moderat

losses in a non magnetic mediumg € 1), these parameters are related as:

1 1 1

Z, 0 = = ZL®
0 JLe \/LI‘SR,EFFC(‘) \/gR,EFF ’ (€9.5.18)

whereL’ is the inductance per unit lengi err is the effective relative dielectric constant,
Co is the capacitance per unit length in the absen@ny dielectric (when the CPS line is
surrounded only by air) arigh*® is the characteristic impedance of the CPS lineutated in

the absence of any other dielectric than air.
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An analytical solution for the quasi-static TEM eas possible by using Schwarz-Christoffel
transformation and conformal mapping [Kirschning849 Gupta 1996, Churchill 1996,
Simons 2001]. For the CPS on air, the capacitaecepit length is given by:

(eq.5.19),
with

k=1-k? =—> (€q.5.20),

S+ 2w

whereK(Kk) is the complete elliptic integral of the first KiiSpiegel 1968]k andk’ are the
arguments for the elliptic integral defined as time of the strip widthw and spacing.

The following approximations are useful to numedhcavaluate the ratid(k) / K(k’), which

frequently appears in coupled strips transmissimpgroblem formulations [Hilberg 1969]:

;,0_ k si
ln{2(1+\/ﬁ)} 2
%: -k’ (eq.5.21).
iln{—zaﬂﬂ)} 1 k<
| @-Jk) | V2

These approximations give a maximum relative esf@ [1L0° atk = 1 /v2.

A complete solution for multi layer dielectrics pgssible by calculating partial capacitances
due to each individual dielectric layer. A detaileelatment for this problem is given in the
literature [Gupta 1996, Chen 1997, Simons 2001¢ @tfiective relative dielectric constant is
given by the ratio of the actual capacitaes by the oneCcpsohaving no other dielectric

medium than air.
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é.CPS - c:"CPS - +£ K(kl) K(kAl) + gF?Z_ng) K(kAZ) + gRA3_£$2 K(kA3) + ...
Cepso 2 K(k) K(Ku) K (Ka2) K (Kas)

R,EFF
eor KK | (oo ooy Kikao) | oo o K(k?3)+___}
K (Kes) K(ks.) K (Kgs)

(&2 =1

(eq.5.22),

wheregs™ is the relative dielectric constant of tihh layer above the CPS (summed from the

Bi

top to the bottom)g~ is the relative dielectric constant of th¢h layer below the CPS

(summed from the bottom to the top) dots the argument of the elliptic integral calcuthte

as:
H 2
Ky = 1 s!nhz(m/ZhXi) (€9.5.23),
sinh®(7b/2hy;)
when tha-th layer does not have a top or bottom ground heetzer and
K, = |1- tanh? (/a/2h,,) (60.5.24),
tanh’ (7b/2hy;)

when thei-th layer has a top or bottom ground metal covle Geometrical parameteasb
andh; are defined as (fig. 5.11):

2a=s (eq.5.25),
2b=s+2w (eq.5.26),
hy =2ty (€9.5.27).

j<i
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Fig. 5.11: Schematic view of a multi-dielectric damched thin coupled strip lines (CPS)
circuit.

Wheres is the CPS spacingy is the CPS track width,is the thickness of the film above or
below the line anth,; is the height of theth film end above or below the line, admitted to be
very thin in this first approximation. One can nthat, for a stripline on air sitting on top of a

substrate of a dielectric constag the effective dielectric constagt err calculated by eq.

5.22 simply give the well knowr(‘gR +1)/2 result that appear in most of practical formulae

for CPS and CPW lines built on top of a single elitiiic layer.

These equations consider the thickness of the @RSegligible. An additional term due to

the parallel plate capacitance contribution duethinckness of the metal line can be added:

‘ ‘ t
Creps = Ceps t €rép < (eq.5.28),

<=

where the term& &t/ s is the parallel plate capacitance per unit lengtimtribution

originated from the thicknessand distancs of the CPS line.

The characteristic impedance of the CPS line isrglyy [Simons 2001]:

ZAIR ,7 K(ku)
2y == 2 (eq.5.29).
\/gR, EFF \/gR, EFF K (k)
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The resistance per unit lengBt’ of the conductor can be calculated accuratelygusie
current density distribution derived from the canfal imaging method [Owywang 1958,
Hoffmann 1987, Royal 1989, Ghione 1993] as:

_ ZORF EREFF %
47,0 K (K) IK(K)[1- (w/ d)?]

{20{ (4nw(1—w/d)ﬂ { (4nd(1—w/d)ﬂ}
—| m+In +2 m+In
w tL+w/d) t@d+w/d)

The reader should note the correct factor in thdenator of eq. 5.30 isdp, and not 0.4

R.'
(eq. 5.30).

as presented in [Hoffmann 198Rk: is the AC surface resistance given by:

R. =\ dpu=9lp (eq.5.31),

whered = w+2s, k = w/d,k'=+1-k?, K(K) is the complete elliptic integral of the firski,
&err IS the effective dielectric constant amg 0 120 1 Q [0 377 Q is the vacuum

characteristic impedance.

The equation 5.30 is valid wherr 3 dandt << w,s. This equation gives acceptable results
whent > 2 dandt < (w,s) which is not always true for thin film inductotsyt holds well for
the devices studied in this thesis (having the htbiekness between 5 andusn). Plots of
the skin depthd as function of the frequency for different metéddver, copper, gold and

aluminum) are shown in fig.5.12.
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Fig. 5.12: Skin depth (eq. 2.37) for different nhetes function of the frequency.

The substrate losses are taken unto account by tisencomplex dielectric constant of the
substrate, considered as being a semi-insulatirdjumehaving a real dielectric constagt;s
and a resistivityosus The complex dielectric constastus can be written as [Hoffmann
1987]:

. .1 .
Esug = Esup ~ | ——— = Egued— jtandgs) (eq.5.32),

SUB

where tan Jdsyg is the loss tangent factor and is the angular frequency. The parallel
conductance per unit lengtBsyg’ is calculated as a function of the capacitance ypétr

lengthC’ and the loss tangent factor as:

: . C
GSUB =aC tanasus - (eq533)

SUBSSUB

The final model for the spiral inductor is repreteehby a transmission line with distributed
parameters per unit lengR’ (eq. 5.30)L'= L / lspi (egs. 2.30 and 5.4 to 5.€); (eq. 5.28)
andGsug (eg. 5.33), shown schematically in fig. 5.13.
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Fig. 5.13: Transmission line equivalent circuit nebfbr a microstripe spiral inductor.

The transmission line can be discretized by ch@paimumber of sections large enough in
order to make the model broadband as function efftbquency. Th&BCD matrix is the
preferred form to represent the line, permittingetasily associate it with another circuit
blocks by simple matrix multiplication operatioiie ABCD matrix of a lossy transmission

line is given by:

=gl %)
where
y=yJ(R+jaL)G+jaC) =a+ B (eq.5.35)
is the propagation constant and
Z, = JJZE—:E (eq.5.36)

is the complex characteristic impedance ¥fds simple defined a&/ Z, .
The ABCD matrix can be easily converted in®or Y parameters [Pozar 1998], and the

equivalent inductance and quality factor of theuictdr can be determined using eq. 3.2 and
eqg. 3.3.
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An example of the results produced by the propesedel and compared to EM simulations

and measurements is shown in the next followinggraphs.

The device boeisis analyzed in detail (table 5.2). This devicamsoctagonal inductor with
Dout = 400,n = 4 turnsw = 10um, s = 8 um, made on top of quartz substrate, for which the
fabrication process was presented in chapter 4.Iawdrequency inductance is 8.3 nH. The
other parameters of the model @re 2.0(110% Q m for the metal conductivity (coppet)z 5

um for the metal thicknessi = 3.8 for the substrate relative dielectric constasyg = 1.00
10° Q m for the substrate. The effective dielectric ¢ansseen by the spiral & ger = 2.4
(eq. 5.22). The gap length (eq. 5.4 to 5.6 evatlatethe mid-point between the spiral
segments) idg = 3173 um, and the low frequency resistanBgc (eq. 2.37) is 1.7%),
corresponding to a spiral length lgh; = 4364um (eq. 5.4 to 5.6). At frequencies above 1

GHz, the resistance is well approximated?y (f) =1.17R . /f /1GHz.

Figures 5.14a to 5.14h show the results for theaet¢d inductance and quality factor as
function of the frequency for this device. Resulfstained using ADS Momentum EM
simulator are also shown. The quality of the madetonfirmed by the good agreement
between different parameters of the inductors, mathe low frequency inductance, the peak
guality factor value and frequency position, anel walue of the self-resonant frequency. The
computation of the results was performed usingdéeeloped specialized Matlab toolbox
[Pisani 2004d].
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Fig. 5.14: Measured, EM simulated and proposed rhagtilts for the S-parameter data (a-
d), inductance (e), quality factor (f) and equivdlercircuit model (g,h) for the dog159-nH
nominal inductance device.

The noise observed in the quality factor extraatedctly from S-parameter measurements
(fig. 5.14f) comes from the instability of this rmhed of extraction when measuring high
quality factor devices. The uncertainty in the noeesents is proportional to the quality
factor itself, making the experimental result hgvimore noise and uncertainty near the peak
quality factor [Rebeiz 2003]. The proposed modeincd produce accurate results above the
resonant frequency, mainly because the transvdesgramagnetic mode of propagation
(TEM) will not be valid anymore and other approxtmas should be used to calculate the
transmission line parameters. This does not affeetall quality of the proposed model since
for all practical uses inductors are consideredvtok below the self-resonant frequency
(between 6 and 8 GHz for this device). The contisutransmission line model is the one
using eq. 5.34 for the transfer matrix of the dewiig. 5.13). Theremodel is a 3 section
simplification of this model shown in fig. 5.14hhi§ model can provide good accuracy in the
results by using a low order lumped RLC model wtien device size is small compared to

the wavelength.

5.11.4.Comparison between the analytical model and EM simations

In this paragraph, the overall accuracy of the pseg analytical model is analyzed in
comparison to full wave electromagnetic simulatiesults. The 21 devices described in table
5.2 were simulated using the proposed analyticalehpresented in the previous paragraphs
as well as using ADS Momentum 2005a EM simulatawi.tVarious electrical parameters of

the inductors were extracted from the S-paramedts (see paragraph 3.7) and from the
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equivalent circuit parameters obtained from thelyaical model (previous paragraph). Fig.

5.15 shows comparative plots between results addaily ADS Momentum simulations

(plotted in the X-axis, used as reference) anptbposed analytical model (plotted in the Y-

axis). The lineY = X corresponding to a hypothetical case where bashlte would be

identical is also shown. The following represen@parameters were plotted:

» R(1 GHz)the equivalent series resistance evaluatéd dt GHz (frequency where the

skin effect starts to become important, showngn5%i15a),
= L(1 GHz) the effective inductance (eq. 3.2) evaluateld=al GHz (fig. 5.15b),
»  Q(1 GHz) the quality factor (eq. 3.3) evaluated at1 GHz (fig. 5.15c),

*  Quax: the maximum value of the quality factor (fig. 5d},

» fomax the frequency for what the quality factor is rmaxim (fig. 5.15e),

* Lowmax the effective inductance (eq. 3.2) at the fregqyemwhere the quality factor is

maximum Quax), shown in fig. 5.15f,

» fres the resonant frequency where the quality facem. 3.3) equals to zero (fig.

5.15().
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Fig. 5.15: Comparison between EM-simulated and yied! model results for the devices
presented in table 5.1.

The better overall correlation between EM-simulated calculated results was obtained
when using an effective length slightly larger thhe one calculated by replaciibypyr by
Doutw-sandn by n-1in egs. 5.5 to 5.7 used to evaluate the effec@i& line length used in
eq. 5.28, 5.30 and 5.33 to calculate the totalakarasitics from the CPS line parameters
evaluated per unit length. The best correlationwbeh data were obtained by using an
effective diameteDoyt = Dout — 0.5(w+s)and an effective number of turns=n - 0.5for
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the equivalent CPS line. The effective length highan the expected one for the inter-metal
gap of the spiral is attributed to corner effectsthe inductor turns, what effectively add
parasitics to the device due to the discontinuitiethe CPS transmission line model assumed

to have constant characteristic impedance in teegaling paragraphs.

The overall accuracy of the analytical model carctwesidered good taking into account the
wide design space covered by the 21 devices otabke 5.2. In fact, these devices were
statistically designed to produce the maximum pmssjeometrical parameter variations for
devices with inductor values of 2, 5 and 10 nH.sSehmductance values are also in the range
of values required for the most practical applmasi of spiral inductors operating in the GHz

frequency applications.

The predictions for the inductance values in figk56 and 5.15f suggest that the analytical
model gives some overestimation in the values efitiductance calculated by the current
sheet model (eq. 2.29 — 2.31 and table 2.1). Thishiysically reasonable since this model
does not take into account the dependency of tthectance with the thickness (thick metal
layers being less inductive than thin ones). Téisrie of the reasons that make the analytical
model probably overestimate the quality factorg.(§.15¢c and 5.15d). The quality factor is
directly proportional to the inductance for a givieked frequency. The quality factor is
certainly the most difficult parameter to be actelsamodeled since it depends on a complex
combination of all the parasitic parameters of tisvice (eq. 2.32 — 2.34 shows how it
depends on these parameters for a simpleetwork). A complete analysis should also
consider the accuracy of the simulation tool, sinceas used as reference to present the
dispersion in the results, the plotted curves i&gmes a combined dispersion coming from
both simulated and modeled values around the tegigal values. Even if the maximum
quality factor cannot be always accurately modetieel frequency where it occurs (fig. 5.15e)
and the usable frequency range of the device %fig) can be estimated with a relatively
good accuracy, making this modeling strategy sletdbr optimization proposes when
searching for designs having a maximum qualitydiaett a given operating frequency is

needed.
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5.11.5.Numeric optimization of inductor devices

The proposed model enables the calculation of the melectrical parameters of a spiral
inductor design from its geometrical and fabricatiechnology parameters. The model is
valid for frequencies below the first self-resonarmd the device, a frequency range where
these devices are effectively used in practicaliegons.

Furthermore, the availability of these equationa fiorm of a Matlab toolbox enables to write
simple computer scripts to explore large desigrcepaf devices, allowing the designer to
produce optimal designs within a few seconds orute of computation, a task that takes
many hours of computation using EM-based simulatmpis or pure measurement-based
modeling approach. This approach is similar todhe proposed in [Post 2000], but using a

more accurate model and having more freedom ichbece of the optimization parameters.

With an accurate physics-based model availablecittoait designer can quickly and easily
analyze trade-offs on parameters in order to hheedesired performance (namely a given

value of inductance, device area, quality facta s@lf-resonant frequency).

As an example, the optimization of a 9 nH devideng the Lpog15 design presented in the
previous paragraph as starting point is presertetdus suppose the problem of finding a
similar device to work in a WLAN front end. A maximm quality factor at 5.2 GHz is desired
in that case one can start by limiting the maximdiameter of the inductor to be 4Q@in,
fixing its form as octagonal (having a quality facbetter than squares). In order to explore a
discrete domain of parameters, one can specifyfesatace for the inductance value, in this

example 9 nH * 5%.
Based on this fast numerical model, one can eagtymize for different spiral inductor
parameters by direct search for the design paranoétmterest in a given inductor design

space (set of allowed geometric parameters).

The applied constrains to the numeric simulatiorsshown in table 5.6.
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Parameter Symbol Constrains
External diameter Dour between 100 and 4Q0m, with steps of 2pm
Number of turns N between 1 and 10, with steps of 0.25, adjusted to

give the requested inductance

Track width w between 10 and 50m with steps of fum
Track spacing S between 3 and 1dm, with steps of um
Inductance range Ls between 8.55 and 9.45 nH (9.0 + 5% nH)
Spiral Form (sides / turn) Ns octagonal (fixed at 8)

Table 5.6 : Simulation constrains applied to thémjzation a 9-nH nominal inductor.
The simulation of the whole design space takesvanfiinutes on a PC running Matlab 6.5 at
1.2 GHz. The initial design space contained ab&/0d0 devices from what 189 fall within

the desired inductance range.

Simulated results for the optimum designs are shoviable 5.6.

Design | Dour| N w s | Ls® | Quax | fowax | fres | Aspi FMI
um |[turns | pm | pm | nH GHz | GHz | x10°| x10°
pum? | GHz/pum?

Quax @ 400 4 10 8| 11.1 499 3.7 ¥o| 1.60 2.10

any f
Quax @ 375 | 45| 10| 10| 107y 29.7 3.3 7.4 | 1.41 1.56
5.2 GHz 23.69 | 5.29

FMI max 275 | 1.5 10 5| 10.% 284 3.5 7.4 0.Y6 2.31

(a) Effective inductance &vax.
(b) This design has also the highest resonant émscyfres.
(c) The maximun@ atf = 5.2 GHz does not mean the maximum along alfrdguencies.

Table 5.6: Results for a numeric optimization modgebf a 9 nH inductor built using the
quartz / copper technology module.

The figure of merit for an inductor FMI was caldgld by eq. 2.13. This model suggests that
the maximum possible quality factor for a 9-nH iottw should be around 50 and the
maximum resonant frequency around 8 GHz. Theseesade dependent on the inductance
value, since it basically sets the size of the eevend by consequence the amount of

parasitics associated to it.
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Summary

This chapter presented the tools and models ugeédldotromagnetic simulation of passive
devices. A simple yet accurate physics-based mbatekpiral inductors on top of low-
conductive substrates was developed and validatezkperimental measurements and ADS
Momentum electromagnetic simulations. This modetsusnportant approximations and
simplifications for the modeling of the spiral irdlar, namely the thickness must be larger
than the skin depth (so the minimum frequency dtlitg is about 1 GHz), and the coupling
between non-adjacent segments and the proximitgciefls neglected (current crowding
effect). Although simple this model gives bettetireation of losses than the thin microstrip
one traditionally cited in the literature, and epable to model the device using a sinmple
model that is accurate at least to the first reso@drequency. The accuracy of the model was
demonstrated by direct comparison with S-paranddéa (both reflection and transmission),

as well as with effective inductance and qualittda data.

This simple numerical model was used to demonstiate possibility to optimize spiral
inductor designs by directing searching a large memof designs in a given design space, a
procedure that is unpractical using computationabyensive EM simulations or by
fabricating large number of devices to exploredhsign space.

The original contribution of this thesis for theafytical modeling of spiral inductors is

related to a better understating and estimatiothef2-D skin effect losses in rectangular
conductors (given resistance results much less thantraditional models used in the
literature), to a more rigorous calculation of merasitic capacitances in the spiral (giving
results of an order of magnitude higher than thesarbtained by the model most cited in the
literature), to the introduction of a broadbanchsmission-line equivalent circuit capable to
model the device up to its first self-resonance famcan optimization numeric approach that
is centered on circuit device parameters (nameaidtance and quality factor at a given
frequency), instead of using purely empirical olagons of the dependency of these
parameters on the geometry of the device (extehiaaheter, track width, track spacing and
spiral form). The AC resistance calculation was eitgdly validated by 3-D EM simulations

performed over a large design space (track widtlvdxen 1 and 10Qm, aspect ratio between

1 and 100% and frequencies between 0.01 and 20 &tried in more detail in appendix A).
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Chapter 6
Conclusions and perspectives

6.1. General conclusions

This thesis presented the development of a tecggadiernative for the fabrication of high
quality factor and high self-resonant frequencyckhmetal RF MEMS passive devices
compatible with CMOS back-end processing, having thermal budget (< 300C) and
aligned to the current trends in modern high speéerconnects (use of copper / low
damascene approach). This technology module oHarsetal levels and a via in between,
with typical thickness in the range of 1.5 to 1. The use of planar lithography steps and
hard masks (buried via method), associated to llreapzation offered by the CMP make the
process highly scalable, allowing to obtain différgéhicknesses of metal with minimal
changes in the processes parameters.

Spiral inductors were fabricated and studied asahetnation vehicles for this technology.

High quality factors in the range of 30 to 50 amghhself-resonant frequency in the range of 6
to 15 GHz were demonstrated, values that are incthreent state-of-the-art for CMOS-

compatible processes. These devices exhibit highveigth (Q > 20) over a wide frequency

range, enabling their use in different telecommation standards / frequencies, like GSM,
ISM (Bluetooth), WLAN and in ultra-wideband (UWBpplications.

131



High performance filters with insertion loss as loas 1.2 dB were demonstrated,
performances that cannot be usually obtained usimgll footprint on chip passive

components.

Furthermore, the developed technology module shawée capable to fabricate also high Q
fixed and variable capacitors, proving to be a Mgilatform for high Q RF MEMS devices

fabrication.

The use of CMP with the buried via approach and, 8&d mask and anisotropic dry etch of
deep trenches in polyimide makes the process lifpity planar and scalable to obtain
different thickness without complicated changes @mmihg of process parameters. The CMP
time were reduced by the use of high-speed CMRys8uitable for the fabrication of thick

metal MEMS (removal rates in the range of 1 fen®min). This CMP step presents levels of
dishing and erosion much higher than the onestioadily used in thin film interconnects,

what does not imply in a major issue since in teofgelative values the thickness variation
due to these effects are under a controllable rahgealues (2 to 5 % of the nominal thickness

of the layer).

A careful control in the addictives and the usesniformity thickness improvement fixtures
in the electroplating bath provide good levels oifarmity (around 10%) and resistivity for
the copper films (2.uQ cm), which is only 15% above the minimum valuet tban be

obtained using thick bulk copper as material.

High-quality factor inductors were studied on tdpirtsulating substrates (namely quartz).
State-of-the-art deep reactive ion etching was useproduce deep cavities in the quartz
wafer and pattern thick copper lines directly endstlin an insulator substrate. For the first
time, a functional packaging concept were presered developed. Both sides of the
packaging quartz wafer were used to fabricate Hglnductors and encapsulate silicon
wafers that can contain other RF MEMS devices. Tumstional packaging presents high RF
performance potential (high Q inductors and lowslasd high-gap RF device protection of

40 um), offers a good degree of scalability with lessfav surface consumption per function
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and less parasitics due to a significant reductiorthe interconnection lengths between
discrete components that can be fabricated usingrdgeneous technological platforms.
Particularly, the packaging bonding process wasroped to work with RF MEMS processes
using fluorine-based release steps, and exhibitgdyield after optimization of the adhesion

between the different SU-8 resist layers.

This research presented also a contribution tdRfRenodeling, simulation and optimization

of RF MEMS devices, in particular spiral inductdoy, careful measurement-based and EM-
simulation based models associated to statistesibd techniques (design of experiments) in
order to efficiently cover the desired design spatth a reduced number of devices and

having the maximum information available for thedséd set.

Although measurement and simulation based modelsegunivalent circuit modeling were
successfully used to model the devices, a physissed scalable model was developed in
order to accurately synthesize and predict theopeidnce of the devices for a given number
of expected parameters, namely the inductance, mami device size, maximum quality
factor at a given operating frequency or frequerange and self-resonant frequency. These
models can also provide SPICE-equivalent circuitdet® suitable for fast analog circuit
simulation and easy of use block-connecting of ckwiin order to build more complex
functions like filters and tuning matching netwarkshe major advantage of the proposed
methodology, centered in the inductance value auste#f the geometrical parameters of the
device, is the opportunity to give the designer thest possible solution for a given
technology profile and for the desired inductor cfeations (inductance, frequency and

available area).

6.2. Perspectives for future research

Although the use of polyimide as sacrificial lay@nd the successful fabrication of free

standing copper membranes were demonstrated,ries sif the electroplated copper should
be studied and optimized to produce flatter mendgsaneeded for switches and tunable
capacitors. Another point to be optimized is thataot resistance between the copper layers
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and between the copper and other metal layerse sivec polyimide release etch can oxidize
copper, which needs a protection layer (tantaluthénframework of this research). Although
tantalum is an excellent choice as adhesion layeéraati-diffusion barrier, it does not behave
very well for standard processes like wire bondiagd flip-chipping, and additional

interfacing materials like Ni-Cr or Al (successfullised for the copper / quartz inductors)
should be adopted to successfully interface theidaled devices with other technology

modules and circuits.

More progress is also needed in the direction d@fling out-of-plane and variable devices.
Out-off-plane inductors are less prone to substrali@ed losses and can help to attain the
desired RF performances on top of low resistivithstrates by means of a reduced magnetic
coupling with the substrate. Although solenoid ammbidal devices present good inductance
per wire perimeter and surface ratio, they canesufifom low quality factors due to the
increased number of alternating contacts betweereint metal layers (increasing the series
resistance due to the contact resistance betwésyefs), and need thickness in the range of
40 um to 80 um to produce loops large enough in order to prowdepact structures,

especially when the inductance values exceeds 10 nH

Another alternative to be explored is the use of ¥iick dielectrics in order to minimize the
magnetic coupling between the spiral and the satastiThis technique is viable when using
polyimide or BCB layers than can provide up to |28 of thickness in a single or 2-step
deposition with minimal delaminating problems [M&@04]. The same technology can be
used to fabricate on-chip transformers with theeséenefits of loss reduction and increase in

the resonance frequency observed for spiral indsicto

Furthermore, the use of the processes developed #is thesis to make LC circuits like LC
tanks, filters, switch banks, and transmissionedinan make possible the development of a
complete RF MEMS solution using a low-cost, lowslodow-thermal budget CMOS
compatible technology platform that contributesingert RF MEMS into current RF-IC
interconnects fabrication framework with reducedgasss overhead and development effort.
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Appendix A: Skin effect in conductors

This appendix shows more details about the AC taasi® models presented in chapter 5. The
exact solutions for an infinitely long cylindricalire and an infinite planar conductor with
finite thickness are presented. Approximations aoclracy for rectangular strip conductors
by using approximations based on the exact solsitimm cylindrical and infinite plane
conductors are discussed using numeric 3-D sinmmatesults obtained using Fasthenry

simulation tool as reference.
A.1. Cylindrical wire

The AC current distribution inside an infinitelynlg cylindrical wire can be analytically
calculated [Ramo 1984]. In this case, by the symynaft the problem, the current density is
function only of the distance to the wire center and points always to the dioectz
perpendicular to the cross section of the conductor

J=13,(n2 (eq. Al).

The Maxwell equations for a good conductor (neghecthe displacement current term)

under time harmonic AC current regimevfeferring to the / dt operator) can be written as:

—

xH=J=0E (eq. A2),

v

xE =—jauH (eq. A3).
From these 2 equations, one can derive the diffialegguation for the current density

02J = jauod (eq. A4).
For the infinitely long cylindrical wire, eq. A4 deaces to:

d?J, 1dJ,
+=-—=+T°J, =0 eg. A5),
dr2 r dr z (€. A3)
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where J; is an exclusive function of the radial distarrceThe general solution of this

differential equation is in the form:
J, =AJ,(Tr)+BHP (Tr) (eq. A6),

with A andB constants,)y the 0-th order Bessel functioHo(l) the 0-th order of theSkind

Henkel function and a constant calculated as function of the skinldégeq. 2.36):

T =" jauo ==

j
=2 . A7).
5 (eq. A7)

Ho is divergent at = 0, setting the constaBt= 0. From the current densitig(ro) = ok at
the conductor surface, one can obtias function of the electric field, at the surface of the

conductor:

J, = 3 (TO)J o(Tr) (eq. A8).

The magnetic field can be obtained from the totatent using the Ampeére's law as:
§H @i =1 (eq. A9).
The magnetic field has always the directionZodnd a dependency onlyiinso:
2, H, (r)) =1 (eq. A10).

From eq. A2, A3 and A10, the following relationsidze written:

H, = (eq. All).

1 dE, 1 d,_ 1 d| o 3.0 | = @J(}(Tr)
jau dr quﬂU dr jayadr Jo(Try) ° T J,(Tr)

From the right side of eq. A11 and eq. Al0, thaltotirrent becomes:
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_2m,oE, J,(Tr)

| = T 3,(Tr) (eq. Al12).
The internal impedance per unit length is defingd a
Z = (eq. A13).
The following expansion for eq. A13 is useful invidrequency regimer§ << 9):
. 1 1, Y|, . u
Z (= 7T020' {1+ 4_8(Ej }+ ja)8—]_[ (eq. Al4).

Eq. Al4 gives approximately the DC resistance i lengthl / 1o°0 in the caseq << J
and shows that the low-frequency internal induatgmer unit length is a constant independent

of the wire diameter and equal & 877= 0.5 nH/m for non-magnetic metallic wires.
At high frequencies whery >> ¢, the following expansion for eq. A13 is useful:

R I
2,00 271,

R (eq. A15).

i ,HF

Eq. Al5 illustrates the Wheeler rule that stateseay high frequency regime the internal
reactive inductance is equal to the internal resist. The decrease in the internal inductance
due to skin effect current constriction is the ceafor the reduction of the total inductance of
a conductor when the frequency increases. One o#a this for example the frequency-
dependent factor presented in eq. 1 of [Greenhouse 1974] inductealmeilation formula.

Figure Al shows a plot of relative values derivahf eq. A13. One can notice that when the

radius exceeds the skin depth value the AC resistand internal inductance starts to vary

rapidly with the frequency. The linear dependendthw means a dependency Wi(}‘]?for
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the AC resistance, defining the skin effect regifileis is explicitly shown in the variation

rates plot as function of frequency shown in fi@. A

4

3.5
3 L.
2.5}

2

Ratios

1.5}
1

VX] S—"

rA/9

Fig. Al: AC resistance, inductance and impedand&ixe ratios for a cylindrical wire as
function of the radiusprnormalized by the skin depth

Ratios

f/ GHz

Fig. A2: Relative resistance, inductance and radaskin depth ratios as function of the
frequency for a circular wire with r = 5.64m (100znY’ of area).
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A.2. Infinitely long and wide rectangular stripline with finite thickness

Let us consider the rectangular conductor of fi§. Whenw / t >> 1 or whenw - c most
of the current is distributed along the thickne$she conductor and an analytic solution
depending only on the vertical positianis possible. In this case, a solutidn= J(z) is
admitted. Although not physically reasonable fdwvalues ofw, t and skin depthsg, a simple
analytical solution is possible for this case ahduriovides some insight about the AC

resistance behavior of thin rectangular striplifegkson 1975].

t ] P- KL X d)—»Y

W

Fig. A3: Rectangular conductor of width w, thickeésnd choice of the coordinate system.

In this case, a solution of eq. A4 can be writtethie form
J(z) = Ae” + Be " (eq. Al6).

Choosing thez origin in the center of the conductor, by symmel¢g) = J(-z)andA = B.
Directly from eq. A4:

y=qliwuo =——=- (eq. A17).

The constantA can be obtained as function of the total curresmsity per unit length

t/2
Js=1/w alongw: J'A(e"‘ +e”*)dz=J,, giving:
-t/2

A= yJS

Zsinhy2t (eq. A18).
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The expression for the current density is then:

Jz(2) = _rds coshy z

Zsinh? (eq. AL19).

Figure A4 shows plots gfJz/ Js| fort = 5um and for different frequencies between 1 and 10
GHz ¢ / o between 2.4 and 7.6). One can note that vitred o the current non-uniformity
starts to be more pronounced. The ratiod > 4, wherex is a characteristic dimension of the
conductor, is sometimes used as a practical ruletov if skin effect should be taken into
account in the electrical modeling of a conducturthe given operating frequency.

0.55 : : :
| 0 f= 1GHz t/5=239
0.5 0 f= 2GHz t/5=23.38
A f= 5GHz t/5=535
0.45} v f=10GHz t/6=7.57
0.4}

-2 -1 0 1 2
Distance to the center along the thickness um

Fig. A4: Normalized current distributionjds| along a 5um-thick, infinitely wide
rectangular conductor at different frequencies.

The resistance per unit length can be obtained fitwentotal current and from the current
density by summing the power dissipated on allasgrfelementdS, of the surfaces of the

conductor:
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: 1 1 1 2
R l1P=) ——1,F=> ——I13,FdS.==|]J,]dS
el =X g =2 g 19 5= 190 (eqt. A20).

Applying this equation to the current distributigiven by eq. A19, one can obtain:

R..(f) = pl__pl 1
ne Weere W 51 cOSh(/ J) — cos¢/ 9) (eq. A21),
sinh¢/d) +sin(t/9)

with tgrr an effective AC thickness given by:

(eq. A22).

lerr

_5 cosh{/ o) —cosf/9)
sinh¢ /o) +sin(t/9)

A.3. Rectangular stripline

Eqg. A4 does not have an exact analytical solutiothe case of a rectangular cross-section

conductor of widthw and thickness. Several approximations strategies are proposéidein

literature, amongst them:

= Making assumptions about the current density benand solving eq. A4 approximately
[Eo 1993, Neagu 1997, Yue 2000, Du 2006],

» Solve eq. A4 numerically [Chari 1977, Weeks 197&l8gw 1987, Antonini 1999],

» Make some assumptions to simplify the problem, dk@roximating the cross section of
the rectangular conductor by an ellipse [Lotfi 1R98onsidering the conductor is
infinitely wide whenw >> t [Perruisseau-Carrier 2006] or find approximaterfolae to

extend the validity of the infinite wide conducgmlutions for finite ones [Massin 2002],

» Propose equations obtained by fitting over a lalgggn space of devices and frequencies

[Pettenpaul 1988, Nieuwoudt 2007].

A brief presentation of some models available aliterature will follow.
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Eo and Eisenstadt [Eo 1993] proposed an approximabelel for rectangular section
conductors made by simple assumptions about thavimhof the 2-D skin effect in

rectangular conductors. The AC resistance is caedlas:

A
Wiheee

Rac(f) = (eq. A23).

Where the effective thicknegs:r is given by:

terr = 5{1— exp{%ﬂ[ﬂ vivj (eq. A24).

Neagu et al. [Neagu 1997] proposed a simple madehlculate the AC resistance based on
simplified analysis of skin depth effect combinedhwthe strip line geometric parametavs

andt:

_pP wt
Rac —M{Hm} (eq. A25).

[Yue et al. 2000] proposed a simple model consmeda purely exponential behavior of the
current density along the thickness. This approtionas valid only if there is a ground plane

near the strip line, what is not true for lineslbon top of thick insulating substrates like

quartz or high resistivity silicon. The current diy is assumed to have a maximum in the
bottom line of the conductor and vary exponenti&iyowing the skin depth rule along the

conductor thickness:

J(2)=J,e"° (eq. A26).

The total current is obtained by integratihglong the conductor thickness:

t
| = WJ. J.e%dz=J,wo(-e"?) (eq. A27).

0
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From this expression, one can identify the effecthicknessgrr and the AC resistance as:

teer =0(@—€79) (eq. A28),

A

RAc(f)=m

(eq. A29).

Lotfi et al. proposed a model for rectangular cardts by approximating their section by
ellipses and by semi-empirical fitting of asymptobehavior at low and high frequency
regimes, giving [Lotfi 1995]:

Ric :ﬂl:l-{-(ijz +(ij0.5] :
wt f, f, (eq. A30),

with frequenciesf; andf, are obtained to match the behavior at low and Highuency

regimes. These frequencies are calculated as:

P
f=—— _
Lt (eq. A31),
and
= TP (eq. A32).

f=—“°-“"F
2K ((t/w)?)

This model is validated for low-frequency regimevieen 10 kHz and 100 MHz and for
millimeter-size rectangular power foils and carewtd be taken to apply it fopm-size

structures operating at GHz.

[Nieuwoudt 2007] proposed a model for the 2-D siiect based on fitted data obtained from
Fasthenry simulations performed over a large desgacte of rectangular stripline designs.
This model proposes to use corrections to the 1kih sffect based on the geometric

parametersv andt of the rectangular strip:
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Rac(f) = pwtl—(f) (eq. A33),

whereRac is the AC resistanceg the metal resistivityl the track lengthw the track width

andterr the effective AC thickness given by:
tere = Ogee L—€7V%%)(1.087+ 274r —1.203 %) (eq. A34).

The parameter< 1 defines the aspect ratié w of the stripline (simply calculated as/ tif t

> W):

(eq. A35).

(= w/t if w<t
Clt/w ift>w

The effective skin deptl:rr is calculated using a corrected expression defiam effective

frequencyferr:

0
Ourr = eq. A36).
EFF e (eq )
fe = f (0.971+ 0.096r — 0.02812) (eq. A37).

Pettenpaul et al. [Pettenpaul 1988] proposed a mioalged on numeric fitting of results
obtained by [Hafner 1937]:

| [ 043093 | 11147+1.2868p

— +0.0035t/w-1)* |if p=25
owt| 1+0.041t/w)*°  1.2296+1.287p° i ) P

RaclWt, 1) = | (eq. A38)
—[1+ 0.0122p®+001P") if p<25 ' ’
owt

where
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p= /2f0',l,NV :%_ 2_Wt (eq. A39)

n

is a non dimensional parameter usually named asrialzed frequency”. These expressions

are reported to be 3 to 5% accurate whew < 12and2 <=p <= 3.

Massin et al. proposed in 2002 [Massin 2002] thiboviong model considering that the
infinite plane solution can be applied simultandépadong both the width and thickness (fig.
A5):

d

Rac(T) = WE = (W = Wege )(t —teer)

(eq. A40),

where the effective width and thickness are obthinsing eq. A21 for botlw andt

directions:

_ cosh/ d) —cosfw/ 9)
Werr = 25{ sinhw/ 3) + sin(w/ 3) } (€. Adl),
_ cosh{/J) —cosf/9)
terr = 25{ sinht/ ) +sint/ ) } (eq. A42).
At-teff
w-weff

A

Fig. A5: Effective conduction area calculated fridm 2D model of [Massin 2002].

In order to take into account proximity effect ipiral inductors, this paper proposed to

replace the skin depibby an effective skin deptdkrr given by:

Ogrr = (eq. A43),

9
¢
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whereg is an empirical factor between 1 and 3 used toement the resistance calculation
due to the proximity effect. It is suggested thatidal values for spiral inductors studied in

the reference article have typical valdes 1.7 [Peck 1995, Massin 2003].

A.4. Fasthenry simulations and comparison between@resistance calculation models

Due to the complexity of the problem, the best epph is to model a rectangular wire
numerically by EM simulation. In order to draw alemnclusions about the validity of these
models for the structures studied in this thesisetaof simulations performed in Fasthenry, a
3-D EM simulation tool, were performed [Kamon 199Big. A6 shows a sample Fasthenry
simulation script used to simulate a rectangulaplste withw = 20um, t = 5 um operating

in the frequency range of 0.01 to 20 GHz.

* stripe_w20_t5.inp: Fasthenry sinulation script for a rectangular stripe
*w=2e-005m t =5e-006 m t/w=20.25, len = 0.001 m

* rho = 1.72414e-008 Omm mur = 1, fnmin = 1e+007, fnax = 2e+010

* fmesh = 20 GHz, delta = 0.467295 um

* kdelta = 0.1, dx = 0.0467295 um ( max)

* kw0 = 0.00233648, kw = 0.00196078, dw = 0.0392157 um

* kt0 = 0.0093459, kt = 0.00793651, dt = 0.0396825 um

*

nw nc = 16, nhinc = 12, 192 segnents

.Units m

.Default x=0.0 y=0.0 z=0.0

.Default w=2.0e-005 h=5. 0e- 006
.Default rho=1.72414e-008

.Default nwi nc=16 nhinc=12 rw=2 rh=2
y=0 z=0.0

1 y=0.0 z=0.0
e- 005 h=5.0e-006 rho=1.72414e-008 nwi nc=16 nhinc=12 rw=2 rh=2

0.0
0. 00
N2 w=2

=
xX X
ZII I}

.0 0
=0 z
.0 0

=

.external N1 N2 condl
.freq fmn=1. 0e+007 fnmax=2.0e+010 ndec=4

.end

Fig. A6: Example showing a Fasthenry simulationgand parameters. Dimensions are w
=20 um, t = 5um, length = 1 mmp = 1.72010° @ m (bulk copper), mesh of 192 segments
with a minimum discretization of 0.Q4n (about 10% of the skin depth at 20 GHz - the

highest operating frequency).

In order to correctly predict losses using EM siatioin, fine meshes are needed, especially
near the conductor surface where the current demaiies very rapidly as function of the
position. A discretization step of 10% of the skiepth at the highest simulation frequency

was chosen in order to avoid mesh induced artifiactee results. The meshing used for the
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20 um x 5 um track can be seen in fig. A7. The solid linesirdightes the rectangular
meshing domains, and the dotted lines show theoappate position of the skin depth at
different frequencies (1, 2, 5, 10 and 20 GHz).

The smallest features near the conductor surface G@um, about 10% of the skin depth at
20 GHz for copper bulk conductivity(= 5.8[10° S/m,d= 0.05um @ 20 GHz).

Fasthenry mesh @ 1 to 20 GHz (8 = 0.50 to 2.25 um)
6 L

1Y

5, nhinc=12,rh =2

h

10 5 0 5 10
w=20 nwinc=16, rw=2

Fig. A7: Skin depth position (dotted lines) ateli&nt frequencies for a 2m-wide and 5
um-thick wire. From the inner to the outer part:1at2, 5, 10 and 20 GHz. Solid lines
represent Fasthenry adopted meshing (16 divisidmsgathe width and 12 divisions along
the thickness with a minimum rectangle size of (@4 0.04um near the corners).

Fig. A8 shows the simulated values for the freqyett@pendent resistance increase fakior

= Rac(f) / Roc for the rectangular conductor of fig. A7 as fuontof the frequency compared
with all the models presented in the previous paatgs. Taking 3-D EM simulations as
reference, it seems that the Pettenpaul modelheabest overall accuracy in the results. The
1-D thickness effect taken along the thickness tendnderestimate the losses in the whole

frequency range
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1-D Thickness [Jackson 73]
2-D extension to 1-D solution [Massin 02]
Simplified 2-D skin effect [Neagu 97]
Microstrip [Yue 00]

LF power foil [Lotfi 95]

Fit on large design space [Pettenpaul 88]
Fit over Fasthenry 3-D sim. [Nieuwoudt 07]
Simplified 2-D skin effect [Eo 93]

Cylindric wire with same area

Fast Henry 3-D Simulation

0 2 4 6 8 10 12 14 16 18 20
f/ GHz

Fig. A8: Comparison between different models forrA§istance calculation presented in the
literature and Fasthenry 3-D simulation.

In order to cover a design space representativiheottypical dimensions used to fabricate
spiral inductors, a set of 49 additional simulasiamere performed covering 7 fixed widths
between 1 and 100m (w =1, 2, 5, 10, 20, 50 and 1@@n) and 7 different aspect ratibg w
between 1 and 100% ( w = 1%, 2%, 5%, 10%, 20%, 50% and 100%). The vabidhe
simulated thicknesses are summarized in table Alhe different values ofv andt / w,
covering a large thickness design space betweenp®and 100um. The conductivity of

the metal was fixed ar= 5.81L0° S/m, corresponding to the one of the bulk copper.

Fasthenry simulates only log-spaced frequency arfgequencies were chosen to cover the
range from 0.01 to 20 GHz with 4 frequency poirgs gecade (giving 14 distinct simulation
frequencies approximately equal to 0.01, 0.0178316, 0.0562, 0.1, 0.178, 0.316, 0.562, 1,
1.78, 3.16, 5.62, 10 and 17.8 GHz respectivelye $kin depth for these frequencies varies
from 20.1um at 0.01 GHz to 0.5Am at 17.8 GHz. In terms of dimensions compared¢o t

skin depth, the design space Wwvalues is between 2and 2000 and the values dfcover

the region from 0.02 to 208
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t/w=
w (um) 0.01 0.02 0.05 0.10 0.20 0.50 1.00

1 0.01 0.02 0.05 0.10 0.20 0.50 1.00
2 0.02 0.04 0.10 0.20 0.40 1.00 2.00
5 0.05 0.10 0.25 0.50 1.00 2.50 5.00
10 0.10 0.20 0.50 1.00 2.00 5.00 10.00
20 0.20 0.40 1.00 2.00 4.00 10.00 20.00
50 0.50 1.00 2.50 5.00 10.00 25.00 50.00
100 1.00 2.00 5.00 10.00 20.00 50.00 | 100.00

Table Al: Thicknesses for the additional 49-defAasthenry design space covering widths
between 1 and 100m and aspect ratios t / w between 1 and 100%.

For comparison proposes, each geometry and eaalasénd frequency is considered as a
single analysis case, giving a total populatiorb@fx 14 = 700 simulations used to compare
the relative accuracy of all the available AC rizgise calculation models. Fig. A9 shows a
plot of the percentage of devices exceeding a gieeel of error. The error is taken as the
percentage difference between the value producdtebgnodel concerned and the respective
Fasthenry simulation result for the same paramétadth, thickness and frequency).

10

% of devices

Relative error (%)

Fig. A9: Error distribution for selected AC resisize models. Labels refers from the top to
the bottom respectively to: 1-D skin effect aldmg thickness ("1dt"), 2-D approximation
model using 1-D solution in both directions("2dMéssin 2002]), [Pettenpaul 1988] model
("pet"), [Nieuwoudt 2007] model ("nie"), a cylindal wire with a total area equal to w.t

("cyl"), [Lotfi 1995] model ("lot") and the thin rarostrip model [Yue 2000] ("mic").
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The better overall error distribution is observedthe model presented in [Pettenpaul 1988].
For this model, about 10% of the devices presaotr®targer than 25%, what exceeds the 3
to 5% accuracy stated in the article because thalated design space is larger than the one
used in the referred paper for fitting the proposexiel. Some other models can present more
than 50% error in 20% of the devices, and shouldused with care and considering the
dimensions and frequency range for what they afectfely validated. Taking the

rectangular wire as being a cylindrical wire withet same area (effective radius
r, =+wt/ /rused in eq. A12) gives less than 10% of error forenthan 40% of devices. As a

general conclusion, no model available to dateajgable to give good results over a large
design space, but considering the possibility oihgisthe overall best quality match,
[Pettenpaul 1988] is the best model, nearly folldvig the 1-D skin effect taken along the
thickness and by the fitting-based model proposefNieuwoudt 2007]. These models are a
good choice for qualitative modeling of a largeigesspace and large-bandwidth devices
aimed to be analyzed in this thesis. Since an @ptgulution is found for a design, different
models can be used to evaluate the accuracy olofiseestimation considering the device
width, thickness and main operating frequency. feal inductor devices, any analytical
solution proposed will be still qualitative becausecomplete solution should take into
account proximity effects, the presence of groulathgs near the inductor and the dielectric
constant of the surrounding media (transmissios firopagation constant loss dependency).

CPS-like analysis used in chapter 5 to computda$ges in the inductor model are based on
similar assumptions of the ones used by the 1-D dkpth calculation along the thickness
and care should be taken with the generalizatiaghefesults obtained using this approach.

Worst case designs are probably squared wiresgrie$or which the / w aspect ratio is
maximum and the assumptiom >> t is not valid at all. A plot for the relative error
distribution for the devices having = t is shown if fig. A10. The statistic is made usomgy

7 wires at 14 frequency points (population of 981gkes) and probably more simulations are
needed to make more precise conclusions. The abdesgn space between 1 and Lé0is
large to suggest that Pettenpaul and 1-D skin tefféeng the thickness are still good
qualitative models. As a general conclusion, intesmf using assumptions that are not

physically reasonable, some models can still hameesuseful numeric qualitative behavior to
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be used. Further work is necessary by using otihaulation tools and accurately measured

experimental data to better understand the accufesch approximation.

% of devices

Relative error (%)

Fig. A10: Relative error distribution for differe®C resistance calculation models for

squared wires with widths between 1 and A0considering Fasthenry simulations as
reference.
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