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ABSTRACT

With the rapid growth in the wireless industryrdn@as been increasing demand
to make devices with better performance. This rméaner power, lower voltage,
smaller, and in general more efficient. This tegalito the interest in and necessity for
good quality passive components. Good qualityipasomponents make better filters,
baluns, voltage controlled oscillators, and matghetworks.

There has been a lot of work over the last temsyfused on improving the
quality of inductors. Typical inductors fabricated silicon have Q factors of
approximately 10. This is because silicon is catige and therefore acts like a lossy
ground plane and develops interfering currentsprtwements that have been attempted
include thicker metal layers, thicker dielectrigdes, patterned ground shields, as well as
using multiple metal layers. These methods, howest#irdo not improve inductors to
the quality of those built on insulating substragash as glass. The main successful
attempt on silicon has been where the inductorisogleased so that it is in the air
supported by posts. In some work the inductorisaihised 50 to 100um above the
underpass by methods like etching or photoresidimyp

The suspended inductor approach was applied tosaaiting substrate to
fabricate and characterize unique suspended induatal transformers. Inductors were
released to have 1um of air underneath the cdihéyise of a release etch. Transformers
were made in a similar way except two releasedrsaynere used. The top coil, done in
plated gold, was released as well as an interctiondayer. Such a small air gap and
the transformers with two released metal layersaareuple of the unique features of this
thesis work.

The devices were characterized up to 20GHz befwleafter release. An
improvement in the peak Q factor (up to 70), ad a®ln the self-resonance frequency
(up to 4GHz higher) was noticed after release.s Texpected due to the reduction in
parasitics. The results were then compared withilsitions and a couple closed form
expressions, both of which were able to give aaealsle accuracy. There was also
success in getting good high frequency transformers

Even though some good high-Q inductors were fabett as part of this thesis,

there is still further work that can be done. Tihidudes packaging, integration with
capacitors, and further optimization.
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1.0 Introduction

As reported almost everywhere these days, therbders a rapidly increasing
interest in wireless technology and devices overpidst decade [1]. Not only does the
cell phone market still have room to expand andwevbut wireless technology has been
dreamed into many applications [2]. In fact, ihW& see that cell phone shipments are
up this year so far by over 1,000,000 from lastydaom having an internet or
Bluetooth connection on a fridge, to using wirelesdnology in cars for accident
avoidance and inter-vehicle communication, and éxesing the internet of wires with
the WLAN standards, the potential for the wirelesgketplace is wide open [3]. With
newly researched wireless areas such as ultralveidd systems, even the home
entertainment market is pictured as eventually dimgdwires [4]. Some comparison
data on wireless systems including a 900MHz cedinghsystem is given in table 1.1
below [5].

At the same time, these devices have been undssyme to shrink, be more
efficient and to perform better [6]. This is paliy in order to satisfy customer
demand/expectation of continual improvement, as$ agto deal with the extremely
crowded EM spectrum. In the immediate area of GHb, for example, there are already
at least four devices (Bluetooth, cordless phoWdsAN, and microwave ovens)
operating at this frequency band. This means tisesggood deal of concern and
possibility for interference. For this reasom;waate radios with intelligent frequency
selection or other schemes are required to rediiederence and make efficient use of
bandwidth [7]. This requires good quality passieenponents such as inductors and
capacitors in order to build the radio front entisfact in [8] it is plainly stated that
better performance devices are required to meeteéhends of wireless communications
which include, as mentioned, power efficiency, leigftequency performance, low
dissipation, low voltage, and low noise. It is We&lown that passive components make
better filters, baluns, transformers, voltage aalted oscillators, matching network
components, etc than distributed elements [9][}l].of these circuits can be built



IrDA
Features Bluetooth 802.11b Cellular MaxStream
(Infrared) -
10 m 10 - 100 to 20 miles
Range L 50 meters Cellular network P !
(directional) | meters (32 km)
2Mbps: -90 dBm
Receiver typical
o (optical) -70 dBm (typical -123 dBm -114 dBm
Sensitivity 11 Mbps: -84
dBm (typical)
Supported . .
Custom USB, PCI USB, PCI Serial, USB Serial, USB
Interfaces
. Upto 4 Uptol
Transmit Speed 1to 11 Mbps Up to 38.4 kbps Up to 38.4 kbps
p Mbps Mbps p p p p p
Frequenc
Banqdu y 980 nm light | 2.4 GHz 2.4 GHz 869-894 MHz 902-928 MHz & 2.4 GHz
Short Range,
Line-of-Site | Short 9 _
Power Dial-in access to . .
. only, Range, . . Limited simultaneous
Disadvantages . Consumption, remote device,
No multi- Complex . network support
. Complex national coverage
point software
Software
Multiple Long range, Low Price,
Low price, uttip Multiple vendors, | Line-of-Site only, g 9 W
Advantages . vendors, . L Low Power, Advanced
high speed High speed No multi-point . .
plug&play Networking & Security

Table 1.1 Comparison of some Wireless Systems

including inductors as an essential part. Thisléad to an increased interest in the
improvement of passive components and especiallycitors on silicon processes such
as CMOS or Bipolar technologies. There is natyradipe for integration as a silicon
circuit is required anyhow for a radio. A typicablio front end is shown in Figure 1.1
below.

An example of the need for high quality inductaei Gennum Corporation can
be given. Upon designing a 2.5GHz Bluetooth basslfitter, it was found that with two
out of four inductors having a quality factor of, 3Be insertion loss was a poor -4dB. A
redesign with all inductors having a quality fadb@tween 80 and 100 improved the

insertion loss of the filter to ~ -2dB. This is alsoe for baluns and matching networks.




Increasing the quality factor of an inductor caadl¢o a similar improvement in insertion
loss in these circuits. Better insertion losguim, allows you to work with weaker
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Figure 1.1: A Typical Radio Front end [9]

power levels. This is because with less loss, pesver is needed to compensate for the
loss in passive circuits such as baluns and filtdrsthe case of a voltage controlled
oscillator (VCO), an increase in the quality fadi@nslates to better phase noise

performance.

The approach of integrating good quality inductamo silicon is only one of the
two main approaches that are being taken. The afsigoach is one where MCM-D,
LTCC or another ceramic or glass based technolwgich can inherently make good
passives, is used to create a supporting RF chitvéorequired silicon baseband chip.
This work takes this second approach, where a ¢gersubstrate, separate from the
silicon substrate, is used in an attempt to creanee of the best inductors possible. The

next sections outline what was done in this worteinil.



1.1 Previous Work

It is important beforehand to summarize the wbdt has lead up to this
investigation of optimizing inductors and the ditflties with silicon that have lead to
work on other substrates. As mentioned, therédobas at least ten years of work that has
been put into improving the quality of inductorspecially for wireless applications.
Silicon substrates have traditionally been choseasrder to facilitate integration with
CMOS processes. Using a silicon substrate allowsrie-chip integration with the
CMOS processes. The problem on a silicon subggdlat the resistivity of the silicon
is such that the magnetic field of the inductor panetrate a significant amount into the
silicon, and thus create eddy currents. These migraeate their own small magnetic
field which opposes the magnetic field of the indu@and thus interfere [11]. A good
description, from [9], is that the substrate aiks & poor ground plane.

In an inductor, current loops are used to induoegnetic field. This magnetic
field stores energy much the same way as the mldigtid in a capacitor can store energy.
These loops can be implemented in two main wayse i®©the more traditional way of
making inductors, which is by winding metal aroundore: air, magnetic, or other. For
large inductance values, a magnetic core is ustadjyired. The other way of
implementing an inductor is in a two dimensionahian in planar technology. In this
case, the ‘loops’ are implemented as a 2D or plysgikasi-3D coil in one or multiple
metal layers. In this case, pH inductors can laésmade. This can be done by adding a
ferrite, or magnetic, layer in the area where titictor’'s magnetic field will be. For the
small inductance values required for wireless a&agilbns, typically in the nH range,
ferrite material and magnetic cores are not redguargd in fact tend to only degrade the

inductor performance.

A measure of the quality of an inductor or camads called the Q factor. The
larger the Q factor, the better the inductor. Aithh there are a variety of ways that the

Q factor has been defined, and some of these willibcussed again in detail in later



sections, it is essentially a measure of the &tgtored energy versus dissipated energy
[12]. On silicon, typical Q values have been beldywhich is far below acceptable, so
many things have been tried in an effort to imprthe [13][14]. From a circuit point of
view, the Q factor manifests itself as the amodnhgertion loss in a filter or balun, the
amount of phase noise in a VCO, the quality factdhese components, etc [15]. S
parameters and insertion loss will be covered wheasurement and extraction is

discussed in the results section.

There has been a lot of work [16][10][17][18] ersulating passive substrates
using MCM-D (multichip module-deposited) LTCC (Iaeamperature cold-fired ceramics)
or other similar architectures to create integrat@skives chips. The bulk of this work
has come out of IMEC (Interuniversity MicroElectios Center) in Belgium. A lot of
their work has been focused on using glass substr&ome of that work involved
embedding a silicon chip in the glass substratf 106 Q factors up to 80-100, among
the best achieved for inductors in a planar teaglhave been achieved in this
technology. The glass substrate is well insulatingy were using thick metals, a copper
interconnect and they had the benefits of a lows-thelectric. These considerations were
key in achieving these impressive Q factors. Wosk at IMEC also includes work on
using a BCB (benzocyclobutene) dielectric with cappThis work also included
modeling work (described in later sections) forstnenductors even beyond self-
resonance. [17][18][19] A lot of this work, siit includes integrated capacitors, has
been combined and verified with microstrip circteh as filters, VCOs (voltage
controlled oscillators), and baluns [16][10][17This work has similarities to the work
which has been undertaken in this thesis work. Wi undertaken in this thesis also
uses an insulating substrate (alumina). Tablestio®vn below gives the properties of
substrates discussed in this thesis [20][21]. @ilenotice that silicon has the highest
dissipation factor and dielectric constant, whglome reason it is not a good microwave

substrate. Note that silicon also has a highedgotivity than the other substrates.



Substrate Dielectric Constant Dissipation Factor
Alumina 9.8 0.0001

Glass (Quartz) 3.8 0.00002

Silicon 11.8 0.008

Sapphire 9.39 0.0001
Aluminum Nitride 8.9 0.0005

Table 1.2 Substrate Properties

Inductors have been made on silicon with thickaht reduce metal losses, via
lower resistivity, and thick dielectric to creatistdnce between the inductor and the
substrate. This also reduces parasitic capaeisanetween the coil and the underpass
and substrate [22]. This can quantitatively bevested by calculating the overlap
capacitance between the inductor coil and underpassctual equation is given in the
modeling section. Both of these actions were fawncreate better quality inductors than
in a standard process [22]. In fact simply usingm®f a low dielectric material, such
as BCB or polyimide, with a low resistivity metaich as copper has improved the Q
factor up to 25 in one case and 17 in another 223]14]. Although almost all work
being undertaken currently uses copper, there \8asravestigation undertaken to see
the effect of different metals. As expected, amdl@own by the following graph, the
more conducting the metal, the better the indusésforms. Each metal also has slightly
different magnetic properties and hence differamtgration depths of magnetic fields.
This is something known as the skin effect and belldescribed in later sections.

Inductors have been attempted in various SOI ¢silien insulator) processes [25].
In an SOI process where the bulk is removed, thasebeen work on suspending
inductors on the insulator and using it as a menwfar passives [26]. There has also
been work on inductors on membranes not in an $@gss [27]. A silicon nitride or
silicon dioxide layer can be used as an insulatiiegnbrane to support inductors [26].
Silicon on sapphire has also been used to integrdtetors. Since sapphire has similar
insulating properties to glass, it is expected thistwould be a promising area of

research, however it is very expensive. This teglehas, unfortunately, not met with a
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lot of success so far [28]. In some cases, a MEAdBnique or deep etch has been used
to leave the devices on an oxide or nitride mendf{aA][30]. By completely removing
the substrate, clearly the substrate parasiticalaceremoved, which should improve
performance. Another improvement that has beed ts the use of a high resistivity
substrate. This will not remove the substrate gaca, but was done in order to try to
minimize the substrate parasitics [14]. The autifdhis thesis has also been involved in
some proprietary Gennum Corporation work that olgtairesults approaching those

achieved on ceramic using very high resistivityaflaone silicon.

It has also been common to attempt building thectat coil using multiple
layers of metal [31]. This has been found to hheeeffect of improving the Q factor but
decreasing the self-resonance frequency [12].s iBibecause the metal layers create
more parasitics between each other — capacitamegsal inductances, etc. Also, there

is a very likely probability that lower metal lagewill be used in building these



multilayer coils, bringing the inductor closer teetsubstrate. The increase in parasitics
causes the lowering of the self-resonance frequeB@gpite the increase in parasitics,
using multiple metal layers also lowers resistaegplaining why the Q factor increases
even with the increase in parasitics. Using midtipetal layers is similar to using a

thicker metal. Fig. 1.3 shows some results thaéleeen achieved [32].

The self-resonance frequency of an inductor isteramportant factor that
defines an inductor. It is caused as a resuh®friductance resonating with a parasitic
capacitance. What happens is that at a certaguérecy, the imaginary parts of the
inductance and the capacitance will cancel eacér@iit. This means that at this
frequency the device has only a real impedancaesamelsonating’. In most cases the
first resonance is usually between the inductorthedarasitic capacitance between the
coil and the underpass. This parameter is impbltacause for most applications, the
inductor is only useful up to frequencies approaglihe self-resonance frequency. After
self-resonance, the inductor behaves like a capawmittil the next resonance. An

improvement on using multiple metal layers is toesgl the inductor coil out over the
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Figure 1.3: Effect of Multiple Metal Layerson Q Factor[32]



layers rather than copy the inductor on each |EB&t This can easily be done in any
multilayer CMOS process and the idea is to basigalt a couple windings on each layer
[33]. It was found that this improves the selfamance frequency of the inductors,
however, the Q factors reported from this work @2 are still less then ten [33].
However, the Q factors reported from this work similar to those reported for a simple
multilayer metal inductor, but with a higher sedspnance frequency, and so is still an

improvement.

In order to minimize the eddy currents and eftdaton-insulating substrates,
another potential solution that has been invest@& the use of a ground shield [34][35].
The innovative idea is to let the eddy currentsuoe@nd die out in the shield rather than
the substrate. In fact, a patterned ground shiatdbeen found to be more effective,
although Q values are typically still below 20. eTimproved effectiveness is because the
pattern can be generated specifically to counteetldy currents and direct them to take
only very short paths before dissipating [34]. @&anly, in [36], a Copper damascene
process is used, both with and without a grouneldhand then post processing is
performed to get inductors with a Q value of 26-8igure 1.4 shows a patterned ground
shield used in [9]. The work in [35] specificaltyestigates different ground shield
materials in a six metal level process. Theircbasion was that polysilicon was one of
the best choices [35]. This is thought to be bseauolysilicon with silicide provided
better eddy current shielding then metal.[35] Augrd shield need not be considered for

any work on an insulating substrate.
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Figure 1.4: A Patterned Ground Shield [9]

1.2 MEMS Approach to Inductors

In some cases, a MEMS approach to inductors haers ieed. One method that
has been used to remove the substrate parasitcessentially remove the substrate [26].
For example, in [37], an etch is used to removestleon under the inductor. This is
one of many MEMS type of techniques used to enhamtector performance. This
differs from the previously mentioned substrateaeimg techniques, since it does not
involve a membrane. One of the most unique MEM@l@mentations is where gold-
coated polysilicon coils are pushed up to gDabove the substrate by an actuator [38].
In [39] another interesting MEMS technique is apglto inductors. In this case, mini
inductor ‘chiplets’ are released into deionizedevgB89]. Capillary forces, surface
tension control, and a low temperature soldertaga tised to allow these chiplets to self
assemble onto a substrate [39]. Good Q factadtseimange of 35-60 have been claimed
[39].



A MEMS approach that has been used by a few éifitegroups is that of
bending the inductor ninety degrees so that it empdseing perpendicular to the substrate
[40][41][42]. Because the magnetic field is in thaldle of the coil, this means that
there will be significantly less magnetic field tipeenetrates the lossy silicon substrate.
In [42] the coil is not rotated to vertical but fily allowed to curl away from the
substrate. The work in [42] uses meltable hingeseabase of the inductor. It appears
that the downside to this approach is that thedfpfa are still below 10 in some cases
[41]. Perhaps this is because there is stilliaagilsubstrate and also because there may
be parasitics added due to the hinges or whate#M$ structures are required to rotate
the inductor. The other issue with this approacdinat these vertical inductors are both

frail and very hard to package, making them noy veanufacturable.

Instead of planar, coil inductors, some groupshaeduced on chip solenoid
inductors using MEMS or photolithography techniq[#3[7][44][45][46]. In both [43]
and [7] a photoresist mold is used. A solenoidasically a helical coil and by creating a
solenoid, better inductors are expected becausaaigaetic field is in a plane parallel to
the substrate, similar to the rotated inductord, @milar to the wound inductors that are
typically known and described previously. In facthagnetic core could probably be
introduced to this process as these are 3D indaictbinese have an advantage, as will be
discussed in the modeling section, in that theyezmsily be designed and modeled since
they follow a linear relation between inductancd anmber of turns. An interesting
approach to the solenoid inductor is demonstrat¢d7] where stress engineering is
used to curl thin metal strips up into a solenathh The two halves of the coil curl
together and lock. This is then used as a seguldting to obtain thick metal coils [47].

Q factors in the range of 50 to 70 have been obthlby this method [47]. It appears,
however, that it can be quite hard to ensure tlatwo parts of the coil will curl the
perfect amount and lock together [47]. So thidipalar process still has lots of work
before becoming manufacturable. Figure 1.5 shosdenoid inductor and a planar

inductor for comparison.
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Extended pads
: solenaoid coil

Figure 1.5: A Planar Spiral Inductor (Top) and a Solenoid Inductor (Bottom) [7][9]

Another mainstream MEMS approach to inductors isuspend them by creating
an air gap between the coil and the underpasspesidsig the inductors greatly
improves insulation by isolating the inductor fréime substrate material. There are also

several potentially manufacturable approachesdbieaing such a suspension. It has
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been done by a variety of approaches includinggrbeist molding, etching, and flip
chip techniques. Out of the MEMS approaches thaelbeen attempted, this and the
solenoid approach have the greatest chance of leg@manufacturable process. This
suspension approach is the one approach takersiwenk, where a 1um air gap was
created between the coil and the underpass. Wedtawwvn the need for good quality
passive components, and so this work has choseafdhe optimum substrates, alumina.
Since the air gap is relatively small, thus resglih only some substrate isolation, a
good substrate is essential. We have also seeMEES has a lot to offer to create
good quality inductors and that a simple and mastufable way to create good
inductors would be desirable. This work aims talstep in that direction and will be
described in the following sections and comparedkitail with the other suspended

inductor work.

1.3 Thesis Organization

In the subsequent chapters this thesis work wiliusther outlined. In chapter 2
the fabrication and design of the suspended indsietdl be described. This will be
followed by the results of the characterizationaaalysis of the results, a description of
previous suspended inductor work, and a compan$time results to simulation and to
the previous work in chapter 3. In chapter 4,rtteeleling of inductors will be described
and summarized. A discussion on the future woak tlould come from this thesis and
some conclusions will be made in chapter 5. Fmdétie references used are listed in

chapter 6 which is the reference section.
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2.0 Design and Simulation

As was argued in the previous section, thereniseal for good quality passive
components for many wireless applications and saibrk that is outlined in this report
was generated with those needs and the question ¢ho the best possible inductors be

made” in mind.

All the devices that are part of this work werbrfeated at Gennum Corporation
in Burlington. The process was therefore necdgsselected as a compromise between
Gennum capability, as a gracious corporate spoasdrfhe best choice to optimize the
inductors and transformers. The goal was alseddyre unique structures rather than
duplicate previous work, which is still very impant as well but for leading into the
future rather than replication. Being generatedodunmore industrial interest, the aim
was also for a simpler process that could becotaévely easily manufacturable.

2.1 Experimental Fabrication

The substrate of choice, due to good performanbéeghtfrequencies, was
aluminum oxide, also known as alumina. The magueace of processing steps are
illustrated in Figure 2.1. The first step was $gutleposition of ~1.6-118n of pure
aluminum at 208 and 10mTorr, this will be referred to as M1. Winum was chosen
here simply for the reason that gold or copper weiteoptions due to contamination
concerns, and so aluminum was the best optionadlaibs far as conductivity. For most
of the inductors, this metal layer was actually me¢d. Only for two inductors and all
the transformers was this metal layer used. Ircése of the transformers, this layer
formed one of the two coils. In the case of the imghctors, this aluminum layer was
used as the inductor coil even though it is digeatl the substrate and not suspended.
The aluminum was then patterned using standardfthatgraphy techniques.

Following this patterning step, approximatelyinPof a spin-on-glass(SOG) /
phosphosilicate glass(PSG) was deposited as atayde dielectric. The phosphosilicate
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Starting Alumina wafer

1.5um of Aluminum is sputtered at 200 10mTorr. Deposition
takes slightly more than 1 minute.

Aluminum is patterned with photolithography usifgpforesist.

1.2um SOG/PSG dielectric formed on the wafer. &R&er is
done in an oven. Then SOG is spun onto the waigbaked at
250°C. The SOG is etched back. A second PSG laydoris in the
oven.
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;

Via etch patterns the SOG/PSG

ﬁ

1.5pum of Aluminum is sputtered onto the wafer aeitee

;

Aluminum is patterned with photolithography.

1.2um of SOG/PSG is again deposited on the wafbefse.



Via etch patterns the second SOG/PSG layer.

6um of Gold is electroplated. A seed layer is @¢épd. Photorst is
deposited and patterned. The gold is plated & 58tg 4mA/crhi
The seed layer is etched.

HIHI M,

The release etch is performed in BOE for ~2 hours.

Figure 2.1 Process Flow
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glass was grown in an oven, followed by an SOG apuohetch-back, and finished with a
second PSG growth. This allows a good planarityle next step. It was felt that even
a lum air gap between the coil and substrate/undespaskl make a significant
difference and would also be a cheaper process.niin effect of introducing an air
gap is expected to be an increase in self-resorfeempeency and peak Q factor.
Although, the larger the air gap, the higher tHéresonance frequency and peak Q
factor, this thesis work is interested in the frexgey range up to 5GHz. This is why an
air gap of lum is expected to be significant enough. By usinga¢iqn 4.38 to calculate
the parasitic capacitance (overlap capacitancedsstihe coil and the underpass) and
then using equation 3.19, the self-resonance frexyuean be estimated for a given air
gap. It was also felt that the structures couldnioee easily released and perhaps more
stable because of this as well. The choice of 3G/ was made for ease of processing
and the planarity provided. Since it is intendetd¢ a sacrificial layer, there were no
strict requirements aside from compatibility wiktietrelease etch desired.

After the deposition of this dielectric, it was fgaihed with a via etch to allow the
subsequent metal layer to contact the first matadi, as indicated in Figure 2.1. This
via through the dielectric, was opened on approtetgahalf of each die in order to allow
the next metal layer to contact the substrate and the underpass for the inductors on
half of the die. (l.e. on half the die it is M2 andt M1 that lies directly on the substrate)
Following the via etch, a second, identical layealominum was sputter deposited (M2).
This layer was used for the underpass in all beitwo previously mentioned inductors.
It was used to form an overpass connection to énéec of the coil in those two inductors
that were created in different layers than the rsth&his layer was also used as a
connection layer on the transformers to connectwioecoils together or to bring out an
end of one of the coils to a test pad. This sédayer of aluminum was then patterned

with the same process as the first aluminum layer.
Following this, the 1.2m of SOG/PSG was also repeated as the secondayeerl

dielectric. As before, this was patterned by aetih before proceeding. In the next step,
a thin combination metal seed layer was blankettspd on the wafer. Photoresist was
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then patterned on top of the seed layer to actnagld for electroplating. Approximately
6um of gold was electroplated in this manner to féi® and then annealed. The plating
conditions were 50°C and 4mA/énfrollowing the plating, the seed layer was then
patterned (etched where there is no gold to preenentire chip from being shorted).
This gold layer was used for the inductor coil drbat two of the inductors (the same
two unique inductors mentioned in previous stepsl)\aas also used for the second coll
of the transformers. Gold was chosen for its gomtuctivity, which will make for a
good Q factor. In fact, it would have been nickawe had the possibility of doing all
three metal layers in gold. The thickness @hBvas chosen so that the thickness will be
greater than two times the skin depth at 2.5GHthigh frequencies, the current tends to
crowd to the edges of the conductor and travelringa This is because the presence of
an EM field causes the current to rapidly decag good conductor. [48] The skin depth
represents the thickness that that ring of curgteénds into the conductor from the edge.
It can be calculated by the following expressios|{4

C
0= ——
2noau
Equation 2.1

Hered is the skin depth, c is the speed of lights 2*n*frequency,c is the

conductivity of the metal anglis the magnetic permeability of the metal.

In the case of gold at 2.5GHz, the skin depth ma@aamately 1.6um, so extra
caution has been taken, especially since the ingistf the gold is hard to measure and
so had to be approximated [49]. This is becausatlieet resistance is extremely low;

approximately 3mohms/square. Process variatidhargold thickness is also expected.

At this stage, the processing was paused in eod&lfow for pre-release testing to
be done. Results and testing details are in th@xfimg chapter. After this testing was
completed, a two hour release in a BOE etch watsedaput to remove the interlayer

dielectrics from the wafer.
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The devices were now complete. Due to a varietynébrtunate circumstances,
including the power outage in August 2003, andwaderors during fabrication, only one
wafer was able to arrive to this final step andvjate released data. A cross sectional
view of the structures/process is shown in figu 2Also shown, below this figure, in
figures 2.3a and b are some scanning electron suope (SEM) images of the devices.

PRE-RELEASE
Gold

TRANSFORMER Coil
Gold Coil NDUCTOR / o

N

post
M2 underpass M1 Al M2 connection
Coil
RELEASELD
Gold
TRANSFORMER Coil
Gold Cojl NDUCTOR / o

AN

post

M1 Al M2 connection
Coil

M2 underpass

Figure2.2: Cross Sectional View of the Devices
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Figure2.3aand b: SEM Images of the Devices
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2.2 Inductor Design

Having set the process, the next step was to miésegstructures. Many things
were considered when coming up with a plan fordiésgign. The range of inductance to
include, the variables to include, de-embeddingneqie, test structures for the release
etch and for stress gradient measurements. Alighsteuctures for the layers as well as
the inter-die street size also had to be desigAeuther aspect that was taken into
account was creation of a DRC(design rule chet&¥dr Dracula. Dracula is a UNIX
program that, among other things, is able to claeg&sign file against a set of design

rules for the various layers.

A range of 1nH to 27nH was chosen for inductameeesthis covers both a useful
range of inductance for RF circuits for wirelessnoounications, as well as a range that
should be good for use as RF chokes for managemh&@ currents at the same time as
the AC currents. The de-embedding technique chaserto simply use an open and a
short structure. The open structure was createaérngving the inductor and just leaving
the leads, and the short created by removing thector and shorting the leads to the test
ground. This was chosen as a well recognizedtgub in the industry that has been
successfully used for years at Gennum. For thetsire to test the release and measure
the stress gradient, advice was gathered fromleagple, Mircea Capanu, who is a
MEMS expert at Gennum Corporation. Based on ttingca, a series of cantilevers were
created in each of the two released layers. Twese clamped-free cantilevers so that
one end would be free to bend under stress upeasel Beside each cantilever, the
identical cantilever as a clamped-clamped strucitae placed for use as a reference. On
both of these structures there were tabs desigrexg 80um so that the deflection could
be more easily measured. This will hopefully Iéatheing able to measure the stress
gradient across the clamped-free cantilever. Hmtilevers were designed with 30um
and 50pm widths and 200pum, 500um, 700um, and 908pgths. Tables 2.1 and 2.2
below outline the devices that were designed figrghoject. Note that the number of
posts does not include the connection to the urdsydput only the number of support

posts.
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Number Number Underpass
Inductance | of Turns | Spacing | Width of Posts | Coil Metal Metal Shape
10nH 3.25 26 26 7 | Gold aluminum square
10nH 3.25 26 26 2 | Gold aluminum square
4nH 2 26 40 4 | Gold aluminum square
4nH 2 26 40 2 | Gold aluminum square
3nH 2 24 35 4 | Gold aluminum square
3nH 2 24 35 2 | Gold aluminum square
4nH 3 22 50 1] Gold aluminum round
1.4nH 2 22 70 1] Gold aluminum round
1.6nH 2 22 70 5 | Gold aluminum square
1.6nH 2 22 70 2 | Gold aluminum square
27nH 7.25 22 20 16 | Gold aluminum square
27nH 7.25 22 20 7 | Gold aluminum square
4nH 2 26 40 0 [ 1% aluminum | aluminum(over) | square
3nH 2 24 35 0 | 1* aluminum | aluminum(over) | square
Table 2.1: Inductorsincluded in the design.
top coil bottom coil | Inverting

Transformer 1 round 1.4nh 3nh No

Transformer 2 10nh 3nh No

Transformer 3 10nh (few posts) | 4nh No

Transformer 4 3nh 3nh No

Transformer 5 3nh 3nh No

Transformer 6 3nh 3nh Yes

Table2.2: Transformersincluded in the design (measur ed)

The final chip design is shown in figure 2.4 beloMote that there are a few

transformers that were not measured. This is dyedbing limitations, with the network

analyzer only having two ports, as well as timest@ints. A round of measurements on

one wafer, at five sites requires ten hours ofrigst
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Figure 2.4:Image of Design used in thisWork. Inductors, transformers and cantileversare indicated.

The inductors were designed in a free EM simutagimogram called ASITIC.
This program was developed at the University oifGalia, Berkeley. [8] It solves
Maxwell’'s equations for inductors, capacitors, &mashsformers using Green’s functions
with the input of a technology file with the lay@etails. One can then build coils right in
the program. This program has the ability to get@CAD drawings and to give one the
inductance of the coil very quickly. It can alsngrate a Q value estimate anchodel,
however, this aspect of ASITIC was not used as geraccurate 3D EM simulation tool

was available. The inductors were designed, ingglarito Cadence, and put together to
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form a chip. Cadence is a well known semiconduC#®b tool for design. The

drawings were put on the appropriate layers, trstspo hold up the coil when suspended
were added, the transformers were designed, anchtitdever structures were designed.
Everything was then connected to AC pads for measents and the de-embedding
structures created. The design was then reviewa@aesign rule check performed.
Masks were created at Gennum Corporation and tirecédion began.

In order to predict the performance of the deviedighe devices except for the
cantilevers were simulated in Ansoft HFSS, a 3D &Mulator. This simulator divides
the design into tetrahedra and then solves foelderic and magnetic field on the
surface of the tetrahedra in order to extrapolatetfe fields on the inside of the
tetrahedra. Depending on the type of port thased, this determines how the
simulation will start. A lumped gap port, for expl®, simply declares a voltage
difference (or essentially a ground referencetierdimulation) and goes from there; a
wave port will solve a 2D microstrip problem at @t and then let this solution

propagate into the 3D matrix.

For the purposes of these simulations, a few agpesawere used to try to
maximize accuracy. The first step was simply ingion of the design from a cadence
gdsll file directly into 3D geometries in HFSS. i§was possible due to the use of a
technology file which was created. Then the simoewas set up with material
assignment and port and boundary assignment. Beaa® want a Q estimate, for all
metal parts the ‘solve inside’ option was select&tis will ensure that the skin effect is
taken into account. Lumped gap ports were useddszt the two signal pads and the
ground pad so that the exact same AC pad and g&tiprould be measured was
simulated. Other options that were selected walkeng) with low order basis functions
as well as trying to allow/setup a larger than usuaber of mesh elements on the
surfaces. Simulations required approximately 30utas of setup and one hour of
simulation time. Simulation results are comparéth wieasured results in the following

chapter on results.
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3.0 Experimental Results of the Inductors and
Transformers

3.1 Measurement Set Up

All the devices were measured in the researchdamdlopment lab at Gennum
Corporation. A Hewlett Packard 8720 network anatym conjunction with their IC-
CAP software was used to measure and record the daiis analyzer is capable of
measuring up to 20GHz. 24GHz shielded SMA coaxable was used to connect the
analyzer to the GGB Industries ground-signal (G&®yomvave probes. Before any
measurements were performed, a thirty minute ingnt warm-up period was allowed
followed by instrument calibration using a CS-8lwation substrate, also from GGB
industries. This substrate provides a short-opad-through (SOLT) type calibration.
As it was allowed by the analyzer, an isolation saeament was also performed as part
of the calibration. In order to remove the effetcthe measurement pads and leads, de-
embedding structures consisting of an open and gthevice removed, as described in
the previous section) were also measured. Duriegsarement sessions, a calibration
was performed approximately every four hours. TB¥EAP software handled the data
collection and all the GPIB (general purpose imsnt bus) communication with the
analyzer. So the S parameter data was availabiewand run routines on immediately

after the measurement.

3.2 Parameter Extraction

The desired parameters were then extracted frerddhka, which is received in the
form of scattering parameters (S Parameters)th&limeasurements reported here are
two port so we have four S parameters.&9d S, represent the reflected signal from
port 1 and 2 respectively.;88and $; represent the transmitted signal in the forwaml an
reverse direction respectively between port 1 arti2x For a symmetric, passive, two
port network, & and $; should theoretically be equal. Obviously in d rmaasurement

there is some variation due to manufacturing angkna tolerances as well as
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measurement error. When measuring the reflecterpers, § and $,, the other port
is terminated by 50 ohms to ground. In order tiotige de-embedded results; 8nd $»
from the open structure are subtracted frama8d $, of the device. This removes the
parasitic capacitances associated with the measmtgrads. $ and $; of the short
measurement are subtracted fromahd $; of the device measurement. This removes
the parasitic inductance of the leads going tadthdgce. By making these simple
subtractions, the performance of the device, witheads and pads, can be accurately
assessed. This de-embedding technique is relatival known, and has been

successfully used at Gennum.
To extract parameters such as inductance, Q fatgrwe need to convert to
admittance parameters (Y parameters). This coioreis done by the following set of

equations [50]:

o[ (1~ S1)(1+ S+ S 8

Y=
st %) - s S
Equation 3.1
Y= —2YoS2
[(l+ Sll)(1+ Szz) - S Sl:|
Equation 3.2
V1= —2Yo S
[(l+ Sll)(1+ Szz) - S Sl:|
Equation 3.3
Yo (1+ Su)(1- So)+ S
s (1 ) - 52 5
Equation 3.4
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Y, in these equations is I/a@r 1/(characteristic impedance). In the casdisf t

work, a 50 ohm characteristic impedance was useeyerything was measured in a 50

ohm system. From these Y parameters we can usgthealent model shown in figure

3.1 below to extract a model [51].

SGHAL

GROUHD

Y1+ Y12

TE+Y12

Figure 3.1: Pi Equivalent Circuit for a 2 port network

SIGHAL

GROUMD

Now Y2 is the impedance across the device, as we canosedhe figure. We

can simply use the following to then find the seiireductance and resistance [50][51].

)
Im Y—
L — 12

w
Equation 3.5

R= Re[_—l}
Y12

Equation 3.6

This is from -1/Y,» = series impedance = Z = Ralj.
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Note that since we can only extract the real ambinary part of the impedance
between the two ports and from each port to growedreally can not accurately extract
both an inductance and a capacitance between e tge points by this method. One
way to be able to extract both an inductance acapacitance is with the aid of software.
In IC-CAP, for example, one can input an equivat@rduit and get the software to fill in
the values based on the measurement data. Thisavasne for this work, however.
There are also ways of trying to do this analyljcak well. One way is to set up a
system of three equations (i.e. three frequencytppand three unknowns, R, L and C by
expanding the equation shown above to:

Ywr=272= '1
(R+ jwL

)

Equation 3.7

A more rigorous approach is given in the work i@][5Here the real and imaginary parts

of Y1, are isolated. Doing this, they obtained [52]:

wlL

Y= W

+ j| - =g~ jb

(R + (L))

Equation 3.8

Now if one recognizes that b =y (»),R(®),C(®)), then for two points that are close to
each other we get [52]

Ab= (@jAw+(@]AL+(@jAR+(ﬂ))AC
ow oL OR oC

Equation 3.9
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adfi-(2) Jor 80t ) 20y
d{l{iﬂz(ﬂb%(w»

Equation 3.10

Where the L shown above is the full solution aggiin [52]

Following from [52] we now make the following assptions:A®w C <<Ab (true
below self-resonance), a slowly varying L (ie: dld In ® is small), and R <®L. This

leads to the following two equations [52].

R=0.50(1- |- { 201))

Equation 3.11

Equation 3.12

By starting with RiowL = 0, the above two equations can be iterativelyed for L and R

[52]. Following that C can be found from the fellmg equation given in [52]

b ({cvmin

Equation 3.13

For this thesis work, the first, simple methocswiaed. What will come out in

that case is a frequency dependant inductance,valilier than a combination of an
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inductor in parallel with a capacitor where botlvénatatic values. Using this approach,
of a frequency dependent inductance, the self-sssmnfrequency can then be identified
by the point where the inductance value maximizesthen quickly becomes negative.
The inductance becoming negative is simply a maétieal result of the above formulae
used for extraction. It simply indicates that tievice has gone from being inductive to
being capacitive and is a mathematical artifacttduwealing with imaginary numbers.

In reality, the skin effect causes the inductancedcrease with frequency, but via this

extraction method our inductance is tied in with tdapacitance.

The shunt parasitics are simpler to extract, thazan suffer the same problems.

They are given below:

_ 1
Ra = Re[ (Y11+ le)]

Equation 3.14

Im (Y11+ Y12)
w

Cpl =
Equation 3.15

—Rrd 1
Rez = Re{ (Y22+ YZI)J

Equation 3.16

Im (Y22+ Y21)
w

Cp2 =

Equation 3.17

Once again, we have simply used the pi model defmand split it into real and

imaginary parts.
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3.3 Q Factor

Finally we will have a look at the extraction betquality factor (Q factor). The
Q factor is a measure of the efficiency of the gtduand is an indication of how much
energy is lost or dissipated in the inductor. @reghod of calculating the Q factor is

given by the following equation [53]:

Re(lj
Y11

Equation 3.18

Where Im stands for the imaginary part of the peater (1/Y;) and Re stands for
the real part of the parameter (1{¥ As seen from the equation, this method can be
calculated directly from the Y parameters. Thesogato choose X is that it is actually
the most common way reported in literature. Usfagmeans that one is treating the

inductor as a 1 port device, where port 2 is teatad by 50 ohms to ground.

The other method of calculating the Q factor treg been used in this work is
called the 3dB method. In this method what isedis that at each frequency, for the
purpose of calculation, it is considered that there capacitor in parallel with the
inductor. The capacitance value that is chosémeivalue that will make this parallel
combination resonate at the calculation frequeridye 3dB bandwidth of this resonance
is then measured. The following equation can leel s determine the capacitance value

to create resonance at a given frequency:

1
2/ LC

Equation 3.19

0 —
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Here {, is the resonance frequency and L and C are theciadce value and capacitance
value respectively. For the purposes of measuatal d better definition is to insert an
ideal capacitor in shunt with the inductor withadmittance equal to the imaginary part

of Y11 [8]. So the admittance becomes

Y'= joC+ Yu
Equation 3.20

= - Im[Yu(an)]
Wy
Equation 3.21

This will resonate the device at the frequencyntdriest and we can simply measure the
3dB bandwidth of the resonance to get the Q [8]:

[0,)
Acosds

Q:

Equation 3.22

Herew, is the value ob at the frequency the Q factor is being calculatedrad
Awmsgg is the 3dB bandwidth of the resonance. The istérethe 3dB method to calculate
the Q factor is that it is more accurate near #gieresonance frequency of the device.
The main failing of the 3dB method is that, if aacse step is used in measurement
frequency, then interpolating the bandwidths tealalte the Q factor can lead to poor
accuracy. So, for example, this method would natkvem data that is very coarse and

had a frequency step of 0.5GHz.

Another method of Q calculation, is calculating tlegivative of the phase, as

shown in [8]:
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(74), -t o v

Equation 3.23

There are also two or three other methods of catlitig the Q factor but they are

rarely reported or used so will not be listed here.

Using routines that were developed at Gennum QCatiom and available directly
in IC-CAP, these extractions were performed andfdlis data was calculated for each

device.

3.4 Measurement Results

Devices were measured before and after reldase.sites were measured on the
one properly processed wafer after release. Tiberetually pre-release data from five
sites on three wafers. The following series ofdslshows the averages of the results of

these measurements.
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INDUCTANCE VALUES

Site 1 Site 2 Site 3 Site 4

Pre- Post- Pre- Post- Pre- Post- Pre- Post-

release |release |release |release |release |release |release |release
10nH 4post 9.42602] 9.21998] 9.42965| 9.21093] 9.43738] 9.22031] 9.45704] 9.2471
10nH 2post 9.44992| 9.16817| 9.44327| 9.10627| 9.45085| 9.18892| 9.44853| 9.19931
4nH 4post 3.81638] 3.79423| 3.81219| 3.78115| 3.81245| 3.79819| 3.83108| 3.83997
4nH 2post 3.81996| 3.77364| 3.82457| 3.75517| 3.79653| 3.75367| 3.84575| 3.82524
3nH 4post 2.895| 2.89659] 2.90602] 2.88866 2.904] 2.9053] 2.89627| 2.97015
3nH 2post 2.90659] 2.88328| 2.89903| 2.88127| 2.9137| 2.90038| 2.90434| 2.95964
4nH rnd 3.83598] 3.80291| 3.83402| 3.84388| 3.84296| 3.82352| 3.83452| 3.8871
1nH rnd 1.23913] 1.2689| 1.24906] 1.27991| 1.27048| 1.28333] 1.25338] 1.34708
1.5nH 4post| 1.61117] 1.61142] 1.6001| 1.63208| 1.61291| 1.63553| 1.61267| 1.68633
1.5nH 2post | 1.59786] 1.6212] 1.60053] 1.6382] 1.62246| 1.63294] 1.61808| 1.68897
27nH 4post 30.5307] 28.7245| 30.4364| 28.7108| 30.5351| 28.5212| 30.4477| 28.5104
27nH 2post 30.5209] 28.3219|] 30.428| 28.1167| 30.5111| 27.9107| 30.4103| 27.9983
4nH_al 4.06068| 4.03858] 4.05369] 4.04801 4.05343] 4.10368
3nH al 3.11683] 3.1277| 3.11175| 3.13321| 3.12981| 3.15301 3.18173

Site 5 AVG STD DEV

Pre-release | Post-release | Pre-release | Post-release | Pre-release | Post-release
10nH 4post 9.45058 9.2903 9.440134 9.237724 0.013338 0.032358
10nH 2post 9.39677 9.23292 9.437868 9.179118 0.023161 0.046971
4nH 4post 3.82497 3.83351 3.819414 3.80941 0.008319 0.025834
4nH 2post 3.81032 3.80291 3.819426 3.782126 0.018213 0.031222
3nH 4post 2.91658 2.95442 2.903574 2.923024 0.008692 0.036744
3nH 2post 2.90084 2.94226 2.9049 2.913366 0.005735 0.035637
4nH rnd 3.84195 3.87661 3.837886 3.846804 0.004248 0.035318
1nH rnd 1.25465 1.35152 1.25334 1.306148 0.011355 0.039782
1.5nH 4post 1.6276 1.68441 1.61289 1.649954 0.009785 0.033626
1.5nH 2post 1.61556 1.68602 1.610898 1.653466 0.011005 0.031685
27nH 4post 30.5172 28.4334 30.49342 28.58006 0.047524 0.130175
27nH 2post 30.4801 27.7803 30.47008 28.02558 0.04927 0.206284
4nH al 4.07051 4.10398 4.059578 4.073563 0.008025 0.035162
3nH_al 3.11403 3.18757 3.118105 3.156644 0.008075 0.027321

Table 3.1: Measured Inductance Valuesfor the Devices (1GHz values befor e self-resonance rise)
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SEL F-RESONANCE FREQUENCIES

Site 1 Site 2 Site 3 Site 4
Pre- Post- Pre- Post- Pre- Post- Pre- Post-

release |release |release |release |release release release |release
10nH 4post 5.7 10.5 5.7 10.9 5.6 10.8 5.6 10.8
10nH 2post 5.7 16 5.7 10.3 5.6 16.2 5.7 16
4nH 4post 8.2 10.3 8.4 13.9 8.2 13.7 8.2 13.8
4nH 2post 8.3 10.1 8.4 15.2 8.2 15.1 8.2 14.9
3nH 4post 11 15.4 11.1 18.5 10.9 18.3 10.9 18.3
3nH 2post| 11 15.3 11 18.8 10.9 18.6 10.9 18.7
4nH_rnd 9.9 16.7 9.5 >20 9.8 19.6 9.9 16.1
1nH_rnd >20 >20 >20 >20 >20 >20 >20 >20
1.5nH 4post 10.5 >20 10.6 >20 10.5 >20 10.5 >20
1.5nH 2post 105 >20 10.6 >20 10.5 >20 10.5 >20
27nH 4post| 3.3 5.1 3.3 5.3 3.3 55 3.3 55
27nH 2post 3.3 5.7 3.3 5.7 3.3 5.9 3.3 6
4nH_al 7.9 12.7 7.9 12.6 10.1 7.8 12.7
3nH_al 10.5 16.1 10.4 16 10.3 16.2 16.1

Site 5 AVG STD DEV

Pre-release | Post-release | Pre-release | Post-release | Pre-release | Post-release
10nH 4post 5.7 9.3 5.66 10.46 | 0.05477226 0.6655825
10nH 2post 5.7 16.7 5.68 15.04 ]| 0.04472136 2.6651454
4nH 4post 8.1 14 8.22 13.14 ] 0.10954451 1.5915401
4nH 2post 8.1 15.2 8.24 14.1 | 0.11401754 2.2394196
3nH 4post 11 18.8 10.98 17.86 0.083666 1.3903237
3nH 2post 11 18.9 10.96 18.06 | 0.05477226 1.5469324
4nH rnd 10 >20 9.82 17.466667 | 0.19235384 1.8717194
1nH rnd >20 >20 N/A N/A N/A N/A
1.5nH 4post 10.7 >20 10.56 N/A | 0.08944272 N/A
1.5nH 2post 10.7 >20 10.56 N/A | 0.08944272 N/A
27nH 4post 3.3 5.6 3.3 5.4 0 0.2
27nH 2post 3.3 6 3.3 5.86 0 0.1516575
4nH_al 7.9 12.8 7.875 12.18 0.05 1.1649034
3nH al 10.4 16.1 10.4 16.1 | 0.08164966 0.0707107

Table 3.2: Table showing the pre and post-r elease self-resonance frequencies
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Q FACTOR @ 2.5GHz (3dB method)

Site 1 Site 2 Site 3 Site 4
Pre- Post- Pre- Post- Pre- Post- Pre- Post-
release release release release release release release release
10nH 4post | 27.36495 | 27.42855 27.5836 28.1523 28.0116 | 29.8588 | 26.1566 | 29.72725
10nH 2post | 27.37275 | 35.33755 29.4378 32.2093 28.1779 | 37.97215| 26.5544 | 39.05605
4nH 4post 39.55385 | 41.3602 6.06041 | 41.1541 | 39.9772| 43.3468 | 39.3349 | 35.5901
4nH 2post 39.539 | 41.7352 | 6.059815 | 43.05645 | 40.5232 | 46.1464 | 39.31775| 36.8912
3nH 4post 41.04735 38.4589 | 40.0765| 40.0252 | 40.68995 | 42.75605 | 40.87245 33.898
3nH 2post 40.56565 | 41.38965 | 40.99985 39.9722 | 40.42735| 43.8228 41.449 | 34.97035
4nH rnd 40.76665 | 41.10035 | 19.87781 | 45.20495 | 39.48215| 43.8968 | 41.99175 | 36.60415
1nH rnd 36.92225 | 32.17235 | 19.57731 37.3872 | 33.1539 | 34.4204 | 39.33725| 27.0043
1.5nH
4post 34.0627 32.5868 | 36.42235 | 35.42035| 33.0764 | 34.6975| 48.1682 | 28.22085
1.5nH
2post 35.07775 | 34.63675 | 35.58145 | 36.36325 | 32.4317 | 35.2412 | 43.13475 | 28.40325
27nH 4post 9.03986 | 8.707555 | 8.852445 10.2928 9.82378 | 9.16955| 9.17618 | 9.033405
27nH 2post 9.28233 | 9.900195 9.26772 | 10.97603 9.89127 | 10.92774 | 8.864425 9.5199
4nH_al 22.31895 | 20.55635 | 21.51935 | 21.58995 | 1.079628 | 0.692493 | 21.4572 | 18.64335
3nH al 20.13635 | 19.13965 | 19.42025 20.3572 18.6425 | 20.1572 | 0.632488 | 17.8409
Site 5 AVG STD DEV

Pre-release | Post-release | Pre-release | Post-release | Pre-release | Post-release

10nH 4post 30.2904 25.75015 27.88143 28.18341 | 1.51249575 1.7089404

10nH 2post 18.92215 35.15065 26.093 35.94514 | 4.14747618 2.6806441

4nH 4post 47.48375 35.91615 | 34.482022 39.47347 | 16.2504139 3.5043559

4nH 2post 51.2468 37.64895 | 35.337313 41.09564 | 17.1075652 3.8510056

3nH 4post 41.01985 34.3525 40.74122 37.89813 | 0.39782309 3.7752751

3nH 2post 39.44275 35.1121 40.57692 39.05342 | 0.74970546 3.9132652

4nH rnd 38.9779 36.41645 | 36.219252 40.64454 | 9.21004792 4.0553605

1nH rnd 39.38505 27.2348 | 33.675153 31.64381 | 8.27989502 4.5260291

1.5nH 4post 26.32755 28.10985 35.61144 31.80707 | 7.95841432 3.4838472

1.5nH 2post 17.882 28.46015 32.82153 32.62092 | 9.25218512 3.8741199

27nH 4post 9.412275 9.24757 9.260908 9.290176 | 0.37503998 0.5972854

27nH 2post 9.513895 10.90671 9.363928 10.446115 | 0.37616391 0.6857155

4nH_al 22.2245 18.70385 | 17.7199257 16.037199 | 9.31053905 8.6691811

3nH al 20.8239 17.73445 | 15.9310976 19.04588 | 8.59064908 1.2384679

Table 3.3: 3dB Q Factor values @ 2.5GHz for the devices
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Q Factor @ 2.5GHz (Traditional Method)

Site 1 Site 2 Site 3 Site 4
Pre- Post- Pre- Post- Pre- Post- Pre- Post-
release release release release release release release release
10nH 4post 14.89845 17.656 | 14.25655 | 17.25905 14,1169 19.3686 14.1526 | 19.10675
10nH 2post 14.84795 | 24.4785 | 15.11725 | 19.61485 14.2144 | 27.04795 | 14.31445 27.399
4nH 4post 29.67775| 30.8951 | 29.67585 32.4804 | 28.0656 36.2801 | 29.24875 | 29.33335
4nH 2post 29.65905 | 31.4533 | 29.1459 ] 34.86065| 28.5014 | 39.9737 | 29.2396 | 31.06935
3nH 4post 33.2398 | 30.5557 | 30.6912 | 33.32405 | 31.54825 | 37.56515| 33.2757 | 29.38755
3nH 2post 32.7761 | 33.09375 | 31.49255 33.4348 | 31.3009 | 38.96425 ] 33.9015 | 30.55135
4nH rnd 31.82465 | 33.3076 | 30.4984 | 41.9747 | 31.1142 | 39.64355 | 32.07325| 30.9799
1nH rnd 33.30005 | 29.9266 | 30.8919 ] 41.08055| 31.0335| 36.54965 | 32.4776 | 27.24525
1.5nH 4post 22.102 | 21.58415 | 22.56715 25.7456 | 22.1022 24.6884 | 23.78365 | 20.72345
1.5nH 2post 225704 | 22.6537 | 22.2219] 26.35065| 21.7897 | 25.02915 | 22.12855 | 20.86445
27nH 4post -1.21326 | 1.176517 | -1.25694 1.88577 | -1.65705 1.85894 | -1.55853 | 1.57191
27nH 2post -1.19801 | 2.208385 | -1.27680 2.64416 | -1.61306 | 3.019485 | -1.50634 | 2.51675
4nH_al 15.93425 16.2892 15.5219 | 17.38055 | 113.7223 | 207.3382 | 15.93775 15.565
3nH al 16.0761 | 16.50915 15.8534 17.4802 15.4059 17.3189 16.0062 | 16.0526
Site 5 AVG STD DEV

Pre-release | Post-release | Pre-release | Post-release | Pre-release | Post-release

10nH 4post | 13.2821333 17.440767 | 14.1413267 18.166233 | 0.57564075 0.9924564

10nH 2post 10.56386 26.274433 13.811582 24.962947 | 1.85348754 3.1952472

4nH 4post 27.0554667 28.887167 | 28.7446833 31.575223 | 1.15177853 2.9861941

4nH 2post 28.5648333 30.905233 | 29.0221567 33.652447 | 0.48697004 3.8882456

3nH 4post 31.8532667 29.230167 | 32.1216433 32.012523 ] 1.12128221 3.5109149

3nH 2post 31.146 30.2387 32.12341 33.25657 | 1.18505755 3.5022008

4nH rnd 29.6731667 31.122733 | 31.0367333 35.405697 | 0.98110873 5.0853876

1nH rnd 32.9733667 27.602167 | 32.1352833 32.480843 | 1.11087515 6.0878409

1.5nH 4post 19.0554 20.836333 21.92208 22.715587 | 1.74386258 2.3373769

1.5nH 2post | 22.4136667 21.0109 | 22.2248433 23.18177 | 0.29736108 2.4400881

27nH 4post | -1.83789767 1.4496367 | -1.50473873 1.5885547 | 0.26619944 0.2961399

27nH 2post | -1.81416633 2.52287 | -1.48167887 2.58233 | 0.25042928 0.2926596

4nH_al 15.6445667 15.2785 | 35.3521643 54.3703 | 43.810645 85.515533

3nH_al 16.2652333 15.753633 | 15.9213667 16.622897 | 0.32392466 0.7604579

Table 3.4: Tradition Q valuesfor the devicesat 2.5GHz.
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The results show that, as was expected, the nffaict f releasing the inductor
coils is to increase their useful range by incregishe self-resonance frequency. This is
because with air instead of dielectric, the capacie between the coil and underpass, a
parasitic capacitance in parallel with the deviseow reduced. Looking at the equation

given earlier in this section we can see that ésemance frequency for a parallel LC

combination depends o Jic’ Therefore if the parasitic capacitance, C isdmd,

the self-resonance frequency will increase. Ase& the self-resonance frequency
increases by over 4GHz for certain devices andiisi®ases the maximum Q value. For
the frequency that was chosen to be of interes {duhe many applications such as
Bluetooth, WLAN, cell phones, cordless phones, &&GHz, the Q factor did not
change noticeably, unfortunately. These devicedatter for the 5GHz applications

after release however. As expected, the postsatideem to have an effect on the
inductor prior to release. The Q values were wboge to those achieved in similar
inductors made at Gennum on alumina without pestd,unreleased. The inductances of
all the devices were measured to be the expectads/ao it was found that the support

posts did not affect the inductance values either.

Upon release, as expected, the data reflects théntat there are more parasitics
in the inductors with more posts. This is showthia lower self-resonance frequencies
and Q factors in the ‘four post’ devices as comgdoethe ‘two post’ devices. Itis
therefore better to design these suspended induaitr as few supports as necessary to
minimize this degradation caused by the posts.reltvas a slight decrease in the
inductance of all the inductors after the releasp.sThis can most likely be attributed to
differences in the magnetic field of the inductothe air vs. the dielectric. The

following figures give a summary of the inductosués.
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Pre - Release Inductance vs. Frequency
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Figure 3.2: Inductance vs Frequency pre and post release
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Released Traditional Q Factor vs. Frequency
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The results obtained, both before and after reléasthe inductors indicate that
these inductors are suitable for the 1-5GHz apiitina targeted, even if the Q factor at
2.5GHz remained similar to the unreleased valukigt®oth, cellular systems, WLAN
etc) The Q factor is high for most of the industor this frequency range and the self-
resonance frequencies large enough that the desdeebe used in this range. In fact, the
performance of these inductors exceeds many oétheailable as discrete components
in 0402 or similar packages that much of the ingusses [54]. A lot of these devices
have more parasitics and lower self-resonance émgjas than the devices in this work
[55]. In fact, some solutions for these applicasi@re becoming completely integrated
onto silicon and thus using inductors of much pogrality. As will be shown in the

next section, some silicon devices still have Qdexless than 15 [56]

3.5 Comparison with Previous Suspended Inductor Work

The release etch used in this work makes thegeladot easier than in many of
the MEMS inductors that have been described irdlitee. Many of the other devices
rely on using a multistage photoresist mold or edspiire special hinges and/or precise
stress tuning in order to create released or \@&iticductors [42][7]. What happens in the
case of a photoresist mold is that a mask is us@dgose a pattern in the resist, which is
usually thick or a special resist like SU-8. Meatah then be plated in this pattern, using
the resist like a mold. One thing that makes aifszial layer (as used in this work)
easier is that in a manufacturing process, contatioim concerns limit the equipment,
temperatures, and processes that can be performeedobotoresist is on the wafer.
Another aspect is that with thick resist, line vagland spaces that can be used are
limited. Typically the resolution will be on theder of the resist thickness [57]. This
however, is a general problem in patterning veigkthayers, which is a reason that only
a lum dielectric was used in this work. Creation aftial inductors relies on stress
engineering of the materials and also producesds\that would be harder to
encapsulate or package.
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Much of the suspended inductor work that has beemec out to date has been
on silicon substrates in hopes of CMOS integratibh][55][56][58][6][59][60][61]
This is because a suspended inductor has a goadebabeing fabricated with a
process that will be compatible with CMOS, i.e. ltemperature and non-disruptive to
existing features in the process. The work hasrtadn a variety of different approaches
to date in order to achieve suspended inductong general trend in this research
appears to be copper inductors on silicon substrgitd an etch release or else a

photoresist mold.

First, the suspended inductor research that i€stde the work in this thesis will
be looked at in detail. The KAIST group in Kor&d][61] uses a two stage photoresist
mold to create their suspended inductor, which tiesa 50m air gap between the coil
and the underpass. This is fifty times larger ttiengap used in this research. This will
mean a coil to underpass capacitance that is s tthat in this work. However, one
must keep in mind that the other parasitics arerdehed by the substrate, metal, and
geometry. Thick, 1m, copper metallization is used for structural gits{51]. As
well, 20um diameter support posts are built to hold up thk [51] This group has also
done work on encapsulation. Testing with a tiB€8 dielectric degraded only slightly
the performance of these inductors with a maximegradation of approximately 5 in
the Q factor.[61] Although the encapsulant thas wecommended was PMDS due to the
cost, transparency and low dielectric constantjltesvith this encapsulant were either
not attempted or not reported [61]. Unfortunatehth the extremely small air gap in
this thesis work, dm, adding a dielectric material back in betweencdbieand underpass
would be expected to return the results to therpleased state. This is because the
inductors in this work start with a relatively Idlmaterial, approximately 3.9, in
between the coil and underpass. In fact the eaging results obtained with
encapsulant in the KAIST work seems to indicaté¢ tihe main difference in inductor
performance is the reduction in substrate effetspmarasitic capacitance (G@ low
dielectric constant spacing added between theitiycand the inductor coil) and not
necessarily the released nature. (l.e. air is #s¢, Ibut a low k material is the requirement)
This is the same conclusion obtained in the workeda [41]. In fact, one could suggest
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that building these inductors with a low k matelikd BCB may even produce better
inductors as there would be no posts required se iparasitics could be eliminated,
although some would be added as well by the digtectaterial. In this research, there

was not the opportunity to try such a thick digliedayer.

The work in [59] is similar to this work as welln this paper, a sacrificial
polyimide layer is used to suspeneh®thick copper coils Gdn above the substrate.
Only inductances of over 10nH were reported, howg@. Inductances this large are
typically not useful for GHz range circuits. It svound in this work, common to most
suspended inductors, that supports were needed.[b9$2], a photoresist mold was
used to suspendun thick copper coils Gdn above a glass substrate. Posts were used to
support the coils and various suspension heighte med to determine the effect on
peak Q factor [62]. As expected, the peak Q faictoreased with increasing distance
from the substrate relatively linearly.[62]

Finally, the best reported suspended inductorparreof the work in [63],
published in 2003. In this work, an SU-8 photaetsiold was used to create inductors
suspended 1Q@0n above the substrate from 0 plated copper [63]. The substrate used
in this work was ceramic filled fiberglass withaw dielectric constant. [63] This
approach eliminates almost all of the parasiticsising both a good substrate and good
separation. The only disadvantages are that Shh&e hard to work with and the peak
Q factor may potentially occur at a frequency teabo high for many applications (for
example cell phone and Bluetooth applications a®red in this work). This is a
problem because it means that the Q factor mdybstiduite low and building up at these
lower frequencies (1-5 GHz). As we will see by tasults, and can be seen in many of
the references, typically the Q factor rises up tnaximum and then starts to decline.
This is because there are two competing effectsjothe fact that without any other
considerations, Q would be proportionalig./Rs and so would rise with increasing
frequency [27]. A maximum is reached, however dose there are parasitics involved

and especially because of the skin effect, thatpwegiously described.
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In [56][58][6][64] various techniques are used trs;gend an inductor in the
middle of a silicon wafer. In one case an etalsisd, [56], and in the other case [58][6]
the insulating layer of an SOI type process is useatlvantage as an etch stop to suspend
the inductor. The work in [64] suspends the induby etching the silicon dioxide on
the wafer using a variety of different hole patgeimthe etch mask to create an air cavity.
This does not seem like a simple process for algregbrmance gain. All of these
methods of suspending the inductor only produceimamx Q factors of 15.
[56][58][6][64] This is because these approachi#idesave the inductor close to silicon
and hence the main parasitic removed is the capaatbetween the coil and the
underpass. As will be discussed in the next sectiee inductors in this thesis work
achieve better than this even before releasehemrase of the work in [56], posts are still
required to support the coil making the inductorsreless ideal. This is a reason that to
create good quality inductors, silicon was not emofor this work. Silicon is cheaper
and may offer CMOS integration but alumina is a mbetter RF substrate. Silicon is a
very poor insulator, with a resistance that needsettaken into account, and is lossy at

high frequencies adding many unwanted parasitics.

The work in [60] describes inductors that are susled over a copper lined
cavity. The inductor itself is made of polysilicamapped in approximatelyuin of
copper [60]. In this case, care has to be takeenvadesigning the depth of the cavity and
the pattern in the copper that is created, sinisecthpper acts like a ground shield and
can carry eddy currents that will degrade perforred60]. Q factors in the range of 25-
35 have been reported by this work, which is gbadyever this is not a cheap or easy
way to fabricate inductors [60]. It is not cheamce this method does not allow
inductors and active circuitry to occupy the sameaao that inductors designed in this
process use a lot of valuable real estate on a Bhga on a CMOS wafer can be very
costly. Also, wrapping the polysilicon in coppeitl not be an easy process and will not

easily allow for thick metal to reduce the skineett

Suspended inductors have also been created by flipichip assembly. [65][66]
The work in [65] usesfn of plated gold on Titanium and Nickel. In [65]rbp posts or
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supports are required for the coil and Q valuagpatfo 30 are claimed. The work in [66]
uses a special tethering process in the flip daipsfer of the inductor. In this work Q
factors are not reported, however the suspensigmthabove the new substrate is
reported to be 0m in this case [66]. This approach is very différ® the work done in
this thesis and has the disadvantage that dimenai@limited by the size and pitch
requirements of the flip chip process.

The present thesis work has benefited from the#@besearch on suspended
inductors. However, since the goal of this worka$ CMOS integration, as described
we have developed a unigque and simple process prboess used in this work would
not be of benefit to a CMOS process as the airugapl is too small to be effective on a
silicon substrate as well some of the metal dejpositmay require too much thermal
budget. The goal of this work however, was to terg@od quality inductors and
transformers for applications in the 1-5GHz rangehsas Bluetooth, cellular phones, and
WLAN as part of an RF passive specialized substrates idea being to work towards
something like a two chip solution for these amtliens: silicon baseband/processing
chip + RF passives chip. The process used imthik is manufacturable with the
exception of packaging, at least at the presem.tiirhis process does not easily lend
itself to encapsulation, however it is definitelyt impossible. In fact the devices
measured and described in this work were creatgdesmum Corporation’s

manufacturing line with standard or very closettmdard processes that are available.

The different processes just described that haa@ted suspended inductors
[51][55][56][58][6][59][60][67][63][61], all have \arying success in creating high Q
inductors and a variety of targets. Many desigonéisductors on silicon substrates
would seem to believe that Q factors greater titaaré great, however many RF
designers and some groups doing suspended induotkrfind this level of Q factor
unacceptable. In reality, one can not design @ gassive component filter from
elements with such low Q factor since there wodddo much insertion loss. To see
how the results of this present thesis researctpaoeto the results of the other
suspended inductor work, see Table 3.5 given below.
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References | Inductance | Peak Q Suspending | Substrate Remarks
to work Range (nH) | Factor Method
Reported
Thesis Work| 1-30 50-70 Etch Alumina urh gap
[51] 1-10 70 Double Silicon 5Qum gap
exposed PR
mold
[56] n/a (~20) <10 Etch Silicon Suspended
middle
[58][6] n/a (~7) <15 Etch SOl Above
insulating
layer
[59] 10-40 50-60 Etch Glass Sac. Layer
[60] 1-10 25-35 Etch Silicon Suspended
over Cu lined
trench
[63] 0.3-3 80- >100 PR mold Ceramic | resonant
filled frequencies
fiberglass >50GHz
[61] 2-10 30 Double Silicon Encapsulatec
exposed PR with BCB
mold
[64] n/a (23) <10 Etch Silicon
[65] n/a (1.8) 30 Flip chip Silicon
[66] 18 Est. of 40 Flip chip Silicon For bias T
[62] n/a (4) 35-40 PR mold Glass

Table 3.5: Comparison of suspended inductor resultsfrom variousresearch
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Comparing the results of the work in this thesithie other suspended inductors,
the present work rates within the top two or trasdar as Q factor obtained. Itis also
the most comprehensive, whereas much of the mipetidished for the other suspended
inductors only show a single inductance value, manyhich fall into the RF choke
range at the frequencies of interest in this wivk. can also see that this is the only work
on alumina, and was able to achieve the very catiy@eQ factors with only a fim air

gap under the coil.

3.6 Transformers

In the following discussion, the results from soofi¢he transformers will be
analyzed. These, as previously described, wesdentevith a double released stack of
metal. These were the first attempt at any typeasfsformer in our technology at
Gennum Corporation so there were no specific desigyets. The target of the
transformer work was to simply determine the typé quality of transformer that could
be made with this process as a demonstration. eldrer, the transformers were built
from the inductors whose results were just showth wo specific frequency or ratio as

preference, although 18and @ transformers were built.

It was felt worth attempting transformers sinceaas types of transformers can
be made from inductors and it was possible in tioegss used in this work. This is
because the magnetic field can be transferred fnoeninductor to another without any
electrical contact making desired transformer prig® possible such as voltage isolation,
an impedance transition, a power level change|unlec. In fact, many transformers
are created by two wound inductors in proximite#zh other and such is the symbol for
a transformer. Transformers can be used in mangiREits, including those of interest
for this work in the 1-5GHz range, as well for nrang, or to create a balun. A balun is
a component that takes an input RF signal anddhedes the signal across two outputs
with either a 189 9C, or @ phase difference between the two outputs andialpower
at each output. Obviously since one signal isdeplit into two, the power level will be
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half at two of the ports. Since one can make eitB€ or (f transformers, one can see

why these would lend themselves to this application

The figures below show the performance of the Bsia@mers before and after

release.

Transformer 1 Performance
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Figure 3.4: Transformer 1 Data
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Transformer 2 Performance
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Figure 3.5:Transformer 2 Data



Transformer 3 Performance
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Figure 3.6: Transformer 3 Data
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Transformer 4 Performance
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Figure 3.7: Transformer 4 Performance
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Transformer 5 Performance
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Figure 3.8: Transformer 5 Performance
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Transformer 6 Performance
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Figure 3.9: Transformer 6 Performance
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As we can see from the transformer results, nmasstormers have quite a strong
frequency dependence. All the measurements were with two signal ports, one on
each of the two inductors comprising the transfayméh the other points being
connected to a common ground. There was no de-gxmigeperformed on the
transformer measurements. The results are endagraigce all of the transformers
have a frequency range in which there is littleentisn loss in transferring the signal
from one coil to the other and a reflected sigsadmall as 10dB, except for transformer
3 after release. In fact, one of the most impdrie@msformer properties is the minimum
insertion loss. Transformer 3 seems to behave goibely upon release in the measured
frequency range. The other transformers perforwedtat varying frequencies between

5 and 16GHz. The performance can be further apgichby future work, however.

The reason for the good transfer of signal betwkerwo inductor coils is
believed to be the small gap, approximatelyn2 between the two coils. This means that
the coil in which there will be an induced signall ¥eel the influence of almost the same
strength magnetic field as that generated by tteator with the initiating signal.
Naturally, in order to encourage efficient transséthe magnetic field from one inductor
to the other, the inductor centers were lined ugene the magnetic field lines are
strongest. Perhaps one optimization to try isrtd & way to eliminate the intrusive
metal connections between the two coils. LuckH released structures were not
shorted. This was a potential problem if the stiaghe metal layers was such that their
deflection caused them to touch, given the 1umbgdween metal layers. The only
problem was with transformer 2. This transformierribt produce good results since on
two sites there was very little transmission atahoss the two coils (looked like an open)
and the other three sites were inconsistent. Ther eransformers gave repeatable results

across the wafer.

In the previous section the design and simuladiothese devices was discussed.
The logical course now is to see how the predistipom the EM simulation tools match
the results from the measurements that have jest Slsown. This is very important to

know because to be able to predict the performahsach a device before fabrication
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can make these structures quicker and cheaperrofadure. It may help avoid one or
two design iterations. Inductance excluded, mdrthh@ parameters of interest, in
particular the Q factor, are non-trivial to caldelavithout software support. This is one
of the other major benefits of good design todsven a tool that can estimate the Q
factor to a reasonable accuracy, allows one tokguget an idea of the optimal inductor
for the frequency and size requirements.

3.7 Comparison of the Measured Results with the Simulation
Results

Table 3.6 below shows a summary of simulation tefubm Ansoft HFSS vs.

measured results for the released inductors.

L(1GHz) | L(1GHz) | Q Trad. (2.5GHz) Q Trad. (2.5GHz) | FSR FSR

Inductor HFSS Meas. HFSS Meas. HFSS | Measured

10nH 4post 9.788 | 9.237724 32 18.16623333 8.25 10.46
10nH 2post 9.7 | 9.179118 26 24.96294667 7.5 15.04
4nH 4post 4,192 | 3.80941 36 31.57522333 9.75 13.14
4nH 2post 4.07 | 3.782126 25 33.65244667 115 14.1
3nH 4post 3.14 | 2.923024 32 32.01252333 16 17.86
3nH 2post 2.78 | 2.913366 22 33.25657 12 18.06
4nH_rnd 4,118 | 3.846804 39 35.40569667 | 19.25 17.46667
1nH rnd 1.648 | 1.306148 37 32.48084333 >20 >20
1.5nH 4post 2.173 | 1.649954 32 22.71558667 16 >20
1.5nH 2post 2.14 | 1.653466 33 23.18177 16 >20
27nH 4post 22.798 | 28.58006 | Q passed through 0 1.588554733 4.25 5.4
27nH 2post 28.52 | 28.02558 | Q passed through 0 2.58233 4 5.86

Table 3.6: Summary of Measured vs. Simulated Results

As can be seen from table 3.6, the simulationlt®swe not as accurate as one
might hope, but they gave a reasonable idea ofthevnductors would perform upon
being released. Learning the various approachegoimd simulations and measurements
is always ongoing. The discrepancy between sinamand measurement can be
attributed to a variety of sources. One souradisidfrepancy is that the released

structures have a curvature to them that is nducag in these simulations, the materials
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parameters were only known to a certain accuraenter into the simulations, and of
course there is always error involved in measurésn@swell. Despite this, these are
reasonable simulation results which are closedmibkasured results and show all the

same trends. A graph of the S parameters ofductor and a transformer simulation is
shown below.

Measured vs Simulated S Parameters

0 _
50
— -10 —e— S11 Measured
S -15 —=— S11 HFSS
g -20 - S12 Measured
=
95 f i S12 HFSS
-30
a5 4

Frequency (GHz)

Figure 3.10: Sparameters, measured and simulated, for a 3nH-2post inductor

Looking at the S parameters we can see that tiedscrepancy is in the
transmission parameter;,Srather then the reflection parametey. St is this
discrepancy that causes the self-resonance freguerne off and hence the Q factor as
well. The self-resonance frequency can also berchéted by the minimum in;sor S;.
This might suggest that going to 1 port measuresevtiere the inductor is measured
across its two ports with one grounded, might githdth reducing measurement and
simulation parasitics. This result also suggdsds perhaps the discrepancy between

measured and simulated data is partially due tal¢hembedding.

Figure 3.11 below shows the simulated (HFSS) easured results for a sample
transformer, in this case transformer 4.
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Transformer 4:Measured vs. Simulated
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Figure 3.11: Measured vs. Simulated resultsfor Transformer 4

We can see from figure 3.11 above that the siradlahd measured results follow
each other well until 11GHz. After 11GHz the siatad results seem to predict the rise
in $12/S;; and the roll off of $/S,, earlier in frequency. One possible reason fa ithi
that the HFSS mesh may have required further nefgme. The above simulation took
over forty-eight hours, however, so this refinemeas never attempted. Another
potential source of error is that HFSS does nat tato account the stress and bending of
the released metal. Perhaps the boost in freques®y in the measurement partially
comes from the metal layers bending in a stresscied manner. In any case, there is

definitely work to be done on the HFSS model ofttla@sformers.
In the next chapter, as EM simulation cannot abMag used to design inductors,

equivalent circuit modeling will be discussed. BEmailent circuits can also be used to

design and model inductors in a less accurateastef manner.
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4.0 Modeling

Modeling is an important tool to have when designinductors, or any circuit
component. It can help to predict inductancesprtbrmance of various designs
without going through with the expensive processrefting the inductors in a lab. As a
result, a huge amount of time and effort has bpentsn developing and improving
modeling techniques. Although everyone has gelyesattied on a single equivalent
circuit, many closed form equations have been meg@do describe inductors. As well,

numerous tools have been developed to help in taehmg of an inductor.

In general the software tools used to model inmhgcstart right at the basics and
will solve Maxwell’'s equations by one method or @y over the geometry and material
parameters that are input. Fully 3D EM solvete Wnsoft HFSS, used in this work, or
CST Microwave Studio tend to use some type ofdieiement technique combined with
boundary conditions to solve Maxwell’s equatiofifiese programs solve for the 3D
fields and therefore automatically take the skfie@finto account and can give an
accurate idea of inductor performance over frequer2c5D or ‘quasi-3D’ solvers like
Agilent ADS, Ansoft Designer, etc. typically usen@thod of moments technique.
Because of this, metal is usually considered te havthickness and dielectric layers are
assumed to be infinite in extent. This makes thesks a little less accurate on the Q

factor and frequency performance.

While these tools are useful for confirming desjgnslding empirical models,
and looking at a wide frequency range, their dod@msiomes in that using them is quite
time consuming. From experience, a typical industaucture can take upwards of a half
hour to simulate and a few minutes to set up ak iidlis is because a planar inductor
typically has features on the order of micrometensidths and thicknesses, so to obtain
accuracy these features need to be resolved hyrdper mesh. This creates a large
mesh and a large problem for the program to solNee accuracy of these tools also
depends on the type of port and boundary conditisesl. For example, if one is forced

to do one’s simulation in a grounded metal boxs@se simulators force, it is important
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to ensure enough space that this simulation envieorh does not interfere with the
results. ASITIC falls into this second categomhe inductance and capacitance matrix
are calculated for the structures and then using®di's equations along with Green'’s
functions the problem is solved. ASITIC has a dewy advantages in that one can very
quickly obtain a low frequency inductance value and can export the inductor into a
CAD format. To do an EM solve, however, ASITICfeu$ the same time consumption
as the other tools, but more so, as it only sobresfrequency point at a time. This can
take up to 20 minutes. In the present work EMdaetre used in an attempt to try to

predict the released behavior of the devices aswiaee novel.

In order to have a good model to both aid in desigywell as to aid in extracting
information from measurements and/or simulations iportant to have a good
physically based equivalent circuit model. Thas ¢ead to good insight as to what
parasitics are important for the inductor beinggiesd or measured. It can also provide
a good model that can then be entered into a tiscuulator for a fast approximation of
the behavior over frequency. Since S parameterstigive the inductance or Q factor
directly, it also gives a target circuit for exttiaa from these parameters. For inductors,
the most commonly reported equivalent circuit isieoversion of a pi model
[91[81[32][51][7][52][14][68].
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4.1 The pi Model

=1 Substrate
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Figure4.1: Lumped element equivalent circuit on Silicon from [69]

Figure 4.1 shows the most commonly used circugiboon. Here L represents
the inductance of the coil. s@presents the inductance between the underpdss an
overpass. As well, although not generally sigatfit; it can include the capacitance
between the windings. In order to take this priypi@to account, however, a multiple pi
model should be used to distribute these capa@sanR represents the resistance of the
coil. G represents a parasitic capacitance down to thersid. RBy,and Gypare
specifically added for a silicon substrate to repre the resistivity and capacitance of the
substrate. For the present work, these can bededlfrom the model used. The main

drawback to using a model like this is that thestasce is not static across frequency.
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The model as shown would require calculation ahdmxjuency point and is also only
good to the self-resonance frequency.

Both of these problems with the model have beeestigated. A method that has
been used to extend the model past self-resonancaise a multiple pi model. In [69] a
double pi model is used and claimed to be goodgmktesonance. They also made an
attempt to include the frequency dependence ofdbistance by using ladder networks
[69]. The purpose of the investigation in [70] veasctly this as well. The point was to
come up with a broad band, frequency independedeimased on ideal components. In
[70] a two pi model was decided on due to limitedlability of a single pi model. The
frequency dependencies were removed by the appajaing transformer loops to
model the loss in the inductor [70]. This alsorehiates the need for the parallel
capacitor in the model [70]. A routine was prognaad that took measured S parameter
data and fit it to the model extracting values dase a least squares fit [70]. Similarly,
the work in [71] discusses the pi model and th&rtiag with each major source of loss
in the inductor, proposes a five element networkiehthat is independent of frequency.
The reason to have a model that is good pastesiirance is that in certain applications,
such as mixers, the behavior beyond self-resonaneguired to be a known [18].
Another method of extending the pi model is toeitimake it higher order or else to

create a variation of it. Fig. 4.2 shows a modelbeyond self-resonance
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Figure4.2: A model for beyond self-resonance. [18]
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The work in [69] also gives a model that extendgobpe self-resonance in great detail.
For the work done in this thesis, it was felt tile it is important to know how to
extend the model, these extensions were not driodtaie modeling or utility of these

particular devices.

4.2 Model Parameters-Greenhouse Method

Now having reviewed the type of model that carasily applied to an inductor,
it is important to see the methods used for fittrafues to these models. We have
already seen two methods in fact, and that is tt@aetion from S parameters that come
from measurement or simulation. There has alsa bdet of effort put into finding
closed form expressions and analytical methodsdirfg the inductance.

The first really important work done modeling @amnductors, in the sense of
inductance calculation, was that undertaken imifte1970s by Greenhouse and Grover
[72]. [72] by Greenhouse, written in 1974, intradd a new and simple way to get the
low frequency, DC, inductance of a planar coil.siBally he introduced a way to find the
self and mutual inductance of the pieces of thke asing the geometric parameters of the
coil, and then showed how they were properly sumf@2H One assumption made in
this work is that the metal has a permeability ¢72].

The work in [32], published in 2000, is also uséfugoing through this approach.
The first step is to calculate the self inductaoteach segment. This is given by the

following formula [72]:

L=2d|in[ 2|1 o5+ AMD 4T
GMD a4

Equation 4.1
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In this equation, L is the self inductance in add w, d, and t are the width,
length, and thickness respectively of the segngame in cm). [32] This equation has a
frequency fitting factor T which can be used toetdifee skin effect into account as well as
the permeability, i [72]. AMD is the arithmetic amedistance and for a straight line
segment AMD = 1/3 [72]. Substituting AMD = 1/3 glfiollowing approximation for
GMD (geometric mean distance) = .2232 (w + t) gilbgrGreenhouse for rectangular
spirals, T =1, and p = 1 (to ignore the skin dffaad permeability) will lead to a simpler

form of the equation, also reported elsewhere J&][

ot

Equation 4.2

The mutual inductance between two segments isigilyeM = 20QIl where d and
w are again the length and width and Q is calcdlagefollows [32][72]:

Q:In[ d +\/1+[—d )}—\/H( d )+GMD
GMD GMD GMD d

Equation 4.3

wo, ow oW
12p?> 60p* 16&°

GMD = geometric mean dian celn( )p

Equation 4.4

Here p is the pitch between the two wires, agath everything entered in cm.
There is only mutual inductance between segmentsatie parallel; hence the pitch can
be defined as the center line to center line degdretween the two segments [32].
Mutual inductance is added for segments with threeout in the same direction and
subtracted if the current is in the opposite dicec{32]. A spiral shown below in Fig.
4.3, which Greenhouse uses as an example, willedsione here to show how to

combine self and mutual inductances [72].
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Figure 4.3: Example coil asgiven in Greenhouse [72]
In this example, the inductance would be givefollsws [72]

L=Li+Llo+Lls+Lls+Lls+Leg+ L+ Leg+2(Mis+ Mag+ Mz7+ Mag)—2(My 7+
Mis + Ms7+ Msz+ Mag+ Mos+ Mgg+ Mss)

Equation 4.5

In [72] Greenhouse describes how to do the murakictance calculation for the
case of two different length segments. Sinceishike case for all spiral inductors we

will go through this here.

A
v

Figure 4.4: two lines of different length
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In this case the mutual inductance can be fouridliasvs [72].

2 Mj,m = Mm+p + Mm+q - (Mp + Mq)

Equation 4.6

Here, Mn+p = 2 (M+p)Qu+p and can be calculated by the formulas given apte We

can calculate a couple of special cases, when pdqvaen p=0: [72]

Mj.m = Mm+ p—Mp (for DZQ)
Equation 4.7

2Mj,m = M + Mm— Mg (fOf p:O)
Equation 4.8

In [73] a variation on this Greenhouse methodsisduwith average lengths rather
than a full calculation for every segment. In [ARE self and mutual inductance

formulae are given as well as a final inductandenade.

4.3 Closed Form Expressions

There have been many closed form equations deselfmp inductance as well,
some empirical and some more theoretical. Onearautith closed form expressions is
that they can be dependent on the process or siidipe inductor coil, and do not tend to
be as accurate as EM or more in-depth calculatiethoas. As will be discussed later in
this section, two of these equations were foundulier the present work and were
programmed into an inductance calculator createtthéyauthor of this thesis, as part of

the investigation into modeling.

One expression for square spirals comes fromdnd]is given below.

66



25°

_ ) 2235t +w)
L(uH)=0.467S { Iog{ (Crw)

+ .02038?‘{ .9]!47}
S

J— lod 2.414)

Equation 4.9

Dimensions are given in inches, w is the condueidth, t is the conductor
thickness, and S is the maximum side length [Atjother popular equation that has
been used is Bryan’s equation which is:

L =0.0245n> |0g{%j

C
Equation 4.10

Here dimensions are given in cm, where n is thebmirof turns, a is the (outside
+ inside diameter)/4, and c is (outside — insidarditer)/2 [59]. The inductance will then
be given in pH. An empirical derivation based ogdr's formula is formulated in [74].
This is intended to improve the accuracy, howegessia variety of fitting parameters
which are expected to be determined by simulatram@asurement. The modified

version becomes:

L=a(s t H) N“S't’”)ln{b(st H)EijgH ¢st Hggtjﬂ

Equation 4.11

where D and d are the outer and inner diametepectisely, N is the number of turns,
and a, r, and b are fitting parameters dependetitemductor geometry. Coil spacing is
given by s, metal thickness by t and substratdtigiss by H. Typically a =0.0061uH/cm,
b=4andr=5/3[74].

In [14] another semi-empirical formula is givem foductance, shown below:

L =1.54N’D exp{'?’j(’\' —Y(w+ )}(Bj‘“

D w

Equation 4.12
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In this equation D is the inductor diameter, Nnie umber of turns, S is the coil to coil

spacing, W is the coil width, and,jis the permeability of free space.

In the work from [75], the inductor is modeled byiaductance in series with a
resistor. These elements are then placed in planatlea capacitor. To calculate values

for this model they propose:

_ prN(ri+re)
B hw

Ruc

Equation 4.13

(W+ h) f7ZJo/Jr
Rac = Ric| 1+ 4 P

Equation 4.14

| o WAE- TN (ri+ re)”
214,
Equation 4.15

In these equations w is the coil width, N is thenber of turns, h is the coil
thickness, iris the internal radiuse s the external radiug,is the resistivity of the metal,
and f is the frequency. They chose to calculafi®in a version of Wheelers formula
[75]. Wheelers formula, like Bryan’s is well knownThe capacitance for this model is

fit from measurements [75].
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4.4 Microstrip Model

A formula has been developed in [27] which trehgsihductor like a microstrip.

L(nH) = 0.0lANzﬂ{ %%j{i)(% |n(8—A+ 3.58%——1}
c) \2a)\a) ¢ 2

Equation 4.16

M in mils

Equation 4.17

DO-DI)

C= ( in mils

Equation 4.18

Here, N is the number of turns, DO is the outel diaimeter, DI is the inner coil
diameter, and the expressions for A and C are di®&h This equation is restricted to

circular spiral inductors.

4.5 Additional Models

In [14] a semi-empirical equation is given for urmtlance. Their proposed

equation is given by:

L :1.5;10NZD(3)0'1 ex{ —37(N- 1w+ S)}
W D

Equation 4.19
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In this equation lis the permeability of free space, N is the nundd¢urns, D is
the inductor length, W is the conductor width, &b the conductor spacing [14]. In [53]
the domain decomposition method (DDM) is appliethttuctors. This method
decomposed an inductor spiral into a rectangularastrip [53]. This simpler microstrip

problem is then solved for the inductor paramee3s

4.6 Fuzzy Logic Approach

Tang and Chow [76] describe a semi-empirical fupgyc method for calculating
the inductance. The method is only good at lowdency in free space, ignores any
capacitances involved, ignores any metal thickreasd,assumes a square spiral on a
grounded substrate [76]. The inductor is divided # trapezoids. Adjacent ones have
no mutual inductance (perpendicular currents) gubsing ones have mutual inductance

just as seen from Greenhouse’s work.

In [76] there is an estimate where the ground piameglected as the substrate is
assumed to be thick, called a far asymptote [Bsjaluating a trapezoidal plate of the

shape and size of ¥ of the spiral, the capacitahtiés plate is given by [76]

C(1/4solid)= GiEAN 8T A/ 4
b; = (inner coil diameter — spacing)/2

b, = (outer coil diameter — spacing)/2

Almzbzz—ll2

Equation 4.20
Cr is a shape factor that can be curve fit from adargmber of inductors [76]. In [76],

the following equation is given, wherg @and ¢ are the outer and inner coil diameters

respectively
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Cr1=0.9057} 0.49425exp ~(¢-d)
0.12253do + i)

Equation 4.21

Each % of the inductor is then divided into N xelfual square segments of area
WS [76]. M = (h + b)/Wsand W= W + S. Here, W is the coil width and S is thé co
spacing [76]. This method attempts to use thetfadtLC = i€, in order to go from
capacitance to inductance [76]. The total C ferhinductor, assumed to be far from a

ground plane is then given by [76]

1

1 —+ ( pl_ p2) —[1) Tl o
C(l/4solid) NM | 4

Equation 4.22

Cfar =

. 4(bfa+ bube+ 1)
R )

Equation 4.23

~ 1
 £sCin/BTIWWL

Equation 4.24

1

e L
£oCi+/87IW?

S

Equation 4.25

Ci =0.865
Equation 4.26

Now we look at the other case, where we have athemysubstrate [76]. Here the

capacitance calculation is as follows:
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EMWALI 4
hWs

Equation 4.27

Crear =

Combining the two cases for the entire inductoegitheir inductor formula as follows
[76]:

L= 4/,1050N2(b1+ b2)2
(ch -]

far near

Equation 4.28

n=1.31461% O.6592e>{p_'6139n ; '291&}
We W

Equation 4.29

As mentioned previously, and shown by the vardétiZM software tools
available, the inductance of the coil can alsodleutated by a direct application of
Maxwell's equations. [9] and [8] give an excellsoimmary of this method. This
method will only be very briefly summarized heraragself it could generate thesis
reports. What happens in this method is that Gsdenctions are applied to the
structure in order to make Maxwell's equations @ige over currents and potentials.
This is then solved by various methods of matrimdiimg and problem meshing. In [19]
a partial EM method is described which starts franrent density and approximates a
circular spiral by a series of concentric ringse Belf and mutual inductance are

calculated by this method.

All of these methods for calculating the inductan€a coil are quite complicated
compared to the simple model that can be useceicdke of a solenoid, where
inductance is linearly dependent on the numbeumist This is given for solenoids with
one side attached to a substrate by [7][41] :
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Equation 4.30

Here L is the inductance, N is the number of tums the magnetic permeability

of the core, w is the core width, h is the corekhess, and | is the core length.

4.7 Equations used in this Thesis

There are two equations, proposed in [77], whahehbeen found by this work to
be very good for planar spiral inductors. One iisaification of Wheeler’s formula,

given by

nzdavg
L =Killo| ———
v [(1+sz>]

Equation 4.31

Equation 4.32

do + di
2
Equation 4.33

davg =

Here d is the outer coil diameter, i$ the inner coil diameter, n is the number of
turns, wis the permeability of free space, anddfd K are geometry dependent
parameters [77]. The parameters are given indpermpfor square, hexagonal, and
octagonal inductors. For this work, only the valf@r the square spirals {k 2.34, k =

2.75) were required. The other equation usediiif’a current sheet approximation to
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the inductor. The inductor is treated like a seoksurrent sheets with self and mutual
inductances. Then it appears something similénédGreenhouse approach is used to
build the inductance of the coil from the geometniean distance and the arithmetic

mean distance. This equation is given as follows:

2
L:(Mj{'”ﬁgjﬂspwﬂ
2 0

Equation 4.34

Here the definitions are the same as the prewaquation, only instead of two K
parameters there are four ¢ parameters usedthefdata. Once again, in [77] the
appropriate values are given for different georastriln the case of a square spitat c
1.27,¢=2.07, ¢ = 0.18, and £= 0.13. The accuracy of this method worsens astii

spacing/width becomes large [77].

Both of the expressions given in [77] were implated in an inductance
calculator created by the author of this workwdis found that these expressions do
accurately predict the DC inductance of the avecage One thing that was
implemented in the program that is part of thiskusrthat instead of using the inner
diameter, the average inner diameter was used Wi found to slightly improve the
accuracy of these equations. The reason to usevdrage inner diameter is simply that
this is a more accurate representation for the whsee the inside of the inductor is not
square but rectangular. This makes these equations accurate for the case of

fractional numbers of turns: 3.25 turns for exampl@ese equations were compared to

L(1GHz
Inductor I\/I(easurt)ed L(DC) Modified Wheeler L(DC) Current Sheet | L ASITIC
10nH 2post 9.179118 10.14062994 10.05622547 10.269
4nH 2post 3.782126 3.90901546 3.906532106 3.96
3nH 2post 2.913366 2.917714364 2.901832029 2.95
1.5nH 2post 1.653466 1.715063053 1.703645345 1.836
27nH 2post 28.02558 27.1464889 27.20677553 27.39

Table4.1: Comparison of thetwo used DC equations

74



ASITIC as well as measured results with good rssdlthis gives good hope for ease of
design of both the inductors in this and other wdBoth [77] and [78] give a suggested

template equation with multiple fitting parametergit measured or simulated data to.

Table 4.1 above shows a comparison of these twatmms for the inductors used
in this work. The results are compared againstsorea as well as ASITIC values.
From the equations, and the simulation resultsipusly shown, we can see that these
two equations predict the inductance with a simalegcuracy. This makes these equations
potentially quite useful. The only thing to nosethat both the measured and ASITIC
calculations take into account the underpass, thaifrad Wheeler and current sheet
formulae do not. It should also be noted thatelexguations are for square spiral

inductors and are not expected to be valid forutancspirals.

In order to understand the range of usefulneskaset equations, they were
compared to a wide variety of ASITIC simulationdraductors ranging in size from
100um to 1100um per side, with widths and spaaiogn fLO to 50um and up to 27.5
turns. For very small inductors, below 0.5nH, betiuations performed poorly with over
20% error in some cases. Both equations handlea 2¥ turns with reasonable accuracy.
For these large spirals, inductance up to 300n¢intbdified Wheeler equation had
significantly more error; 8% vs. 1% for the currehtet. The test confirmed that for the
range of inductance values that are typically neglin RF applications, these equations

have less then 10%, and less then 5% in the majfritases.

4.8 Resistance and Capacitance

We have seen a variety of methods of analytiaalgulating the inductance of a
coil, but this is only one element in our lumpedneént model that we have seen. Since
all of the analytical formulas seen calculate aibdilictance value, it is therefore
important to calculate the other model elementselp build a more accurate and broader
band model.
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To calculate the resistance of the inductor, rsgameed by a resistor in series with
the inductor, we can use the following approximafi@m [8]:

o= Lf =skin depth, also seen in the previous section
\j il

Equation 4.35

terr = 5(1"‘ e_tm)

Equation 4.36

Equation 4.37

In these expressions, f is the frequency in Hz theé thickness of the metaljs
the resistivity of the metal, | is the total lengththe inductor coll, R is the series
resistance of the inductor, p is the permeabilitthe metal, and w is the width of the
inductor coil [8][68].

To calculate the parallel capacitance, which ésdapacitance between the coil
and the underpass, we can use a very simple appatgan. We can simply treat this
capacitor as a capacitor with an area equivaletite¢@verlap area between the coil and
the underpass [8]. This neglects the capacitaateden the inductor coils, however, in

most cases this is safe to do [8]. The parallpacaance then becomes:

n\NZon

tOX

Cs=

Equation 4.38

Here, n is the number of turns, w is the coil wjdl,yis the dielectric constant of
the material in between the coil and the underpass, ¢ is the thickness of the

dielectric or the air gap [8]. When using this egsion, especially for inductors with
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fractions of turns, it is important to watch out tases where n might not be the number

of turns but may be one greater or one smaller.

The next capacitance to calculate is that betwleeicoil and the substrate. Two
simplifications have been suggested here as well®e is that the inductor area, rather
than the coil area be used for the area in thectathae calculation [8]. If possible, using
the real coil area should be more accurate. Tier@pproximation is to assume that the
capacitance is distributed such that each of tleeimductor ends/ports sees half of the

total capacitance [8]. Implementing this gives:

0OX

Equation 4.39

Here | is the inductor length, w is the inductodthi, €,«is the dielectric constant
of the material in between the coil and the undsspandd is the thickness of the

dielectric or the air gap as seen previously [8].

One interesting proposal from the work in [60jdsestimate the self-resonance
frequency by calculating the resonance frequendhi@fnductance with the parallel

capacitance. This will give:

1
2 LGCy

Equation 4.40

Fres =

For inductors on insulating substrates, such asetin this work, these
calculations provide values for the entire lumpksinent model. We have seen that
many of the equations of these elements are phlysised, like the simple capacitance

approximations used.
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These models are very commonly used for indu@ndsprovide a fast and easy
way for designers to design, communicate, and adrinductors. One of the main
benefits of these lumped element models is thatdhe very fast to simulate in a circuit
simulator and can be easily connected to other coemts to build a circuit. These

models, as we have seen, are applicable to thik arat in fact to almost any planar
inductor.
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5.0 Conclusions and Future Work

A considerable amount of work has been carriedrotgcent years to improve
the quality of passive components available. Thisecause passive components make
the best filters, baluns, matching networks, efc [these components are in increasing
demand as the demand for wireless devices incre@astooth, cell phones, WLAN are
all expanding markets that are continually beingedr towards improvement and
miniaturization. There has therefore been a latafk carried out on optimizing
inductors in CMOS and in general thin film techrgés including MMICs. Much of
the work on inductors, however, is not on suspemaedctors, but inductors in CMOS
processes or else other types of MEMS inductoesdidenoid inductors or inductors

released into a vertical position by hinges anelsstengineering.

The work presented in this thesis, which includgdased inductors and
transformers made from aluminum and thick gold, swascessful in producing good
quality inductors with Q factor up into the 50-#hge. A simple process was chosen
using a sacrificial dielectric layer (SOG/PSG) anlolanket release etch. Only a 1um air
gap was created between the coil and the underpadarge range of inductance was
tested from 1nH to 27nH. The main result uponagiey the inductors was that the self-
resonance frequency increased, sometimes by upltz dincreasing the useful range of

these devices. The peak Q factor also increasackbh

Having compared this work to the other suspendddators that are and have
been researched, it can be seen that this worknhag unique aspects including the
small air gap, two released metal layers, the eéofan alumina substrate, and the
inductance range used. Many different types gbended inductors have been tried
including etched, photoresist molded, and flip cdgembled. A lot of work is being
done on silicon to improve the inductors which possible in CMOS processes, but
these are still poor in performance. In fact thespnt thesis work ranks among the top
three as far as inductor performance achieved. midia feature of the other two papers
reporting similar or better Q factors is that thesg a much larger air gap (50-100um),
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thereby drastically reducing parasitic capacitandagyeneral this work shows a simple,
manufacturable process that can achieve closestbabt Q factor reported.

In this thesis work, we have also seen a well tetbpi model for the inductor. In
addition many closed form expressions were showintan were found to be accurate
for planar spirals, the modified wheeler equatiod the current sheet approximation.
Both of these were also verified against both mestsand ASITIC results. The model

given could be applied to any suspended spiralatotwork.

Although this work is significant in the area ofproving the quality of passive
components available for 1-5GHz applications, ttegeemany things that can be
continued on into the future. The main next stepildl be to investigate the packaging or
encapsulation of these devices. Since these iadughly have a 1um air gap, an
encapsulating material will most likely just retuhe inductors to their pre-release
performance. It is still worth investigating, hovee, as some type of cavity formation
should be the best way to package these devidas.will not be as complicated as for
most MEMS devices since these devices do not reguacuum, only preservation of
the air gap.

Another idea of future work that can be done iBydo use copper in place or
gold and perhaps aluminum. Copper is even lowsstance and is expected to increase
the Q factor of these inductors even further. Atingate might be an increase of ~10 in
peak Q. Most of the current research is using enmnd this is the reason. At the
moment these inductors and transformers were tlyedewices fabricated in this process.
It would be of great interest to continue develgpime process so that capacitors can be
integrated as well. This would allow RF circuiteh as filters, baluns, matching
networks, etc to be built with the integrated susigel inductors. This would also be an
easy way to test these devices in an actual cif@uén application such as WLAN or
Bluetooth. This will be a challenging additionthee process as careful consideration will
need to be taken to ensure good quality filmsterdapacitors as well as some type of

effective etch stop/barrier layer(s) so that theacéors do not get released. This can
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also potentially be accomplished with a releasekpm@despending on the design. A release
mask is used in a MEMS process to selectively sel@aly certain areas of the wafer.
This may not be a wise option since the etch usethése structures was close to
isotropic, in order to etch under and releaseridadtors. This means there may need to
be wasted real estate near the inductors, howeigea isimpler solution compared to etch
stop layers.

If it is found to be very advantageous to havadfarmers as developed in this
work, future work could also consist of an optintiaa of these transformers. This work
has shown that good released transformers can e su@cessfully. One such
optimization is to optimize the connections outrthe center of the two coils. The
inductors themselves can be optimized still furthene such optimization is to use
ground-signal-ground pads. At the time of designsuch probes were available at
Gennum, so the ground-signal pads were used. pé&baps smaller inductance values
could be tried and/or testing out to higher freques

There are many ways that this work can be condiraunel expanded. This work is
really just the first step in this area that caadléo among the best, if not the very best,
inductors that can be made in thin film technoleggh a simple process. To the best of

our knowledge this is the first suspended induatat transformer work on Alumina.

81



6.0 References

[1] F. Sandoval-Ibarra and Flores-Gomez, L., “[gasif Silicon-Based Suspended
Inductors for UHF Applications Proceedings of the 4nternational Conference on
Electronics, Communications and Comput€&2©NIELECOMP’04.

[2] http://www.cellular-news.com/story/11600.shtml

[3] Tummala, Rao R., Laskar, Joy, “Gigabit WiraleSystem-on-a-Package
Technology”, Proceedings of the IEF¥ol. 92, Issue 2, pp. 376-387, 2004.

[4] H. Zhang et al., “Home Entertainment NetwoiRombination of IEEE 1394 and
Ultra Wide Band SolutionsProceedings IEEE Conference on Ultra Wide Bande®yst
and Technologies 200@p. 141-145, 2002.

[5] http://www.microdaq.com/wireless/app_notes/compareeless.php

[6] D. Hisamoto et al, “Suspended SOI Structuredvanced 0.1-um CMOS RF
Devices,”IEEE Transactions on Electron Devi¢e®sl. 45, pp. 1039-1046, May 1998.

[7] Y.-K. Yoon et al. "Embedded Solenoid Inductéos RF CMOS Power Amplifiers,"
11th International Conference on Solid State Senand Activators. Munich: Germany,
June 10-14, 2001.

[8] A.M. Niknejad and Meyer, R.G., “Analysis, Desigand Optimization of Spiral
Inductors and Transformers for Si RF IC'#2EE Journal of Solid-State Circuitgol. 33,
pp. 1470-1481, Oct. 1998.

[9] R.G. Meyer, Niknejad, Ali M. Design, Simulatiand Applications of Inductors and
Transformers for Si RF ICs. Kluver Academic Puidiss: Boston, 2000.

[10] P. Pieters et al, “High-Q Integrated Spiraduistors for High Performance Wireless
Front-End Systems,” Radio and Wireless Confere®€® ZRAWCON 2000), pp. 251-
254, Sept. 2000.

[11] J.M. Lépez-Villegas et al, “Improvement of teiality Factor of RF Integrated
Inductors by Layout Optimization|EEE Transactions on Microwave Theory and
Techniquesvol. 48, pp. 76-83, Jan. 2000.

[12] 1.J. Bahl, “High-Performance InductordEEE Transactions on Microwave Theory
and Techniquesrol. 49, pp. 654-664, April 2001.

82



[13] J. A. Power et al, “An Investigation of On-@Hspiral Inductors ona 0.6um
BiCMOS Technology for RF ApplicationsProc. IEEE 1999 Int. Conf. on
Microelectronic Test Structuresol. 12, pp. 18-23, March 1999.

[14] H. Ronkainen et al, “IC compatible planar icthrs on silicon, 1EE Proc.-Circuits
Devices Systyol. 144, pp. 29-35, Feb. 1997.

[15] A. Sutono et al, “Development of Three Dimem&l Ceramic-Based MCM
Inductors for Hybrid RF/Microwave ApplicationdEEE Radio Frequency Integrated
Circuits Symposiunpp. 175-178, 1999.

[16] S. Pinel et al, “Embedded IC and High-Q PassiVechnology for Ultra-Compact
Ku-Band VCO Module,1EEE Microwave and Wireless Components Lefteos 14, pp.
80-82, Feb. 2004.

[17] P. Pieters, et al, “MCM-D Technology for Intated Passives Components,” The
Eleventh International Conference on Microelecttsrfi999 (ICM '99), pp. 137-140,
Nov. 1999.

[18] G. Carchon et al, “Multilayer Thin-Film MCM-ibr the Integration of High-
Performance RF and Microwave CircuitlfEE Transactions on Components and
Packaging Technologyol. 24, pp. 510-519, Sept. 2001.

[19] P. Pieters and Beyne, E., “Spiral Inductoted¢mated in MCM-D using the Design
Space ConceptJhternational Conference on Multichip Modules andjDensity
Packaging pp. 478-483, 1998.

[20] http://www.microwaves101.com/encyclopedia/subssratard.cfm

[21] http://www.roditi.co.uk/SingleCrystal/Sapphire/Pevtes.html

[22] Y.-S. Choi and Yoon, J.-B., “Experimental Apsik of the Effect of Metal
Thickness on the Quality Factor in Integrated Spnductors for RF ICs,1TEEE
Electron Device Letteryol. 25, pp. 76-79, Feb. 2004.

[23] X. Huo et al, “Silicon-Based High-Q Inductdrecorporating Electroplated Copper
and Low-K BCB Dielectric,1EEE Electron Device Lettersol. 23, pp. 520-522, Sept.
2002.

[24] J.W.M. Rogers et al, “Post-Processed Cu Inohgovith Application to a Completely
Integrated 2-GHz VCO,IEEE Transactions on Electron Devi¢ce®l. 48, pp. 1284-1287,
June 2001.

[25] D.-W. Kim et al, “High Performance RF Passiugegration of Si Smart Substrate,”
2002 IEEE MTT-S Digespp. 1561-1564, 2002.

83



[26] M. Ozgur et al, “High Q Backside Micromachth€MOS Inductors,1EEE, pp. II-
577 — 11-580, 1999.

[27] C.-Y. Chi and Rebeiz, G.M., “Planar Microwaared Millimeter-Wave Lumped
Elements and Coupled-Line Filters using Micro-Mawfg Techiniques,TEEE
Transactions on Microwave Theory and Techniguet 43, pp. 730-738, April 1995.

[28] R.A. Johnson et al, “Comparison of Microwawellictors Fabricated on Silicon-on-
Sapphire and Bulk SiliconJEEE Microwave and Guided Wave Lettersl. 6, pp. 323-
325, Sept. 1996.

[29] C.-Y. Lee et al, “The Enhanced Q Spiral Industwith MEMS Technology for RF
Applications,” Asia Pacific Microwave Conference020 pp. 1326-1329, Dec. 2000.

[30] B. Ziaie, et al, “A Generic Micromachined $iin Platform for Low-Power, Low-
Loss Miniature TransceiversTRANSDUCERS '9pp. 257-260, June 1997.

[31] R.B. Merrill et al, “Optimization of High Q begrated Inductors for Multi-Level
Metal CMOS,”IEDM 95, pp. 983-986, 1995.

[32] C.P. Yue and Wong, S.S., “Physical Modelingsgiral Inductors on SiliconJEEE
Transactions on Electron Devicesol. 47, pp. 560-568, March 2000.

[33] C.-C. Tang et al, “Miniature 3-D Inductors$tandard CMOS Process$EEE
Journal of Solid-State Circuitsol. 37, pp. 471-480, April 2002.

[34] K. Murata et al, “Effect of a Ground Shield@fSilicon on-chip Spiral Inductor,”
Asia Pacific Microwave Conference 2000, pp. 177;I3€c. 2000.

[35] H.-M. Hsu et al, “Silicon Integrated High Permance Inductors in a 0.18um CMOS
Technology for MMIC,”2001 Symposium on VLSI Circuits Digest of Techri?eglers
pp. 199-200, 2001.

[36] G.J. Carchon et al, “Wafer-Level Packaging Areaogy for High-Q On-Chip
Inductors and Transmission Line$£EE Transactions on Microwave Theory and
Techniquesvol. 52, pp. 1244-1251, April 2004.

[37] J.N. Burghartz et al, “RF Circuit Design Aspeof Spiral Inductors on Silicon,”
IEEE Journal of Solid-State Circujtgol. 33, pp. 2028-2034, Dec. 1998.

[38] L. Fan, et al, “Universal MEMS Platform for $&ve RF Components: Suspended
Inductors and variable Capacitors,” IEEE, pp. 291898.

84



[39] K. L. Scott, et al, “High-Performance Inducdddsing Capillary Based Fluidic Self-
Assembly,”Journal of Microelectromechanical Systemal. 13, pp. 300-309, April
2004.

[40] G. W. Dahlmann and Yeatman, E.M., “High Q mieave Inductors on silicon by
surface tension self-assembl¥lectronics Lettersvol. 36, pp. 1707-1708, Sept. 2000.

[41] K. Grenier et al, “Integrated RF MEMS for SlagChip Radio, TRANSDUCERS’Q1
June 2001.

[42] G. W. Dahlmann et al, “High Q Achieved in Miowvave Inductors Fabricated by
Parallel Self-Assembly, TRANSDUCERS’Q1June 2001.

[43] Y.-S. Choi et al, “Fabrication of a Solenoigple Microwave Transformer,”
TRANSDUCERS’Q1June 2001.

[44] S. Seok et al, “A Novel MEMS LC Tank for RF NMage Controllled Oscillator
(VCO),” TRANSDUCERS’QUune 2001.

[45] J.-B. Yoon et al, “Surface Micromachined Sa&hOn-Si and On-Glass Inductors
for RF Applications,|EEE Electron Device Lettersol. 9, pp.487-489, Sept. 1999.

[46] D.C. Edelstein and Burghartz, J.N., “Spiratiéolenoidal Inductor Structures on
Silicon using Cu-Damascene InterconecBrgceedings of the IEEE 1998 International
Interconnect Technology Conference 1998 18-20, June 1998.

[47] K. Van Schuylenbergh et al, “Self-Assembled-ofiplane high-Q integrated
inductors,”International Electron Devices Meetimjgest(IEDM ’02), pp. 479-482, Dec.
2002.

[48] http://fermi.la.asu.edu/w9cf/skin/skin.html

[49] http://www.microwaves101.com/encyclopedia/calsdehi

[50] Pozar, David M. Microwave Engineering. JdNiley and Sons, Inc.: Toronto,
1998.

[51] J.-B. Yoon, et al, “CMOS-Compatible Surfaceesdmachined Suspended-Spiral
Inductors for Multi-GHz Silicon RF ICSJEEE Electron Device Lettvol. 23, pp. 591-
593, Oct. 2002.

[52] L. Zu et al, “High Q-Factor Inductors Integedton MCM Si SubstratesiEEE

Transactions on Components, Packaging, and Manurfisgt Technologyvol. 19, pp.
635-643, August 1996.

85



[53] J.-X. Zhao and Mao, J.-F., “Parameters Extomcand Modeling for Planar Spiral
Inductor on Si-SiO2 Substrates by DDM for Conforiweldules,”IEEE Transactions on
Microwave Theory and Techniquesl. 51, pp. 1763-1766, June 2003.

[54] http://www.vishay.com/docs/34038/imc0402.pdf

[55] http://www.memscap.com/wireless-highg-ds.html

[56] C.-H. Chen, et al, “A Deep Submicron CMOS Catilple Suspending High Q
Inductor,”|[EEE Electron Device Lettvol. 22, pp. 522-523, Nov. 2001.

[57] Conversation with Dr. Ilvo Koutsaroff

[58] D. Hisamoto et al, “Silicon RF Devices Fabtaxh by ULSI Processes Featuring 0.1-
um SOI-CMOS and Suspended Inducto&yinposium on VLSI Technology Digest of
Technical Paperspp. 104-105, 1996.

[59] J. Y. Park, Allen, M. J. “Packaging-Compagiitigh Q Microinductors and
Microfilters for Wireless Applications,lJEEE Transactions on Advanced Packagivg.
22, pp. 207-213, May 1999.

[60] H. Jiang et al, “On-Chip Spiral Inductors Sesgded over Deep Copper-Lined
Cavities,” IEEE Transactions on Microwave Theory and Techrsguel. 48, pp. 2415-
2423, Dec. 2000.

[61] Y.-S. Choi et al, “Encapsulation of the Micraohined Air-Suspended Inductors,”
2003 IEEE MTT-S Digespp 1637-1640.

[62] X.-N. Wang, et al, “Fabrication and Performaraf a Novel Suspended RF Spiral
Inductor,”|IEEE Transactions on Electron Deviceg, 1-3, 2004.

[63] S. Pinel et al, “Very High Q Inductors usingf®IEMS Technology for System-on-
Package wireless communication integrated mod2003 IEEE MTT-S Digespp.
1497-1500.

[64] M.-C. Hsieh et al, “Design and Fabricationdep Submicron CMOS Technology
Compatible Suspended High-Q Spiral InductolSEE Transactions on Electron
Devicesvol. 51, pp. 324-331, March 2004.

[65] A. J. Pang et al, “Flip Chip Assembly of MEMi&luctors,”2003 Electronics
Packaging Technology Conferengg. 298-300.

[66] P. J. Bell et al, “Micro-Bias-Tees Using Mienachined Flip-Chip Inductors,2003
MTT-S Digestpp. 491-494.

86



[67] R. Fritschi et al, “A Novel RF MEMS Technolagil Platform,”IEEE 2002 28
Annual Conference of the Industrial Electronicsi8tyc(IECON ’'02) vol. 4, pp. 3052-
3056, Nov. 2002.

[68] C.P. Yue and Wong, S.S., “Design Strategy nf@hip Inductors for Highly
Integrated RF Systems,” DAC '99, pp. 982-987, 1999.

[69] Y. Cao et al, “Frequency-Independent Equival@mcuit Model for On-Chip Spiral
Inductors,”IEEE Journal of Solid-State Circujtgol. 38, pp. 419-426, March 2003.

[70] A.C. Watson et al, “A Comprehensive Compactediing Methodology for Spiral
Inductors in Silicon-Based RFIC4EEE Transactions on Microwave Theory and
Techniquesvol. 52, pp. 849-857, March 2004.

[71] W.B. Kuhn et al, “Modeling Spiral Inductors 80S ProcessedEEE Transactions
on Electron Devicegp. 1-7, 2004.

[72] H. M. Greenhouse, "Design of Planar RectaagMicroelectronic InductorsJEEE
Transactions on Parts, Hybrids, and Packagingpl. PHP-10, pp. 101-109, June 1974.

[73] S. Jenei et al, “Physics-Based Closed-Fornudtahce Expression for Compact
Modeling of Integrated Spiral InductordEEE Journal of Solid-State Circujtgol. 37,
pp. 77-80, Jan. 2002.

[74] P. Li, “A New Closed Form Formula for InductanCalculation in Microstrip Line
Spiral Inductor Design,” IEEE"5Topical Meeting Electrical Performance of Electoon
Packaging 1996, pp. 58-60, Oct.1996.

[75] C. Massin et al. "High-Q Factor RF Planar Miwoils on Glass Sub for NMR," 11th
International Conference on Solid State SensordAatigators. Munich: Germany, June
10-14, 2001.

[76] W.C. Tang and Chow, Y.L., “Simple CAD Formdta Inductance Calculation of
Square Spiral Inductors with Grounded SubstratBiglity and Synthetic Asymptote,”
Microwave and Optical Technology Lettevel. 34, pp. 93-96, July2002.

[77] S.S. Mohan et al, “Simple Accurate ExpressitmmsPlanar Spiral Inductances,”
IEEE Journal of Solid-State Circujtgol. 34, pp. 1419-1424, Oct. 1999.

[78] S. Jenei et al, “Closed form inductance caltiah for integrated spiral inductor
compact modeling,” 2000 Topical Meeting on Siliddonolithic Integrated Circuits in
RF Systems, Digest of Papers, pp. 131-135, APOIO2

[79] D. Pukneva et al, “Design, Analysis and Opsation of Monolithic Inductors for

RF Applications,”2002 First International IEEE Syposium “IntelligeBt/stems”pp. 63-
68, Sept. 2002.

87



[80] T. Liang et al, “Design and Modeling of a Coaap On-Chip Transformer/Balun
Using Multi-Level Metal Windings for RF Integrat&ircuits,” 2001 IEEE Radio
Frequency Integrated Circuits Symposjypp. 117-120, 2001.

[81] M.H. Chiou and Hsu, K.Y.J., “A new wideband d&ding technique for spiral
inductors,”IEE Proc-Microw. Antennas Propageol. 151, pp. 115-120, April 2004.

[82] P. Pieters et al, “Accurate Modeling of HighSpiral Inductors in Thin-Film
Multilayer Technology for Wireless Telecommunicati@pplications,”|EEE
Transactions on Microwave Theory and Techniguek 49, pp. 589-599, April 2001.

[83] F. Ling et al, “Systematic Analysis of Inductmn Silicon Using EM Simulations,”
2002 Electronic Components and Technology Confeyqnr 484-489, 2002.

[84] P. Pieters et al, “Integration of Passive Comgnts for Microwave Filters in MCM-
D,” International Conference on Multichip Modujgxp. 357-362, 1997.

88



