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Abstract 
 

Modern communication devices demand challenging specifications in terms of 

miniaturization, performance, power consumption and cost. Every new generation of radio 

frequency integrated circuits (RF-ICs) offer better functionality at reduced size, power 

consumption and cost per device and per integrated function. Passive devices (resistors, 

inductors, capacitors, antennas and transmission lines) represent an important part of the cost 

and size of RF circuits. These components have not evolved at the same level of the transistor 

devices, especially because their performance is strongly degenerated when they scale down 

in size. The low resistivity silicon used to build the transistors also imposes prohibitive levels 

of RF losses to these passive devices. Radio frequency microelectromechanical systems (RF 

MEMS) are enabling technologies capable to bring significant improvement in the electrical 

performances and expressive size and cost reduction of these functions, with unparallel 

introduction of new functionalities, unimaginable to attain when using bulky, externally 

connected discrete components. 

 

High quality factor (Q) inductors are amongst ones of the most needed components in RF 

circuits and at the same time ones that are most affected by thin metallization and substrate 

related losses, demanding considerable research effort. This thesis presents a contribution 

toward the development of thick metal fabrication technologies, covering also the design, 

modeling and characterization of high quality factor and high self-resonant frequency (SRF) 

RF MEMS passive devices, with a special emphasis on spiral inductors. A new approach 

using damascene-like interconnect fabrication steps associated to low κ dielectrics 

(polyimide), highly-conductive thick copper electroplating, chemical mechanical polishing 

(CMP) and tailored substrate properties delivered quality factors in excess of 40 and self 

resonant frequencies in excess of 10 GHz, performances in the current state-of-the-art for 

integrated spiral inductors built on top of silicon wafers. Furthermore, the developed process 

steps are compatible with back-end processing used to fabricate modern IC interconnects and 

have a low thermal budget (< 250 oC), what makes it a good choice to build above-IC 

passives without degenerating the performance of passivated RF-CMOS circuits. 

 

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

spiral inductors, offering excellent RF performances (Q exceeding 40 and SRF exceeding 7 



 

 x

GHz). A new doubly-functional quartz packaging concept for RF MEMS devices was 

developed. This technique process both sides of the packaging wafer: the top is used to embed 

high quality factor copper inductors while the bottom is thermo-mechanically bonded to 

another RF MEMS wafer, offering a semi-hermetic SU-8 epoxy-based seal. The bonding 

process was optimized for high yield, to be compatible with SF6-plasma-released MEMS and 

to present low level of RF losses. 

 

Band pass filters for the GSM (1.8 GHz) and WLAN (5.2 GHz) standards were fabricated and 

characterized by RF measurements and full wave electromagnetic simulations. Although 

further development is need in order to predict the frequency response accurately, insertion 

losses as low as 1.2 dB were demonstrated, levels that cannot be usually attained using on-

chip passives. 

 

Systematic analysis, RF measurements, electromagnetic simulations and equivalent circuit 

extraction were used to model the behavior of the fabricated devices and establish a 

methodology to deliver optimum performances for a given technological profile and specified 

performance targets (quality factor, inductance and frequency bandwidth). A simple yet 

accurate physics-based analytical model for spiral inductors was developed and proved to be 

accurate in terms of loss estimation for thick metal layers. This model is capable to accurately 

describe the frequency-dependent behavior of the device below its first resonant frequency 

over a large device design space. The model was validated by both measurements and full 

wave electromagnetic simulations and is well suited to perform numeric optimization of 

designs. The proposed models were also systematized in a Matlab® toolbox. 

 

 

Keywords: radio frequency micro electromechanical systems (RF MEMS), high quality RF 

passive devices, above-IC integration, copper / low κ technology, RF passive modeling and 

characterization. 
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Version Abrégée 
 

Les dispositifs de communication modernes ont des spécifications agressives en termes de 

miniaturisation, de performance, de consommation d’énergie et de coût. Chaque nouvelle 

génération des circuits intégrés radio (RF-ICs) offre de meilleures fonctionnalités à une petite 

taille, avec une faible consommation d’énergie et un coût réduit par fonction implémentée. 

Les dispositifs passifs (les résistances, les bobines, les condensateurs, les antennes et les 

lignes de transmission) représentent une partie importante du coût et de la taille des circuits 

RF. Ces composants n’ont pas évolués dans le même rythme des transisteurs, principalement 

car leur performance est fortement dégradée quand ils diminuent de taille. La faible résistivité 

du silicium utilisé dans la fabrication des transistors impose de forts nivaux de pertes RF aux 

dispositifs passifs. Les dispositifs micro électromécaniques pour la radio fréquence (RF 

MEMS) sont de nouvelles technologies qui ouvrent la voie pour avoir une amélioration 

significative de performance, avec l’introduction de nouvelles fonctionnalités inimaginables 

de s’obtenir par l’utilisation des composants discrets et encombrants. 

 

Les bobines à fort facteur de qualité (Q) sont parmi les composants les plus attendus au même 

temps qu’elles sont une des plus affectées par les pertes associées aux couches métalliques 

minces et aux pertes RF du substrat. Cette thèse apporte des contributions vers le 

développement des procédés de fabrication de couches métalliques épaisses, aussi bien que 

pour le dessin, la modélisation et la caractérisation des dispositifs RF MEMS à fort facteur de 

qualité et à forte fréquence de résonance. Une attention spéciale est dédiée aux bobines en 

spirale. 

 

Une approche originale utilisant la méthode damascène pour la fabrication d’interconnexions 

a été proposée. Le polissage chimique mécanique (CMP), l’utilisation des polymères à faible 

constant diélectrique (polyimide) associés aux couches épaisses en cuivre à faible résistivité et 

au contrôle des propriétés du substrat ont permis d’avoir des facteurs de qualité plus forts que 

40 et des fréquences de résonance plus fortes que 10 GHz. Ces performances sont dans l’état 

de l’art pour les bobines fabriquées sur des wafers en silicium. Le procédé développé est 

compatible avec d’autres utilisés dans la fabrication “back-end” des interconnexions pour les 

CIs d’actualité, avec un petit budget thermique (< 250 0C) ce qui fait de cette technique un 
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bon choix pour la fabrication “above-IC” des passifs sans une dégradation de la performance 

des circuits RF CMOS. 

 

La gravure profonde (DRIE) des substrats en quartz a été utilisée comme technique de 

fabrication alternative pour les bobines en spirale, présentant d’excellents résultats pour la 

performance RF (Q plus fort que 40 et SRF plus forte que 7 GHz). 

 

Un nouveau procédé d’encapsulation avec double fonction pour le wafer quartz appliqué pour 

les RF MEMS a été développé. Cette technique s’utilise des deux cotés du wafer : le dessus 

pour la fabrication de bobines et le dessous pour l’encapsulation au nivaux du wafer pour des 

plaquettes RF MEMS avec une protection semi hermétique basée sur la résine époxy SU-8. 

Le procédé de soudage a été optimisé pour avoir un rendement élevé, pour être compatible 

avec des dispositifs libérés par la gravure sèche basée sur le SF6 et pour présenter des faibles 

pertes en RF. 

 

Des filtres passe bande GSM (1.8 GHz) et WLAN (5.2 GHz) ont été fabriqués et caractérisés 

par des mesures RF et des simulations électromagnétiques. Même si une maîtrise de la 

réponse en fréquence est encore envisageable, des pertes d’insertion aussi faibles que 1.2 dB 

on été démontrées, des valeurs particulierment difficiles à obtenir pour des filtres conçus à 

partir des composants passifs sur silicium. 

 

L’analyse systématique, des mesures RF et des simulations électromagnétiques et par circuit 

électrique équivalents ont été utilisés pour modéliser le comportement des composants 

fabriqués et pour établir une méthodologie afin avoir la performance désiré en fonction des 

paramètres de dessin (le facteur de qualité, l’inductance et la bande de fréquence de travail). 

Un modèle physique simple et précis pour les bobines en spirale a été développé et validé par 

des mesures RF et par des simulations électromagnétiques. Les modèles proposés ont été 

systématisés dans une librairie de calcul pour Matlab®. 

 

 

Mots-clés: systèmes microélectromécaniques pour la radio fréquence (RF MEMS), 

composants passifs à fort facteur de qualité, intégration “above-IC”, technologie cuivre / 

diélectriques à faible constante diélectrique, modélisation et caractérisation de composants RF 

passifs. 
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dBm  power in dB referenced to 1 mW: P(dBm) = 10⋅log10(P / 1 mW) 

F  farad – capacitance [C/V = m-2⋅kg-1⋅s4⋅A2] 

GB  gigabyte – information capacity equal to 1.0 ⋅ 106 bytes 

H  henry – inductance [Wb/A = m2⋅kg⋅s-2⋅A-2] 

Hz  hertz – frequency [s-1] 

kg  kilogram – mass [base unit] 

m  meter – length [base unit] 

mol  mol – quantity of matter [6.022 141 5 ⋅ 1023 particles] 

Np  neper – amplitude ratio: 1 Np = e = 20 dB / ln(10) ≅ 8.6859 dB 

Pa  pascal – pressure [N/m2 = m-1⋅kg⋅s-2] 

rad  radian – angle [non dimensional] 

s  second – time [base unit] 

S  siemens – electrical conductivity [A/V = Ω-1 = m-2⋅kg-1⋅s3⋅A2] 

T  tesla – magnetic flux density [Wb/m2 = V⋅s/m2 = kg⋅s-2⋅A-1] 

V  volt – electric potential [J/C = m2⋅kg⋅s-3⋅A-1] 

W  watt – power [J/s = m2⋅kg⋅s-3] 
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Wb  weber – magnetic induction flux [V⋅s = m2⋅kg⋅s-2⋅A-1] 

Ω  ohm – electrical resistance [V/A = m2⋅kg⋅s-3⋅A-2] 

 

Non-SI units used in this work 

 
in  length in inches: 1 in = 2.54 cm 

mbar  pressure in mbar: 1 mbar = 100 Pa 

psi  pressure in pounds per square inch: 1 psi = 1 lbf / in2 = 6 894.757 29 Pa 

rpm  angular velocity in revolutions per minute: 1 rpm = 2 π rad / min 

sccm flow rate in standard cubic centimeters per minute (measured at 1 atm and 

0 0C): 1 sccm = 1 atm ⋅ cm3/min @ 0 oC = 7.4358 ⋅ 10-7 mol/s = 4.4780 ⋅ 1017 

particles / s 

Torr  pressure in Torr: 1 Torr = 133.322 Pa 

 

Physical constants 

 

c0  vacuum speed of light (exactly 2.99792458 ⋅ 108 m/s ≅ 3.0 ⋅ 108 m/s) 

ε0  vacuum dielectric constant = 1 / (µ0c0) = 8.85418781762 ⋅ 10-12 F/m 

µ0  vacuum magnetic permeability (exactly 4⋅π⋅10-7 H/m ≅ 1.2566 ⋅ 10-6 H/m) 

η0  vacuum characteristic impedance = 
0

0
ε

µ = 376.73... Ω ≅ 120 π Ω 

dCU  copper density = 8.920 g/cm3 

ρCU  copper resistivity (bulk value = 1.72 µΩ cm, thin film value = 2.00 µΩ cm) 

ρAG  silver resistivity (bulk value = 1.62 µΩ cm) 

ρAU  gold resistivity (bulk value = 2.44 µΩ cm) 

ρAL  aluminum resistivity (bulk value = 2.62 µΩ cm, thin film value = 3.30 µΩ cm) 

εR,OX  relative dielectric constant of silicon dioxide (SiO2) = 3.9 

εR,PI  relative dielectric constant of polyimide = 2.9 

εR,SI  relative dielectric constant of silicon (Si) = 11.9 
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Chapter 1 

Introduction 
 

 

 

 

 

Microelectronic devices are miniaturized electronic components generally built in a single 

piece of a monocrystaline semiconductor material like silicon (Si) or gallium arsenide (GaAs). 

The possibility to fabricate very small components enables the integration of complex circuit 

functionalities in a small piece of semiconductor material at minimum cost and energy 

consumption per device. 

 

An intense increase in both the degree of miniaturization and in the performance of the 

electronic circuits has been observed since the establishment of the microelectronic 

fabrication industry. A consistent increase in the number of transistors per integrated circuit 

has been observed every year. For each new generation of integrated circuits new and more 

complex functions can be integrated in a single semiconductor chip. A trend known as 

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

today, states that the number of transistors in complex integrated circuits approximately 

doubles every 2 years [Moore 1965, Moore 1995]. 

 

Passive devices (resistors, capacitors, inductors and transmission lines) have been 

traditionally built separately from the main integrated circuit transistor functions and attached 

to them using special interconnection techniques. These bulky components represent a large 

amount of the cost of the RF circuits and the external fabrication and interconnection of these 

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

 

Co-integration of passive devices in the same silicon substrate is desirable in order to reduce 

the interconnect parasitics, reduce the size and cost of the units and increase the operating 

frequencies of the RF circuits. The challenges following this tendency are associated to the 
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limited performance of these devices when built in miniaturized configurations and in 

proximity with high conductivity substrates. This framework introduces the need of using 

new materials and fabrication technologies in order to increase the electrical performance of 

these devices, while still keeping the process low-cost and compatible with the standard 

technologies used to fabricate RF CMOS circuits. 

 

Moreover, the design of passive devices to attain a certain specification must trade-off many 

variables that determine the size and the performance of these devices. Careful 

electromagnetic optimization of the device geometry should be carried out in order to ensure 

that one can obtain the maximum performance that a given fabrication technology can deliver. 

 

The aim of this thesis is to present a contribution to the study and development in the 

fabrication of high quality factor integrated passive devices. The development of a new 

fabrication technology based on the definition of thick copper layers embedded in low κ 

polyimide is proposed. A systematic study on the design and characterization of the fabricated 

devices was carried out, with special emphasis on integrated inductors used as a 

demonstration vehicle to probe the performance of the developed fabrication techniques. 

 

1.1. Organization of the thesis 

 

This first chapter of the thesis presents a general introduction to the field of MEMS and RF 

MEMS and a brief description of the advantages and issues related to RF MEMS fabrication 

technologies. The motivations and objectives of this PhD project as well as a picture of the 

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

 

The chapter 2 presents the basic underlining concepts, models and equations defining passive 

integrated inductors, with special attention to the definition of the inductance calculation 

formulae and merit factors used in this research. 

 

In the chapter 3, the fabrication technology developed in the frame of this thesis is presented 

in detail, describing the fabrication steps, the main issues involving the technological choices 

made and how they were addressed. This chapter will finally present the fabrication results 

obtained using the developed technology platform. An application of the high Q passive 
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devices developed in the frame of this thesis for the synthesis of high frequency bandpass 

filters is also presented. 

 

Chapter 4 presents an alternative fabrication process based on the direct deep reactive ion-

etching of insulating substrates filled with thick electroplated copper lines. An innovative 

double-functionalized RF packaging solution is also proposed. This solution can be used for 

both packaging and fabrication of high Q inductors by exploiting both sides of the capping 

wafer. 

 

Chapter 5 presents the simulation tools and RF characterization methods used to predict and 

measure the performance of the fabricated devices. It presents and discusses the software 

tools used and especially developed to accomplish task. Finally, an accurate, physics-based 

model for spiral inductors is proposed and validated. 

 

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

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

 

1.2. MEMS and RF MEMS passive devices 

 

Micro-electro mechanical systems (MEMS) are miniaturized devices having functionality 

related to both the mechanical and electrical domains, presenting in general both 

functionalities in a single device. The term emerged to describe a class of devices that can be 

fabricated using adapted technologies inherited mainly from integrated circuit fabrication 

techniques [Madou 1997]. 

 

MEMS devices can effectively incorporate integrated circuit functions and interface these 

circuits with a variety of domains like fluidics and biology (microchannels, micropumps, 

defining the so-called Bio-MEMS field), optics (micromirrors and optical switches, defining 

the so called optical-MEMS or MOEMS field) and mechanical sensors and actuators 

(electrostatic, thermally or magnetically driven sensors and actuators). 

 

Radio frequency micro-electro mechanical systems (RF MEMS) is the term used to describe 

the emerging technology of fabricating and using MEMS devices that have functionality in 

radio communication circuits operating in the GHz frequency range [de los Santos 1999, de 
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los Santos 2002, Yao 2000, Nguyen 2002, Varadan 2003]. MEMS and microelectronic 

fabrication techniques are enabling technologies to fabricate high quality factor passive 

devices (capacitors and inductors), low-loss transmission lines, RF switches, microrelays and 

a number of application circuits obtained by combining these basic devices in functional 

blocks. Emerging RF applications demand a number of passive circuit functions, including 

high performance switches with low insertion losses and high isolation [Rebeiz 2001], large 

tuning range variable capacitors [Rijks 2004], tunable inductors [Fukushige 2003], tunable 

filters [Brank 2001], suspended transmission lines [Pham 2001], tuning matching networks 

[Unlu 2006], reconfigurable antennas [Erdil 2007], variable true-time delay lines (VTTDLs) 

[Hung 2004, Perruisseau-Carrier 2006], antenna phased arrays [Sagkol 2002], and 

electromechanical filters and resonators [Nguyen 1998, Dubois 2005, Piazza 2006] as basic 

passive network building blocks. 

 

Figure 1.1 shows a MEMS market forecast shared between the various families of MEMS 

devices available to date. The predominant products are data read / write heads, followed by 

micro displays, inkjet printer heads, pressure sensors and RF MEMS occupying the 5th 

position. Figure 1.2 shows a forecast with the sharing of the RF MEMS market in different 

sub-areas. This projection predicts a U$ 1.2 billion market for 2009 by having mobile 

telephony and consumer electronics as the major volume drivers, followed by other wireless 

applications. RF test and WLAN networks represent a significant percentage of this market, 

followed by other low volume, higher technology drivers like satellites and military 

applications (fig. 1.3). 

 

These market projected figures are, of course, estimations based on the behavior and 

expectations of the market, and are dependent on a number of uncertain economical and 

technical issues that should be addressed. 

 

From the technical point of view, the large-scale insertion of RF MEMS in mobile and 

consumer electronics is dependent on a number of key technological factors related to: 

• How low-cost the technology would be, including the packaging issues and how this 

aspect impacts the cost and the performance of the devices. This topic should be 

addressed by searching for solutions that should be compatible with the current CMOS 

fabrication and packaging practices, using low bill of materials and simple and robust 

fabrication methods, 
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• The added value that RF MEMS can provide for the products in terms of new 

functionality, performance and energy saving, 

• The reliability and long-term stability of the electrical and mechanical characteristics 

of these devices, especially the ones having movable mechanical parts and electrical 

contacts like variable capacitors and switches. 

 

 

Fig. 1.1: MEMS market forecasts from 2004 to 2009 [Nexus]. 
 

 

Fig. 1.2: RF MEMS technology drivers [WTC]. 
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Fig. 1.3: Market forecasts for RF MEMS devices shared by different sub-applications [WTC]. 
 

1.3. Motivation and objectives 

 

High Q passive devices, especially inductors, are desirable in order to reduce the phase noise 

in voltage controlled oscillators (VCOs), reduce the losses in filter and tuning matching 

networks (TMN) and reduce the power consumption in oscillator and power amplifier circuits 

(PA) [Malba 1998, Rebeiz 2003]. Table 1.1 shows how the main circuit figures of merit scale 

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

constant). 

 

Application Parameters Assumptions Scaling with Q 
Phase noise LC-type resonator circuit 1 / Q2 

Oscillators Power 
consumption 

For a fixed phase noise level 1 / Q 

Gain Proportional to load impedance Q 

Amplifiers Power 
consumption 

Same gain with less 
transconductance for the 
transistor 

1 / Q 

Matching networks 
and filters 

Insertion loss Unloaded resonator Q sets the 
loss 

1 / Q 

Table 1.1: Scaling of RF circuit parameters as function of the inductor quality factor [Rebeiz 
2003]. 
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The use of MEMS devices in RF circuits is very appealing because at very high GHz 

frequency ranges semiconductor switches and transmission lines built on conventional silicon 

substrates become too lossy. Solid-state devices are also limited in terms of linearity and 

power handling capability, limitations that electromechanical devices are less subject to. On 

the other hand, there are off-chip high quality factor devices available today, but the co-

integration of these devices with the IC functions is desirable in order to reduce the volume, 

costs and parasitics associated to the fact of having bulky components with long 

interconnecting lines going outside the RF circuitry core. 

 

Additionally, the possibility of building high quality factor, tunable and switchable 

components will be key enabling factors for new emerging multi-GHz reconfigurable radio 

circuits and high performance / low power telecommunication modules by introducing new 

functionalities that the present day components cannot offer due to their high cost, size and 

impossibility of being fabricated in large numbers and co-integrated with transistors. 

 

Passive devices have been largely studied and fabricated on GaAs and more recently on 

silicon-based RF technologies. RF performances on top of silicon substrates are poor in 

general, which poses severe limitations in the scalability and use of these technologies when 

co-integrated with CMOS technologies for the high GHz frequency ranges. The use of new 

technologies and materials associated to innovative and optimized RF designs are key points 

for what this thesis will propose contributions to continue the advancement in the RF silicon-

based technologies. 

 

The objective of this thesis is to contribute in the field of high quality factor RF MEMS by 

developing new CMOS-compatible fabrication technology platforms and by the systematic 

analysis on the performance limitation factors of these devices. 

 

In order to explore all the potential of a given RF technology, numeric optimization, 

electromagnetic simulation and RF measurement-based models should be extensively 

exploited to give optimal designs in the sense that the best possible performance for a given 

technology profile can be delivered. This thesis make a contribution in this direction with the 

systematic use of modern RF simulation tools available to date, as well as applying and 

comparing the various models available in the literature and by extracting accurate equivalent 

circuit models based on S-parameter measurements. 
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The devices fabricated and studied in the frame of this thesis had also the objective of 

providing different RF MEMS related EU research projects with demonstrator prototypes. 

These research projects were: Wide-RF ("Innovative MEMS devices for Wideband 

reconfigurable RF Microsystems”, project IST-2001-33286), Mimosa ("Microsystems 

platform for Mobile Services and Applications”, project IST-2002-507045) and Amicom 

("European Network of Excellence on RF MEMS and RF Microsystems”, project IST-2003-

507352). 

 

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

 

Integrated passive devices have been fabricated and modeled initially on top of GaAs 

substrates [Cauton 1968, Greenhouse 1974, Pettenpaul 1988]. The fabrication and study of 

spiral inductors on top of low resistivity silicon wafers has been performed essentially in the 

past two decades [Nguyen 1990], and started to gain more interest in the past decade [Nguyen 

1998]. The first devices that appeared in this direction showed very poor RF performances, 

with peak quality factors that do not exceed the range of 3 – 5 and self resonance frequencies 

in the 1 – 3 GHz range, imposing severe limitations to the practical application of these 

devices [Nguyen 1990, Yue 1996]. 

 

The availability of Cu / low κ advanced interconnects in the state-of-the-art high speed 

CMOS processes provided an enabling way to deliver devices with significant increase in 

both peak quality factor (around 10) and self-resonance frequencies (around 5 GHz) 

[Burghartz 1996, Burghartz 1997]. 

 

In 1996, Burghartz et al. proposed to shunt layers of metal in a multilevel metallization 

BiCMOS process by putting traces of metal in parallel by using many vias interconnecting 

them. Inductors in the range of 1 to 5 nH with quality factors in the range of 5 to 20 were 

obtained by using this technique [Burghartz 1996b]. 

 

The obtained increase in the RF performance by using high-speed interconnects is related to 

the reduction in the parasitics and increase in the conductivity of the interconnects, the same 

driving force that is pushing the IC local interconnects for the multi-GHz frequency range, but 

these performances did not showed to be enough to respond the demand for high Q devices 
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with resonant frequencies into the 6 – 10 GHz range expected for the new emerging RF 

application standards (GSM, WLAN for example). 

 

These issues have been addressed by introducing new fabrication technologies and materials 

and by removing the limitations imposed the lossy silicon substrate. In 1993, Chang et al. 

demonstrated for the first time a suspended 100 nH inductor by etching a cavity underneath 

the inductor and improving both gain and bandwidth of a CMOS RF amplifier [Chang 1993]. 

In 2000, López-Villegas et al. proposed to etch the silicon on the backside of the designed 

spiral inductors, demonstrating an increase in the quality factor from 3 to 30, shifting the 

frequency fQMAX from 1.5 to 5 GHz. 

 

In 1997, Young et al. fabricated copper solenoid inductors with conductors wrapped around a 

500-µm-wide and 650-µm-high alumina core [Young 1997, Malba 1998b]. A 4.8-nH inductor 

with Q = 30 @ 1 GHz was demonstrated by this fabrication technique. Kim et al fabricated 

copper solenoid inductors with air-core instead of alumina, demonstrating inductors in the 

range of 1 to 20 nH with quality factors in the range of 7 to 60 [Kim 1998]. Chen et al. 

demonstrated in 2001 solenoid inductors made using thick SU-8 resist on top of CMOS 

circuits with QMAX = 20 @ 4.5 GHz and SRF > 10 GHz [Chen 2001]. 

 

In 1999, Yoon et al proposed to fabricate overhang inductor structures in order to reduce 

substrate related losses, placing the inductor 30 µm to 50 µm far away from the substrate 

[Yoon 1999]. A suspended inductor of 1.8-nH having a Q-factor of 50 at 7 GHz was 

demonstrated by using this technique. This same author proposed solenoid inductors 

fabricated on top of 10 Ω cm substrate. An inductor of 2.7 nH with a peak quality factor of 17 

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

 

Another fabrication technique adopted in order to reduce substrate-related losses is to locally 

increase the resistivity of the silicon substrate underneath the inductor by providing a poor 

conductivity silicon material by modification of the substrate by proton ion bombardment or 

by the formation of porous silicon layer (PS). Hsu et al. demonstrated an increase on the peak 

quality factor from 8 to 18, with a shift in fQMAX from 1.5 to 3.5 GHz by applying proton 

implantation treatment of the silicon underneath the inductors. A peak quality factor of 45 at 

15 GHz with a resonant frequency of 22 GHz was demonstrated [Hsu 2002]. This process 

presents some issues related to the damage of the silicon by the high-energy particle 
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bombardment [Liao 2003]. Nam et al. demonstrated inductors fabricated on top of oxidized 

porous silicon (OPS): a 6.3-nH with peak Q-factor of 13.3 at 4.6 GHz and self-resonant 

frequency of 13.8 GHz was demonstrated [Nam 1997]. In 2003, Royet et al demonstrated 

QMAX = 45 @ 1 GHz and SRF of 5 GHz by using also porous silicon formation technique 

[Royet 2003]. In 2007, Contopanagos et al. demonstrated inductors fabricated on top of 

porous silicon layer using copper conductor with QMAX = 30 @ 3.5 GHz [Contopanagos 

2007]. 

 

In 1999, Lee et al. as well as Kim et al. demonstrated the use of bondwires to fabricate 

solenoid-type inductor structures by closing large circuit loops [Lee 1999, Kim 1999]. 

Inductors between 2 to 6 nH with quality factors in the range of 30 to 60 were demonstrated 

using this fabrication technique. The problem with this approach is the difficulty to accurately 

control the form and size of the loops and so the final inductance value characteristics of the 

final device. 

 

In 2002, Chomnawang et al. demonstrated high Q inductors using thick resist fabrication of 

solenoid-like inductors. A 1.8-nH inductor with Q = 40 at 10 GHz was demonstrated 

[Chomnawang 2002]. 

 

The use of LIGA processing enables the fabrication of thick metal structures suitable to build 

high Q passive devices [Bacher 1995]. In 2003, Park et al. demonstrated high current handling 

(> 3A) devices using nickel-iron magnetic material for the inductor core, but with very low-

frequency and low quality factor (Q = 4.5 @ 50 kHz) [Park 2003]. In 2007, Lu et al. 

demonstrated QMAX between 60 and 90 @ 2.5 GHz and SRF between 17 and 20 GHz using 

very thick out-of-plane solenoid structures fabricated using LIGA process. This process uses 

100 and 200 µm-thick vias [Lu 2007]. 

 

Active inductors are circuits made of a combination of transistors and other passive 

components to emulate the electrical behavior of passive inductors [Kaunisto 1995, Hara 

1988, Hayashi 1996, Haslett 2001]. These circuits can present high Q and broadband 

frequency behavior at moderate to low on-wafer area consumption. The major drawback of 

these devices is their very poor performance in terms of phase noise and high power 

consumption [Craninckx 1995]. 
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Variable inductors are highly needed to fabricate high-performance reconfigurable filters, and 

are probably the less developed RF MEMS device to date. The major issues associated in 

fabricating this kind of device is the difficulty to obtain in the same device a high inductance 

per area density, large range tunability, low actuation voltage or currents, high quality factor 

and high self-resonant frequency. No design to date can answer to all these issues 

simultaneously. Fukushige et al. presented an out-of-plane movable helical design with 3% of 

tuning range (demonstrated by the use of external actuator) and a quality factor of only 2 

[Fukushige 2003]. Tassetti et al. proposed an electrostatically actuated actuator to operate the 

secondary of a transformer-like structure, with actuation voltages in the range of 100 V to 200 

V and no reporting on the quality factor, expected to be inherently low in this kind of 

structure [Tassetti 2003, Tassetti 2004]. The most promising variable inductor solution 

proposed to date seems to associate high Q fixed devices with high-performance switches in 

order to build switchable banks of fixed devices, where the total inductance is defined by the 

series or parallel combination of individual high-performance devices. This configuration, in 

spite of requiring high-performance switches to be implemented, does not compromise the 

quality factor of the inductor in order to acquire the desired tunability. This approach also let 

the circuit designer free of the use of complicate feedback mechanisms or non-linear 

calibrations needed to precisely control the inductance value. 

 

The current state-of-the-art results on CMOS-compatible integrated inductors has been 

obtained associating thick highly conductive metals, low κ polymers and high resistivity 

substrates, offering peak quality factors in the range of 20 – 60 and self-resonant frequency 

exceeding 6 GHz, reaching sometimes the range of 10 – 20 GHz [Carchon 2004]. 

 

The focus of this thesis is mainly put on spiral inductors, which are to date the devices 

suffering from the lower quality factor and higher substrate related losses. Finding good 

technological alternatives for the fabrication of inductors will set technological solutions 

enabling low insertion losses and high self-resonant frequencies that can be successfully 

applied for virtually any type of passive device. 

 

1.5. Quality factor enhancement techniques 

 

Many techniques have been proposed and tested in the pursuit of higher quality factor 

integrated inductors. These techniques can be divided basically in two major groups: design-
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related and technology-related. Design-related approaches try to extract the best performance 

that a given technology can offer by using adapted design methodologies in order to increase 

the performance of the device without changing radically the way it is fabricated. These 

methodologies are needed when a given mature technology must be used to fabricate the 

devices and the designer has no choice about this point. This approach is also necessary in 

order to obtain the best quality factor that a given technology can offer. Technology-related 

approaches propose new materials and fabrication technologies in order to provide better 

performance and functionality by overcoming the inherent limitations of the materials and 

processing steps used to fabricate the device, namely the thin metal layers and substrate-

related losses. 

 

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

trade-offs related to the choice of the geometrical parameters. 

 

Amongst all polygonal forms, circular spirals present a better quality factor related to a better 

inductance / perimeter ratio [Chaki 1995, Park 1997, Lee 2001, Aguilera 2002]. The circular 

design is not available in general for all the mask fabrication processes. In that case, octagonal 

inductors are the best compromise for the number of sides per turn when only 450 lines are 

allowed by the design rules. 

 

Craninckx demonstrated by electromagnetic simulation that the inner segments of the spiral 

inductors do not contribute effectively to the total inductance of the device due to their 

reduced length compared to the overall spiral one [Craninckx 1997]. On the other hand, the 

inner segments are prone to strong magnetic field influence generated by the outer segments, 

and present more AC resistance per unit length than the outer ones, contributing significantly 

to increase the losses of the device. The conclusion of this study is that it is advisable to 

design "hollow spirals" having the largest possible internal diameter. The drawback of this 

technique is the increased on-wafer area consumption and some increase on the parasitic 

capacitances that scale with the total device area. In this same way of thinking, tapered spirals 

having narrow widths for the inner segments were proposed [López-Villegas 2000, Lin 2002]. 

The narrow inner tracks are less prone to AC resistance increase due to the external magnetic 

field generated by the outer tracks, and have also more inductance per unit length. Both 

effects together can compensate for the increased resistance due to the reduction in the cross 

section area, and these inductors can have gains in the quality factor in the order of 10 to 20% 
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if correctly optimized. The major drawback of this technique is that an accurate modeling 

approach is needed in order to have the good balance with the tendency to increase the quality 

factor by having more resistive narrower inner tracks. For this kind of spiral, no simple rule 

for the track width decrease ratio as function of the geometry and inductance is clearly 

established. By the same way, no accurate closed-form inductance calculation formulae are 

available, making it difficult to build devices in an accurate predictive basis. 

 

Differential excitation of spiral inductors showed to be less prone to substrate parasitic 

influence [Danesh 2002, Reiha 2003], due to the series association of parasitic capacitances 

when both sides of the device have potentials referenced to the ground. The result from this 

study suggest that moving for differential circuit architectures are beneficial and can offer up 

to 30% of improvement in the quality factor with respect to single ended devices build on top 

of low resistivity silicon substrates. A symmetrical spiral design can also help in order to 

flatten the frequency response of the device and have larger frequency bandwidth inductors, a 

feature desirable for multi standard RF circuit operation. 

 

Transformer-like designs like the one proposed by Tiemeijer et al. [Tiemeijer 2001] basically 

put two or more spirals in parallel in order to decrease the total resistance of the inductor. This 

technique is effective only when the 2 spirals can be put in close proximity in order to have a 

high magnetic coupling coefficient that does not make the parallel inductance decrease by the 

same ratio of the resistance, presenting in the end a better inductance / resistance ratio and 

then a better quality factor. Another drawback of this type of design is that putting spirals in 

close proximity can increase the parasitic capacitance reducing the frequency response of the 

devices. The fabrication of spirals by stacking layers of metal in parallel can reduce the low 

frequency resistance of the spiral, presenting although a strong reduction in the self-resonant 

frequency due to the increase in parasitic capacitances [Koutsoyannopoulos 2000, Zolfaghari 

2001]. 

 

When designing inductors on top of low resistivity substrates, the excessive losses of the 

substrate can be avoided by putting a conductive grid between the spiral and the substrate, 

made of highly-doped silicon or metal. The grid must be patterned with thin, non-closed paths 

in order to avoid induced losses due to eddy current and reduction of the inductance by the 

image currents that would be induced by a solid conductive structure. This technique is 

known as the patterned ground shield (PGS, fig. 1.4) [Mohan 1998, Yue 1998, Tan 2000, Ng 
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2001] and is effective when the resistivity of the substrate is in the order of 0.1 Ω cm or less. 

For higher resistivity substrates, this technique presents the drawback of increasing the 

parasitic coupling capacitance to the substrate, what reduces by consequence the resonant 

frequency of the device. Burghartz demonstrated in 1997 that the surrounding ground ring and 

the way it is electrically connected to the substrate also plays an important role in the quality 

factor of the inductors [Burghartz 1997b]. 

 
 

  

(a) Highly diffused silicon and lateral 
contact vias. 

(b) Spiral build on metal with GSG lines 
contacting the underneath structure. 

Fig. 1.4: The use of a patterned ground shied (a) underneath the spiral inductor (b) built on 
top of low resistivity substrate in order to avoid substrate eddy current losses. 

 

Designing higher track widths reduces proportionally the low-frequency resistance of the 

device, but an optimum point is reach due to the decrease of inductance with the increase in 

the cross-sectional area as well as due to an increase of the parasitic capacitance to the 

substrate, proportional to the metal area. Designing with small track spacing s is usually 

beneficial due to the gain due to the increase of the mutual inductance term. This gain usually 

overcomes the drawback of having more track-to-track parasitic capacitance coupling that can 

potentially reduce the resonant frequency of the devices. 

 

A summary of the studies and techniques performed to date in order design and fabricate high 

Q integrated inductors is schematically shown in tables 1.2 and 1.3. 

 



 

 15 

Strategy Advantages Issues References 
Use of circular 
spirals 

Better quality 
factor than square 
ones 

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

[Chaki 1995, Park 
1997, 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 in Q for 
the same area of 
other geometries 

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

[López-Villegas 
2000, Lin 2002] 

Symmetrical or 
transformer-like 
inductors 

Increase in Q Needs high coupling (lower 
spacing), via resistance limits 
the performance, needs 
differential excitation 

[Tiemeijer 2001, 
Danesh 2002] 

Symmetrical 
excitation 

Increase in Q and 
SRF due to less 
substrate 
influence 

Needs special circuit design 
(differential topology) 

[Reiha 2003] 

Increase track 
width 

Increase Q in low 
frequencies 

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

[Aguilera 2001] 

Reduce track 
spacing 

Increase mutual 
coupling, reduce 
on-wafer area  

Needs tight fabrication 
tolerances, increase of spiral 
capacitance 

[Aguilera 2001] 

Overall 
optimization for 
target 
application 

Get best device 
for the given 
inductance and 
frequency 

Needs accurate modeling 
tools or a large library of 
devices to produce 
measurement-based models 

[Crols 1996] 

Reduce track 
width 

Increase in 
inductance, small 
footprint 

Large losses due to increased 
line resistance 

- 

Stacked spirals Increase in 
inductance 
density 

Large parasitics, decreased 
SRF 

[Koutsoyannopoulos 
2000, Zolfaghari 
2001, Lee 2007] 

Table 1.2: Overview of design-related spiral inductor quality factor improvement strategies. 
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Strategy Advantages Issues References 
Increase the 
thickness of the 
metal 

Reduce losses, 
increasing Q 

Effective only at certain 
frequencies (skin depth 
limited), challenging etching 
steps or need of thick resist 
processing 

[Massin 2002] 

High conductive 
metals 

Reduce losses, 
increasing Q 

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

[Bahl 2001, Zu 
1996, Ternent 1999, 
Carazzetti 2005] 

Low κκκκ polymers Decrease parasitic 
capacitances, 
increase both Q 
and fRES 

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

[Burghartz 1997, 
Jeong 2003] 

Thick polymer 
under the spiral 
or use of 
multichip 
module 
deposition 
(MCM-D) 
technology 

Decouple spiral 
performance from 
substrate 
resistivity, very 
good RF 
performances 

Delaminating, need of high-
quality vias or packaging-like 
technology to fabricate the 
devices 

[Arnold 1992, 
Baringer 1993, 
Beyne 1995, 
Shimoto 1995, 
Samber 1998, 
Pieters 1998, Pieters 
2001, Carchon 
2004] 

High resistivity 
substrates 

Eliminate killing 
substrate 
parasitics 

Makes the process less 
compatible with standard 
CMOS 

[Benaissa 2003, 
Spirito 2005] 

Backside etching Eliminate killing 
substrate 
parasitics using 
low resistivity 
substrates 

Complicated fabrication 
steps, stress related issues for 
thick metals, fragile structures 

[Ozgur 1999, 
López-Villegas 
2000] 

Front side 
etching 

Eliminate killing 
substrate 
parasitics when 
using low 
resistivity 
substrates 

Complicated fabrication, 
stress related issues with thick 
metals 

[Lakdawala 2002] 

Free standing 
structures 

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

Stress related issues, tunable 
L has very low Q and 
bandwidth and usually need 
very high actuation voltage 

[Syms 1993, Yoon 
1999, Jiang 2000, 
Dahlmann 2001, 
Dahlmann 2002, 
Zou 2003] 

Solenoid-like 
structures 

Good inductance 
density, very high 
Q reported 

Can be subject to killing via 
resistance, needs thick metal 
and sacrificial layers to have 
good inductance density 
(large loops) 

[Edelstein 1998, 
Chomnawang 2002, 
Weon 2005, Lu 
2007] 
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Use of patterned 
ground shields 
(PGS) and 
substrate taps 

Increase Q by 
eliminating some 
substrate 
parasitics, simpler 
modeling 

Works only in low resistivity 
substrates, marginal gain on 
Q 

[Mohan 1998, Yue 
1998, Burghartz 
1997b, Tan 2000, 
Ng 2001] 

Local increase of 
substrate 
resistivity 

Eliminate 
substrate 
parasitics in low 
resistivity CMOS 

Exotic fabrication process, 
ion bombardment induced 
defects 

[Yu 2000, Hsu 
2002, Chan 2003, 
Royet 2003, 
Contopanagos 2007] 

Table 1.3: Overview of technological-related spiral inductor quality factor improvement 
strategies. 

 

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

related to both technology and design-related topics by: 

1) Developing new fabrication technologies, using highly conductive thick metals, low κ 

polymers and high resistivity or insulating substrates, and 

2) Studying and optimizing the spiral inductor designs by measurement, simulation and 

accurate physics-based model for the fabricated devices. 
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Chapter 2 

Integrated Inductors 
 

 

 

 

 

2.1. Inductors and inductance 

 

Inductors are used in a number of RF circuits, including LC resonant tanks in oscillators, RF 

chokes, filters and as tuning / impedance transformation elements in amplifier and tuning 

matching networks. 

 

An inductor is a passive device for which the main function is to store electrical energy in the 

magnetic field. The main property of an inductor is its inductance L, defined as the ratio of 

produced magnetic flux linkage for a given applied current: 

 

I
L

Φ=  (eq. 2.1), 

 

where Φ if the magnetic flux induction measured in [Wb] = [V s] and I the applied current in 

[A]. In the SI units, the inductance is measured in henry, 1 H = 1 Wb/A. This equation defines 

the self-inductance of a circuit, in a sense that it relates the current and the flux inside a 

closed-loop circuit. 

 

The dynamic I-V behavior of an inductor when a time varying current is applied is obtained 

using the Faraday induction law that states that a variable magnetic flux Φ(t) produces an 

induced voltage V = - dΦ(t) / dt on the inductor terminals. For a sinusoidal time-varying 

current with angular frequency ω, the time varying current is expressed as: 

 

)sin()( 0 tIti ω=  (eq. 2.2). 
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The magnetic flux linkage and voltage can be written as: 

 

)()( tiLt =Φ  (eq. 2.3), 

)cos(
)(

)( 0 tLI
dt

tdI
LtV ωω==  (eq. 2.4). 

 

In terms of Fresnel complex phasor representation, the relation between the phasors 
^

V and 
^

I  

defines the complex impedance 
^

Z of an inductor: 

 

Lj
I

V
Z ω==

^

^
^

 (eq. 2.5), 

 

where ωL is the voltage / current amplitude ratio (inductive reactance) and j = 1−  = 2/πje  

defines the π/2 phase difference between the voltage (eq. 2.4) and current (eq. 2.2) signals. 

 

2.2. Quality factor and self-resonant frequency 

 

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

passage of the current, modifying the eq. 2.5 for the impedance to: 

 

LjRZ S ω+=  (eq. 2.6), 

 

where RS represents the series resistance of the inductor. A measure of how good an inductor 

is can be expressed by its quality factor Q defined as: 

 

SR

L

Z

Z
Q

ω==
)Re(

)Im(
 (eq. 2.7). 

 

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

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

the device. This definition gives eq. 2.7 as result. 

 

Practical inductors have also stray capacitances that appear in parallel with the device in a 

first order model show in fig. 2.1. 

 

 

Fig. 2.1: First order RLC model of an inductor. RS accounts for the series resistance and CP 
for the stray parallel capacitance and L for the inductance. 

 

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

following expressions hold for the impedance and quality factor: 

 

22

22

22 )()1(

)1(

)()1( PS

PSP

PSP

S

CRLC

LCRLCL
j

CRLC

R
Z

ωω
ωω

ωω +−
−−

+
+−

=  (eq. 2.8), 

 

S

PSP

R

LCRLCL

Z

Z
Q

)1(

)Re(

)Im( 22 −−
==

ωω
 (eq.2.9). 

 

The circuit of fig. 2.1 presents a self-resonance at: 

 

2
1








−=
L

R

LC
S

P
RESω  (eq.2.10), 

 

at which the quality factor (eq. 2.9) equals zero. At this frequency, the imaginary part of the 

impedance goes to zero and beyond this frequency the parasitic capacitance dominates the 

electrical behavior and the device does not work as a lumped inductor anymore. 

 

This definition of quality factor is appropriate for devices working at low frequencies or far 

below the self-resonant frequency, when the device is used as a pure inductive one. For 
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devices working in resonant circuits, the capacitance CP can be included as part of the 

resonant circuit and a more convenient definition is used [Bahl 2001, O98]: 

 

BW

f
Q RES=  (eq.2.11), 

 

where fRES is the desired resonant frequency obtained by peaking the impedance value when 

an ideal capacitor is put in parallel with the inductor, and BW is the 3-dB frequency 

bandwidth (where the impedance amplitude falls to 1/√2 of its maximum value). 

 

Another definition of quality factor useful for distributed resonators is [O98]: 

 

RESff

RES

df

df
Q

=








= ϕ

2
 (eq.2.12), 

 

that measures the stability of the phase at the resonant frequency. The resonance frequency is 

obtained by setting the parallel capacitance to a value that makes the impedance to be 

maximized at the frequency fRES that is the frequency of operation of the inductor in this case. 

 

The quality factor at a given operating frequency is the main merit factor used to rank an 

inductor, but when the device is aimed to be used at different frequencies or in a large 

frequency range and other factors like wafer surface should be taken into account, another 

merit factors can be defined to fit the desired design criteria. Of particular interest, is the one 

defined in [Bahl 2001]: 

 

fLSPI

RESEFF

EFF
A

fQ
FMI

,








 ⋅
=  (eq.2.13), 

 

where QEFF and LEFF are the effective quality factor and inductance at the desired working 

frequency f, fRES is the self-resonant frequency of the device and ASPI is the device area. This 

merit factor gives best ranking for small footprint, broadband devices, having the maximum 

quality factor at the desired operating frequency. 
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For applications where the quality factor is not the first concern (high impedance RF chocks 

for example), one can suggest using the inductance per unit area, IPA as merit factor: 

 

SPIA

L
IPA =  (eq.2.14), 

 

which will best rank devices with large inductance and small footprint devices. 

 

2.3. Inductance calculation 

 

The procedure to calculate the inductance of an inductor consists in evaluating eq. 2.1 as 

function of the geometry and properties of the magnetic circuit of a device. For inductors 

made of non-magnetic materials, the inductance is an exclusive function of the geometric 

configuration of the conductors from what the inductor is made of. Eq. 2.1 defines the self-

inductance in a sense that it relates the linkage magnetic flux and the current inside a closed 

loop-circuit. When two or more neighbor circuits interact magnetically, the magnetic flux in 

one circuit induces a voltage into the other circuit and vice-versa. The constant defining this 

inter-circuit magnetic flux linkage as function of the current defines the mutual inductance M: 

 

i

ij
ij I

M
Φ

=  (eq.2.15), 

 

where Φij  is the magnetic flux induced in the circuit loop j by the current Ii  applied to the i-th 

circuit. 

 

The mutual inductance between two circuits can be calculated using the Neumann formula 

[Grover 1962]: 

 

21

)cos(
4

dldl
r

M ∫∫= θ
π
µ

 (eq.2.16), 

 

where dl1 is a length element in the circuit 1, dl2 is a length element in the circuit 2, r the 

distance vector between the two elements and θ the angle between them. [Grover 1962] 
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proposes analytical and approximated solutions for the self and mutual inductances of various 

elementary and complex geometries of conductors and system of conductors. 

 

2.3.1. Inductance of a system of conductors 

 

For a system of conductors in series (carrying the same current), the total inductance can be 

calculated as [Ruehli 1972, Niknejad 2000]: 

 

∑ ∑∑
=

+=
=

=
=

+==
N

i

N

ij
i

iji

N

j
i

ijSERIES MLML
1

1
1

1
1

2  (eq.2.17), 

 

where Mij = Mji is the mutual inductance between 2 subcircuits and Li = Mii is the self-

inductance of each subcircuit. The elements Mij composes the inductance matrix, and 

characterizes completely the inductive behavior of any complex system of conductors. If two 

parallel conductors have the current flowing in the same directions, Mij > 0. When the 

currents flow in the opposite direction, Mij < 0. In order to maximize the inductance, one 

should look for geometries that maximize the positive mutual inductance term. 

 

For N segments connected in parallel (having the same potential), the total inductance can be 

calculated as [Ruehli 1972]: 

 

∑
==

=
N

ji
ij

SHUNT

K
L

1,1

1
 

(eq.2.18), 

 

where K is the reluctance matrix, defined as the inverse of the inductance matrix: 

 

1−= MK  (eq.2.19). 

 

One can note that, for a group of parallel connected inductors without magnetic coupling the 

inductance matrix is diagonal and eqs. 2.17 and 2.18 give the well known series and parallel 

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

 

The most elementary inductive element used in IC interconnects is a rectangular stripe line. 

Although getting exact solutions as function of both geometry [Hoer 1965, Wu 1992] and 

frequency [Djordjevic 1994, Schnieder 2001] is possible, the proposed solutions are 

cumbersome and do not provide much insight for hand calculations and optimizations. One 

accurate solution for the low frequency inductance as function of the geometry of the stripline 

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

 

( )
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 (eq.2.20), 

 

where µ is the magnetic constant of the medium, l is the stripe length, w is the stripe width 

and t is the stripe thickness. Figure 2.2 shows the design curves for the inductance of 

striplines having a fixed thickness t = 5 µm and different line widths and lengths. 

 

 

Fig. 2.2: Design curves for the inductance of striplines of different widths (10 to 200 µm) and 
fixed thickness t = 5 µm. 

 

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

thickness (l >> w+t), and the eq. 2.20 simplifies to: 
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 (eq.2.21). 

 

2.3.3. Mutual inductance between current filaments 

 

The starting basis for the calculation for the mutual inductance between striplines is the 

mutual inductance between 2 filament currents (with no width or thickness). This process 

involves evaluating eq. 2.16 for a couple of straight lines (fig. 2.3). 

 

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

 

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

 














++−














++=

l

d

l

d

d

l

d

l
llM PAR 2

2

2

2

11ln2)(  (eq.2.22). 

 

If the segments are parallel but not of equal length (fig. 2.3b), the mutual inductance can be 

evaluated by computing the differences due to the missing segment areas and using 

addictiveness property as [Chen 2006]: 
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[ ])()()()(
2
1

),( δδδδ +−+−+++= mMlMMmlMmlM PARPARPARPARPAR  (eq.2.23). 

 

If the 2 segments forms an angle α and have their extremities at a distance R, the mutual 

inductance term is evaluated as: 
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++=
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Rml
m

Rml

Rml
lmlM INC ln.ln.)cos(),( α  (eq.2.24). 

 

When the segments form an angle α and do not join, the following expressions hold 

respectively for figs. 2.3d and 2.3e: 

 

),(),(),(),(),(2, µννµνµνµ mMlMlMmlMmlM INCINCINCINCINC +−+−++++=  (eq.2.25), 

 

and 

 

),(),(),(),(),( 21213, µµµµ mMmMlmMlmMmlM INCINCINCINCINC −−+++=  (eq.2.26). 

 

These expressions can be used when the wire width is very small compared to the other 

distances, which can fail in dense IC interconnects. In that case these expressions are still used 

by replacing the 2 wires by 2 equivalent thin wires separated by a distance that would give the 

same resulting mutual inductance. This distance is defined as the geometric mean of all the 

possible distances between the segments. For 2 planar figures, the geometrical mean distance 

GMD [Grover 1962, Greenhouse 1974] can be evaluated as: 

 

∫∫ ∫∫=
1 2

2211
21

)ln(
1

ln dydxdydxr
AA

GMD  (eq.2.27), 

 

where A1 is the area of the first figure, A2 is the area of the second one, dx1⋅dy1 is a surface 

element in the figure 1 and dx2⋅dy2 a surface element in the figure 2. In general, the GMD 

distance is slightly smaller than the center-to-center distances between the lines, but using the 
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center-to-center distance instead of GMD is an approximation that can be used without major 

loss in precision. 

 

For 2 thin parallel wires (t << w), GMD can be calculated as: 

 

...
6603601686012
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d

w
dGMDPAR −−−−−=  (eq.2.28). 

 

An exact solution for the GMD value of parallel rectangular strips is cumbersome and 

discussed in detail in the literature [Weeks 1979, Antonini 1999]. As a numeric example, 2 

parallel rectangular strips having w = 20 µm, spaced by s = 5 µm and having 5 µm of 

thickness have a center to center distance of w + s = 25 µm. Thin film approximation (eq. 

2.28) gives GMD = 23.49 µm. The complete solution gives 23.61 µm. In this typical example, 

taking the center-to-center distance resulted in an overestimation of about 6% in the value of 

GMD. The mutual inductance is proportional to ln(GMD), resulting in overestimation of only 

about 2% in the value of M. 

 

2.4. Spiral inductors 

 

Spiral inductors, like the ones seen in fig. 2.4, are common geometries used to fabricate 

inductors in planar technologies. They present the advantages of having the best possible 

inductance density for a planar geometric figure and a geometry simple to fabricate. Common 

geometries are squares, rectangles, octagons, N-sided polygons and circular spirals. 

 

     

(a) (b) (c) (d) (e) 

Fig. 2.4: Different spiral inductor geometries (a) squared, (b) hexagonal, (c) octagonal, (d) 
circular, (e) tapered [López-Villegas 2000]. 

 

Circular spirals have the best inductance density per unit of area and the best quality factor 

amongst all the possible planar geometries, but since circular wiring is not available in many 
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design and fabrication tools, octagonal geometries are presented as a good compromise 

between having a simple feasible geometry and good RF performances. Circular geometries 

sometimes poses electromagnetic simulation difficulties due to the need of exaggerated 

number of rectangular or triangular meshing cells needed to represent the geometry in design 

and simulation tools that do not have suitable curved objects as meshing discretization 

elements. 

 

Some studies have demonstrated that the use of a variable width tracks, with narrower tracks 

for the inner segments (fig. 2.4e) can increase the quality factor [López-Villegas 2000, Lin 

2002]. This type of spiral is known as “tapered width” inductor. 

 

The main geometric parameters that characterize a spiral inductor are: its external diameter 

DOUT (measured from the 2 outmost conductor distances), the wiring width w, the track-to-

track distance (or spacing) s and the number of turns n. The thickness of the conductor 

winding plays a minor role in the value of the inductance, and is neglected in most of practical 

formulae, although thick metal spirals needs special correction for the inductance and loss 

calculation as discussed further. 

 

Many studies proposed different formulae to calculate the inductance of spirals as function of 

their geometrical parameters [Wheeler 1928, Bahl 1998, Crols 1996, Ronkainen 1997, Bryan 

1995, Voorman 1993, Dill 1964, Grover 1962]. Greenhouse method is also frequently used, 

although being a cumbersome method that does not give closed formulae for all types of 

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

approximated solutions to the eqs. 2.15 and 2.16. One of the most practical and accurate 

formulae available to date are presented in [Mohan 1999] and were used in this work to 

estimate the inductance of planar spiral inductors: 
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where µ is the magnetic constant of the medium, n is the number of turns, DAVG is the average 

diameter of the spiral, c1, c2, c3 and c4 constants for a given spiral geometry (given in table 
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2.1) and ξ a geometric factor describing how dense the spiral design is. The definitions of 

DAVG and ξ as function of the internal and external diameters are: 

 

2
INOUT

AVG

DD
D

+=  (eq.2.30), 

and 

INOUT

INOUT

DD

DD

+
−=ξ  (eq.2.31), 

 

where DOUT is the external diameter (measured from the outmost extremity of the external 

conductors) and DIN the internal diameter (measured from the innermost extremities of the 

internal conductors) of the spiral. 

 

Geometry c1 c2 c3 c4 
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 c1, c2, c3 and c4 for the inductance calculation of planar 
spiral inductance using eq. 2.2. 

 

These formulae are based on fitting current sheet approximations over a large design space of 

thin film inductors (thickness around 1.0 µm) [Mohan 1999b]. They give accurate results 

(5%) in the range of 2 to 50 nH and acceptable results in the range of 1 to 100 nH (10 – 20%). 

Further corrections are necessary to design small footprint or sub-nH inductors as well as 

thick metal inductors (these expressions do not show thickness dependency of the inductance, 

causing some overestimation for thick metal inductors). 

 

Typical inductance values for integrated spiral inductors are in the range of 1 to 100 nH, with 

external diameters varying typically from 50 to 1000 µm. Applications in the frequency 

ranges above 10 GHz can demand values in the 0.1 – 1 nH range. In that case, special care 

should be taken in modeling the parasitics and corrections should be applied to eq. 2.29 

[Biondi 2005]. 

 



 

 30 

Fig. 2.5 shows the design curves for the maximum inductance one can obtain for an octagonal 

spiral inductor having DOUT = 250 µm, track widths between 5 and 40 µm and s / w ratios 

between 0.1 and 1.0 (typical design values for spiral inductors). It should be noted that spiral 

inductors, although of simple realization, consume a lot of on-wafer surface, and careful 

optimization to have the best size / inductance and inductance / quality factor ratio should be 

carried out. This optimization should consider a given inductance value, frequency of 

operation and the technology profile used to fabricate the inductors. 

 

 

Fig. 2.5: Design curves for the maximum inductance of octagonal spiral inductors having 
external diameter DOUT = 250 µm, track width w between 5 and 40 µm 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 design for fabricating on-chip inductive devices 

due to the fact of being compact and presenting the better quality factor for a planar figure. 

The main drawback associated to this kind of structure is the need of 2 metal layers or one air 

bridge or wire bonding step to connect the innermost segment to an RF port. Single loop 

spiral [Bahl 2003], meander type [Wadell 1991] (fig. 2.6a) and S-type inductors (fig. 2.6b) are 
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devices that can be fabricated using a single layer of metal, simplifying the technological 

requirements to fabricate integrated inductors. The drawback associated to these structures is 

the absence of positive mutual inductance contribution in the single loop geometry, and the 

negative mutual inductance presented by currents flowing in opposite directions along parallel 

segments. In spite of having a good length to area ratio, the meander inductors present less 

inductance than a linear section of conductor with the same length due to the negative mutual 

inductance contribution term, and tend to exhibit low quality factors [Stojanovic 2006]. S-

type inductors also suffer from this same problem, but the negative inductance term is reduced 

by minimizing the number of segments with negative mutual inductance terms. 

 

When the on-chip space is limited and the designer needs inductive elements near the input 

and output ports of the RF circuit, inductors can be fabricated by exploiting the inductive 

behavior of the bondwires [Steyaert 1994] (fig. 2.6c). These devices can be modeled to the 

first approximation as straight circular cross section conductors having the same nominal 

length of the bondwire connection [Bahl 2003]. Additional modeling effort is needed in order 

to take into account the irregular and curved form of the bondwires as well as to take into 

account mutual inductance terms presented by wires in close proximity [Mouthaan 1997, 

Harm 1998]. 

 

 

  

 

 

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

Fig. 2.6: Examples of alternative geometries for the fabrication of on-chip inductors. 

 

The availability of new MEMS fabrication techniques using thick sacrificial layers enables 

the fabrication of solenoid and toroidal inductors [Park 2003, Nieminem 2004], expected to 

have good RF performances due to less parasitic coupling to the substrate and good 

inductance per wire length ratio presented by these geometries. 

 

2.6. Simplified physical model of integrated spiral inductors 
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Figure 2.7 shows an equivalent circuit model proposed for spiral inductors built on top of low 

to moderate resistivity silicon wafers [Yue 2000]. The network formed by CINS1, CINS2, RSUB1, 

RSUB2, CSUB1 and CSUB2 represents the parasitic effects of the substrate in this first order basic 

model. 

 

 

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

 

The 1-port quality factor for this equivalent circuit model is given by [Yue 2000]: 
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The first term in eq. 2.32 represents the intrinsic spiral quality factor (due only to spiral metal 

series resistance), the second term represents the self resonance factor and third term is 

defined as the substrate loss factor. 

 

The main inductance LS is calculated by different methods and formulae. Methods presented 

in [Greenhouse 1974] and [Mohan 1999] are the most frequently used ones. 

 

First order approximations have been proposed to calculate the parasitic terms of this model 

as function of the inductor geometry and the physical properties of the used metal and 

substrate [Yue 2000]. 

 

The series resistance can be estimated as [Eo 1993]: 
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where t is the conductor thickness, 
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σωµ

2
 (eq.2.36) 

 

is the skin depth and 
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l

σ
=  (eq.2.37) 

 

is the DC resistance of the spiral, σ the conductivity of the metal, w the spiral track width, l is 

the total length of the spiral and ω is the angular frequency. 

 

The insulator and substrate capacitance can be estimated using these relations: 
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where CINS’’  and CSUB’’  are the capacitance per unit area of the spiral / substrate insulation 

layer and the substrate respectively, calculated approximately as function of their dielectric 

constants εINS and εSUB and their thicknesses tINS and tSUB. 

 

The substrate resistance can be estimated as: 
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where GSUB’’  is the substrate conductance per unit area, calculated approximately from its 

conductivity σSUB and thickness tSUB. 

 

The parallel spiral capacitance CS is usually considered as due mainly to the underpass 

segment, and is calculated as: 

 

1,

2

MINS
INSS t

nw
C ε=  (eq.2.41), 

 

where w is the underpass track width (supposed to be the same of the spiral inductor) and 

tINS,M1 is the thickness of the insulator between the underpass and the first level of metal. This 

equation explicitly ignores the capacitive coupling between adjacent inductor tracks, which is 

in fact the main contribution to the parallel parasitic capacitance. Chapter 5 addresses more 

accurate methods to calculate the capacitance CS. 

 

Many other models have been proposed in the literature [Crols 1996, Bahl 1998]. They are in 

general obtained by fitting physics-based equations to large sets of measured or 

electromagnetic simulated data. The accuracy and limits of applicability of this simple first 

order model as well as other models available in the literature should be toughly analyzed 

before drawing conclusions outside the design space and technology profile where the 

considered models were validated. 
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Although not very accurate, this first order model gives the first insight one should have in 

order to improve the performance of these devices. Fig. 2.8 shows the contribution of each 

quality factor term of eq. 2.32 for a typical spiral inductor fabricated on top of low resistivity 

10 Ω cm standard CMOS substrate. One can notice that at lower frequencies (below 1 – 2 

GHz), the most important performance limitation comes from the finite conductivity of the 

metal. The peak value and position of the quality factor is affected by the overall parasitics 

associated to the device, and the resonant frequency (where Q goes to zero), is mainly defined 

by the parasitics coming from the substrate and by the parallel stray capacitance (interspiral / 

underpass) capacitance. 

 

 

Fig. 2.8: Quality factor limitations for inductors built on top of high to moderate conductivity 
substrates. In this simulation, typical values are used: LS = 1.2 nH, RS = 1.2 Ω, CS = 200 fF, 

CINS = 250 fF, RSUB = 120 Ω and CSUB = 50 fF. 
 

For inductors built on top of low resistivity silicon wafers and using thin aluminum 

metallization layers, typical peak quality factors that can be obtained are in the range of 5 – 

10, with self-resonances below 3 GHz. These poor RF performances motivates the use of new 

technologies having thick highly conductive layers associated to low κ polymers as well as 
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the use of micromachining techniques or high resistivity substrates in order to reduce the 

impact of the substrate-related losses. 

 

This first order model was used as a guide for optimization of spiral inductor designs initially 

fabricated in this thesis. This model points the need of reducing the associated parasitics, 

especially the ones originated from the substrate, in order to have higher quality and higher 

self-resonant frequencies. Further observations and improvements based on measurements 

and electromagnetic simulations will be discussed in detail in the chapter 5. 

 

Summary 

 

This chapter presented the basic definitions and technological limitations associated to the 

fabrication of integrated inductors on top of silicon substrates. The inductance calculation 

problem involves calculations as function of conductor geometries that were discussed in 

detail. From the technological point of view, the major drawback of integrate spiral inductors 

are associated to their poor RF performances originated from the thin layer metallization 

losses and substrate-induced losses. A first-order model initially used in this thesis for the 

estimation of the performance of spiral inductors was also presented. 
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Chapter 3 

Copper / polyimide fabrication process 
 

 

 

 

 

One of the main objectives of this research is the development of a process flow for the 

fabrication of copper / low κ high quality factor devices having a low thermal budget and 

being compatible with other CMOS back-end techniques. A process flow using the 

equipments and procedures available in the clean rooms of the EPFL Center of Micro and 

Nanofabrication (CMI) was developed and validated in the frame of this research. 

 

3.1. Proposed process flow 

 

Preliminary experiments were conducted with the available processing equipment in order to 

establish a process flow to fabricate thick high-conductivity copper lines embedded in low κ 

polymer. 

 

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

them: 

 

• Copper is a high-conductivity metal, which is a key factor for the fabrication of high 

quality factor passives. Typical thin-film resistivity of electroplated copper films is 

about 2.0 µΩ cm, considerably less than the traditional aluminum used in standard IC 

interconnects (between 3.3 and 5.0 µΩ cm depending on the deposition process and 

conditions). 

• It is possible to deposit considerably high thicknesses using the electroplating process. 

The high deposition rate, about 0.5 µm/min, allows obtaining thickness in the range of 

10 µm in a time frame of a few minutes. 
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• The electroplating of copper with organic addictives is used in advanced interconnects 

and is reported for its excellent step coverage, allowing the fabrication of thick metal 

structures with relatively large aspect ratios. This choice was also related to the 

availability of advanced CMP steps, good step coverage, low resistivity of the films, 

and much higher resistance of copper against electromigration with respect to 

aluminum. 

 

The main drawbacks and issues associated to the copper electroplating based processes are: 

 

• Organic contamination of the films, which can result in opaque color aspect with a 

resistivity higher than the expected one. Careful set of the additives and on the used 

current density values is necessary to control the electrical quality of the obtained 

films. 

• Non-uniformity of deposition due to local current density thickness dependency. For 

thin seed layers the thickness tends to be higher in the border of the wafer than in the 

center. 

• Copper films tends to oxidize promptly just after deposition, and special care 

concerning the time between different process steps and previous cleaning of the 

layers is needed in order to avoid excess contact resistance and adhesion problems 

between oxidized layers. 

• Adhesion between copper and polymers is known to be poor, and the use of additional 

adhesion promoter layers is needed to avoid early delamination problems. 

• Copper is well known as a microelectronics contaminant and a fast diffuser in 

polymers, requiring the use of special anti-diffusion barriers between copper and used 

polymers or semiconductor materials and special care and limitations with respect to 

the availability of process steps in a clean room that is also used for microelectronic-

compatible processing. 

• There is no well established solutions for the dry etching of thick copper films 

available to date, where a high etch rate with selectivity to standard masking materials 

would be desirable [Steinbrüchel 1995, Markert 1997, Lee 2004]. The definition of 

copper films in modern interconnects is mainly performed by means of a chemical-

mechanical polishing (CMP) step using a dual damascene approach [Kaanta 1991]. 
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3.2. Development of the process flow 

 

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

embedded in polyimide built on top of silicon wafers. 

 

RF Ports
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SiO2

Si3N4
ECP Cu 4 - 8 µµµµm
Polyimide 4 - 8 µµµµm

Ta 40 nm + Cu Seed 200nm
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b
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Fig. 3.1: Established process flow for the fabrication of thick-Cu / polyimide embedded 
passive devices on top of silicon wafers. 

 

First, a thin thermally grown silicon oxide layer is used to insulate the first level of metal of 

the silicon wafer surface. A Si3N4 buffer layer is deposited on top of the SiO2 in order to 

reduce the induced stress on the silicon wafer. 

 

Polyimide is then spin on (PI 2610 or PI 2611 from Dupont, εR = 2.9) at typical thicknesses 

between 1.5 µm and 4 µm, defining the thickness of the first metal layer. Polyimide film is 

then cured at 250 or 300 oC for 1 h. 
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A 0.3-µm thick sputtered SiO2 layer is used as hard-mask to pattern the polyimide mold using 

O2-based plasma etch recipe (c, d). This process enables the fabrication of vertical walls with 

up to 5 µm resolution for 10 µm-thick lines. A 40 nm-thin tantalum layer and a 0.2 µm-thick 

copper layer are deposited by sputtering (e), working as diffusion barrier between copper and 

polyimide and as seed layer for the electroplating of a thick copper layer (f). The copper lines 

are then defined by a fast removal rate chemical-mechanical polishing step (CMP, g) capable 

of polishing films much thicker than the ones traditionally used in thin-metal layer 

interconnects. This step was developed specifically in the framework of this thesis project in 

order to provide a high-speed process capable to define thickness between 1 and 8 µm needed 

for the fabrication of high Q passives [Pisani 2003b, Pisani 2004]. 

 

The successive repetition of these process steps (h-p) provide a second level of metal with a 

via in between. 

 

The steps i-n are performed to define both the second level of metal and via using a single 

CMP step. This process is known as the buried via method [Steinbrüchel 2001], and has some 

inherent advantages and issues associated to it. In the step (i) the hard mask is etched without 

etching the underneath polyimide. The second level of polyimide is deposited and the second 

hard mask is then defined (j). A single etch step is then used to define both metal 2 and via 

level moulds. This approach presents as the major advantage the use of lithography steps on 

top of planar surfaces, which enables to change the thickness of each layer independently and 

without the need of critical lithographic steps or redoing the optimization of the lithographic 

conditions for different via layer thickness. An issue that can arise from this is the increased 

probability of contamination due to redeposition on the bottom line of the channels. The 

plasma etching of the polyimide is very vertical, and high aspect ratios vertical structures can 

be obtained by this double layer etch technique. This approach also permits to have a single 

CMP step to define 2 levels of metal at the same time, simplifying the process flow and 

reducing the number of CMP steps needed, which is one of the most critical fabrication steps. 

Furthermore, after the second electroplating step (m), the topography of the patterns to step is 

more irregular, having two different levels where there is a via. Although the CMP step tends 

to planarize the surface, the more irregular it is in the beginning of the process, the more non-

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

 

The dual damascene approach adopted in this work [Patrick 1991], requires CMP of copper in 

order to define the lines embedded into the polymer (steps e to f and m to n of fig 3.1). The 

CMP process is based on the use of an abrasive material plate that interacts with the surface of 

the wafer through a solution having a mixture of chemical reactants that oxidize the copper 

and contain also silica abrasive nanoparticles that participate in the mechanical removing part 

of the process. 

 

 

Fig. 3.2: Photo of the main CMP setup used in this work (polishing head on the left, 
conditioning head on the right, polishing pad at the bottom). 

 

The main process parameters (schematically shown in fig. 3.3) are the working pressure 

(WP), defined as the pressure between the polishing head and the underling rotating plate, the 

rotation speed of both polishing head (HS – head speed) and plate (PS – plate speed) and the 

nature and flow of the polishing solution used (slurry). There is an additional pressure 

parameter applied to the center of the wafer defined as back pressure (BP). This parameter 

permits to compensate for slight differences in the pressure and chemical species distribution 

along the wafer surface, and is set as a fraction of the main working pressure. The polishing 

cycles are alternated by conditioning steps using a diamond-covered abrasive head that 

recondition and clean the polishing plate surface after some minutes of processing. The 

polishing materials are consumables that degenerate relatively quickly with time and usage, 

and constant monitoring and conditioning of the tool is needed in order to have reproducible 

results. 
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Fig. 3.3: Schematic view of a CMP tool showing the basic input and output process 
parameters. 

 

As main output parameters, the film mean removal rate (RR in nm/min or µm/min) and the 

uniformity of the removal rate all along the wafer are usually measured. 

 

CMP is a pattern dependent process, which means that the removal rate depends on the size 

and density of the topographical parameters presented along the wafer surface. The main 

defects that this dependency generates are known as dishing and erosion. Dishing makes that 

large structures are polished faster on their central area, making in general negative bowled 

surfaces for large structures like RF Pads or massive RF ground planes. Erosion occurs due to 

a faster polishing on denser structures, making them to have less thickness than the overall 

mean level of polishing of the surface. Both defects are schematically illustrated in the fig. 

3.4. 

 

 

Fig. 3.4: Schematic representation of common CMP imperfections: erosion and dishing. 
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Copper CMP tends to be very sensitive to a number of factors. First, the chemicals used etch 

copper with selectivity with respect to copper oxide, and the first seconds of polishing present 

lower mean removal rates up to the time where this oxide is removed and the reactants are 

well adsorbed by the surface. In order to keep good uniformity of the processes, lower 

working pressures should be used, which is a factor that tends to reduce the removal rate, 

what lead some negative impact in the performance requirements for the polishing of thick 

copper films. 

 

Self-annealing of copper is another phenomenon that can cause instability on CMP results and 

due to self-recrystallization of copper during the first hours after electroplating the film 

[Ritzdorf 1998, Ritzdorf 1999, Lagrange 2000]. Based on that, it is advisable to wait at least 

48 h before proceed to the CMP of electroplated films, or to do a thermal treatment to 

accelerate the self-annealing process of the films. 

 

Typical thickness used in traditional microelectronics interconnects are in the order of 0.5 to 1 

µm. Slurries traditionally used for this type of polishing are a solution based on a mixture of 

abrasive particles having typical sizes from 25 to 50 nm, an acid that attacks the copper and 

other chemicals to block excessive copper corrosion and stabilize the pH of the solution. 

Typical removal rates are around 0.2 µm/min for working pressures around 27.6 kPa (4 psi). 

 

In this work, CMP process was used to define much thicker structures, with typical 

thicknesses in the order of 4 to 8 µm. For this propose, special formulations were studied in 

order to have high removal rates, in the order of 1 to 3 µm/min. These solutions are much 

more aggressive and the final result presented more pronounced dishing and erosion effects. 

Nevertheless, these effects can be kept at acceptable levels by a careful selection of the 

polishing conditions and by the fact that they are less important on thick films than on thin 

ones. 

 

A series of experiments using different slurries formulation and polishing conditions was 

conducted. The best results were obtained using a solution having 30% of a base 25-nm-sized 

alumina abrasive particles solution, peracetic acid as oxidant agent, and BTA (benzotriazole) 

as surfactant and corrosion inhibitor. Relatively low working pressures (in the 13.8 – 27.6 kPa 
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or 2 – 4 psi range) and low speeds (30 – 35 rpm) gave the best results in terms of uniformity, 

with a mean removal rate between 1 and 3 µm/min. 

 

3.4. Adhesion and diffusion issues 

 

The adhesion between copper and polymers is reported to be weak [Steinbrüchel 2001]. It is 

especially problematic when one uses CMP as definition step, since the pressures on the 

surface during the processing are very high and the adhesion of the polymer / metal stacks can 

be solicited to its extremes. Simple adhesive tape tests can help to identify early adhesion 

problems and help to diagnose major problems in the process. 

 

Moreover, copper is known to be a fast diffuser into both polymers and semiconductor 

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

 

Sputtered tantalum was chosen to fulfill both requirements. Tantalum has been studied in 

advanced interconnects as an efficient diffusion barrier between copper and polymers 

[Steinbrüchel 2001]. It presents also the desirable good adhesion properties with both 

polyimide and copper, serving as a good adhesion layer promoter for the fabricated stack. 

Studies shown that the minimum recommended thickness for these proposes are around 10 – 

20 nm. 40-nm nominal thickness was chosen for the sputtering deposition in order to have 

some safety margin, especially in the vertical walls, where the effective thickness could be the 

half of the nominal one. This deposition was performed in a Balzers BAS 450 sputtering tool, 

with a final vacuum in the order of 3 ⋅ 10-6 mbar. 

 

Some simple tests showed that the adhesion is highly sensitive to a number of factors, 

nominally the degree of cleanliness of the surfaces and the formation of thin tantalum oxide 

layers when these layers are exposed to ambient pressure. The solution to these issues 

suggests the following surface treatments before and during tantalum deposition: 

 

� If the underlying surface that will receive the thin tantalum film is polyimide, it should 

be cleaned from any previous polymeric residues originated from the plasma etching 

process. An optical or electronic microscopy inspection should be need at this step in 

order to ensure that the surfaces are smooth and clean after the O2 plasma etching step. 
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� Just before loading the wafers into the sputtering tool, a slight O2 plasma treatment of 

the surface is recommended in order to remove residual polymeric films and humidity 

adsorbed on the surface. A quick 30-s plasma treatment at 5 mbar and 300 sccm O2 

flow showed to be effective. The lithographic residues should be carefully removed 

before this step, since it is too aggressive to the polyimide and the time and 

temperature of the step should be reduced in order to avoid loss of polyimide 

thickness. 

� Before the tantalum sputtering, an argon plasma cleaning step of the surface is needed. 

The power level should be relatively low in order to do not damage the polyimide 

surface, what can also result in severe adhesion problems. The recommended 

conditions in a BAS 450 sputtering tool are: 33 sccm of Ar, 5.3 ⋅ 10-3 mbar of 

pressure, a power level that does not produce more than -200 V of DC polarization to 

voltage in the plasma, during 3 to 5 min. 

� One should ensure the best final pressure of the sputtering tool in order to minimize 

the residual oxygen present in the chamber. This residual gas can be consumed by the 

tantalum during the deposition resulting in adhesion problems. 

� Tantalum oxide can pose problems in both adhesion and contact resistance between 

different metal layers, since it is an insulator and has not the same good adhesion 

properties of the tantalum film. The 0.2 µm copper electroplating seed layer should be 

deposited in the same process step (just switching the sputtering target after Ta 

deposition, without breaking the setup vacuum in between), in order to completely 

avoid exposition of the tantalum layers to the ambient atmosphere. 

 

3.5. Fabrication results 

 

The complete process flow was broken down into 2 parts in order to validate the basic process 

steps that were used more than one time for the definition of 2 metal level structures. A 1 

mask basic process covering the steps a-g was 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 wafers, having 100 mm of diameter (4 inches). 

As the resistivity of the substrate plays an important role in the RF performance of the 
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devices, high resistivity silicon wafers having a minimum resistivity of 8 kΩ cm were used. 

Since devices for CMOS-compatible applications were aimed, the influence of the substrate 

resistivity on the RF performance was also studied. Different silicon resistivities between 0.1 

and 100 Ω cm were used during the fabrication. 

 

For most process development and tests where the RF performance were not taken into 

account, test-grade wafers having uncontrolled resistivity values between 0.1 and 100 Ω cm 

were used. Some subsequent development and study using quartz substrates will also be 

presented in chapter 4. This type of substrate is used due to its insulating properties and 

relatively low dielectric constant, delivering excellent RF performances. 

 

3.5.2. Wafer insulation 

 

The devices are insulated from the silicon wafer by a 1 µm thermally grown silicon dioxide 

layer. Part of the experiments was conducted with wafers having a stress-compensated double 

layer of 0.6 µm of thermally grown SiO2 covered by a stress compensating buffer layer of 0.4 

µm of LPCVD deposited Si3N4 layer. 

 

3.5.3. Polyimide deposition 

 

PI 2610 and PI 2611 polyimides from Dupont were chosen as low κ dielectric (εR = 2.9) 

[Dupont]. This choice is related to its low dielectric constant, previous experience with this 

material in other microfabrication projects and good material properties like hardness and 

thermal stability. Polyimide has good mechanical and chemical resistance, can be 

anisotropically etched by plasma and has a certain degree of freedom in the cure temperatures. 

Different types of polyimide can cover different thickness needs, in photosensitive and non-

photosensitive configurations. PI 2610 and 2611 are part of a non-photosensitive family. The 

option for non-photosensitive type of polyimides adds some process steps related to the hard 

mask and lithographic definition, but gives more freedom in the choice of final thickness of 

the metal layers without having to change the lithographic conditions. The SiO2 hard mask 

plasma etching process presents more scalability in this aspect and can provide very vertical 

and deep walls, more adequate for the fabrication of thick rectangular section conductors used 

in inductors and transmission lines. PI 2610 is less viscous and adapted for thickness between 
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1.2 and 4 µm. PI 2611 has the same polymeric base but is more viscous, enabling the 

deposition of thickness between 4 and 10 µm. The spin curve (final thickness after thermal 

curing as function of spin-on rpm at a given time) is shown in fig. 3.5 [Dupont 1997]. 

 

  

Fig. 3.5: Spin-on curves for soft baked and hard baked PI2610 and PI2611 Dupont 
polyimides (for 30 s of spinning). 

 

The basic steps followed in the deposition of PI 26xx polyimides are the following: 

 

� Pre-cleaning of the surface using isopropanol alcohol (IPA), 

� Thermal treatment at 130 oC / 5 min in order to eliminate any trace of humidity that is 

not favorable to the adhesion promoter application and deposition steps, 

� Application solution of α-amino propyltriethoxysilane (VM-651) diluted at 0.05% on 

IPA. This is an adhesion promoter based on oxysilanes diluted in an organic solvent. It 

improves the adhesion of polyimide films when applied on top of SiO2 and Si3N4 

surfaces. This adhesion promoter is effective only on top of substrates that form a 

native oxide. Deposition of polyimide on top of cured polyimide layers or layers that 

do not form native oxide is better followed by a plasma descum step instead (recipe 

previously presented). 

� Deposition of the polyimide at the desired spin-on conditions (typically 3000 rpm / 30 

s for a 4 µm-thick PI 2611 layer), 

� Soft bake at 130 oC / 5min in order to solidify the deposited film and promote initial 

evaporation of part of the solvent content, 

� Hard bake in N2 environment at 250 oC / 1h + 300 oC / 1h in order to provide the 

complete elimination of the solvent agent and hardening of the film. Polyimide cannot 

be exposed to temperatures exceeding 150 / 200 oC in oxygen-containing environment 

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

 

Figure 3.6 shows a thickness mapping measured on a 100 mm wafer just after the long hard 

bake, measured using a Nanospec 6100 Fourier transform reflectometer. Optical parameters 

of the polyimide are known to be not constant and films with a few µm cannot be considered 

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

result should be considered as qualitative only and confirmation by other techniques like 

mechanical profilometry can show deviations around 10-25% for the real thickness values. 

 

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

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

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

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

volume of the film should be carefully monitored and can be a source of problems of adhesion 

and residual stresses when polyimide is used as a sacrificial layer. 

 

 

Fig. 3.6: Thickness distribution map after soft bake and hard bake for a typical PI 2611 
deposited polyimide layer (measured by reflectometry). 
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3.5.4. Polyimide hard mask deposition 

 

The O2 plasma etching of polyimide is not selective with respect to photoresist, both being 

etched at rates around 1 µm/min in typical conditions. SiO2 was used as a hard mask 

polyimide etching, presenting a selectivity between 20:1 and 50:1 at typical etching 

conditions. At a maximum thickness of 10 µm, a film between 0.3 and 0.5 µm showed to be 

enough to permit the etching of the whole polyimide thickness without mask damage. The 

SiO2 film was deposited in a multi-chamber Pfeifer Spider 600 sputtering system, with a 

typical deposition rate of 30 nm/min (ambient temperature, 1000 W of plasma power, 5.0 ⋅ 10-

3 mbar of pressure, and 33 sccm of argon flow). The thickness of this film was confirmed by 

using the same recipes on top of test bare silicon wafers having the thickness measured using 

by a Nanospec 6100 reflectometry measurement tool. 

 

3.5.5. Lithography 

 

Exposition to hexamethyldisilazane (HMDS) at low pressure (1 Torr) and high temperature 

(150 0C) was applied to the wafers before the resist deposition. This step ensures good 

adhesion between the photoresist and the SiO2 layer. 

 

A positive, high resolution Shipley S1805 resist at 1 µm nominal thickness was used. The 

reduced thickness permits to obtain a good resolution (between 1.5 and 2 µm) and define fine 

structures on top of the SiO2 hard mask. 

 

The resist exposition dose was about 40 mJ/cm2 (about 4 s with a 10 mW/cm2 g-line UV-lamp 

in a MA 150 alignment / exposition tool). The designs were aligned to the preceding levels by 

using alignment markers located on 2 places in the border of the wafers. 

 

After development the wafers were inspected by optical microscopy and profilometry for 

correct development, resolution, alignment and resist thickness. 
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3.5.6. Hard mask definition 

 

The lithographic patters are then transferred to the SiO2 hard mask by CF4 plasma etching, 

performed in a STS inductively coupled plasma etching tool (ICP), at etch rates around 0.25 

µm/min (typically 1 – 2 min to etch down a 0.3 – 0.5 µm SiO2 film). This step is very critical 

because a visual control of the SiO2 etching end-point is not possible since it is much thinner 

than the polyimide film underneath and masked by the resist present on most of the surface. 

The best way to ensure a complete etch of this film is to adopt enough overetching time (a 

factor 1.5 to 2) or by using a test wafer with the same base SiO2 film and lithography to 

control precisely the etch rate. The second method is preferred since a long overetch can 

attack the polyimide film with CF4 species forming polymeric compounds that can be hard to 

remove and produce side products that can change the polyimide etch step and eventually 

contaminate the bottom line of the trenches with hard to clean polymeric films. An excessive 

overetch time can also damage the hard mask since the etch rate of the resist is close to the 

one of the SiO2 (about 4-5 minutes of CF4 plasma can almost strip the resist used as mask for 

the SiO2 etch). 

 

3.5.7. Polyimide etch 

 

An O2 plasma etching of the polyimide in the same ICP tool was performed, just pumping out 

the chamber and changing the gas and etching conditions. This procedure showed to be more 

effective in terms of reducing the possibility to adsorb humidity and forming side products by 

exposing the CF4 / polyimide products to the ambient atmosphere. A process at 1000 W of 

plasma power (ICP), 100 W at the substrate RF polarization and 20 sccm of pure O2 at 5 mbar 

etches the polyimide anisotropically with rates between 0.75 and 1.0 µm/min. The rates are 

sensitive to the loading of the process, the lower rate presented when a 100% unprotected 

polyimide film is etched. For a typical 5% – 10% polyimide surface exposure, typical etch 

rate values are around 1.0 µm/min. 

 

A typical result of the polyimide etched cavity can be seen in fig. 3.7. The process offers very 

vertical walls and relatively clean profiles. Sometimes a thin polymeric film can be observed 

along the walls, which is attributed to undesirable polyimide or CF4 polymeric etch 

byproducts. This can be avoided by ensuring a good cleaning of the plasma reactor. It is 
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recommended to run a SF6 / O2 clean step before the first etching process and to check the 

good cleaning state of the reactor walls periodically. 

 

 

Fig. 3.7: SEM picture of a polyimide plasma-etched mould. 

 

3.5.8. Hard mask removal 

 

Different tests were performed keeping the remaining SiO2 hard mask after the polyimide 

etch. The low temperature sputtered oxide can be heavily bombarded by the O2 plasma 

etching of the polyimide film, especially during the etching the buried via layer (what 

practically doubles the etching time). Tests keeping this oxide presented in general adhesion 

problems, suggesting that the best technique is to etch this film away after its usage as a hard 

mask. This will ensure a cleaner surface for the tantalum deposition and make the 2 metal 

layers free of a low quality and higher dielectric constant dielectric. 

 

This film is removed using the same CF4 plasma etching used to define the hard mask for the 

polyimide, with the necessary care to do not perform too long overetching in order to not 

produce CF4 / polyimide side-products that can also pose problems with respect to the 

adhesion to the metal. 

 

3.5.9. Seed layer deposition 

 

The polyimide mould is treated by an O2 plasma descum just before loading the wafers into 

the sputtering tool in order to slightly etch the surface and improve its adhesion with the 

tantalum layer. 40 nm-tantalum barrier / adhesion layer is deposited, followed by a deposition 
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of 0.2 µm of copper that will protect the tantalum layer to subsequent oxidation and serve as 

electroplating seed layer. Independent of the problem related to tantalum oxidation and 

adhesion, preliminary tests showed that a very thin tantalum layer is not conductive enough to 

ensure good electroplating conditions (the better the surface conductance is, the better are the 

electroplating starting conditions). 

 

3.5.10. Copper electroplating 

 

The process is based on the electrochemical reduction of Cu2+ ions presented in a CuSO4 + 

H2SO4 + NaCl solution containing organic compounds addictives that improve the step 

coverage and conductivity of the final film obtained. The main deposition reaction can be 

described as: 

 

Cu2+ + 2 e- → Cu0. 

 

The electrons for the reaction are provided by the application of an external constant electrical 

current through a current source, the wafer being at the negative electrode. The reaction is 

reversible and copper ions are introduced into the solution at the positive-polarized copper 

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

 

The deposition rate is approximately proportional to the current density, being at a nominal 

value of 1.0 µm/min for a current density of 50 mA/cm2. Lower current densities provide 

higher quality films and proved to be less sensitive to the quality and age of the bath 

additives. The bath presents degeneration in the quality of the result as function of the age and 

usage of the solution, which can be observed by measuring the resistivity of the obtained 

films and visually checking the bright and clear aspect of the films after deposition (which 

becomes opaque when the concentration of addictives and pH needs correction). The 

measured resistivity was 2.4 µΩ cm using the higher current densities with aged baths. 

Correct addicted baths working at 25 mA/cm2 (1.385 A of current for an 84 mm circular 

diameter deposition surface) give the best resistivity result at 2.0 µΩ cm. The resistivity 

measurement was made by measuring the sheet resistance by four-point method using a 

Tencor Omnimap RS-75 prober. The thickness of deposited films by wafer mass variation and 

by profilometry using a Tencor Alphastep 500 tool. The wafer mass increase was measured in 
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an analytical balance at a rate of about 49.45 mg/µm for a 84 mm-circular substrate 

(considering the copper density dCU = 8.920 g/cm3). 

 

The trench filling capability and the topography of the electroplating process step was 

monitored by profilometry measurements and SEM observations. Profilometer measurements 

confirmed a step difference on the electroplated films equal to the thickness of the polyimide 

trenches. A typical profile is shown in fig. 3.8. The results were obtained by cleaving the 

wafer along a group of copper lines, what damaged the structures in some degree and made 

the observation of the details of the cross section more difficult. Further measurements using 

focused ion beam technique were performed for the final 2 metal-level structures. The 

electroplating process proved to fill-in trenches as small as 2 µm in width, with a 2:1 aspect 

ratio, making it suitable to fill-in vias in a dual damascene definition approach. For wide 

structures having w > h, the copper filling is not perfect and a residual step with a high 

slightly lower than the polyimide thickness is observed. This height difference is attenuated in 

the CMP step (although not completely removed). 

 

  

Fig. 3.8: SEM cross section view of a polymer mould filled after the electroplating step. (a) 8 
µm-wide 2µm thick structure and (b) 2 µm wide and 4 µm thick structure. 

 

3.5.11. Electroplating uniformity optimization 

 

The current-driven electroplating process is highly sensitive to the uniformity of the current 

density on the electroplated surface, and the process tends to be inherently non-uniform. An 

optimization study for the setup used in this thesis is presented in fig. 3.9. In this experiment, 

different surface coverage fixtures surrounding the border of the wafer were installed in order 

to reduce the local current density and compensate for the initial +30% in the thickness 
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observed when no fixture was used. The repetitions having he same colors / symbols were 

performed at different times and using different wafers in order to check the reproducibility of 

the results (in the order of ±2.5 % in most of the cases). The depositions were made at 25 

mA/cm2 (deposition rate about 0.5 µm/min giving 8 µm after 16 min of deposition). 

 

The uniformity improvement fixture is a disk made of 1.5 mm thick PVC, placed at a distance 

of about 1 cm of the wafer surface in order to reduce the current density in the wafer border 

area. The external diameter of the disk is fixed at 102 mm. Experiments with different values 

of the internal diameter (30, 52 and 58 mm) and different number of small 1.8 mm diameter 

holes (72, 60 and no holes at all) were performed. Table 3.1 shows a summary of the 3 

studied fixtures. 

 

Fixture DOUT (mm) DIN (mm) # of holes / diameter 
#1 102 30 72 / φ1,8 mm 
#2 102 52 60 / φ1,8 mm 
#3 102 58 no holes 

Table 3.1: Geometrical parameters of the uniformity improvement fixtures studied. DOUT is 
the outer disk diameter, DIN is the internal disk diameter. Fixture #1 and #2 have small 1.8 

mm-diameter small circular holes uniformity distributed over the disc area. 
 

The best result obtained had a difference between -5 and -10 % in the copper thickness 

measured at the border of the 100 mm diameter wafer, obtained using a disk of 58 mm of 

internal diameter and with no holes on its surface (configuration #3 in table 3.1). The 

maximum deposition diameter is 84 mm and the maximum radii of measurement were limited 

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

 

The best results in terms of resistivity were obtained using the recommended organic 

addictives (which should be corrected periodically due to aging and usage of the bath) and 

using reduced current densities (25 mA/cm2 instead of the usual recommended 50 mA/cm2 

setting). 4-point sheet resistance measurement and profilometer thickness measurement 

established a thin film resistivity of (2.0 ± 0.1) µΩ cm, which is about 16% more than the 

bulk reference value (1.72 µm cm). This difference is attributed to organic contamination in 

the films and probably cannot be further improved using electrochemical baths. 
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Fig. 3.9: Schematic view of a copper electroplating bath. The wafer border is protected by the 
uniformity improvement fixture in order to reduce the current density in the wafer border 

region and increase the overall uniformity across the wafer diameter. 
 

 

 

Fig. 3.10: Border to center thickness variation using different current uniformity 
improvement fixtures of table 3.1. 
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Fig. 3.11: Thickness distribution along the wafer after electroplating of 4.5 µm nominal 
thickness copper layer (thickness measured by 4-point method resistance measurement using 

a KLA Tencor Omnimap RS75 setup). 
 

3.5.12. Copper CMP 

 

Fig. 3.12 shows the cross section of copper lines embedded in polyimide after the CMP step. 

Some dishing in the copper film can be observed, which is at a level of about 0.15 – 0.30 µm 

below the polyimide one (value measured by profilometry for a group of parallel lines having 

track width w = 50 µm and track spacing s = 20 µm). Although this value can be considered 

high for most thin-film CMP process, it is in the range of 10% of the nominal thickness of the 

copper film, and can be considered acceptable for a high-speed CMP process step operating 

on thick copper films. 

 

Figure 3.13 shows a picture of a comb-like long perimeter capacitor with 20 x 300 µm-long 

structures with track width w = 5 µm, track spacing s = 5 µm and thickness t = 5 µm. DC 

electrical measurements showed a very low leakage current of less than 1 nA for applied 

voltages up to 5 V, showing that there is no metal residue between the lines after the CMP 

process, although the copper lines integrity is ensured by the electrical continuity of the 

central serpentine part (left-up and right-down electrodes). 

 



 

 57 

 

Fig. 3.12: Copper lines embedded in polyimide after CMP process. 

 

 

Fig. 3.13: Comb-like serpentine for metal integrity and intermetal leakage current test. The 
square pads have 100 µm x 100 µm size. 

 

3.5.13. Two metal level process 

 

After validating the fabrication steps needed to produce copper lines embedded into low κ 

polymer, the process flow was extended to accommodate 2 levels of metal needed to fabricate 

spiral inductors with an underpass connection. A process with 2 metal levels can also enable 

the fabrication of shielded RF structures as well as metal-insulator-metal (MIM) capacitors, 

allowing the fabrication of relatively complex interconnect networks without the need of 

auxiliary techniques like wire-bonding that can add unpredictable parasitics to the devices. A 

two metal level process can also provide the necessary interconnection between different 

components of a passive network, enabling the fabrication of circuits like filters, LC tanks and 

transmission lines. 
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Figure 3.14 shows the via etching result in O2 plasma. Both polyimide layers are covered with 

a thin oxide layer used as hard mask. 

 

 

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

 

Figure 3.15 shows schematically a passive network that can be fabricated using a 2 metal 

level structure with a interconnecting via in between. 
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Fig. 3.15: Cross section view of a spiral inductor / MIM 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 especially designed to characterize the 

performance of the developed process steps in terms of metal resistivity and contact 

resistance. 

 

3.6.1. Copper resistivity 

 

To characterize the resistivity of the metal, long serpentine-like 4-point probing resistors with 

different track width and access to 4, 8, 16 and 20 fingers were designed [Pisani 2005b]. 

These tests structures have a total resistance given by 

 

t

lwN
R CU

P

ρ
=4  (eq.3.1) 

 

where N is the number of fingers, l the length of a single finger, w the width of the finger, t 

the thickness of the metal and ρCU the resistivity of the copper. The use of 4 points makes the 

result independent of the contact resistance between the probes and the test structure, which 

can be bigger than the resistance of the device itself, especially for thick copper films. The 

resistivity of the copper films produced in this work was always in the range of 2.0 ± 0.2 µΩ 

cm. This value were confirmed by 4-point measurement over large surface patterns 

surrounded by thick resist lines fabricated in order to permit direct thickness evaluation by 

profilometry. 

 

Fig. 3.16: Test structure designed for sheet resistance / 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 flow to 2 metal levels were the contact 

resistance at the via level and the additional non-uniformity at the CMP level since the 2nd 

level of metal is thicker and has extra topography to accommodate the via. 

 

The contact resistance is a very important aspect to be taken into account with integrated 

spiral inductors. High quality factor devices have less than 1 Ω of series resistance. The 

contact resistance of a via in between can thus decrease dramatically the performance of this 

type of device. Typical via resistances in the order of a few mΩ for big vias and no more than 

1 Ω for very small ones should be obtained (in the last case a large number of small vias 

should be put in parallel in order to ensure the lower possible series resistance). 

 

In order to characterize the contact resistance between the 2 metal levels, via-chain structures 

containing a matrix of 100 vias designed in groups of 20 and having different contact sizes 

were designed and fabricated [Pisani 2004c, Pisani 2005b, Pisani 2005c]. The basic structure 

for these matrices of contacts can be seen in fig. 3.18. 

 

    

(a)     (b) 
Fig. 3.18: (a) Via-chain structure with 100 vias to test the contact resistance between the 
metal 1 and metal 2 layers (pad size is 100 x 100 µm2, via size is 10 x 10 µm2). (b) detail 

showing the design of the metal 1 / via / metal 2 alternating structure. 
 

Four-point measurements were performed in order to deembed the contact resistance between 

the DC probes and the structure on the measurement data (2 points are used for current 
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injection and 2 for voltage sensing, similarly to the technique used to extract the DC 

conductivity of the metal). 

 

Fig. 3.19 shows the results obtained for a 10 x 10 µm2 in the first 2 metal-level structure 

fabricated. A mean resistance per via of more than 2 Ω/via was initially measured, an 

excessive value that represents more than the typical value of the series resistance of a spiral 

inductor (in the range of 0.5 to 1 Ω). 

 

Further investigations were conducted by focused ion beam imaging (FIB). Figure 3.20 shows 

the cross section view of a 10 µm via, with a zoomed view in the interface between the metal 

1 and the via structure. The roughness of the interface suggests the presence of a contaminant 

film between the 2 levels. The probable cause should be the oxidation of the underlying 

copper layer induced by the plasma etching of the polyimide (fig. 3.1 j-k) or an undesired CF4 

etching side product deposited on this surface. Etching away the underling tantalum 

protection of metal 1 is done by the same CF4 plasma step used to remove the remaining SiO2 

hard mask existing on top of metal 2 and via polyimide mould (fig. 3.1 k). The main 

hypothesis is that it is originated from a polymeric side product issued from the polyimide / 

O2 / CF4 treatment that cannot be completely removed in the O2 descum step performed 

before the 2nd tantalum liner deposition (l). In fact, this step should not be extended for too 

long time in order to avoid excessive loss of the polyimide and the oxidation of the 

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

 

The best results were obtained by a 30 s immersion of the copper exposed structures into a 5% 

H2SO4 solution diluted in water that softly etches the surface of the copper. This step is 

followed by the O2 plasma surface activation of the polyimide and by immediately loading the 

wafers into the tantalum sputtering tool in order to avoid subsequent oxidation of the 

underlying copper film. 

 

Figure 3.21 shows the final metal 1 / via / metal 2 stack image obtained by FIB analysis. 

Metal 1 is 1.5 µm, via is 3 µm and metal 2 is 5 µm-thick. The interface between the 2 metal 

layers is clear, which is confirmed by the contact resistance measurement showed in table 3.2. 

The maximum resistance per via is in the order of a few mΩ / via, which should not affect the 
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RF performance of high Q inductors (having a minimum series resistance in the 300 – 

500 mΩ range). 
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Fig. 3.19: Initial via resistance measurement for the 10 x 10 µm2 via chain structure. 

 

   

Fig. 3.20: FIB cross section view of the metal 1 / via / metal 2 structure, with a detailed view 
on the roughness of the metal 1 / via interface. 

 

 



 

 63 

 

Table 3.2: Via contact resistance for 10 x 10 µm2 and 40 x 40 µm2 structures. 

 

 

Fig. 3.21: FIB cross sectional view of the metal 1 / via / metal 2 stacked structure after 
bottom line cleaning optimization. 

 

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

suggesting that no major problems with this stack of materials are presented. 

 

3.7. Fabricated devices and RF performances 

 

Figure 3.22 shows some spiral inductor designs fabricated using the developed process steps. 

These devices have surrounding RF pads for the electrical characterization. Fixed capacitors 

and various test structures were also designed and fabricated. 

 

RF electrical characterization of the fabricated inductors was performed using full 2-port S-

parameter measurements in a microprober equipped with an HP 8719D vector network 

analyzer (VNA) and Cascade Microtech RF ground-signal-ground probes (GSG). The RF 

setup is calibrated in the range of frequencies from 0.05 to 13.51 GHz using an Impedance 
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Standard Substrate (ISS) with SOLT references (short-circuit, open-circuit, load and thru). 

The maximum power level used to test the devices was limited to 0 dBm. The data is saved 

by a computer program written in Matlab that takes the data through the GPIB interface bus 

of the VNA. 

 

 

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

 

Measured S-parameter data are then transformed into Y-parameters and inductance and 

quality factor of the devices are calculated from the equivalent 1-port impedance of the device 

as [Yue 2000]: 
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where L is the inductance, Q is the quality factor, f is the measurement frequency and 1 / y11 is 

the equivalent complex impedance of port 1 when port 2 is connected to the ground. 

 

These formulae are commonly used for isolated inductors (not connected to other resonating 

components), working below the self-resonant frequency. The resonant frequency is defined 

when the expression for Q (eq. 3.3) goes to 0. 

 

It should be noted that, even if one port parameters are more frequently used to characterize 

the device, the 2-port measurement gives more accurate results in order to extract the inductor 

parameters [Aguilera 2002b]. Non-linear least squares fitting routines were used to fit the 

equivalent circuit model of the device to the measured S-parameter data [Pisani 2004b, Pisani 

2005]. 

 

Fig. 3.23 shows the measured and equivalent fitted RLC model S-parameter data for a 2.5 nH 

inductor optimized to work in a 2.45 GHz VCO (octagonal spiral inductor with DOUT = 450 

µm, n = 2.5 turns, w = 45 µm and s = 10 µm). The thick noisy line represents the measured S-

parameter data. Guess and fitted lines are thinner and superimposed in these graphs. The 

guessed lines results are obtained by direct calculation of the component values from Y 

parameters and the equivalent π circuit model of fig. 2.7. The equivalent circuit model fits 

well both the moduli and phase of the measured data up to the resonant frequency. This 

device has a peak quality factor of 38 at a frequency of 2.6 GHz and a self-resonant frequency 

of 10.2 GHz. The quality factor exceeds 20 over a wide frequency range spawning from 1 to 6 

GHz, making a single device usable in different frequency standards (GSM, IMS, UMTS, 

Bluetooth and WLAN) without the need of having multiple components to fit into different 

applications. 

 

Table 3.3 shows the extracted equivalent circuit parameters for this device. A calculation 

using eq. 2.40, although very approximate, suggests that the substrate resistance should be in 

the order of several kΩ (σSUB = 0.0125 S/m, tSUB = 525 µm, GSUB'' = σSUB / tSUB = 23.81 S/m2, 

l = 2500 µm, w = 45 µm, RSUB ~ 700 kΩ), although the extracted value is in the order of 

hundreds of Ω. A conductive layer resulted from charge accumulation during the thermal 

oxidation process of the high resistivity silicon wafer can be the cause of this discrepancy 

[Wu 1999]. This layer can greatly reduce the resistivity of the silicon on the interface between 
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the oxide and the high resistivity silicon. The presence of this higher conductivity thin layer 

near the surface can be highly detrimental for the quality factor of RF passive devices built on 

top of silicon substrates. Solutions to this issue based on a deposition of relatively low quality 

amorphous silicon can alleviate this issue by providing recombination centers that can help to 

keep the local resistivity of the silicon high [Gamble 1999, Jansman 2003, Rong 2004]. 

 
S11 

 

S12 

 

S21 

 

S22 

 

Fig. 3.23: Four complex S parameter inductor measured data (in blue, thick, noisy line)) and 
S-parameter data for the equivalent circuit fit (red, smooth). Fit was performed between 0.05 

and 10 GHz and is representative for the device only below its self-resonant frequency. 

 

Table 3.4 shows the extracted electrical performance of different prototype inductors 

fabricated using the thick Cu / polyimide technology module. The self-resonant frequency 

SRF is defined as the frequency where the eq. 3.2 goes to zero. Beyond this frequency, the 

device will behave as a capacitor. Different frequency bandwidths are defined as function of a 

minimum desired quality factor. For optimized devices, self-resonance frequencies above 8 – 
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10 GHz were demonstrated. Quality factors in excess of 20 over a wide frequency range were 

also demonstrated (typically from 2 to 6 GHz), enabling the operation of a single device 

covering different frequency standards (for example in a GSM or WLAN module). These 

performances are in the current state-of-the-art for inductors built on top of silicon wafers 

[Carchon 2004]. 

 

LS = 2.45 nH 
RS = 0.67 Ω 
CP = 0 fF 

CINS1 = CINS2 = 110 fF 
RSUB1 = RSUB2 = 115 Ω 
CSUB1 = CSUB2 = 500 fF 

 
Peak quality factor: QMAX = 38 @ 2.60 GHz 
Self-resonant frequency: fRES = 10.2 GHz 

Table 3.3: Fitted equivalent circuit model and extrapolated performance for the 2.5 nH / 2.45 
GHz inductor. 
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Fig. 3.24: Equivalent RLC model inductance (eq. 3.1) and quality factor (eq. 3.2). 

 
Fixed capacitors like the one showed in fig. 3.25 were also fabricated measured. 
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Geometry Device L (nH) Qmax f(Qmax) SRF BW (Q>5) BW (Q>10) BW (Q>20)
@ 1 GHz * GHz GHz f1 (GHz) f2 (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_400o 1.65 25 4.0 13.5 - - 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_500o 2.34 25 4.0 10.0 - - 0.5 8.5 1.8 6.0
L2n5_450o 2.50 25 4.0 9.5 - - 0.5 8.5 1.8 6.0
L2n35_400 9.83 20 1.5 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 L127o** 0.80 10 6.0 - 1.0 - - - - -

L172 1.93 12 6.0 13.5 0.5 11.0 4.0 8.0 - -
L240 1.98 20 6.0 12.0 - - 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 - -
L450o 5.09 18 3.0 7.0 0.5 6.0 1.0 5.5 - -
L488o 4.19 20 2.5 7.0 - - 0.5 5.5 - -
Lc10n 6.31 15 3.0 6.5 - - 0.8 5.5 - -
Lc30n 16.60 18 1.5 3.5 - - 0.5 2.5 - -
Lc50n 29.80 13 1.0 3.0 - - 0.5 2.0 - -
Lf_0n6_200o** 0.49 20 6.0 - - - 1.8 7.5 - -
Lf_0n6_22o** 0.55 20 6.0 - - - 0.5 7.5 - -  

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

 

 

Fig. 3.25: 0.77 pF, 300 x 300 µm2 squared fixed capacitor with RF pads for full 2-port RF 
measurement. 

 

In direct analogy with the definitions used for inductors, effective capacitance C and quality 

factor Q below the self resonant frequency are defined as function of the equivalent 1-port 

impedance 1/y11 as: 
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A peak quality factor of 40 with a resonant frequency of 6.5 GHz were demonstrated with a 

design that has not been fully optimized using electromagnetic simulations (fig. 3.26 and 

3.27), suggesting that the developed fabrication technology can also be used to fabricated 

other types of high Q devices. 
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Fig. 3.26: Equivalent capacitance of the 0.77-pF 
squared MIM capacitor (eq. 3.4). 

Figure 3.27: Quality factor of the 0.77-pF 
squared MIM capacitor (eq. 3.5). 

 

3.8. Other process development based on this process module 

 

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

other RF MEMS fabrication processes. 

 

Fig. 3.28 shows the concept adopted to fabricate high Q thick copper inductors and out-of-

plane actuators on top of aluminum membrane RF MEMS platform [Fritschi 2004, Fritschi 

2005]. The use of thick copper layers enables multiple advantages for building high 

electrostatic force laterally actuated variable MEMS capacitors co-integrated with high Q 

inductors [Mehdaoui 2005, Mehdaoui 2007]. 
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Fig. 3.28: Concept adopted for a mixed aluminum / thick copper MEMS platform with high Q 
inductors co-integrated with variable capacitors [Mehdaoui 2005, Mehdaoui 2007]. 

 

 

Fig. 3.29: SEM picture showing the thick copper layer on the out-of-plane actuator built on 
top of a 4 µm-thick released aluminum membrane variable capacitor [Mehdaoui 2007]. 

 

3.9. Filter applications using high Q passive devices 

 

The availability of high Q passive devices make possible to associate a number of them to 

fabricate filters and tuning matching network circuits. A complete analysis on the filter 

synthesis using discrete components with finite quality factor is beyond the scope of this 

thesis and is well explained in the literature [Zverev 1967, Helszajn 1994]. 

 

Two LC bandpass filters were designed to initially operate in the GSM (1.8 MHz) and WLAN 

(5.2 GHz) standards. 
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These solutions can be designed using LC passive components with moderate levels of losses, 

solutions which were not possible to date due to the limited performance of these passives due 

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

 

The classical Butterworth and Chebyshev filter synthesis presented in the literature [Chen 

1995] usually do not take into account the finite quality factor of the devices. The limited 

quality factor strongly degenerate the responses introducing both insertion losses (the level of 

the signal that passes in the pass band) and reduction in the selectivity (the distance between 

the gain in the pass band and outside it). 

 

One way of including these effects in the response calculation is by replacing pure inductance 

and capacitance by complex counterparts defined as L* = L⋅(1-j/QS) and C* = C⋅(1-j/QP), 

where QS = ωL/RS is the series quality factor of the inductors and QP = ωRPC is the parallel 

quality factor of the capacitors. These substitutions are valuable when using synthesis tools 

with natural extensions to complex arithmetic, e.g. like Matlab. 

 

Figure 3.30 shows the schematics and layout of 2 planar LC band pass filters designed for the 

GHz range (designs kindly provided by IMT Bucharest in the frame of the European Research 

project Amicom). 

 

 

 

(a) WLAN filter schematics. (b) GSM filter schematics. 
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(c) WLAN filter layout. 
 

(d) GSM filter layout. 

Fig. 3.30: Schematics and layout for the designed filter circuits: WLAN (a and c) and GSM (b 

and d). 

 

These designs were fabricated using a simple process flow using 1 level of thick high 

conductive metal (10 µm electroplated and CMP-polished copper covered by tantalum) on top 

of high resistivity silicon (ρ = 8 kΩ cm, 525 ± 25 µm thick, εR = 11.9), show in fig. 3.31. 

 

Polyimide is spin on and dry etched by O2 plasma using SiO2 hard mask to serve as mould for 

a CMP process, like in the process flow described in chapters 4 and 5. The devices are 

covered by a layer of 100 nm of tantalum (diffusion barrier and adhesion promotion) and 200 

nm of aluminum (adhesion layer for the subsequent bonding). The air bridges are formed by 

gold write bonding (70 µm diameter wire soldered in a ball bonder tool). 

 

 
(a) polyimide deposition 

 

 
(b) SiO2 hard mask 

deposition 

 
(c) Photolithography, 

polyimide etch 

 
(d) Fill by thick copper and 

CMP 
 

 
(e) Passivation deposition 
(tantalum + aluminum) 

 
(f) Sacrificial polyimide 

etch. 

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

bridges of one of the spiral inductors. 

 

  

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

 

The 2-port S-parameter response of these filters was measured using an HP 8719D vector 

network analyzer calibrated by the SOLT method to make measurements 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 the prediction using the lumped-element 

component values of fig. 3.30a and 3.30b (1.8 GHz for the central frequency of the GSM 

filter and 5.2 GHz for the central frequency of the for the WLAN one). The response of these 

filters was predicted using simple analytical formulae for each lumped component and by 

combining the impedances and admittances of these components in the ABCD matrix 

response, without considering any mutual coupling and transmission line effects between the 

elements. The expected responses were also confirmed by SPICE circuit simulations. 

 

In order to correctly predict the performance of these devices, full wave electromagnetic 

simulations using ADS momentum were performed [Agilent 2005]. As the circuits are 

relatively large in size and number of components, the simulation options had to be set for 

very coarse meshing in order to be capable of simulating the design on a 2 GB-RAM PC 

computer. For these designs in particular, one cannot have a fine mesh around the edges of the 

conductors, which affect considerably the accuracy of the simulations. This shows one of the 

main drawbacks of full wave simulations when the size of the circuit and number of 

Bonding 
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components become relatively large. Although further development using electromagnetic 

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

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

carried out, the fabricated circuits demonstrate very promising performances in terms of 

insertion losses (1.2 dB) and by exhibiting rejection superior to 20 dB out of the pass band, 

being capable to fulfill the filtering specifications of the GSM, UMTS and WLAN standards. 

The measured performance is similar to the one reported using high Q inductor fabricated by 

thick metal modules based on the low temperature co-fired ceramic (LTCC) [Choi 2007]. 

 

 
(a) DCS insertion loss. 

 
(b) DCS reflection. 

 
(c) WLAN insertion loss. 

 
(d) WLAN reflection. 

 

Fig. 3.33: RF measurements of performances of the fabricated 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 -1.2 dB -5.6 dB 
Return loss -21 dB -11.5 dB 

Table 3.5: Measured performance of the fabricated filters. 
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In the chapter 4, further fabrication developments to build high Q inductors and RF MEMS 

packaging based on thick-copper metallization and CMP will be also presented. 

 

Summary 

 

This chapter discussed the experimental approach developed and used to fabricate the devices 

presented in this thesis. The process is inspired by the dual damascene process used to 

fabricate modern IC interconnects, and was especially adapted to produce thick metal layers, 

with thickness between 1 to 10 µm. Basic aspects like adhesion improvement, the use of 

tantalum as anti-diffusion barrier, the optimization of the electroplating bath and the dry 

plasma etching of the polyimide mould were addressed. The best electroplating results were 

obtained using a standard organic added bath working at 25 mA/cm2 and protecting the wafer 

border with a ring, that reduced the non-uniformity from 30% to 10%. The measured 

resistivity of the copper films was 2.0 ± 0.1 µm cm, about 15% more than the bulk reference 

value (1.72 µΩ cm). The best CMP results were obtained using both low working pressures 

(WP about 4 psi) and speeds (about 30 / 35 rpm for the plate and head speeds). The thickness 

of the copper layer was monitored by mass measurements (49 mg of copper per µm removed 

on 4 inches wafers) and by 4-point measurements. Test structures were developed to qualify 

the 2 metal level process, which exhibited good contact resistance after cleaning optimization 

and low leakage current for comb-like capacitor leakage measurements. 

This chapter presented one application of high Q passive devices built on top of high 

resistivity substrates and using thick metal definition steps developed in this thesis. Although 

the response of the filters did not fully matched the EM simulations, insertion losses as low as 

1.2 dB were demonstrated, suggesting that this technology can provide devices for multi-

gigahertz operation circuits, although further development is still needed in order to better 

synthesize and predict the response of these devices. 

The original contributions of this thesis for the advancement of the state-of-the art in the 

fabrication techniques are related to the establishment of a new CMP process capable to 

tackle with films much thicker than the ones traditionally used in microelectronic 

interconnects and by the introduction of a low thermal budget thick metal MEMS fabrication 

process compatible of the current trends in high-speed interconnects fabrication (use of 

copper and low κ dielectrics). This process flow closes a gap of compatibility between CMOS 

and MEMS processing, enabling the fabrication of thick-metal MEMS using the same 
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technology framework available for the fabrication of high-speed interconnects. This 

technology platform permitted to fabricate devices with RF performances in the current state-

of-the art in terms of both peak quality factor and frequency of operation, exhibiting 

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

device in different operating frequencies without the inconvenient of having low Q devices 

usually reported in large bandwidth applications [Yeo 2000]. Low-loss bandpass LC filters 

were also demonstrated, showing new possibilities of use of this topology that usually cannot 

be fabricated on chip due to prohibitive level of losses 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 flow developed for the fabrication of high quality 

factor passive devices directly embedded in insulating substrates, namely floating glass and 

quartz wafers [Leroy 2006, Leroy 2007]. This technique showed to be promising in terms of 

offering excellent RF performances due to the complete suppression of the underneath lossy 

silicon substrate. Further development also demonstrated that the quartz substrate can be used 

as a functionalized RF MEMS packaging cover [Leroy 2006b]. 

 

With the availability of new state-of-the art ICP plasma etching equipments capable of 

performing deep reactive ion etching of quartz substrates, the possibility to produce thick 

copper lines embedded directly on an insulator substrate was investigated. The deep trenches 

are filled by copper electroplating and the lines are defined by copper CMP in a damascene 

like approach, using the same approach developed for copper inductors embedded in 

polyimide. The main advantage of this technique is the high resistivity of the quartz 

(2 ⋅ 1014 Ω cm @ 20 °C), which reduces dramatically the substrate-related RF losses. 

 

Many previous works revealed that RF performances are strongly dependent on the limited 

metallization thickness and on the conductivity of the substrate [Burghartz 1998, Yue 2000]. 

Some solutions have been investigated to increase these performances. For reducing 

substrate-related losses, high resistivity silicon or SOI substrates have been used [Reyes 

1996], insulating the inductor from the silicon substrate. Etching a cavity underneath the 

inductor has also been investigated [Lakdawala 2002]. 
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Even if inductors with high Q factors and resonant frequencies can be manufactured on top of 

low resistivity silicon wafers [Carchon 2004], covering most of the telecommunication 

applications, the nature of the substrate remains a recurrent limitation [Pisani 2003, Pisani 

2004b]. Yoon et al. investigated the RF performances of the same solenoid inductor design 

fabricated on both silicon and glass substrates [Yoon 1999]. On-glass inductors provided a 

significant increase in both quality factor (45%) and self resonant frequency (2.5 times 

higher). The increase in the performance is related to a considerable reduction in the parasitic 

capacitance and resistance associated to the substrate. 

 

4.1. Fabrication Process 

 

Fig. 4.1 shows a schematic cross section view of the technology steps developed to fabricate 

thick copper spiral inductors embedded in a quartz substrate. A 2 µm sputtered amorphous 

silicon film is used as hard mask for the etching of the quartz cavities (fig. 4.1a). This a-Si 

hard mask is patterned by thin-resist photolithography followed by a SF6 / C4F8 dry plasma 

etching step (fig. 4.1b). The quartz substrate is then patterned by C4F8 / CH4 / Ar plasma 

etching step performed in a state-of-the-art Alcatel AMS 200 DSE ICP dry etcher (fig. 4.1c). 

After stripping off the amorphous silicon mask (fig. 4.1d), the quartz mould is cleaned in a 

piranha bath (H2SO4 / H2O2) and receives 0.1 µm sputtered chromium as adhesion layer and a 

0.2 µm sputtered copper as seed layer (fig. 4.1e). The mould is filled out with 4.8 µm of high 

conductive electroplated copper (resistivity ρ = 2.0 µΩ cm, fig. 4.1f). Copper lines are then 

defined by a damascene approach using a high removal rate chemical-mechanical polishing 

receipt (CMP, fig 4.1g) [Pisani 2004]. The CMP stops at the top chromium layer which is 

removed in a very selective chromium to copper wet etch bath (fig. 4.1h). 

 

A protection layer is then defined in order to avoid copper oxidation and to have good 

electrical contacts to the devices. The protection is made of 0.2 µm titanium and 0.6 µm of 

aluminum layers deposited successively in the same multi-target evaporator system, which 

prevents exposition of the first film to air (fig. 4.1i). The protection layer is patterned by lift-

off process, using reversal thin-resist (fig. 4.1j). Finally, connections are established by 

bonding a 25 µm diameter gold wire between the inductor central pad and the lateral RF port 

(fig. 4.1k). 
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Fig. 4.1: Schematic cross section view of the coil fabrication process flow: (a) a-Si deposition 
(PVD), (b) a-Si dry etching, (c) Quartz dry etching, (d) a-Si mask strip, (e) Adhesion and seed 
layers deposition (Cr / Cu, PVD), (f) Cu electroplating, (g) Chemical mechanical polishing, 
(h) Top Cr wet etching, (i) Lithography and protection layer deposition (Ti / Al), (j) Lift-off, 

(k) Gold wire bonding. 
 

 

4.2. Fabrication Results 

 

Fig. 4.2 shows scanning electron microscopy (SEM) pictures of quartz etched mould. C4F8 / 

CH4 / Ar plasma etching is a very selective process (> 20:1 to amorphous silicon) that 

provides very vertical walls [Pavius 2004]. 

 

A SEM picture of a final fabricated device can be seen in fig. 4.3. 

 

  

Fig. 4.2: SEM closed view of a 4 µm deep dry etched quartz inductor mould (40 µm track 
width and 8 µm track spacing). 
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Fig. 4.3: View of a fabricated 3-turn circular spiral inductor (400 µm outer diameter, 40 µm 
track width, 8 µm track spacing). 

 

4.3. RF Performance results 

 

Two devices of 3.8 and 9.0 nH nominal inductances fabricated using this process were 

characterized and analyzed in detail in the 0.05 – 13.5 GHz frequency range, using the same 

methods presented in the previous chapter. 

 

Dimensions and calculated inductance of each device are summarized in table 4.1. Expected 

inductance values are calculated following the current sheet method presented in chapter 2 

(eq. 2.29, [Mohan 1999]). The thicker layer used in this work with respect to [Mohan 1999] 

explains a reduction of a few percent in the inductance values with respect to the predicted 

ones (inductance decreases with both increasing track width and thickness, but must of 

practical formulae neglect the thickness dependency). 

 

 L1 L2 
DOUT (µµµµm) 800 800 

w (µµµµm) 20 40 
s (µµµµm) 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 analyzed inductors. 

 

Figs. 4.4 and 4.5 show respectively the extracted inductance values L (eq. 3.2) and Q-factors 

(eq. 3.3) of these 2 inductors. 
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Fig. 4.4: Extracted inductance (eq. 3.2) and Q-factor (eq. 3.3) vs. frequency for the 3.8-nH 
device. 

 

 

Fig. 4.5: Extracted inductance (eq. 3.21) and Q- factor (eq. 3.3) vs. frequency for the 9.0 nH 
circular inductor. 

 

A broadband RLC equivalent circuit of a spiral inductor was used in order to model the 

measured parameters. Fig. 4.6 shows the equivalent 1-port circuit [Yue 2000] and the values 

of the parameters extracted from the measurements using a dedicated procedure (non-linear 

least squares fit on the S-parameter and on impedance data). 
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Device LS RS(DC) CP 

L 1 3.8 nH 0.62 Ω 83 fF 

L 2 9.0 nH 0.48 Ω 67 fF 

Fig. 4.6: Equivalent broadband RLC model of a spiral inductor [1] and extracted values for 
L1 and L2 devices (CINS1, RSUB1 and CSUB1 substrate parameters are negligible). 

 

In the model of fig. 4.6, RS accounts for the series resistance of the metal tracks and is 

dependent of the frequency in the form bffaRfR DCS ++=)(  where RDC is the low 

frequency resistance and a and b are constants depending on the device geometry that 

accounts for the skin and proximity effects. These effects increase the resistance as function 

of the frequency. CP is the parasitic parallel capacitance that comes mainly from the 

capacitive coupling between adjacent inductor tracks. CINS1 and CSUB1 accounts for the 

parasitic capacitances between the measurement ports and between the spiral tracks and the 

backside ground of the wafers. RSUB1 accounts for the resistive losses in the substrate, due to 

the substrate conductivity as well as to eddy currents induced by the magnetic field of the 

inductor. This value ranges from typically some ohms to hundreds of ohms when the spiral is 

designed on top of low resistivity substrates. This resistance decreases the peak quality factor 

as well as the self resonant frequency. For the devices built on top of quartz substrates, the 

contribution of the substrate is reduced to its minimum by the use of an insulating substrate, 

and only the CP value needs to be considered to produce an accurate equivalent circuit model. 

 

For the 3.8-nH inductor (fig. 4.4). A peak quality factor of 35 at 3.5 GHz and a self-resonant 

frequency of 9 GHz were measured. For the 9.3-nH inductor (fig. 4.5), measured peak quality 

factor is 40 at 2.1 GHz and resonant frequency is 6.5 GHz. 
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It should be pointed that the fabricated devices exhibit a broadband Q-behavior, with Q 

exceeding 20 in the range of 1 to 5 GHz, enabling the use of such devices in multiband 

circuits. The achieved performances in terms of QMAX and SRF are 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 parts of the MEMS devices being considered 

today, together with the MEMS reliability, a critical issue for the success of future RF MEMS 

device technologies [Jourdain 2001]. An adapted packaging ensures correct working 

conditions of the component by protecting it from the outside environment (particles and 

moisture being usual failure causes) and in some cases it provides the operating environment 

(vacuum, gas) compatible with the expected performances. 

Moreover, for RF MEMS operating at GHz frequency, the packaging parasitics should be 

controlled to not jeopardize the device figures of merit. High-resistivity packaging and very 

short interconnects are then needed. On the other hand, for any functionally successful 

packaging the associated cost should stay very low compared to the device itself, which 

motivates increased interest in wafer-level packaging solutions. Despite the relatively large 

number of packaging solutions and studies [Butler 1998, Jourdain 2005, Pisani 2004b], the 

functionality of the cap itself is an aspect that was not studied and very rarely exploited. 

In this part of the work a wafer-level packaging solution for RF MEMS is addressed, the 

packaging being functionalized by fabricating high Q inductors on top of it. This solution 

could be an interesting candidate for LC tanks or integrated ladder filter solutions that need 

high Q inductors and tunable MEMS capacitor components using a hybrid technology 

fabrication. Moreover, such a solution can offer an increased 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 significantly depend on the height between the 

device and the bottom of the sealing cavity. A new process allowing the fabrication of thick 

layers (thicker than 40 µm) and with low thermal budget was chosen apart from other existing 

wafer-packaging bonding solutions using BCB [Jourdain 2005] or other soft photoresists 

[Gallant 2005]. 

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

packing wafer resistivity and distance from the line [Jourdain 2003]. In order to avoid 

changes in the naked line response, high resistivity packaging at a distance higher than 25 µm 

should be used. 

      

 

Fig.4. 7: Study showing the impact of the resistivity and cap-distance of the RF performance 
of a packed CPW line [Jourdain 2003]. 
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Furthermore, a low thermal budget process can prevent RF MEMS with membranes from 

being warped during the packaging process. The technological process chosen is based on 

adhesive bonding of two SU-8 layers on two separated wafers: a partially soft baked layer at 

the bottom of the cap wafer and a photolithography patterned layer on the device wafer. The 

wafers are brought into contact, pressed together and heated until the glass transition 

temperature of the SU-8, resulting in the polymerization of the two layers together and the 

wafers to become bonded. Fig. 4.8 shows a schematic cross section view of the technology 

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

to the cap wafer ones). 

 

Figure 4.8: Schematic cross section view of the technological steps used for defining the 
quartz substrate as packaging and the bonding process. The high gap (50 µm) between the 

MEMS and the packaging (C3) allowing parasitics reduction motivated the choice of SU-8 as 
bonding solution. 

 

4.6. SU-8 photolithography 

SU-8 patterning is a well-established multi-step process with associated parameters 

dependent on the thickness of the layers. First, the wafers receive a dehydration and cleaning 

treatment for 7 minutes in O2 plasma to improve the adhesion of the SU-8 film (fig. 4.8 B1). 

The wafers are then spin-coated. Two commercially available SU-8 negative photoepoxies 

from Gersteltec SA were used (GM1040 and GM1070) [Gersteltec]. GM 1040 is suitable to 

obtain thin layers (0.8 to 10 µm) and GM 1070 to obtain thick layers between 50 and 500 µm. 

A 50 µm-thick layer was spin-coated on the device wafer (fig. 4.8 B2), while a very thin layer 
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(about 1 µm) was spin-coated as a bonding layer on the backside of the cap wafer (fig. 4.8 

C1). The parameters of the spin coating process are listed 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 50 µm 1 µm 

Table 4.2: Spin coating parameters for the packaging and device wafer. 

After the spinning, a relaxation step is needed in order to improve the uniformity of the SU-8 

film. Relaxation time is determined by the thickness of the photoresist. It ranges from 5 

minutes for 1 µm-thick layers to 2 hours for 50-µm thick layers. The wafers are then dried on 

a hotplate during a soft bake step. The soft bake is done at 2 temperatures: first bake is 

performed at 65°C resulting in the evaporation of the solvent from the SU-8 film and second 

at 95°C. The duration for each bake is fixed by the thickness of the film. The wafers are then 

cooled down to room temperature. The photolithography process stopped after the soft bake 

for the 1 µm-thick bonding layer. No patterning of the SU-8 is necessary. A full layer 

coverage ensures increase in the bonding surface without the need of precise wafer alignment. 

Cross-linking process is initiated by exposing the SU-8 film to UV. This step is conducted on 

a Süss Microtech MA6 mask aligner, with hard contact used to improve exposure 

homogeneity (Fig. 4.8 B3). The required exposure dose depends on the thickness of the SU-8 

and on the intensity of the i-line UV light (365 nm). For 50 µm-thick SU-8 film, 650 mJ/cm2 

UV exposure dose was used. Exposure only initiates chemical amplification in the SU-8 and 

the cross-linking process is really slow at room temperature. It is enhanced by a thermal 

treatment called post-exposure bake, making the exposure areas insoluble in the developer. 

This step is the most critical one and is performed in a progressive ramp to avoid cracking on 

the resist. The wafers were ramped linearly from room temperature to 65 °C and from 65 °C 

to 90 °C at a 2 °C/min rate, baked for a time period fixed by the thickness of the SU-8 film 

and then cooled down to room temperature. Finally the wafers were developed by immersion 

and slight agitation in a propylene glycol monomethyl ether acetate solution (PGMEA) for 3 

minutes and rinsed with isopropanol (Fig. 4.8 B4). Fig. 4.9 shows a picture of one developed 
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SU-8 seal bond. The holes designed permit a better reflow of the resist along the channel 

during the bonding step. 

 

Fig. 4.9: Optical microscope and SEM pictures of a developed SU-8 cavity. 

4.7. Bonding Process 

The last step of the process is the bonding of the device and cap wafers together. Bonding is 

based on the polymerization of both SU-8 layers while kept together under pressure. At this 

step at least one of the two films should not be totally cross-linked before the bonding 

process. The cross-linking should be done during this step. That is the reason why the cap 

wafer was not exposed to UV light. 

The bonding process was performed in a Süss Microtech SB6 bonder. An O2 plasma pre-

bonding treatment was done for 30 s on the device wafer. Meanwhile the cap wafer was UV 

exposed through a glass plate with hard contact. Subsequently the two wafers were aligned in 

a Süss Microtech BA6 mask aligner and transferred into the bond chamber. The two wafers 

were brought into contact and heated at 65 °C for 5 minutes, then heated at 95 °C for 15 

minutes, applying a force of 615 N on the stack (Fig. 4.8 C1, Fig. 4.8 C2). The bonding 

process was performed at atmospheric pressure under nitrogen atmosphere. Fig. 4.10 shows 

optical microscope pictures of fully-bonded and partially bonded cavities. At the end of the 

bonding, a detailed optical inspection enabled the estimation of the bonding yield, which is 

about 80% (of fully bonded SU-8 cavities). This yield can be further increased by optimizing 

the size of the bonding ring as well as the size and number of holes for resist reflowing along 

it. 
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(a) (b) 

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

 

4.8. Package characterization 

Once the wafers are bonded, the upper wafer, i.e. the quartz wafer, was diced in order to 

singularize the caps (Fig. 4.11). This step allowed a qualitative evaluation of the bonds 

strength and adhesion of the SU-8 films on each wafer. 

 

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

Quartz wafer was diced in order to remove all unusable quartz and keep just bonded quartz 

caps at the top of SU-8 cavities. In spite of the very low bonding surface (only 12% of the 

wafer surface), adhesion and bonds strength were strong enough to allow the dicing without 

de-bonding. Pictures of bonded and diced quartz caps are presented in Fig. 4.11. 

 

4.10. Wettability 

Even if all the tests of this study were performed with a dummy silicon wafer covered by 0.5 

µm of wet silicon dioxide working as a device wafer, the compatibility of this packaging 

process with SF6 released MEMS, e.g. tunable capacitors fabricated in [Fritschi 2004], was 

fully tested. A first bonding test was performed with a dummy wafer covered with 0.5 µm 

wet oxide and exposed one minute to SF6 gas. The bonding did not withstand after dicing and 

wafers de-bonding occurred at the SU-8 / SU-8 interface during the dicing process. Drop 

wettability tests were performed to investigate the impact of SF6 gas on the wetting tendency 

of SU-8 films. The shape of the drop is directly linked to the wettability of the material: round 

drop is characteristic of a hydrophobic surface when a battered one shows a hydrophilic 

surface. Micro drops with the same volume were deposited on the SU-8 surface at different 

steps of the process and their shapes were observed under the optical microscope. 

First test showed that SU-8 was hydrophilic after development (Fig. 4.12a). This test suggests 

that a hydrophilic nature provides a successful bonding. Second test revealed that fluorine 

chemistry had an impact on the wetting tendency of the SU-8. Indeed one minute exposure to 

SF6 gas resulted in the SU-8 becoming hydrophobic (Fig. 4.12b). Among the solutions 

investigated to reverse the wetting tendency of the SU-8 film, the O2 plasma treatments 

showed to be efficient (Fig. 4.12c), and provides a solution to solve the packaging 

compatibility with SF6 release of MEMS. 
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Figure 4.12: Drop tests at different steps of the process: (a) just after development, (b) after 1 
minute SF6 plasma, (c) after 1 minute SF6 plasma and 30 seconds O2 plasma treatment. 

 

  
Figure 4.13: SEM view of the stacked quartz 

/ SU-8 / silicon structure. 
Figure 4.14: SEM picture of a bonded and 

diced quartz cap. 
 

 

Summary 

 

This chapter studied an alternative process flow developed to fabricate passive passives, 

suitable to fabricate both high Q inductors and transmission lines. This process is based on 

the deep reactive ion etching of quartz substrate and direct patterning of copper lines using 

the basic steps developed for the copper / polyimide process module. A functionalized wafer 

level packaging solution (WLP) is also presented. Both sides of the quartz wafer are used: the 

top to fabricate high Q inductors and the bottom to provide semi-hermitic high RF 

performance RF MEMS seal. The process uses thick SU-8 resist processed at relatively low 

thermal budget, making it suitable to package movable membrane RF MEMS devices and 

offering a new and original development of a hybrid high-performance functionalized RF 

packaging. The packaging process was particularly optimized to be compatible with SF6 

released membrane RF MEMS switches and tunable capacitors [Fritschi 2004]. 



 

 91 

 

The original contribution of this study resides in the use for the first time of deep anisotropic 

dielectric etching associated to thick metal CMP to fabricate high-performance passives and 

by the realization of an original doubly-functional packaging solution by using 2 sides of the 

wafer, one to fabricate high Q passives and another to protect the encapsulated wafer. 

Innovation is also introduced by the use of SU-8 for RF applications were traditionally BCB 

is used. The use of a thick resist gives more freedom in terms of choice of the cap height to do 

not degenerate the RF performances (> 40 µm), 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 the design of any electronic device. The capability 

to model the behavior and performance of the device as function of the technology profile, 

geometry and frequency is needed in order to provide optimal designs within the desired 

specifications before effectively fabricating the components. Inspire of its relatively simple 

geometry, the design and optimization of spiral inductors is constrained by complex, 

frequency-dependent phenomena that affect both inductance calculation and losses 

estimation. Accurate frequency-dependent loss calculation is needed in order to correctly 

predict the quality factor, which is one of the major limitations imposed in the design of on-

chip small footprint passive devices. Some simple equations suitable for 1st order hand 

calculations are available in the literature, but these approximations show to be too rough in 

order to accurately predict the equivalent circuit model of passive devices. 

 

The approach to tackle with this modeling task involves in general the calculation of 

equivalent circuit parameters from the solutions of Maxwell equations by the use of 

specialized numeric solvers. Several RF passive and spiral inductor computer simulation tools 

are available in commercial or free versions. They can be divided in 2 main categories 

depending on how they model the devices. Electromagnetic (EM) simulation tools solve 

Maxwell equations numerically in the time or frequency domain and give as result S-

parameter data or RLCK (resistance, inductance, capacitance and mutual inductance) 

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

Zeland IE3D [Zeland], Ansoft HFSS [Ansoft 2006] and CST Microwave studio [CST]. These 

tools have different degrees of accuracy related to the way used to discretize the Maxwell 

equations and the fact that some approximations are used or not: use or assumption of special 

types of symmetries, 2 or 3-D approximations, boundary value conditions assumed, number 

and type of cells used to discretize the problem (meshing), use of quasi-static approximations, 

and if radiation effects are taken into account or not [Hanington 1968]. These tools are 

computationally intensive and take typically hours to days of computing time to accurately 

simulate a single device. They are essentially used for validation of measurement-based 

models or for calibration of other faster methods. The second class of simulation tools are 

based on equivalent RLCK semi-analytical solutions and produce as output a SPICE circuit 

netllist or the S-parameter data as function of the frequency for the proposed equivalent 

network. KSU Spiral [KSU], VeloceRF [Helic, Koutsoyannopoulos 1997], OEA Spiral 

[OEA] simulators, amongst others, fall in this category. These tools are much less 

computationally intensive than direct EM solving and can produce results for a device in a 

few seconds or minutes. They are suitable for optimizations (were comparing many devices 

spawning a large device space and picking up the best performer is needed), but can be very 

inaccurate if the models are not well calibrated against measurements and full wave 

simulation tools. Some tools like ASITIC [Niknejad 1998, Niknejad 2000] falls between these 

two categories, and can be used to solve numerically for S-parameter data as well as for fast 

equivalent circuit extraction. 

 

In this work, ADS-Momentum and Matlab were used as main simulation tools. Part of the 

designs and simulations were also conducted using ASITIC, VeloceRF (simulations 

performed by Helic SA – Athens – Greece) and HFSS (simulations performed by EPFL-

LEMA) as alternative tools. The major drawback faced when using ASITIC to model the 

devices used in this thesis were related to lack of calibration and convergence when using 

frequencies above 5 GHz and due to bad estimation of losses for devices built on top of high 

resistivity substrates. The numeric stability is compromised when the resistivity of the 

substrate is higher than 1 kΩ cm and the uniformly distributed meshing grid becomes too 

demanding in terms of memory when a fine mesh is requested, what is needed for correct loss 

estimation especially at frequencies above 3 GHz. In fact, this tool is calibrated and validated 

for frequencies below 3 GHz and using devices built on top of low resistivity substrates 

[Niknejad 2000]. VeloceRF simulations present as advantage a seamless integration with 
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other Cadence design tools [Cadence], but needs a number of semi-empirical parameters as 

input and lack some functionality in order to predict frequency-dependent losses of the 

substrate. Although these tools can be effectively considered and used to design and model 

spiral inductors, care must be taken to interpret the results and some calibration against 

measured devices is needed in order to provide accurate results, especially in very high 

frequencies above 3 – 5 GHz range. 

 

From the analytical point of view, the design and optimization of spiral inductors involve 

tedious and error prone calculations. There are many parasitic calculation models available in 

the literature that will be analyzed in detail in the next paragraphs. All the equations and 

models used in this thesis were coded using Matlab [Mathworks] and grouped in a specialized 

toolbox entitled “RF Analysis and Passive Design Toolbox” [Pisani 2004d]. This toolbox is 

one of the outcomes of this thesis project and is available for free on the Internet. This tool 

was also successfully used to perform RF parameter extraction and analysis in other RF 

passive fabrication and analysis projects [Fritschi 2007, Mehdaoui 2006, Mehdaoui 2007b, 

Mehdaoui 2007c]. 

 

5.2. Measurement-based models 

 

Measurement-based models are probably the most used ones. For a given technology, a large 

number of devices is designed, fabricated and measured. The characteristics and performances 

of the fabricated devices are correlated with the geometrical and technological parameters and 

give the circuit designer the choice for different device sizes, inductance densities, inductance 

values, peak quality factor or the quality factor at a given operating frequency. The major 

inconvenient of this approach is a certain lack of physical insight of the parameters that affect 

the performance of the device, the need to fabricate and measure accurately a large number of 

devices to gather the needed information and difficulties to apply the obtained results for 

technological profiles different of the one used in the reference device library. 

 

Equivalent circuit parameters are extracted from S-parameter measured data, usually by non-

linear least squares fitting of the equivalent circuit parameters using impedances or 

admittances. One should be careful when running this process since sometimes the extracted 

parameters can produce good fit but can lack of physical significance and scalability on real 

physical parameters of the devices. The equivalent RLCK circuits are suitable for doing 
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SPICE-like simulations of the devices, but are usually valid over a narrow range of frequency 

values since most of physical phenomena in spiral inductors are strongly dependent on the 

frequency of operation. Some complex circuit models have been proposed in order to take 

into account frequency-dependent behavior like skin and proximity effects without having 

frequency-dependent components in the equivalent circuit network [Kim 1996, Sen 1998, Mei 

2003]. 

 

Measurement-based models are also highly affected by additional parasitics added by the RF 

routing and padding used to connect the device to the RF setup and by the inherent limitations 

of the S-parameter measurement setup. Pad parasitics effects can be usually subtracted from 

the measurements by a careful measurement of dummy structures especially designed to 

compensate for the extra parasitics introduced by the pads needed for the probing of the 

devices [Cho 1991, Vandamme 2001, Watenberg 2002]. This process, known as 

deembedding, is generally done in 2 steps, one for compensating for the series impedance of 

the RF probes and other for compensating for the parasitics 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 measurement-based one, but in this case a large 

number of electromagnetic simulations is used to explore the design space and draw up 

conclusions about the performance trends in the results. Usually this approach needs to be 

calibrated against measurements in order to make sure the simulation models and options are 

accurate and the correct physical parameters are defined for the simulation. This approach is 

more adequate when used in addition to measurement and analytical modeling as a validation 

step based on the numeric solution of the Maxwell equations. 

 

5.4. Analytical models 

 

Analytical models are highly desirable to model any kind of device, and in particular 

integrated inductors. They can provide all the necessary physical insight for the devices and 

permit to synthesize and optimize them in a fast, accurate and effective manner. They are not 

easy to produce for spiral inductors, since an elevated number of physical phenomena play an 



 

 97 

important role in these devices, defining how the parasitic resistances and capacitances should 

be evaluated. 

 

The resistance of the spiral is a function of the frequency. It is affected by both skin and 

proximity effects. Skin effect pushes the current toward the metal surfaces at high frequency 

regime, making the resistance increase roughly with the square root of the frequency. 

Proximity effect is due to the coupling between adjacent spiral tracks. The magnetic field of 

the external tracks couples into the innermost ones, pushing the current lines toward the 

external diameter of the spiral. This phenomenon is very difficult to model analytically since 

it depends on all geometrical parameters of the spiral. A number of empirical studies have 

been done about this topic [Kuhn 2001, Tuncer 1993] and practical equations involving the 

frequency and the geometrical parameters of the devices have been proposed, but none of 

them can model this phenomenon accurately. Roughly, the proximity effect makes the 

resistance of the spiral increase with the frequency in the form fα with the exponent α being 

between 1 and 2. 

 

The parasitic capacitances that set the resonant frequency of the device are distributed and 

come from many different contributions: track to track capacitance, coupling to the 

surrounding ground lines and to the substrate. 

 

The RF modeling of the substrate is also essential, since an important part of the losses on 

spiral inductors come from it. Accurate modeling of the substrate losses involves knowing 

how much energy is injected in and absorbed by the low conductive substrate through the 

electromagnetic field produced by the spiral. One of these mechanisms are eddy currents 

produced by the circulating magnetic field of the spiral that induces currents in the body of 

the substrate by inductive coupling. Bulk eddy currents are negligible when ρSUB > 1 Ω cm 

(quasi-TEM mode), and dominant when ρSUB < 0.01 Ω cm (skin effect mode) [Niknejad 1998, 

Niknejad 2001]. 

 

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

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

constant, should be modeled as functions of the frequency. 
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A complete modeling approach should also take into account thermal effects, specially in 

power devices that are subject to operate in temperatures higher the ambient one were the 

devices usually have the RF parameters measured [Shi 2004, Grovers 1997, Bhattacharya 

2004]. By the same way, the substrate parasitic resistance and capacitance are affected by the 

temperature what also impact the performance of the device. [Shi 2004] suggests that 

differences of between 8 and 20% less in the quality factor and up to 20% less in the self-

resonant frequency can occur when the temperature of operation of aluminum inductors 

changes in the range of 25 oC to 85 oC (TCR of 3.7 ⋅ 10-3 / oC @ 25 oC was measured for the 

metal traces). The resistance temperature coefficient or resistance (TCR) of copper is 

estimated to be about 4.3 ⋅ 10-3 @ 25 oC [Cech 1993, Brandes 1983]. The TCR for doped 

silicon is estimated to be between 8 ⋅ 10-3 and 9 ⋅ 10-3 / oC @ 25 oC [Shi 2004, Arora 1993]. 

[Shi 2004] also reports the temperature coefficient of capacitance (TCC) for the silicon 

substrate to be in the order of -8.7 ⋅ 10-3 / 0C @ 25 oC. 

 

5.5. ADS Momentum simulations 

 

Advanced Design System from Agilent has an EM simulation module based on the method of 

moments [Hanington 1968], called Momentum. All the simulations done with Momentum in 

this work neglected radiation losses (using RF mode). Neglecting radiation produces results 

much faster and does not affect the accuracy of the results for spiral inductor designs, since all 

devices are very small with respect to the wavelength and radiation losses do not play primary 

role. Preliminarily simulations enabling and disabling this mode were done to numerically 

verify this hypothesis. ADS documentation gives these empirical equations to help deciding if 

radiation losses are important considering a typical device size D in mm and a simulation 

frequency f in GHz [Agilent 2005]: 

 

)(

150
)(

GHzf
mmD <  (eq.5.1). 

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

GHz for the operating frequency, largely satisfying this equation. 
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For circuits made on top of finite thickness substrates, these empirical relations for the 

simulation frequency f in GHz considering the dielectric constant of the substrate εR,sub and its 

thickness tSUB are also suggested [Agilent 2005]: 
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for the frequency of operation f, or 
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SUBt  (eq.5.3), 

 

for the substrate thickness tSUB, where λ0 is the free-space wavelength given by λ0 = c / f, and 

α a constant ranging from α = 20 if a ground plane is placed in the backside of the substrate 

and α = 10 if the backside of the substrate is at an open bound domain with air. For the 

simulations done in this thesis, the substrate thickness is 525 ± 25 µm for both silicon and 

quartz wafers, with εR,SUB ranging from 3.8 (quartz) to 11.9 (silicon). In the frequency range 

of interest for this work (0.05 to 20 GHz), the free space wavelength varies from 6 m to 15 

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

 

The meshing options revealed to be important in the simulation of spiral inductors. Coarse 

meshing options usually tend to underestimate losses and give quality factors overestimated in 

respect to the reality. Bad meshing is usually one of the most frequent source of inaccuracies 

and overestimation of performances when doing EM simulations. For the simulations 

presented in the next paragraphs, the finest possible meshing options were used to run the 

simulations on a PC with 1 or 2 GB or RAM memory. All the available modeling effects like 

thick metallization (3-D approximations), special meshing options to tackle with the skin 

depth effect and the substrate RF properties were used in order to give the maximum possible 

accuracy in the results. Typical simulation times were in the range of 3 to 30 hours per device 

depending on the configuration of the computer, the geometry of the device, the complexity 

of the selected meshing and the number of frequency points. Usually 10 to 15 points in the 

frequency range of 0.05 to 15 GHz where simulated, and expanded into a larger number of 

points using adaptative frequency sampling and rational expansion interpolations on the S-
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parameter data. This approach proved to be more effective than simulating a large number of 

frequency points with less accurate meshing options, since the interpolation ensures the 

correct values in the fixed points used to calculate the interpolated solution and showed to be 

capable to predict correctly the frequency values for the main inductor parameters (notably 

the peak quality factor fQMAX and the self resonant frequency SRF). 

 

5.6. HFSS simulation for a 2.5 nH inductor 

 

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

simulation of a 2.5 nH device was performed using HFSS. 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 not uniform along the width, suggesting that 

proximity effect is important for this device. 

 

 
Fig. 5.1: Meshing used in the HFSS simulation of the L2n5 device. Adaptative triangular 

meshing generates more cells where the current density changes are more important. 
 

The same device simulated by ADS presented similar results, with maximum 10% of 

differences in the main device parameters (table 5.1), confirming a consistent behavior 

between the 2 tools, even if ADS is frequently reported as being a limited 2-D simulation tool 

with limited accuracy. In fact, the version 2005 offers some 3-D functionality useful to 
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simulate thick-metal inductor designs that were used in the simulated designs presented in this 

thesis. 

 

 

Fig.5.2: HFSS current density simulation for the L2n5 copper inductor device. The simulation 
is done at 2.45 GHz and shows that the current density can vary by a factor of 3 along inner 

track due to proximity effect (port P1 is on the top right central pad and port P2 is on the 
bottom left central pad). 

 
 

 
Table 5.1: Simulation results for the L2n5 device using different tools (Agilent ADS 

Momentum version 2005a and Ansoft HFSS version 9.2). 
 

The simulation options used to produce the results of table 5.1 are listed here for clarity: 

� For ADS Momentum 2005a: mesh frequency = 5 GHz, mesh density = 20 

cells/wavelength, edge meshing = on, transmission line mesh = on (using 5 divisions), 

thin overlay extraction = on, mesh reduction = off, horizontal currents = on, simulation 

mode = RF, thick metal expansion = yes, MOM3D_USE_THICKLOSSMODEL = 2 

(set in the momentum.cfg configuration file) 
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� For HFSS 9.2: mesh frequency = 2.5 GHz, mesh refinement passes = 12, solving 

inside the metal = off (using this feature would require more than 2 GB of RAM 

memory available to perform this simulation). 

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

documentation of each software [Agilent 2005, Ansoft 2006]. 

 

5.7. Geometric parameter definitions 

 

Figure 5.3 shows the cross section view along the thickness of a typical spiral inductor device. 

The outer diameter DOUT is defined as the outmost distance between two parallel segments. 

The inner diameter DIN is defined as the innermost distance between 2 parallel segments. The 

track width is w, and the track spacing is s. The example device in fig. 5.3 has n = 2 turns. 

 

 

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

 
The total length lSQ of a square spiral is given exactly by: 

 

)()12()(4 2 swnwDnl OUTSQ +−−−=  (eq.5.4). 

 

For a NS-sided polygonal spiral, the total spiral length lPOLY can be calculated exactly from its 

geometrical parameters as: 
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(eq.5.5). 
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Exact circular spiral length lCIRC can be found by taking NS→∞ in eq. 5.5: 

 

[ ]))(5.0( swnwDnl OUTCIRC +−−−= π  (eq.5.6). 

 

Ignoring the polygonal line length variation between consecutive segments, one can find an 

approximation considering the spiral as made of polygons circumscribed in concentric circles 

as: 

 

SIDES
AVGSIDESPOLY N

DNnl
π

tan≅  (eq.5.7). 

 

For a circular spiral, this approximation gives: 

 

AVGCIRC Dnl π≅  (eq.5.8). 

 

Eqs. 5.7 and 5.8 give an overestimation between 2 and 5% on the real value of the length, 

depending on the form and on the (w+s)/DOUT ratio of a given spiral. 

 

The lateral perimeter of a spiral is important when parasitic fringing capacitances are 

specified, and can be defined as being simply 2 times the length. For short spirals or 

rectangular segments, a term 2w should be added giving in general: P = 2l + 2w. 

 

The interspiral length (the length of the middle line between two adjacent segments) can be 

calculated replacing DOUT by DOUT’ = D OUT – w –s, and the number of turns n by n’ = n-1 in 

eq. 5.4 to 5.7. 

 

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

parameter can be easily obtained from the others as: 

 

[ ]sswnDD OUTIN −+−= )(2  (eq.5.9). 

 

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

calculated as DCENTER = DOUT – w. ASITIC uses a very particular definition for polygonal 
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spirals, which is the radius R of the circle containing the spiral. The outer diameter can be 

obtained from this one as: 

 

wswNNRD
S

SOUT ++−−= ))(1
2

1()/cos(2 π  (eq.5.10). 

 

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

more meaningful, and can be calculated as the average between the external and internal ones: 
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 (eq.5.11). 

 

The metal area used by the spiral is useful when calculating parallel plate equivalent 

capacitance, and is given simply by the width and the length of the spiral: 

 

wlAMETAL ⋅=  (eq.5.12). 

 

5.8. Inductor design space 

 

For copper / polyimide inductors fabricated on top of silicon substrates, a number of devices 

were designed to attain fixed values of inductance (mainly 2, 5 and 10 nH) at different 

optimal frequencies (2.45, 1.0 and 0.8 GHz). The device geometries studied are shown in 

table 3.4 (chapter 3). These same devices were fabricated on top of low resistivity (0.3 to 20 

Ω cm) and high resistivity (> 8 kΩ cm) substrates in order to evaluate the influence of this 

parameter in the performance of the devices. 

 

For glass inductors, a different approach was used. In order to validate the modeling 

methodology and generate useful device information covering the largest possible area in the 

given design space without increasing too much the number of devices to fabricate and 

measure. A design-of-experiments (DOE) approach were used to produce a set of 21 devices 

covering nominal initial inductance values of 2, 5 and 10 nH approximately. The outer 

diameter values were fixed to be 220 µm, 400 µm and 800 µm, the track width to be 10 µm, 

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

(square), 8 (octagon) or 32-sided polygons (almost circular). The number of turns was 
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adjusted to give the desired inductance when all the other parameters are fixed by solving the 

eq. 2.30 for the nearest half number of turns. The studied devices are summarized in the table 

5.2. A schematic view of the geometry of devices is shown in fig. 5.4. 

 

 

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

 

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

inductors 

 

In this paragraph the influence of the RF pads and ground rings on the performance of spiral 

inductors is studied. These pads are necessary to have RF probing and external circuit contact 

access to the device, and should be designed in such a manner to do not impact too much the 

performance of the device. 

 

The major effects are image currents introduced by having the routing around the device 

(what decreases the total inductance value) and some additional parasitic coupling between 

the device and the ground lines. RF pads add substrate coupling which can be translated into 

additional capacitance in general additional substrate losses 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 fabricated in this study (see table 5.2 for 

geometrical parameter details). 
 

Figure 5.5 shows the top view of different devices simulated in order to verify the impact of 

the RF pads on the performance of a 2.5 nH octagonal inductor. This octagonal device has n = 

2.5 turns, DOUT = 450 µm, w = 45 µm and s = 10 µm. Simulations of the same device were 

performed on top of high resistivity (8 kΩ cm) and low resistivity (0.3 Ω cm) substrates, for 

different routing schemes showed in fig. 5.5. 

 

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

high resistivity 8 kΩ cm substrate). 

 

The same simulations were performed for the same device geometry, but using a 0.3 Ω.cm 

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

substrate used. The results are shown in the table 5.3. 
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(a) (b) (c) (e) 

Fig. 5.5: Break down of a spiral inductor design in (a) naked spiral, (b) spiral + access lines, 
(c) spiral + access lines + contact pads, (d) spiral + access lines + contact pads + ground 

ring (complete device used in fabrication and measurements). 
 

 

Fig. 5.6: Quality factor of the different spiral inductor designs of fig. 5.5 built on top of an 8 
kΩ cm silicon substrate. 

 

Device fQmax (GHz) Qmax Lqmax (nH) SRF (GHz) L (1 GHz) Q (1 GHz) 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 devices of fig. 5.5 built on top of a high resistivity 
silicon wafer (8 kΩ cm): peak quality factor parameters, self resonant frequency and 

parameters at 1 GHz for both port 1 (left side) and port 2 (right side). 
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Device fQmax (GHz) Qmax Lqmax (nH) SRF (GHz) L (1 GHz) Q (1 GHz) R (1 GHz) 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 2.19 21.15 0.65 P1
 1.38 21.18 2.44 3.92 2.30 19.42 0.74 P2
Added pads 1.56 22.98 2.38 4.60 2.22 19.74 0.71 P1
 1.22 19.03 2.42 3.42 2.31 18.28 0.79 P2
Added ground ring 1.63 23.25 2.54 4.80 2.37 19.42 0.77 P1
 1.31 19.70 2.58 3.67 2.44 18.35 0.84 P2  

Table 5.4: Extracted parameters for the devices of fig. 5.5 on top of a low resistivity silicon wafer (0.3 
Ω cm): peak quality factor parameters, self resonant frequency and parameters at 1 GHz for both port 

1 (left side) and port 2 (right side). 
 

As conclusion from this study, it is clear that that both ground rings and RF pads have an 

important influence on the performance of the spiral inductor and should be taken into 

account when modeling the device. All the important parameters are affected by the access 

lines parasitics and surrounding RF connections. 

 

5.10. Effect of metallization thickness and substrate resistivity 

 

In this paragraph, the influence of the substrate resistivity and the top metal thickness on the 

performance of a 2.1-nH nominal spiral inductor is analyzed. This device is a square spiral 

having DOUT = 450 µm, w = 40 µm and s = 10 µm. Two different substrate resistivities were 

simulated: low resistivity silicon (LR-Si) at 0.3 Ω cm and high resistivity silicon (HR-Si) at 8 

kΩ cm. Two different top metal thicknesses were also simulated, tM2 = 5 µm and tM2 = 8 µm. 

The results are shown in table 5.5 and fig. 5.7 respectively. 

 

Thickness / Substrate fQmax (GHz) Qmax Lqmax (nH) SRF (GHz) L (1 GHz) Q(1 GHz) R (1 GHz) Port
t(M2) = 5um, LR-Si 1.56 27.21 2.63 4.70 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 1.41 29.67 2.50 4.90 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 4.31 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 nominal inductor (L2n1_450) as function 

of the top metal thickness t(M2) and the resistivity of the substrate. 
 

Increasing the thicknesses from 5 to 8 µm does not increase significantly the quality factor, 

mainly because the resistance of the metal tracks is limited by the skin effect. At 2 GHz and 5 

GHz (peak of the quality factors) the skin depth on copper (eq. 2.36) is equal to about 1.5 µm 
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and 1.0 µm respectively. On the other hand, increasing the resistivity of the substrate can 

increase the quality factor by about 50%, suggesting that at very high frequency the substrate 

related losses are the dominating ones when using thick metal layers (t > 4 µm). 

 
 

 
(a) 

 
(b) 

Fig. 5.7: Inductance (a) and quality factor (b) plots for the L2n1_450 device as function of the 
frequency for different substrate resistivity (LR – low resistivity and HR – high resistivity) and 
different top metal thicknesses (5 µm and 8 µm). For the high resistivity substrate, 5 and 8µm 

curves cannot be clearly distinguished. 
 

5.11. Physics based model for spiral inductors 

 

As discussed before, physics-based model for spiral inductors are difficult to set since there 

are many important physical phenomena occurring in parallel that affects the performance of 

the device. On the other hand, a physics, scalable based model is highly desirable in order to 

perform fast simulations, generate equivalent circuit models and give insight about the design 

trade-offs and possible optimizations. An accurate physics-based model for spiral inductors 

based on transmission line equations is proposed in the following paragraphs. 

 

5.11.1. Spiral losses 

 

The series resistance RS is responsible for most of the losses in the device. Chapter 2 

presented a model proposed by Yue in 2000, which is probably the most referenced one [Yue 

2000]. Many other models are presented in the literature. Some of them seem to be more 

adequate for spiral inductors made of rectangular cross section striplines [Massin 2002, Neagu 

1997, Lotfi 1995, Pettenpaul 1988]. An overview of the results given by these various models 

as function of the frequency for a typical microstrip rectangular line having w = 20 µm and t = 
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5 µm is shown in fig. 5.8. This figure shows the ratio KR(f) = R(f) / RDC defining the 

resistance increase factor as function of the frequency. wN and tN are defined as the 

normalized width and thickness as function of the skin depth: wN = w/δ and tN = t/δ 

respectively. In the frequency range of interest for this work, the skin effect will limit a lot the 

current, giving a factor KR than can represent many times the DC resistance. Although all 

these models scale well f , suggesting that they do take skin effect limited current flow into 

account. The large differences between them come from the assumptions done in the 

approximations of each model or device studied in the specific papers can result in large 

differences between the estimation of the resistance using these models. 

 

 

Fig. 5.8: AC resistance increase factor for a microstrip line having w = 20 µm and t = 5 µm 
as function of the frequency for different models proposed in the literature: 1-D [Jackson 
1975], 2-D approximations [Massin 2002], [Neagu 1997], microstrip approximation [Yue 

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

ADS momentum and ADS Libra (using MLIN component – microstrip line [Hammerstad 

1980]) simulations were conducted in order to evaluate the best model for a stripline with 

typical dimensions used in spiral inductors studied in this work. The results are shown in fig. 

5.9. ADS and Libra give similar results for higher resistivity substrates, and Libra plots were 
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omitted for clarity. The influence of the type and resistivity of the substrate is also shown 

comparatively to the resistance of a microstrip having only air as surrounding dielectric. 

 

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

make comparisons between them and results obtained by 3D EM simulations performed using 

Fasthenry. 

 

 

Fig. 5.9: Comparison between various resistance calculation models and ADS Momentum 
and Libra simulations performed on top of different substrates. 

 

Direct comparison with full-wave simulations suggests that the model presented in 

[Pettenpaul 1988] is the most accurate one over a large sampling of device geometries and 

working frequencies. This model calculates the AC resistance as: 
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where 
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πδ
σµ wt

wtfp
21

2 ==  (eq.5.14), 

 

is a non dimensional parameter defined as the "normalized frequency". 

 

This model also gives similar results of ones obtained by rigorous partial element equivalent 

circuit (PEEC) analysis [Antonini 1999, Weeks 1979] and by the approximated 1-D skin 

depth effect taken only along the thickness [Jackson 1975]. 

 

For copper conductors, the following empiric relation was observed to represent well the 

resistance as function of the frequency above 1 GHz (compatible with the one presented in 

[Abdo-Tuko 1993]): 

 

DCAC R
GHz

f
R

1
3.1=  (eq.5.15). 

 

The dependency of the losses with the substrate properties will be addressed in the next 

paragraphs. 

 

The thin microstrip line model [Yue 2000], is valid only at low frequencies (below 2 GHz) 

and for thin strips (t < 2δ), and cannot be used for thick metal spirals working at high GHz 

range. 

 

For spiral inductors, it is also important to consider the properties of the substrate as well as 

the coupling between neighbor tracks. Fig. 5.9 suggests that the properties of the substrate 

affects the overall propagation properties of any transmission line and should be taken into 

account even for non-coupled single microstrip lines built on top of silicon. 

 

5.11.2. Current crowding effect 

 

Current crowding is the effect of having an increase in the AC resistance on the inner tracks 

of a spiral inductor due the concentration of the current caused by the magnetic field produced 
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by the external turns. The most referenced empirical model proposed in the literature for this 

phenomenon is proposed by [Kuhn 2001], by defining a critical frequency fCRIT where the 

current crowding effect becomes important. This frequency is given by: 

 

( )
SHCRIT R

w

sw
f

22

1.3

πµ
+=  (eq.5.16), 

 

where w and s are the width and spacing of the spiral inductor and RSH is the sheet resistance 

of the spiral metal. Above this frequency, the resistance increase due to the current crowding 

effect is supposed to vary quadratically with the frequency as: 
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2

1.01
CRIT

DCCROWD f

f
RR  (eq.5.17). 

 

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

article. It does not take into account the number of turns, the form or the diameter of the spiral 

inductor, and in general can highly overestimate the AC resistance of a spiral. Figure 5.10 

shows a plot of this equation for a spiral inductor having w = 20 µm, s = 5 µm and RSH = 2.0 

µΩ cm / 5 µm = 4 mΩ / sq. 

 
Fig. 5.10: Plot of current crowding increase resistance factor KR(f) = RCROWD(f) / RDC (eq. 

5.17) as function of the frequency (w = 20µm, s=5µm, t = 5µm). The thin microstrip 
approximation (eq. 2.35, [Yue 2000]) is also shown for comparison. 
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This model clearly overestimates the importance of the current crowding effect, which 

contributes only with a fraction of the increase resistance with respect to the skin effect 

contribution. More accurate models for this phenomenon needs long simulation and 

measurement-based effort that is beyond the scope of this thesis. Such modeling effort should 

be capable to predict the increase in the resistance as function of the geometrical parameters 

of the spiral inductor and the frequency, without overlapping with other frequency-dependent 

phenomena, namely the skin effect. 

 

5.11.3. Coupled strip line model for spiral inductors 

 

In the following paragraphs, a transmission line-based model for spiral inductors will be 

proposed, based on coupled strips (CPS) equations. This model will suppose that adjacent 

tracks can be treated as parallel striplines, which is a reasonable approximation for large 

polygonal inductors or inductors having low number of sides per turn (namely squares and 

octagons). On the other hand, this model will take into account only the coupling between 

adjacent inductor segments, neglecting the interaction between a given segment and other 

ones farther away than the closest neighbor. 

 

This model involves the evaluation of the characteristic impedance Z0 of the transmission line 

and its capacitance per unit length C’. For the quasi-static approximation and at moderate 

losses in a non magnetic medium (µR = 1), these parameters are related as: 

 

AIR
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1

''

1

εε
==≅  (eq.5.18), 

 

where L’  is the inductance per unit length, εR,EFF is the effective relative dielectric constant, 

C0’  is the capacitance per unit length in the absence of any dielectric (when the CPS line is 

surrounded only by air) and Z0
AIR is the characteristic impedance of the CPS line calculated in 

the absence of any other dielectric than air. 
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An analytical solution for the quasi-static TEM case is possible by using Schwarz-Christoffel 

transformation and conformal mapping [Kirschning 1984, Gupta 1996, Churchill 1996, 

Simons 2001]. For the CPS on air, the capacitance per unit length is given by: 

 

)'(

)(
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'
0, kK

kK
CCPS ε=  (eq.5.19), 

with 

ws
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+
=−=  (eq.5.20), 

 

where K(k) is the complete elliptic integral of the first kind [Spiegel 1968], k and k’ are the 

arguments for the elliptic integral defined as function of the strip width w and spacing s. 

 

The following approximations are useful to numerically evaluate the ratio K(k) / K(k’), which 

frequently appears in coupled strips transmission line problem formulations [Hilberg 1969]: 
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 (eq.5.21). 

 

These approximations give a maximum relative error of 3 ⋅ 10-6 at k = 1 / √2. 

 

A complete solution for multi layer dielectrics is possible by calculating partial capacitances 

due to each individual dielectric layer. A detailed treatment for this problem is given in the 

literature [Gupta 1996, Chen 1997, Simons 2001]. The effective relative dielectric constant is 

given by the ratio of the actual capacitance CCPS by the one CCPS,0 having no other dielectric 

medium than air. 
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(eq.5.22), 

 

where εR
Ai is the relative dielectric constant of the i-th layer above the CPS (summed from the 

top to the bottom), εR
Bi is the relative dielectric constant of the i-th layer below the CPS 

(summed from the bottom to the top) and k is the argument of the elliptic integral calculated 

as: 
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)2/(sinh
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π
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−=  (eq.5.23), 

 

when the i-th layer does not have a top or bottom ground metal cover and 

 

)2/(tanh
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2

2
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Xi
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k

π
π

−=  (eq.5.24), 

 

when the i-th layer has a top or bottom ground metal cover. The geometrical parameters a, b 

and hi are defined as (fig. 5.11): 

 

sa =2  (eq.5.25), 

wsb 22 +=  (eq.5.26), 

∑
<

=
ij

XjXi th  (eq.5.27). 
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Fig. 5.11: Schematic view of a multi-dielectric sandwiched thin coupled strip lines (CPS) 
circuit. 

 

Where s is the CPS spacing, w is the CPS track width, t is the thickness of the film above or 

below the line and hoi is the height of the i-th film end above or below the line, admitted to be 

very thin in this first approximation. One can note that, for a stripline on air sitting on top of a 

substrate of a dielectric constant εR, the effective dielectric constant εR,EFF calculated by eq. 

5.22 simply give the well known ( )
2

1+Rε  result that appear in most of practical formulae 

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

 

These equations consider the thickness of the CPS line negligible. An additional term due to 

the parallel plate capacitance contribution due the thickness t of the metal line can be added: 

 

s

t
CC RCPSTCPS 0

'' εε+=  (eq.5.28), 

 

where the term εR ε0 t / s is the parallel plate capacitance per unit length contribution 

originated from the thickness t and distance s of the CPS line. 

 

The characteristic impedance of the CPS line is given by [Simons 2001]: 
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The resistance per unit length RC’  of the conductor can be calculated accurately using the 

current density distribution derived from the conformal imaging method [Owywang 1958, 

Hoffmann 1987, Royal 1989, Ghione 1993] as: 
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 (eq. 5.30). 

 

The reader should note the correct factor in the denominator of eq. 5.30 is 4 η0, and not 0.4 η0 

as presented in [Hoffmann 1987]. RF is the AC surface resistance given by: 

 

 

ρδρµπ /== fRF  (eq.5.31), 

 

 

where d = w+2s, k = w/d, 21' kk −= , K(k) is the complete elliptic integral of the first kind, 

εR,EFF is the effective dielectric constant and η0 ≅ 120 π Ω ≅ 377 Ω is the vacuum 

characteristic impedance. 

 

 

The equation 5.30 is valid when t > 3 δ and t << w,s. This equation gives acceptable results 

when t > 2 δ and t < (w,s), which is not always true for thin film inductors, but holds well for 

the devices studied in this thesis (having the metal thickness between 5 and 8 µm). Plots of 

the skin depth δ as function of the frequency for different metals (silver, copper, gold and 

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

The substrate losses are taken unto account by using the complex dielectric constant of the 

substrate, considered as being a semi-insulating medium having a real dielectric constant εSUB 

and a resistivity ρSUB. The complex dielectric constant εSUB
* can be written as [Hoffmann 

1987]: 

 

)tan1(
1*

SUBSUB
SUB

SUBSUB jj δε
ωρ

εε −=−=  (eq.5.32), 

 

where tan δSUB is the loss tangent factor and ω is the angular frequency. The parallel 

conductance per unit length GSUB’’  is calculated as a function of the capacitance per unit 

length C’ and the loss tangent factor as: 

 

SUBSUB
SUBSUB

C
CG

ερ
δω '

tan'' ==  (eq.5.33). 

 

The final model for the spiral inductor is represented by a transmission line with distributed 

parameters per unit length RC’  (eq. 5.30), L’= L / l SPI (eqs. 2.30 and 5.4 to 5.6), C’ (eq. 5.28) 

and GSUB’  (eq. 5.33), shown schematically in fig. 5.13. 
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Fig. 5.13: Transmission line equivalent circuit model for a microstripe spiral inductor. 

 

The transmission line can be discretized by choosing a number of sections large enough in 

order to make the model broadband as function of the frequency. The ABCD matrix is the 

preferred form to represent the line, permitting to easily associate it with another circuit 

blocks by simple matrix multiplication operations. The ABCD matrix of a lossy transmission 

line is given by: 
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 (eq.5.34), 

 

where 
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is the propagation constant and 
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 (eq.5.36) 

 

is the complex characteristic impedance and Y0
* is simple defined as 1 / Z0

*. 

 

The ABCD matrix can be easily converted into S or Y parameters [Pozar 1998], and the 

equivalent inductance and quality factor of the inductor can be determined using eq. 3.2 and 

eq. 3.3. 
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An example of the results produced by the proposed model and compared to EM simulations 

and measurements is shown in the next following paragraphs. 

 

The device LDOE15 is analyzed in detail (table 5.2). This device is an octagonal inductor with 

DOUT = 400, n = 4 turns, w = 10 µm, s = 8 µm, made on top of quartz substrate, for which the 

fabrication process was presented in chapter 4. The low frequency inductance is 8.3 nH. The 

other parameters of the model are ρ = 2.0 ⋅ 10-8 Ω m for the metal conductivity (copper), t = 5 

µm for the metal thickness, εR = 3.8 for the substrate relative dielectric constant, ρSUB = 1.0 ⋅ 

106 Ω m for the substrate. The effective dielectric constant seen by the spiral is εR,EFF = 2.4 

(eq. 5.22). The gap length (eq. 5.4 to 5.6 evaluated in the mid-point between the spiral 

segments) is lG = 3173 µm, and the low frequency resistance RDC (eq. 2.37) is 1.75 Ω, 

corresponding to a spiral length of lSPI = 4364 µm (eq. 5.4 to 5.6). At frequencies above 1 

GHz, the resistance is well approximated by GHz1 / f R 1.17  (f)R DCAC = . 

 

Figures 5.14a to 5.14h show the results for the extracted inductance and quality factor as 

function of the frequency for this device. Results obtained using ADS Momentum EM 

simulator are also shown. The quality of the model is confirmed by the good agreement 

between different parameters of the inductors, namely the low frequency inductance, the peak 

quality factor value and frequency position, and the value of the self-resonant frequency. The 

computation of the results was performed using the developed specialized Matlab toolbox 

[Pisani 2004d]. 
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(a) Reflection moduli. 

 
(b) Reflection phase. 

 
(c) Transmission moduli. 

 
(d) Transmission phase. 

 
(e) Effective inductance.  

(f) Quality factor. 
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(g) AC resistance increase factor. 

 

 
 

(h) Equivalent π circuit model (discretization 
from the continuous transmission-line model). 

Fig. 5.14: Measured, EM simulated and proposed model results for the S-parameter data (a-
d), inductance (e), quality factor (f) and equivalent π circuit model (g,h) for the LDOE15 9-nH 

nominal inductance device. 
 

The noise observed in the quality factor extracted directly from S-parameter measurements 

(fig. 5.14f) comes from the instability of this method of extraction when measuring high 

quality factor devices. The uncertainty in the measurements is proportional to the quality 

factor itself, making the experimental result having more noise and uncertainty near the peak 

quality factor [Rebeiz 2003]. The proposed model cannot produce accurate results above the 

resonant frequency, mainly because the transverse electromagnetic mode of propagation 

(TEM) will not be valid anymore and other approximations should be used to calculate the 

transmission line parameters. This does not affect overall quality of the proposed model since 

for all practical uses inductors are considered to work below the self-resonant frequency 

(between 6 and 8 GHz for this device). The continuous transmission line model is the one 

using eq. 5.34 for the transfer matrix of the device (fig. 5.13). The π-model is a 3 section 

simplification of this model shown in fig. 5.14h. This model can provide good accuracy in the 

results by using a low order lumped RLC model when the device size is small compared to 

the wavelength. 

 

5.11.4. Comparison between the analytical model and EM simulations 

 

In this paragraph, the overall accuracy of the proposed analytical model is analyzed in 

comparison to full wave electromagnetic simulation results. The 21 devices described in table 

5.2 were simulated using the proposed analytical model presented in the previous paragraphs 

as well as using ADS Momentum 2005a EM simulation tool. Various electrical parameters of 

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

5.15 shows comparative plots between results obtained by ADS Momentum simulations 

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

axis). The line Y = X corresponding to a hypothetical case where both results would be 

identical is also shown. The following representative parameters were plotted: 

 

� R(1 GHz): the equivalent series resistance evaluated at f = 1 GHz (frequency where the 

skin effect starts to become important, shown in fig. 5.15a), 

� L(1 GHz): the effective inductance (eq. 3.2) evaluated at f = 1 GHz (fig. 5.15b), 

� Q(1 GHz): the quality factor (eq. 3.3) evaluated at f = 1 GHz (fig. 5.15c), 

� QMAX: the maximum value of the quality factor (fig. 5.15d), 

� fQMAX: the frequency for what the quality factor is maximum (fig. 5.15e), 

� LQMAX: the effective inductance (eq. 3.2) at the frequency where the quality factor is 

maximum (QMAX), shown in fig. 5.15f, 

� fRES: the resonant frequency where the quality factor (eq. 3.3) equals to zero (fig. 

5.15g). 

 

 
(a) R(1 GHz): Equivalent series resistance at 1 

GHz[Ω]. 

 
(b) Effective inductance L(1 GHz) in nH at 

1 GHz. 
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(c) Q(1 GHz): Quality factor at 1 GHz. 

 
(d) Maximum quality factor QMAX. 

 
(e) Frequency fQMAX in GHz where the quality 

factor is maximum. 

 
(f) Inductance LQMAX =L(fQMAX), in nH. 

 
(g) Resonant frequency fRES in GHz. 

Fig. 5.15: Comparison between EM-simulated and analytical model results for the devices 
presented in table 5.1. 

 

The better overall correlation between EM-simulated and calculated results was obtained 

when using an effective length slightly larger than the one calculated by replacing DOUT by 

DOUT-w-s and n by n-1 in eqs. 5.5 to 5.7 used to evaluate the effective CPS line length used in 

eq. 5.28, 5.30 and 5.33 to calculate the total spiral parasitics from the CPS line parameters 

evaluated per unit length. The best correlation between data were obtained by using an 

effective diameter DOUT' = DOUT – 0.5(w+s) and an effective number of turns n' = n - 0.5 for 
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the equivalent CPS line. The effective length higher than the expected one for the inter-metal 

gap of the spiral is attributed to corner effects in the inductor turns, what effectively add 

parasitics to the device due to the discontinuities in the CPS transmission line model assumed 

to have constant characteristic impedance in the preceding paragraphs. 

 

The overall accuracy of the analytical model can be considered good taking into account the 

wide design space covered by the 21 devices of the table 5.2. In fact, these devices were 

statistically designed to produce the maximum possible geometrical parameter variations for 

devices with inductor values of 2, 5 and 10 nH. These inductance values are also in the range 

of values required for the most practical applications of spiral inductors operating in the GHz 

frequency applications. 

 

The predictions for the inductance values in figs 5.15b and 5.15f suggest that the analytical 

model gives some overestimation in the values of the inductance calculated by the current 

sheet model (eq. 2.29 – 2.31 and table 2.1). This is physically reasonable since this model 

does not take into account the dependency of the inductance with the thickness (thick metal 

layers being less inductive than thin ones). This is one of the reasons that make the analytical 

model probably overestimate the quality factors (fig. 5.15c and 5.15d). The quality factor is 

directly proportional to the inductance for a given fixed frequency. The quality factor is 

certainly the most difficult parameter to be accurately modeled since it depends on a complex 

combination of all the parasitic parameters of the device (eq. 2.32 – 2.34 shows how it 

depends on these parameters for a simple π network). A complete analysis should also 

consider the accuracy of the simulation tool, since it was used as reference to present the 

dispersion in the results, the plotted curves represents a combined dispersion coming from 

both simulated and modeled values around the real physical values. Even if the maximum 

quality factor cannot be always accurately modeled, the frequency where it occurs (fig. 5.15e) 

and the usable frequency range of the device (fig. 5.15g) can be estimated with a relatively 

good accuracy, making this modeling strategy suitable for optimization proposes when 

searching for designs having a maximum quality factor at 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 main electrical parameters of a spiral 

inductor design from its geometrical and fabrication technology parameters. The model is 

valid for frequencies below the first self-resonance of the device, a frequency range where 

these devices are effectively used in practical applications. 

 

Furthermore, the availability of these equations in a form of a Matlab toolbox enables to write 

simple computer scripts to explore large design spaces of devices, allowing the designer to 

produce optimal designs within a few seconds or minutes of computation, a task that takes 

many hours of computation using EM-based simulation tools or pure measurement-based 

modeling approach. This approach is similar to the one proposed in [Post 2000], but using a 

more accurate model and having more freedom in the choice of the optimization parameters. 

 

With an accurate physics-based model available, the circuit designer can quickly and easily 

analyze trade-offs on parameters in order to have the desired performance (namely a given 

value of inductance, device area, quality factor and self-resonant frequency). 

 

As an example, the optimization of a 9 nH device taking the LDOE15 design presented in the 

previous paragraph as starting point is presented. Let us suppose the problem of finding a 

similar device to work in a WLAN front end. A maximum quality factor at 5.2 GHz is desired 

in that case one can start by limiting the maximum diameter of the inductor to be 400 µm, 

fixing its form as octagonal (having a quality factor better than squares). In order to explore a 

discrete domain of parameters, one can specify a tolerance for the inductance value, in this 

example 9 nH ± 5%. 

 

Based on this fast numerical model, one can easily optimize for different spiral inductor 

parameters by direct search for the design parameter of interest in a given inductor design 

space (set of allowed geometric parameters). 

 

The applied constrains to the numeric simulations are shown in table 5.6. 
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Parameter Symbol Constrains 

External diameter DOUT between 100 and 400 µm, with steps of 25 µm 

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 50 µm with steps of 5 µm 

Track spacing  s between 3 and 10 µm, with steps of 1 µm 

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 the optimization a 9-nH nominal inductor. 

 

The simulation of the whole design space takes a few minutes on a PC running Matlab 6.5 at 

1.2 GHz. The initial design space contained about 10,500 devices from what 189 fall within 

the desired inductance range. 

 

Simulated results for the optimum designs are shown in table 5.6. 

 

Design DOUT 

µµµµm 

N 

turns 

w 

µµµµm 

s 

µµµµm 

LS
(a) 

nH 

QMAX fQMAX 

GHz 

fRES 

GHz 

ASPI 

x 105 

µµµµm2 

FMI 

x 10-3 

GHz/µµµµm2 

QMAX  @ 

any f 

400 4 10 8 11.1 49.9 3.7 7.9(b) 1.60 2.10 

QMAX  @ 

5.2 GHz 

375 4.5 10 10 10.7 29.7 

23.6(c) 

3.3 

5.2(c) 

7.4 1.41 1.56 

FMI MAX  275 7.5 10 5 10.5 28.4 3.5 7.4 0.76 2.31 

(a) Effective inductance at fQMAX. 
(b) This design has also the highest resonant frequency fRES. 
(c) The maximum Q at f = 5.2 GHz does not mean the maximum along all the frequencies. 
 

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

 

The figure of merit for an inductor FMI was calculated by eq. 2.13. This model suggests that 

the maximum possible quality factor for a 9-nH inductor should be around 50 and the 

maximum resonant frequency around 8 GHz. These values are dependent on the inductance 

value, since it basically sets the size of the device and by consequence the amount of 

parasitics associated to it. 
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Summary 

 

This chapter presented the tools and models used for electromagnetic simulation of passive 

devices. A simple yet accurate physics-based model for spiral inductors on top of low-

conductive substrates was developed and validated by experimental measurements and ADS 

Momentum electromagnetic simulations. This model uses important approximations and 

simplifications for the modeling of the spiral inductor, namely the thickness must be larger 

than the skin depth (so the minimum frequency of validity is about 1 GHz), and the coupling 

between non-adjacent segments and the proximity effect is neglected (current crowding 

effect). Although simple this model gives better estimation of losses than the thin microstrip 

one traditionally cited in the literature, and is capable to model the device using a simple π 

model that is accurate at least to the first resonance frequency. The accuracy of the model was 

demonstrated by direct comparison with S-parameter data (both reflection and transmission), 

as well as with effective inductance and quality factor data. 

 

This simple numerical model was used to demonstrate the possibility to optimize spiral 

inductor designs by directing searching a large number of designs in a given design space, a 

procedure that is unpractical using computationally intensive EM simulations or by 

fabricating large number of devices to explore the design space. 

 

The original contribution of this thesis for the analytical modeling of spiral inductors is 

related to a better understating and estimation of the 2-D skin effect losses in rectangular 

conductors (given resistance results much less than the traditional models used in the 

literature), to a more rigorous calculation of the parasitic capacitances in the spiral (giving 

results of an order of magnitude higher than the ones obtained by the model most cited in the 

literature), to the introduction of a broadband transmission-line equivalent circuit capable to 

model the device up to its first self-resonance and for an optimization numeric approach that 

is centered on circuit device parameters (namely inductance and quality factor at a given 

frequency), instead of using purely empirical observations of the dependency of these 

parameters on the geometry of the device (external diameter, track width, track spacing and 

spiral form). The AC resistance calculation was empirically validated by 3-D EM simulations 

performed over a large design space (track width between 1 and 100 µm, aspect ratio between 

1 and 100% and frequencies between 0.01 and 20 GHz, studied 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 technology alternative for the fabrication of high 

quality factor and high self-resonant frequency thick metal RF MEMS passive devices 

compatible with CMOS back-end processing, having low thermal budget (< 300 oC) and 

aligned to the current trends in modern high speed interconnects (use of copper / low κ 

damascene approach). This technology module offers 2 metal levels and a via in between, 

with typical thickness in the range of 1.5 to 10 µm. The use of planar lithography steps and 

hard masks (buried via method), associated to the planarization offered by the CMP make the 

process highly scalable, allowing to obtain different thicknesses of metal with minimal 

changes in the processes parameters. 

 

Spiral inductors were fabricated and studied as demonstration vehicles for this technology. 

High quality factors in the range of 30 to 50 and high self-resonant frequency in the range of 6 

to 15 GHz were demonstrated, values that are in the current state-of-the-art for CMOS-

compatible processes. These devices exhibit high bandwidth (Q > 20) over a wide frequency 

range, enabling their use in different telecommunication standards / frequencies, like GSM, 

ISM (Bluetooth), WLAN and in ultra-wideband (UWB) applications. 
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High performance filters with insertion loss as low as 1.2 dB were demonstrated, 

performances that cannot be usually obtained using small footprint on chip passive 

components. 

 

Furthermore, the developed technology module showed to be capable to fabricate also high Q 

fixed and variable capacitors, proving to be a viable platform for high Q RF MEMS devices 

fabrication. 

 

The use of CMP with the buried via approach and SiO2 hard mask and anisotropic dry etch of 

deep trenches in polyimide makes the process lithography planar and scalable to obtain 

different thickness without complicated changes and tuning of process parameters. The CMP 

time were reduced by the use of high-speed CMP slurry suitable for the fabrication of thick 

metal MEMS (removal rates in the range of 1 to 3 µm/min). This CMP step presents levels of 

dishing and erosion much higher than the ones traditionally used in thin film interconnects, 

what does not imply in a major issue since in terms of relative values the thickness variation 

due to these effects are under a controllable range of values (2 to 5 % of the nominal thickness 

of the layer). 

 

A careful control in the addictives and the use of uniformity thickness improvement fixtures 

in the electroplating bath provide good levels of uniformity (around 10%) and resistivity for 

the copper films (2.0 µΩ cm), which is only 15% above the minimum value that can be 

obtained using thick bulk copper as material. 

 

High-quality factor inductors were studied on top of insulating substrates (namely quartz). 

State-of-the-art deep reactive ion etching was used to produce deep cavities in the quartz 

wafer and pattern thick copper lines directly embedded in an insulator substrate. For the first 

time, a functional packaging concept were presented and developed. Both sides of the 

packaging quartz wafer were used to fabricate high Q inductors and encapsulate silicon 

wafers that can contain other RF MEMS devices. This functional packaging presents high RF 

performance potential (high Q inductors and low-loss and high-gap RF device protection of 

40 µm), offers a good degree of scalability with less wafer surface consumption per function 
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and less parasitics due to a significant reduction in the interconnection lengths between 

discrete components that can be fabricated using heterogeneous technological platforms. 

Particularly, the packaging bonding process was optimized to work with RF MEMS processes 

using fluorine-based release steps, and exhibited high yield after optimization of the adhesion 

between the different SU-8 resist layers. 

 

This research presented also a contribution to the RF modeling, simulation and optimization 

of RF MEMS devices, in particular spiral inductors, by careful measurement-based and EM-

simulation based models associated to statistical design techniques (design of experiments) in 

order to efficiently cover the desired design space with a reduced number of devices and 

having the maximum information available for the studied set. 

 

Although measurement and simulation based models and equivalent circuit modeling were 

successfully used to model the devices, a physics-based scalable model was developed in 

order to accurately synthesize and predict the performance of the devices for a given number 

of expected parameters, namely the inductance, maximum device size, maximum quality 

factor at a given operating frequency or frequency range and self-resonant frequency. These 

models can also provide SPICE-equivalent circuit models suitable for fast analog circuit 

simulation and easy of use block-connecting of devices in order to build more complex 

functions like filters and tuning matching networks. The major advantage of the proposed 

methodology, centered in the inductance value instead of the geometrical parameters of the 

device, is the opportunity to give the designer the best possible solution for a given 

technology profile and for the desired inductor specifications (inductance, frequency and 

available area). 

 

6.2. Perspectives for future research 

 

Although the use of polyimide as sacrificial layer and the successful fabrication of free 

standing copper membranes were demonstrated, the stress of the electroplated copper should 

be studied and optimized to produce flatter membranes needed for switches and tunable 

capacitors. Another point to be optimized is the contact resistance between the copper layers 
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and between the copper and other metal layers, since the polyimide release etch can oxidize 

copper, which needs a protection layer (tantalum in the framework of this research). Although 

tantalum is an excellent choice as adhesion layer and anti-diffusion barrier, it does not behave 

very well for standard processes like wire bonding and flip-chipping, and additional 

interfacing materials like Ni-Cr or Al (successfully used for the copper / quartz inductors) 

should be adopted to successfully interface the fabricated devices with other technology 

modules and circuits. 

More progress is also needed in the direction of building out-of-plane and variable devices. 

Out-off-plane inductors are less prone to substrate related losses and can help to attain the 

desired RF performances on top of low resistivity substrates by means of a reduced magnetic 

coupling with the substrate. Although solenoid and toroidal devices present good inductance 

per wire perimeter and surface ratio, they can suffer from low quality factors due to the 

increased number of alternating contacts between different metal layers (increasing the series 

resistance due to the contact resistance between 2 layers), and need thickness in the range of 

40 µm to 80 µm to produce loops large enough in order to provide compact structures, 

especially when the inductance values exceeds 10 nH. 

 

Another alternative to be explored is the use of very thick dielectrics in order to minimize the 

magnetic coupling between the spiral and the substrate. This technique is viable when using 

polyimide or BCB layers than can provide up to 20 µm of thickness in a single or 2-step 

deposition with minimal delaminating problems [Metz 2004]. The same technology can be 

used to fabricate on-chip transformers with the same benefits of loss reduction and increase in 

the resonance frequency observed for spiral inductors. 

 

Furthermore, the use of the processes developed along this thesis to make LC circuits like LC 

tanks, filters, switch banks, and transmissions lines can make possible the development of a 

complete RF MEMS solution using a low-cost, low-loss, low-thermal budget CMOS 

compatible technology platform that contributes to insert RF MEMS into current RF-IC 

interconnects fabrication framework with reduced process overhead and development effort. 
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Appendix A: Skin effect in conductors 

 

This appendix shows more details about the AC resistance models presented in chapter 5. The 

exact solutions for an infinitely long cylindrical wire and an infinite planar conductor with 

finite thickness are presented. Approximations and accuracy for rectangular strip conductors 

by using approximations based on the exact solutions for cylindrical and infinite plane 

conductors are discussed using numeric 3-D simulation results obtained using Fasthenry 

simulation tool as reference. 

 

A.1. Cylindrical wire 

 

The AC current distribution inside an infinitely long cylindrical wire can be analytically 

calculated [Ramo 1984]. In this case, by the symmetry of the problem, the current density is 

function only of the distance r to the wire center and points always to the direction ẑ  

perpendicular to the cross section of the conductor: 

 

zrJJ Z ˆ)(=
r

 (eq. A1). 

 

The Maxwell equations for a good conductor (neglecting the displacement current term) 

under time harmonic AC current regime (jω referring to the ∂ / ∂t operator) can be written as: 

 

EJH
rrrr

σ==×∇  (eq. A2), 

HjE
rrr

ωµ−=×∇  (eq. A3). 

 

From these 2 equations, one can derive the differential equation for the current density J: 

 

JjJ
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ωµσ=∇2  (eq. A4). 

 

For the infinitely long cylindrical wire, eq. A4 reduces to: 
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where JZ is an exclusive function of the radial distance r. The general solution of this 

differential equation is in the form: 

 

)()( )1(
00 TrBHTrAJJZ +=  (eq. A6), 

 

with A and B constants, J0 the 0-th order Bessel function, H0
(1) the 0-th order of the 1st kind 

Henkel function and T a constant calculated as function of the skin depth δ (eq. 2.36): 

 

δ
ωµσ j

jT
−=−= 1

 (eq. A7). 

 

H0
(1) is divergent at r = 0, setting the constant B = 0. From the current density JZ(r0) = σE0 at 

the conductor surface, one can obtain A as function of the electric field E0 at the surface of the 

conductor: 
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σ=  (eq. A8). 

 

The magnetic field can be obtained from the total current using the Ampère's law as: 

 

∫ =⋅ IldH
rr

 (eq. A9). 

 

The magnetic field has always the direction of Φ and a dependency only in r, so: 

 

IrHr =Φ )(2 00π  (eq. A10). 

 

From eq. A2, A3 and A10, the following relations can be written: 
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From the right side of eq. A11 and eq. A10, the total current becomes: 
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The internal impedance per unit length is defined as: 
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The following expansion for eq. A13 is useful in low-frequency regime (r0 << δ): 

 

π
µω

δσπ 848

1
1

1
2

0
2

0

'
, j

r

r
Z LFi +



















+≈  (eq. A14). 

 

Eq. A14 gives approximately the DC resistance per unit length 1 / πr0
2σ in the case r0 << δ 

and shows that the low-frequency internal inductance per unit length is a constant independent 

of the wire diameter and equal to µ / 8π = 0.5 nH/m for non-magnetic metallic wires. 

 

At high frequencies when r0 >> δ, the following expansion for eq. A13 is useful: 
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+=+≈  (eq. A15). 

 

Eq. A15 illustrates the Wheeler rule that states at very high frequency regime the internal 

reactive inductance is equal to the internal resistance. The decrease in the internal inductance 

due to skin effect current constriction is the reason for the reduction of the total inductance of 

a conductor when the frequency increases. One can note this for example the frequency-

dependent factor T presented in eq. 1 of [Greenhouse 1974] inductance calculation formula. 

 

Figure A1 shows a plot of relative values derived from eq. A13. One can notice that when the 

radius exceeds the skin depth value the AC resistance and internal inductance starts to vary 

rapidly with the frequency. The linear dependency with δ means a dependency with f for 
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the AC resistance, defining the skin effect regime. This is explicitly shown in the variation 

rates plot as function of frequency shown in fig. A2. 

 

Fig. A1: AC resistance, inductance and impedance relative ratios for a cylindrical wire as 
function of the radius r0 normalized by the skin depthδ. 

 

 

Fig. A2: Relative resistance, inductance and radius to skin depth ratios as function of the 
frequency for a circular wire with r = 5.64 µm (100 µm2 of area). 
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A.2. Infinitely long and wide rectangular stripline with finite thickness 

 

Let us consider the rectangular conductor of fig. A3. When w / t >> 1 or when w → ∞ most 

of the current is distributed along the thickness of the conductor and an analytic solution 

depending only on the vertical position z is possible. In this case, a solution J = JZ(z) is 

admitted. Although not physically reasonable for all values of w, t and skin depths δ, a simple 

analytical solution is possible for this case and it provides some insight about the AC 

resistance behavior of thin rectangular striplines [Jackson 1975]. 

 

 

Fig. A3: Rectangular conductor of width w, thickness t and choice of the coordinate system. 

 

In this case, a solution of eq. A4 can be written in the form 

 

zz BeAezJ γγ −+=)(  (eq. A16). 

 

Choosing the z origin in the center of the conductor, by symmetry J(z) = J(-z) and A = B. 

Directly from eq. A4: 
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The constant A can be obtained as function of the total current density per unit length 

JS = I / w along w: ∫
−

− =+
2/
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The expression for the current density is then: 

 

z
t

J
zJz S γγ

γ
cosh

2
sinh2

)( =  
(eq. A19). 

 

. 

Figure A4 shows plots of | JZ / JS | for t = 5 µm and for different frequencies between 1 and 10 

GHz (t / δ between 2.4 and 7.6). One can note that when t > 4 δ the current non-uniformity 

starts to be more pronounced. The ratio x / δ > 4, where x is a characteristic dimension of the 

conductor, is sometimes used as a practical rule to know if skin effect should be taken into 

account in the electrical modeling of a conductor for the given operating frequency. 

 

 

Fig. A4: Normalized current distribution |JZ/JS| along a 5 µm-thick, infinitely wide 
rectangular conductor at different frequencies. 

 

The resistance per unit length can be obtained from the total current and from the current 

density by summing the power dissipated on all surface elements dSm of the surface S of the 

conductor: 
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Applying this equation to the current distribution given by eq. A19, one can obtain: 
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with tEFF an effective AC thickness given by: 
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A.3. Rectangular stripline 

 

Eq. A4 does not have an exact analytical solution in the case of a rectangular cross-section 

conductor of width w and thickness t. Several approximations strategies are proposed in the 

literature, amongst them: 

 

� Making assumptions about the current density behavior and solving eq. A4 approximately 

[Eo 1993, Neagu 1997, Yue 2000, Du 2006], 

� Solve eq. A4 numerically [Chari 1977, Weeks 1979, Waldow 1987, Antonini 1999], 

� Make some assumptions to simplify the problem, like approximating the cross section of 

the rectangular conductor by an ellipse [Lotfi 1995], considering the conductor is 

infinitely wide when w >> t [Perruisseau-Carrier 2006] or find approximate formulae to 

extend the validity of the infinite wide conductor solutions for finite ones [Massin 2002], 

� Propose equations obtained by fitting over a large design space of devices and frequencies 

[Pettenpaul 1988, Nieuwoudt 2007]. 

 

A brief presentation of some models available in the literature will follow. 
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Eo and Eisenstadt [Eo 1993] proposed an approximate model for rectangular section 

conductors made by simple assumptions about the behavior of the 2-D skin effect in 

rectangular conductors. The AC resistance is calculated as: 

 

EFF
AC wt

l
fR

ρ=)(  (eq. A23). 

 

Where the effective thickness tEFF is given by: 
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Neagu et al. [Neagu 1997] proposed a simple model to calculate the AC resistance based on 

simplified analysis of skin depth effect combined with the strip line geometric parameters w 

and t: 
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[Yue et al. 2000] proposed a simple model considering a purely exponential behavior of the 

current density along the thickness. This approximation is valid only if there is a ground plane 

near the strip line, what is not true for lines built on top of thick insulating substrates like 

quartz or high resistivity silicon. The current density is assumed to have a maximum in the 

bottom line of the conductor and vary exponentially following the skin depth rule along the 

conductor thickness: 

 

δ/
0)( zeJzJ −=  (eq. A26). 

 

The total current is obtained by integrating J along the conductor thickness: 
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From this expression, one can identify the effective thickness tEFF and the AC resistance as: 
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Lotfi et al. proposed a model for rectangular conductors by approximating their section by 

ellipses and by semi-empirical fitting of asymptotic behavior at low and high frequency 

regimes, giving [Lotfi 1995]: 
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(eq. A30), 

 

with frequencies f1 and f2 are obtained to match the behavior at low and high frequency 

regimes. These frequencies are calculated as: 
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This model is validated for low-frequency regime between 10 kHz and 100 MHz and for 

millimeter-size rectangular power foils and care should be taken to apply it for µm-size 

structures operating at GHz. 

 

[Nieuwoudt 2007] proposed a model for the 2-D skin effect based on fitted data obtained from 

Fasthenry simulations performed over a large design space of rectangular stripline designs. 

This model proposes to use corrections to the 1-D skin effect based on the geometric 

parameters w and t of the rectangular strip: 
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where RAC is the AC resistance, ρ the metal resistivity, l the track length, w the track width 

and tEFF the effective AC thickness given by: 
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The parameter r < 1 defines the aspect ratio t / w of the stripline (simply calculated as w / t if t 

> w): 
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The effective skin depth δEFF is calculated using a corrected expression defining an effective 

frequency fEFF: 
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Pettenpaul et al. [Pettenpaul 1988] proposed a model based on numeric fitting of results 

obtained by [Hafner 1937]: 
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where 
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is a non dimensional parameter usually named as "normalized frequency". These expressions 

are reported to be 3 to 5% accurate when t / w < 12 and 2 <= p <= 3. 

 

Massin et al. proposed in 2002 [Massin 2002] the following model considering that the 

infinite plane solution can be applied simultaneously along both the width and thickness (fig. 

A5): 
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where the effective width and thickness are obtained using eq. A21 for both w and t 

directions: 
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Fig. A5: Effective conduction area calculated from the 2D model of [Massin 2002]. 

 

In order to take into account proximity effect in spiral inductors, this paper proposed to 

replace the skin depth δ by an effective skin depth δEFF given by: 

 

ξ
δδ =EFF  (eq. A43), 
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where ξ is an empirical factor between 1 and 3 used to increment the resistance calculation 

due to the proximity effect. It is suggested that typical values for spiral inductors studied in 

the reference article have typical values ξ = 1.7 [Peck 1995, Massin 2003]. 

 

A.4. Fasthenry simulations and comparison between AC resistance calculation models 

 

Due to the complexity of the problem, the best approach is to model a rectangular wire 

numerically by EM simulation. In order to draw clear conclusions about the validity of these 

models for the structures studied in this thesis, a set of simulations performed in Fasthenry, a 

3-D EM simulation tool, were performed [Kamon 1994]. Fig. A6 shows a sample Fasthenry 

simulation script used to simulate a rectangular stripline with w = 20 µm, t = 5 µm operating 

in the frequency range of 0.01 to 20 GHz. 

 

* stripe_w20_t5.inp: Fasthenry simulation script for a rectangular stripe 
* w = 2e-005 m, t = 5e-006 m, t/w = 0.25, len = 0.001 m 
* rho = 1.72414e-008 Ohm m, mur = 1, fmin = 1e+007, fmax = 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 
* nwinc = 16, nhinc = 12, 192 segments 
 
.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 nwinc=16 nhinc=12 rw=2 rh=2 
 
N1 x=0.0 y=0.0 z=0.0 
N2 x=0.001 y=0.0 z=0.0 
E1 N1 N2 w=2.0e-005 h=5.0e-006 rho=1.72414e-008 nwinc=16 nhinc=12 rw=2 rh=2 
 
.external N1 N2 cond1 
.freq fmin=1.0e+007 fmax=2.0e+010 ndec=4 
 
.end 

Fig. A6: Example showing a Fasthenry simulation script and parameters. Dimensions are w 
= 20 µm, t = 5 µm, length = 1 mm, ρ = 1.72 ⋅ 10-8 Ω m (bulk copper), mesh of 192 segments 

with a minimum discretization of 0.04 µm (about 10% of the skin depth at 20 GHz - the 
highest operating frequency). 

 

In order to correctly predict losses using EM simulation, fine meshes are needed, especially 

near the conductor surface where the current density varies very rapidly as function of the 

position. A discretization step of 10% of the skin depth at the highest simulation frequency 

was chosen in order to avoid mesh induced artifacts in the results. The meshing used for the 
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20 µm x 5 µm track can be seen in fig. A7. The solid lines delimitates the rectangular 

meshing domains, and the dotted lines show the approximate position of the skin depth at 

different frequencies (1, 2, 5, 10 and 20 GHz). 

 

The smallest features near the conductor surface have 0.4 µm, about 10% of the skin depth at 

20 GHz for copper bulk conductivity (σ = 5.8 ⋅107 S/m, δ = 0.05 µm @ 20 GHz). 

 

 

Fig. A7: Skin depth position (dotted lines) at different frequencies for a 20 µm-wide and 5 
µm-thick wire. From the inner to the outer part: at 1, 2, 5, 10 and 20 GHz. Solid lines 

represent Fasthenry adopted meshing (16 divisions along the width and 12 divisions along 
the thickness with a minimum rectangle size of 0.04 µm x 0.04 µm near the corners). 

 

Fig. A8 shows the simulated values for the frequency-dependent resistance increase factor KR 

= RAC(f) / RDC for the rectangular conductor of fig. A7 as function of the frequency compared 

with all the models presented in the previous paragraphs. Taking 3-D EM simulations as 

reference, it seems that the Pettenpaul model has the best overall accuracy in the results. The 

1-D thickness effect taken along the thickness tend to underestimate the losses in the whole 

frequency range 
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Fig. A8: Comparison between different models for AC resistance calculation presented in the 

literature and Fasthenry 3-D simulation. 
 

In order to cover a design space representative of the typical dimensions used to fabricate 

spiral inductors, a set of 49 additional simulations were performed covering 7 fixed widths 

between 1 and 100 µm (w = 1, 2, 5, 10, 20, 50 and 100 µm) and 7 different aspect ratios t / w 

between 1 and 100% (t / w = 1%, 2%, 5%, 10%, 20%, 50% and 100%). The values of the 

simulated thicknesses are summarized in table A1 for the different values of w and t / w, 

covering a large thickness design space between 0.01 µm and 100 µm. The conductivity of 

the metal was fixed at σ = 5.8 ⋅ 107 S/m, corresponding to the one of the bulk copper. 

 

Fasthenry simulates only log-spaced frequency ranges. Frequencies were chosen to cover the 

range from 0.01 to 20 GHz with 4 frequency points per decade (giving 14 distinct simulation 

frequencies approximately equal to 0.01, 0.0178, 0.0316, 0.0562, 0.1, 0.178, 0.316, 0.562, 1, 

1.78, 3.16, 5.62, 10 and 17.8 GHz respectively). The skin depth for these frequencies varies 

from 20.1 µm at 0.01 GHz to 0.50 µm at 17.8 GHz. In terms of dimensions compared to the 

skin depth, the design space for w values is between 2 δ and 200 δ and the values of t cover 

the region from 0.02 to 200 δ. 
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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 A1: Thicknesses for the additional 49-device Fasthenry design space covering widths 
between 1 and 100 µm and aspect ratios t / w between 1 and 100%. 

 

For comparison proposes, each geometry and each simulated frequency is considered as a 

single analysis case, giving a total population of 50 x 14 = 700 simulations used to compare 

the relative accuracy of all the available AC resistance calculation models. Fig. A9 shows a 

plot of the percentage of devices exceeding a given level of error. The error is taken as the 

percentage difference between the value produced by the model concerned and the respective 

Fasthenry simulation result for the same parameters (width, thickness and frequency). 

 

Fig. A9: Error distribution for selected AC resistance models. Labels refers from the top to 
the bottom respectively to: 1-D skin effect along the thickness ("1dt"), 2-D approximation 

model using 1-D solution in both directions("2d”, [Massin 2002]), [Pettenpaul 1988] model 
("pet"), [Nieuwoudt 2007] model ("nie"), a cylindrical wire with a total area equal to w.t 

("cyl"), [Lotfi 1995] model ("lot") and the thin microstrip model [Yue 2000] ("mic"). 
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The better overall error distribution is observed for the model presented in [Pettenpaul 1988]. 

For this model, about 10% of the devices present errors larger than 25%, what exceeds the 3 

to 5% accuracy stated in the article because the simulated design space is larger than the one 

used in the referred paper for fitting the proposed model. Some other models can present more 

than 50% error in 20% of the devices, and should be used with care and considering the 

dimensions and frequency range for what they are effectively validated. Taking the 

rectangular wire as being a cylindrical wire with the same area (effective radius 

π/0 wtr = used in eq. A12) gives less than 10% of error for more than 40% of devices. As a 

general conclusion, no model available to date is capable to give good results over a large 

design space, but considering the possibility of using the overall best quality match, 

[Pettenpaul 1988] is the best model, nearly followed by the 1-D skin effect taken along the 

thickness and by the fitting-based model proposed by [Nieuwoudt 2007]. These models are a 

good choice for qualitative modeling of a large-design space and large-bandwidth devices 

aimed to be analyzed in this thesis. Since an optimal solution is found for a design, different 

models can be used to evaluate the accuracy of the loss estimation considering the device 

width, thickness and main operating frequency. For real inductor devices, any analytical 

solution proposed will be still qualitative because a complete solution should take into 

account proximity effects, the presence of ground planes near the inductor and the dielectric 

constant of the surrounding media (transmission line propagation constant loss dependency). 

 

CPS-like analysis used in chapter 5 to compute the losses in the inductor model are based on 

similar assumptions of the ones used by the 1-D skin depth calculation along the thickness 

and care should be taken with the generalization of the results obtained using this approach. 

 

Worst case designs are probably squared wires, designs for which the t / w aspect ratio is 

maximum and the assumption w >> t is not valid at all. A plot for the relative error 

distribution for the devices having w = t is shown if fig. A10. The statistic is made using only 

7 wires at 14 frequency points (population of 98 samples) and probably more simulations are 

needed to make more precise conclusions. The covered design space between 1 and 100 µm is 

large to suggest that Pettenpaul and 1-D skin effect along the thickness are still good 

qualitative models. As a general conclusion, in spite of using assumptions that are not 

physically reasonable, some models can still have some useful numeric qualitative behavior to 
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be used. Further work is necessary by using other simulation tools and accurately measured 

experimental data to better understand the accuracy of each approximation. 

 

 

Fig. A10: Relative error distribution for different AC resistance calculation models for 
squared wires with widths between 1 and 100 µm considering Fasthenry simulations as 

reference. 
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