Chapter 1

I ntroduction

The solenoid type of inductor in free space exemplifies a high performance
structure in terms of magnetic field point of view. However, it has been very
difficult to create a solenoid type inductor on silicon until recently. The thick, high
vertical aspect-ratio metallic structure required for an integrated solenoid is limited
by thin metallization available in most very large scale integration (VLS)
technology. Some duct-shaped solenoid micromachined inductors have been
reported [1][2]; however, these types of inductors are not effective in common IC
processing and high volume manufacturing. Therefore, the planar coil inductor on
glicon is used as an alternative due to being compatible to integrated circuit
technique.

The planar inductors fabricated in monolithic microwave integrated circuit
technologies make extensive use of transmission lines on slicon to realize an
inductor. Actualy, the inductor is a key component in many high performance
wireless communication applications. However, it was concluded that use of
glicon as a substrate was impractical in the radio and microwave range of
frequency because of low sdlf resonance frequency and low Q factor due to
parasitic capacitance and substrate ohmic loss in transmission lines [3]. Thisview
held until 1990 before it was shown that inductors on silicon could be used in
slicon integrated circuits [4][5].

Since 1990, the characteristics of inductors fabricated with various silicon
technol ogies have been studied and reported extensively in an effort to improve the
inductor performance through a modification of the metallization, change of the
geometry, and the change in the properties of the underlying substrate. The



following approaches have been employed: thicker inter-metal layer [4], thick gold
metallization [5], inductor on dglicon on sapphire [7], thicker metallization
[5][8][9], changing of geometry [8][9][10], selective removal of silicon substrate
by chemical etching [11], thick oxide for isolation [8][9][12] and fabrication using
high resistivity silicon substrate [5].

This thesis confirms that inductor performance can be improved when the
above approaches are combined with fabrication on a micromachined membrane.
Thisthesis confirms this using both experimental and smulated investigations.

Chapter two discusses related studies and shows that although promising
experimental and Smulated results have been reported, a fundamental
understanding of performance limitations of the integrated inductor is still lacking.
Through studying other models, constraints of inductor performance will be
discussed. The effect of modification of metallization, change of geometry and
property of substrate will also be investigated to predict inductor performance.

In chapter three, to explain the effect of substrate conductivity and
frequency, the physical model for an inductor on the silicon substrate is devel oped
to include the phenomena which the previous models missed. The justification for
removal of the substrate to enhance inductor performance is confirmed through the
physical modd and experimental investigation.

In chapter four, to improve the quality of the inductor, the micromachined
inductor is fabricated on a SisN4/SO,/S3N, membrane with removal of the
underlying substrate by anisotropic etching. Various fabrication issues for
micromachined inductors are studied. SisN#/SIO,/SisN, multiple stack membrane
is fabricated using Low Pressure Chemica Vapor Deposition (LPCVD), and the
slicon substrate is then etched anisotropically by Potassum Hydroxide (KOH).

The nature of silicon anisotropic etching is discussed next. To make the coil



structure on a substrate, two techniques, metal wet etching and polyimide lift off
process, are applied. These process are thoroughly investigated to fabricate the
micromachined inductor.

Chapter five contains a final summary and addresses additional work
needed.



Chapter 2

Review of a Planar I nductor on Silicon

This chapter reviews the silicon monalithic inductor models for describing
the eectrical behavior of the monolithic inductor at RF and microwave frequencies
and the effect of layout geometry, metallization thickness, and substrate property

on inductor performance.

2.1 Silicon Monalithic Inductor Model

A number of papers have provided an inductor model to predict inductor
behaviors [9][12][13][14]. Long [10], basing his approach on Hasegawa's
microstrip line model [15], showed that his model on silicon substrate is perhaps
the most typical and comprehensive model.

To serve for flexible inductor design for RF and microwave application, the
scalable inductor circuit modds have attempted. Scalability can be defined as the
electrical circuit parameters of inductor (series resistance, inductance and
capacitance) can be determined from geometry and technological parameter
specifications such as substrate conductivity, substrate thickness, oxide thickness
for isolation, metal resistivity, and oxide and silicon dielectric constant.

Since a spira inductor is an extension of microstrip on silicon, an inductor
fabricated on dslicon can be interpreted as a collection of short microstrip
transmission line sections affected by the substrate and the geometry of entire
inductor. Each transmission line section is dectrically short in length; therefore, the
resulting figure is a lumped-dement model that includes series e ements to model
inductance and resistance per unit length and shunt elements to model the substrate

parasitics and ohmic losses. These models can then be connected serially to model



the entire inductor structure. Figure 2.1 shows the typical silicon monoalithic
inductor moddl suggested by several authors. Each dectrica parameter in this
model is now discussed.
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Figure 2.1 Typica slicon monalithic inductor mode (L: Inductance; C,: Self-
capacitance;, Rs. Resstance in coil, Ry: Resstance in dlicon substrate; Coy:
Capacitance between coil and substrate).



2.1.1 Modeling of Inductance (L)

Most authors have adopted that Greenhouse inductance calculation
algorithm based on Grover’s modd [10][12]. This mode exploits the segmental
approach for calculating inductance. Greenhouse used sdlf and mutual inductance
concepts to calcul ate the inductance of the rectangular spiral inductor.

Segmental concepts developed by Grover and Greenhouse had included the
mutual inductance between conductor coils for accurate calculation of inductance
[16][17]. The mutual inductance between two paralle segments is the flux
linkage in a segment generated by a unit current in the other paralle segment or
vice-versa. The self inductance of a segment is the mutual inductance between a
segment and a paradld draight filament of infinitesmal width, spaced at the
geometric mean distance of all the points of the segment from each other. The
geometric mean distance (GMD) is the average of the logarithm of the distance
between al the pairs of points that make up the segment. Therefore, sdf
inductance can be considered as a special case of mutual inductance.

Based on those concepts, rectangular coils are divided into segments, and
the sdf inductance of the individual segments is calculated. The total sdf
inductance of the cails is the sum of the sdf-inductance of all the segments. The
mutual inductance can be calculated between parallel conducting metal segments.
However, the weak coupling between orthogona segments is neglected since their
mutual inductance is ideally zero. Coupling is zero because the mutual inductance
between orthogonal segments is proportional to the dot product of the vector
magnetic potential produced in each segments.

If segments have opposing currents, mutual inductance is calculated as a
negative value, while the mutual inductance of segments having the same direction

of currents is a positive number. The algebraic summation of the total self



inductance and the negative and positive mutual inductance is the inductance of the
inductor. A schematic explanation of Greenhouse moded is shown in Figure 4.2
with arrow direction corresponding to the direction of the flow of current in each

segment.

— ®

O —

Figure 2.2 A schematic explanation of Greenhouse's moddl. Ref. 17

Thetotal inductance, Lita, Shown in figure 4.2, can be represented as [17]:

Loow = Li+ L2+ Ls+ La+Ls- 2(Myz+ M2a+ Mss) +2Mais (2.18)

where L; is the sdf inductance of segment ‘i’ and M;; is the mutual inductance

between segments ‘i’ and ‘j’.



Using the equation derived by Greenhouse [17], inductance can be
calculated using:
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where L; is the saf inductance of segment ‘i, and M; is the mutual inductance
between segments ‘i’ and ‘j’, li is the length of segment ‘i’ in microns, mis the
relative permeability of the conductor, T is the frequency correction factor(=1 for
microwave frequencies), d is the distance between conductor filamentsin microns,

w is the width of the conductor in microns, t is the thickness of the conductor in

microns, Q; is the mutual inductance parameter of segment ‘i’ , GMD; is the
Geometric Mean Distance of segment ‘i’ , and AMD is the Arithmetic Mean
Distance.



In most cases, the mutual inductance calculation should be performed for
two segments of different lengths (j and m, wherej > m). Figure 2.3 shows a case

where the calculation is modified for unequal length segments.
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Figure 2.3 Calculation of the mutual inductance between two segments of different
lengths. Ref. [17].

2Mj,m:(Mm+p+ Mm+p)- (Mp+ Mq), (27)

where Mm+p=2(Mm+ P)Qm+p.

However, the ideal case of the inductor in free space without ground plane
was considered in the model by Greenhouse. To compensate for the ground plane,
Krafesk used Greenhouse's segmental approach for imaging the spira coil in the
ground plane [18]. A reflected image in the ground plane produced by an inductor
is located at twice the substrate thickness from the actual inductor. Image coils
contribute a negative mutual inductance because the current flow isin the opposite

direction as the inductor.
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Figure 2.4 A reflected image in the ground plane produced by inductor.

Therefore, equation (2.1) should be modified to compensate for the ground
plane effect

Liga = La+Lo+Ls+La+Ls- AMiz+ Meoa+ Mss) +2Mis- (Mir+Mez+Msz+Maa+Mss) + Vs,
(2.1b)
where L; is the sdf inductance of segment ‘i’ and M;; is the mutual inductance

between segments ‘i’ and ‘j’,

Note that mutual inductance in this case is only counted once unlike the
actual inductor calculation, because the image coils store half of the magnetic
energy [18].

2.1.2 Modeling of Resistancein Cail (Ry)
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The series resstance of the cail is the dominant eectrical parameter that
degrades inductor performance. At low frequencies, the resistance, R,, is hearly the
same as the DC resstance of the inductor on silicon. However, as frequency
increases, the current over the conductor coil cross section tends to crowds closer
to the surface due to a phenomenon known as the skin effect. The current is
approximately concentrated near the surface over thickness corresponding to the
skin depth [19]

4=+ (2.8)

~ Jp xf xms

where f is the frequency, mis the relative permesability of the metal, and s is the
conductivity of the metal.

In addition to the skin depth, as the frequency goes up, Rs isinfluenced by
the substrate conductivity. Skin effect and magnetic fields influenced by substrate
conductivity causes a non-uniform current flow in the inductor at high frequencies.

The frequency dependent resistance, R, is approximated from closed form
expressions [13] proposed by Pettenpaul to represent the dectrical circuit
parameter in Long’'s modd [10]. The experimental data published by Haefner [20]
isused to fit the following closed formula:

18
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(3+0.01xW2)

Rs = | 1+ 0.0122xw :
S >wot

(2.9b)

where | isthe length of conductor, s isthe conductivity of metal, w is the width of
conductor, t is the thickness of conductor, and x, is the normalized frequency (
(2fsmwt)“?).

In Yue's paper [12], the frequency dependent R, is given as follows:

|
Rs= WSS >(1- e‘“d) ’

(2.10)

where | isthe length of conductor, s isthe conductivity of metal, wis the width of

conductor, t isthe thickness of conductor, and d is the skin depth in the conductor.

The above closed form formulae only consider the skin effect at high
frequency. To match the experimental data, some fitting parameter must be
included to explain the effect of the substrate.

2.1.3 Moddling of Ry, Cox, and Cg

Modding of Ry, Co, and Cg is wdl established by many authors
[5][7][10][12]. It originated from Hesegawa's quas-static model [15] for
microstrips over semiconducting layers that describe the impact of finite

conductivity on the shunt admittance per unit length | of the transmission line. As
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mentioned previoudly, an inductor fabricated on silicon can be interpreted as a
collection of short microstrip transmission line sections.

The equivalent circuit for the substrate is Coy, representing the capacitance
of dielectric between the spiral inductor and substrate. The semiconducting layer is
modeed as Cs and Ry. Each dectrical parameter can be represented using the

following closed form expressions [21].

b
Gs =2, where Rs = (2.12)
0T Csemi o B Gs .

and where e and exn are the didectric constants of dielectric layer (Silicon
dioxide) and dlicon substrate, respectively, tox is the thickness of dielectric
material, wis the width of conductor, s« IS the conductivity of silicon substrate,

and Cy is extracted from measured data.

Equation (2.11) assumes that the didectric layer thickness t is much less
than the microstrip width, w. For the silicon substrate, the shunt conductance Gs is
scalable with its capacitance, since it is proportional to the area covered by the

spiral conductor.

2.1.4 Modeling C, and Other Parameters
The sdlf capacitance, C,, is the capacitance between each unit per length. It
is quite small when compared with C., and C4 and can often be neglected [13]

even though it can be extracted from measurement data and a parameter extraction
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simulator [5][9][10]. Current crowding at the corners of a spiral inductor adds
parasitic resistance, capacitance and inductance. However, this effect can be quite

small and can beignored below the low GHz frequencies range [22].

2.1.5 Modeling of Quality Factor, Q

The performance of an inductor can be measured by its Quality factor, Q,
which is limited by substrate resstance loss and parastic capacitance. Q is
determined by the ratio of inductive imaginary component to total resistive red
component of the total impedance, since measured data includes possible parasitic
parameters.

Q factor can be directly extracted from a well established inductor mode
without significant error. The accuracy in Q depends on the accuracy of the
inductor model. The Q of a typical inductor model, as shown at figure 2.1, is
proposed by Long [9].

Q- fator » — (2.13)

Rs+ ;
S 1+ (v *Cox xRS

where Wy is the oxide resonant frequency defined by inductance L and oxide

capacitance Cox (Wox =1/(LCol)®) .

C, and Cy4 areignored in this expression to smplify the resulting equation.
It can be seen that decreasing Cox through using thicker oxide layer results in an
increased resonant frequency, causing the increase of Q [9].
2.2 The Effect of Layout Geometry, Metal Thickness, and Substrate Property.
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2.2.1 The Effect of Layout Geometry

The key parameters in the layout geometry of a planar spiral inductor are
the shape of metal line, the width of the metal line, the spacing between lines, and
the number of turns. Each effect has been investigated independently in many
previous work.

First of al, a planar spiral coil can have three kinds of shapes. rectangular,
octagon, and circular shape. The previous work shows that the Q of an octagon
and circular shaped inductor is as much as 10 percent larger than that of a
rectangular shaped inductor [11]. This is because of thel0% smaller resistance of
circular and octagon spiral inductors that have the same inductance as a square
shaped inductor. However, the circular and octagon spiral inductors introduce
difficulties in photolithography and interpretation through modeling: Therefore, a
rectangular spiral inductor was widely adopted in most of the previous work.

The effect of the spacing between conductor filament, the width of
conductor filament, and the number of turns on the inductor performance was
investigated experimentally [8][10]. Narrowing conductor filament space was
found to decrease resistance (Rs) at the same inductance (L) under 1 GHz,
resulting in a higher Q. When the conductor filament became wide, resistance (R)
decreases at the same inductance (L) under 1 GHz, which also results in higher Q.
However, the penalty of widening the conductor filament is to lower the resonant
frequency due to increasing of the capacitance (Cox). This is because Co iS
proportional to width of coil [10].

Increasing the number of turns with the same width of metal and spacing
between segments causes in inductance to increase more dowly than the

inductance in the number of turns due to negative mutual inductance. Table 2.1
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shows the published data on the effect of number of turns on inductor performance
[8].

Number of | Peak Q- factor | Outer Length | Gap Between | Tota Length
Turns Opposite Sides |  of Inductor
35 5.8 255 mm 177 mm 3.02 mm
4.5 5.7 216 mMm 115 mm 2.98 mm
5.5 5.6 199 mm 75 mMm 3.00 mm
6.5 5.3 191 mm 45 mm 3.06 mm
7.5 5.0 190 mm 20 mm 3.12mm

Table 2.1 Number of turns versus the peak Q factor for a Constant Inductance
5nH (W =10 nm, S= 1.5 mm) Ref. [8]

2.2.2 The Effect of Metal Thickness

The thickness of the metal influences inductor performance, as shown in intensve
experimental study [5][8][9][10]. As metal thickness increases, inductance
decreases in agreement with Greenhouse's inductance modd. In addition, the
resistance of a thick coil inductor increases more dowly than that of a thin colil

inductor, resulting in higher Q for thick metal inductors.

2.2.3 The Effect of Changing the Substrate Property

The substrate conductor loss is well known as the main factor for
degrading the inductor performance. Attempts to minimize the effect of substrate
conductivity include fabrication of the inductor on silicon-on-sapphire [7],
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fabrication using high resigtivity slicon substrate [5], and selective removal of the
slicon substrate [11]. Each of these methods attempts to make a high resistive,
low lossy substrate layer underneath an inductor with resistivity value of 10* ohm-
cm, 200 ohm-cm, and higher than 10" ohm-cm, respectively. Using these
techniques, the resistance of Rs at high frequency dramatically decreases, and a
high performance inductor is created.

2.3 Discussion

In the previous work, models are described using the concept of *per unit
length’ as shown figure 2.1. However, as long as the Greenhouse inductance
calculation method is used, the ‘per unit length’ presentation is inappropriate due
to the nature of this algorithm. For example, if the length of the inductor coil is
doubled, inductance can not double because of the logarithm for calculation and
the mutual inductance between coils. If every possible geometric and physical
parameter is used for the model, resistance and capacitance per unit length can be
represented properly to model the inductor. Therefore, a new inductor model
should be constructed for the entire structure, but it can be made up of series units,
coupled to Greenhouse' s moddl.

The fundamental understanding of resistive loss is also unclear: The
inductor moded for the increase of resistance with frequency caused by the skin
effect and substrate conductivity has yet to be established. The modd for Rs
developed in the previous work is only analyzed for skin effect consideration,
which results in using fitting parameters to explain the previous data and in
exaggerating the increasing of Rs caused by skin effect.

By using an optimally designed inductor (optimizations of the number of
turns, spacing between coils, the width of coil, and thick metallization), the best

17



way to improve an inductor performance is to minimize the effect of substrate.
However, the demerit of fabricated inductor on silicon-on-sapphireisthat it is not
compatible with ordinary IC fabrication. Selective removal of silicon substrate
does not remove the entire silicon substrate underneath the inductor, which can
result in substrate ohmic loss and parasitic capacitance due to the remaining
substrate. In addition, since the inductor was suspended on silicon, it was
mechanically unstable and fragile [11]. Fabricating an inductor on a high resigtivity
substrate (200 ohm-cm) can be combined with common IC processing and it has
satisfactory inductor performance [11]. Unfortunatdly, this approach costs more
due to the higher resistivity substrate.

The micromachined inductor proposed in this thesisis expected to produce
better performance by removing the entire slicon substrate underneath the

inductor while being compatible with 1C processes without substantial cost.

2.5 Summary

This chapter reviews the previous work on the well established silicon
monoalithic inductor model and presents promising previous experimental results.
The Greenhouse algorithm is utilized for calculating inductance, and closed form
expressions are also represented for calculating resistance caused by skin effect.

The effect of modification of metallization, change of geometry and
property of substrate was investigated to predict inductor performance. The
information discussed in this chapter provides a background for discussion of

physical inductor modeling and the characteristics of inductor performance.
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Chapter 3

Silicon M onalithic Inductor M odeling and M easur ement

3.1 Introduction

An Inductor fabricated on silicon can be interpreted as a collection of short
microgtrip transmission line sections affected by the substrate and the geometry of
entire inductor. This is because spiral inductor is based on the structure of a
microstrip on an insulating layer on a silicon substrate with a ground plane on the
back. Tuncer's quas-static model of microstrip lines is a wdl- established
explanation of the effect of substrate conductivity and frequency on series
impedance of the microstrip [21]. However, when applying Tuncer’'s model for
inductor modeling, three additional components should be included: DC resistance
affected by geometry of coils (width, thickness, conductivity of metal, and length),
frequency dependent resistance caused by skin effect on the metal conductor, and
frequency independent mutual inductance from the geometry of the coils.

Resistance caused by skin effect on the coils is independent of substrate
conductivity, and mutua inductance between coils is only determined by the
geometry of the inductor coils. Independent investigation of the skin effect in the
metal and the effect of substrate conductivity for resistive loss leads to a better
understanding of how they degrade inductor performance.

3.2 Silicon Monalithic Inductor Modd

The slicon monalithic inductor model combines others modds: Tuncer’s
gquas-static model [21], Greenhouse's mutual inductance modd [16], and
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Kamon’s skin effect modd in the metal used in ‘FastHenry' [23]. These models are
combined to better describe the behavior of an inductor.

3.2.1 Review of Tuncer’s Quad-Static Moddl

The distribution of magnetic and dectric fiedds must be considered to
determine series impedance change in microgtrip lines caused by substrate
conductivity and frequency [15][21].

The magneticaly induced currents are only effective at very high
frequencies or/and high substrate conductivity levels. When the thickness of the
silicon substrate becomes greater than the skin depth, it induces significant loss due
to seriesresistance. In contrast, if the skin depth is larger than the thickness of the
silicon substrate due to low freguency or/and low conductivity, the magnetic field
determining the value of inductance will be decided mainly by the length, spacing,
and width of the microstrip and by the ground plane.

Unlike magnetic fields, the distribution of eectric fields is determined
according to the frequency and substrate conductivity. If the frequency of the
applied signal is less than the didectric relaxation frequency of the silicon substrate
(f < Seemi/(2Pesemi)), the eectric fields behave as if the silicon substrate were a metal
sheet; therefore, capacitance can be determined by the distance of microstrip to
slicon substrate, nearly independent of the distance to the ground plane.

However, if the frequency of the applied signal is larger than the didectric
relaxation frequency of slicon substrate (f > Sem/(2p€sem)), the dectric fidds
behave as if the slicon substrate were a didectric layer, resulting in a reduced

capacitance compared with the previous case.
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At the crossover region where (f » Semi/(2pes=em)), 10SS represented by a
shunt conductance can be very large due to the impact of the substrate
conductivity and frequency.

An accurate model using a non-uniform transverse cross section that takes
into account the spreading of fields is shown in figure 3.1. If the effective cross
section is assumed to vary linearly with depth x, approximating the spreading of
the fields between the microstrip and the ground plane, the desired surface

impedance can be determined from this nonuniform spreading of fields.
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Figure 3.1 Cross section of a microstrip over a silicon substrate. K represents the
effective spreading distance of the fields between the strip and the ground plane;
the best agreement between this model and conventional microstrip calculation is
achieved for k=3h+w/2 Ref. [21].
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The closed form solution for series impedance on the surface microstrip

can be obtained by (3.1) below, where HnY and Hn? are Hankd functions of

the first and second kind, bs = \/j2p xfm&j 2p ¥eeni+s=my, k = 3h +w/2,

h
a= ﬁ ,and b=a+h [21]. K represents the effective spreading distance of

the fields between the strip and the ground plane.

_i\/ i2p xfm Ho?(jbb)Ho" (jba) - Ho'?(jbsa)Ho™(jbeb)

where histhethicknessof theslicon substrate, wisthe width of microstrip, f is
the frequency of applied signal, m isthe permeability of the silicon substrate, een
isthe didectric constant of the silicon substrate, and s« 1S the conductivity of the

slicon substrate.

If the microstrip is on a silicon dioxide layer, the total impedance per unit

length for the microstrip is[21]:

Lsemi + Zi tanh(gtox)

' Zi + Zeom tanh(gtox) ’ (32)

where Z = (w/m)/e)x)/w, g = j2pf \/nmvenx, and ey is the dieectric constant of

the sllicon dioxide.
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The real part of impedance represents resistance caused by the substrate
conductivity, while the imaginary part of impedance divided by 2pf is the
inductance caused by the substrate conductivity and geometry of the microstrip.
Therefore, in the case of zero conductivity in the substrate, the impedance
calculated using (3.1) or (3.2) should reduced to the inductance determined by the
smple microstrip without resistance (Rs). The impedance calculated using the
above equation is represented in the equivalent circuit modd as inductance, L and
resstance, Rs, respectively.

L Rs
O Y'Y AAA —O
—_Cox
Gsi —____Csi
O O

Figure 3.2 Circuit modd for a microstrip line on an insulating layer on a silicon
substrate with ground plane on the back.

The equivalent circuit used to find the admittance of the microstrip is
shown in figure 3.2. The admittance of the microstrip consists of a capacitor, Cyy,
standing for the didectric layer, in series with a conductance shunted by a
capacitor Cg4 representing the silicon substrate. Cq is dependent on the properties
of the silicon substrate found using Whedler’s equations for a microstrip [21][24].

The expression for Co and G are:
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Cx=—w (33)

Cs . (3.4

Thetotal admittance per unit length for the microstrip is given by [21]:

_ jWCosz' - WZCS'COX
"~ Gs + jw(Cs + Co)

(3.5)

where e, and e.n are the didectric constants of the dielectric layer (Silicon
dioxide) and slicon substrate, respectively, to is the thickness of the dielectric
material, wis the width of the conductor, S« IS the conductivity of the silicon
substrate, and Cg is as discussed above.

In Tuncer's microstrip model, the thickness of the microstrip is not
consdered, since the resistance component caused by the substrate conductivity in
this impedance is nearly independent of metal thickness and inductance is not
much affected by metal thicknessis quite small.

3.2.2 Inductor Modeling on Silicon Substrate

To apply Tunce’s modd for inductor modeling, three additiona
components should be included: DC resistance affected by geometry of coils (
width, thickness, conductivity of metal, and length), frequency dependent
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resstance caused by the skin effect on the metal conductor, and frequency-
independent mutual inductance between coils.

For calculating the frequency dependent resistance, the program Fast-
Henry [24] agorithm is used, representing rmea , Combing with Rye, Rietar CaN be
caculated. Frequency independent mutual inductance is calculated by
Greenhouse's mutual inductance algorithm . In the end, impedance affected by
substrate conductivity is obtained using Tuncer’s quasi-static microstrip modd.

Combining these models for the slicon monalithic inductor is justified
becasue these models are independent of each other and clearly represent the

various behaviors of the inductor.

Ls Rmetal
O NN AN /\ —
— " Cox
Rsub
Gsi —— s
— Csi
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Figure 3.3 Circuit mode for slicon monalithic inductor. The signal is applied
between the two ports. Rnea 1S the function of the thickness (t), width (w), length
(1), and conductivity (Smetar) Of the coil and the frequency of the applied signal (f);
Rap 1S a function of the width of coil (w), the length of cail (I), the thickness of
slicon substrate (h), the thickness of oxide (t.), the conductivity of substrate
(ssm) and the frequency of applied signa (f); Lsisafunction of the width of coil
(w), the spacing between cails (s), the length of coil segment ‘i’ (I;), the thickness
of slicon substrate (h), the thickness of oxide (t.), the conductivity of substrate
(ssemi) and the frequency of applied signal (f).
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Unlike Tuncer's modd, impedance and admittance in an inductor model

can not be represented as per unit length since Greenhouse' s algorithm is used for

caculating the mutual inductance between coils. Therefore, an inductor model

should be made for the entire structure, combining the series units to make up the

entire inductor. The silicon monalithic inductor model is shown in Figure 3.3.

The equations for the inductor are :

Rmm:(Rdc'f‘rnwetaJ))d

3 Zsemi +Zi tanh(gtox)
Ran = Re[ 4 Z +Zsem'tanh(gtox) ]XI

Zsmi + Zi tanh(gtox) ] I

a Im[ 8 Zi+Zsem'tanh(gtox) 2> xf

- I—mutual

where

(3.6)

(3.7)

(3.8)

(3.10)
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: h
be= 1/ j2p xfmE]2pFewm+senms, k= 3 +W2, azﬁ . b=a+h

1

Z :(«/m)/e)x)lw, andg = j2pf \/mbex, and Ric=—,

Wimetal S metal

where e, and e.n are the didectric constants of the dielectric layer (Silicon
dioxide) and silicon substrate, respectively, m is the permeability of the silicon
substrate, to isthe thickness of the didectric material, w isthe width of the metal,
tmeta 1S the thickness of the conductor, h isthe thickness of the silicon substrate, |

is the overadl length of coil, f is the frequency of applied signal, S iS the
conductivity of silicon substrate, Smea iS the conductivity of metal, H."Y and

Hn? are Hanke functions of the first and second kind and Cy is found using
Wheder’s equations for a microstrip [21][24].

Luua 1S calculated the same way as the mutual inductance values
explained in chapter 2. As long as the Greenhouse inductance calculation method
is used, ‘per unit length’ presentation for inductance unlike other parameters is
ingppropriate due to the nature of this algorithm. For example, if the length of
inductor coil is expanded twice, the mutual inductance can not be doubled because
of the logarithm used for this calculation. Therefore, Lmnuwa IS configured as the
mutual inductance of the overall coil making up the inductor.

If the frequency of the applied signal reaches the resonant frequency
(f =1/+vLC), the imaginary term of impedance changes from inductive to

capacitive. After the resonant frequency, the coil loses its inductive characteristic.
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If the paragitic capacitance in the cail is high, the resonant frequency can be lower,
limiting the operating range of frequency.
Since didectric relaxation frequency is approximately 30 GHz with the

substrate resigtivity of 1 ohm-cm, C, is the dominant capacitance in the modd.
Therefore, the resonant frequency can be approximated by f »1/+/LsCox for

microwave and lower frequencies.

The Q isameasure of the efficiency of an inductor. It islimited by resistive
losses (Rmeta @aNd Rgy) caused by the skin effect on the coil and the conductivity of
the silicon substrate, and is also limited by the lowered resonant frequency affected
by the parastic capacitance. From well-established inductor models, Q can be
directly extracted without significant error, determined by the ratio of inductive

imaginary component to the total resistive real component of the device impedance

3.3 Modd Validation

In order to verify the accuracy of the silicon monalithic inductor model, the
behavior of a one turn spiral inductor predicted by its model is compared with the
experimental results. Three one turn spiral inductors were fabricated on different
substrates: on glass, on a silicon substrate with resistivity of 1 ohm-cm, and on a
silicon substrate with resistivity of 0.005 ohm-cm. Each substrate has a thickness
of about 500 nm. All cails have |; =1, = 1000 mm with the metal (silver) thickness
of 0.9 Mm and metal line of 50 nm, as shown in figure 3.4.

The model should be verified by testing at the upper limit of conductivity of
the substrate and the upper limit of frequency (the range of GHz). However, due
to the limitation of measuring equipment, only the high conductivity of substrate
case was examined. Using the three different substrates, the effect of the substrate

conductivity can be compared in the limit of zero conductivity, moderate
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conductivity, and very high conductivity cases. The series resistance and the series
inductance of the coils was measured for frequency from 100 kHz to 100 MHz
using the HP 4194 A with the z-probe.

The measured impedance from a one turn coil on glass gives the resistance
(Rmeta) @nd inductance (L) in the case of a zero conductivity substrate, reducing to
the inductance determined by the coil without substrate resistance (Rawb). The
increase of resistance with increasing frequency is due to purely the skin effects on

the metdl coil itsdf.

11 =1000 um

12 =1000 um

_)I 400 um

50 um

Figure 3.4 A one turn spiral inductor fabricated on three different substrates: on
the glass, on the silicon substrate with resistivity of 1 ohm-cm, and on the silicon
substrate with resistivity of 0.005 ochm-cm.
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To compare the behavior of the one turn coil on different substrates, the
measured data from the three different substrates is presented in figure 3.5. The
solid lines on all the graphs correspond to the inductance and resistance of the coil
on the glass, the dashed lines correspond to the substrate with resistivity of 1 ohm-
cm, and the dotted lines corresponding to the substrate with resistivity of 0.005
ohm-cm.

In the measured range up to 100 MHz, only 1.9 % increase of resistance is
shown from DC resistance to 100 MHz. At 100 MHz the skin depth in slver is
6.34 nm, compared the thickness of 0.9 nm. If a higher frequency were applied,
more increase in resistance would be expected, caused by the skin depth in the
metal.

In the case of the one turn coil on the slicon substrate with non-zero
conductivity, the real part from the measured impedance consists of Ryea from
skin effect in the metal and Ry, from the substrate conductivity. Ryea and Reyp, Can
not be separately determined in the measurement. However, the difference of
resistance measured between coil on the glass and coil on the silicon substrate with
the conductivity can be attributed to as Rsp, Caused by the conductivity of
substrate, because the increase of resistance caused by the skin effect can only be
seen on the coil on the glass.

When a substrate with resistivity of 1 ohm-cm is used for fabricating the
one turn coil, a 10.5 % increase of resistance occurs between the DC resistance
and resistance at 100 MHz. The higher the conductivity of substrate, the larger the
resistance. In case of the substrate with the resistivity of 0.005 ohm-cm, a 16.8 %

increase in the resistance is measured from DC resistance to 100 MHz.

30



1.95
] == (On glass
1.9 E
1 = on a 1 ohm-cm substrate
1.85 =
= 1 H win On a 0.005 ohm-cm substrate
E 184
I
wi1.75 >~
o ] .l‘r
@l 1.7 e
A ] g Y e
5165 j—__-_—l_—_,—n—l—l—l—l—ﬁ -
! ]
1.6
1.55
1E+5 1E+6 1E+7 1E+8
Frequency (Hz)
5E-9
] = On glass
] On a 1 ohm-cm substrate
_,4E-9
= T I EETEEEE On a 0.005 ohm-cm substrate
&5 i
G R RS
B3 g P—
=1 4
&l
i
=1
=l
o
— 2E-9
1E-9 T T
1E+6 1E+7 1E+8

Frequency (Hz)

Figure 3.5 The comparison between the measured impedance on three different
substrates: on glass, on a slicon substrate with resistivity of 1 ohm-cm, On a
slicon substrate with resistivity of 0.005 ohm-cm.
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Inductance changes 1.7% in the coils on glass and on the substrate with the
resigtivity of 1 ohm-cm, with increasing the frequency from DC to 100 MHz. The
measured inductance in the both cases shows similar results. However, in the case
of high conductivity (the substrate with resistivity of 0.005 ohm-cm), inductanceis
changed more with increasing frequency.

The comparison of impedances of the inductors is shown in figure 3.6 and
table 3.1 to verify the modd. The solid lines on all the graphs correspond to the
inductance and resistance of the coil from the measured data, using the substrate
with resigtivity of 0.005 ochm-cm. The dashed lines correspond to the predicted
values based on the modd. The measured data is adjusted to the calculated DC
value for comparison of resistance according to the frequency dependent change.
Therefore, the difference between data at 100 MHz is not from noise or wrong

calibration , but from the change of resistance with increasing frequency.

Resistance extracted from Resistance predicted from
Theresigtivity of M easurement Mod€
substrate
Rmeta] RSUb I:etotal Rmeta] RSUb I:etotal
Infinity 1.67W O0OW 1.67W 1.65W ow 1.65W
1 ohm-cm 1.67W 014 181W 1.656W 0.072W 1.73W
W
0.005ohm-cm 167W 024 191W 1.656W 0443w 210w
W
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Table 3.1 The comparison of Ryea and Rey, between the measured and predicted
impedance at 100 MHz. The extracted DC resistance is 1.64 W and the difference
between DC value and Ry«a IS the increase of resistance caused by the skin effect
in the metal.
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Figure 3.6 The comparison between measured and predicted impedance for a one

turn coil on a silicon substrate with resistivity of 0.005 ohm-cm.

The resstance calculated in this modd matches the experimental
measurement closely within 9% over the range of measured frequency and for
different conductivity of substrates. The predicted inductance also matches the
measured values very closely within 4 % over the same ranges.

Therefore, it can be said that the conductivity of the substrate influences
the performance of the inductor through its resistive loss and inductance decrease,
according to both the predicted and experimental results. As seen in both predicted
and experimental results, inductance decrease with increasing frequency is not
significant above the resistivity of 1 ohm-cm substrate, which is commonly used in
IC processing. Inductance decrease is not problematic in inductor performance in
microwave circuits. To the contrary, resistive loss is sgnificant even for a 1 ohm-
cm substrate due to the conductivity of the substrate.

By removing the substrate, the resistive loss caused by the substrate can be
eliminated and the resonant frequency also can be increased by minimizing the
parasitic capacitance generated by the substrate. Removing the substrate is a good

approach to build a high performance inductor.

3.4 Result of measurement on the inductor and Discussion

The micromachined inductor was fabricated on the membrane by removing
the substrate underneath the inductor. To compare inductor performance, three
additional inductors were fabricated on glass, on a silicon substrate with resistivity
of 15 ohm, and on a silicon substrate with resistivity of 0.005 ohm.
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Figure 3.7 The measured impedance of different inductors on glass, a

micromachined membrane, a 15 ohm-cm substrate, and a 0.005 ochm-cm substrate.
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The measured impedance of the different inductors on glass, the
micromachined membrane, a 15 ohm-cm substrate, and a 0.005 ohm-cm substrate
is shown in figure 3.7. The inductor fabricated on glass is the ideal case of a
substrate without losses. Measuring the inductor on glass, the resistive loss caused
by the skin effect in the metal can be determined.

In the micromachined inductor, since the silicon substrate is removed, the
model established in this study can be smple and the parameters in the modd can
be reduced t0 Rya, and Ls. The physical meaning of removing the substrate is to
provide a high resstvity substrate, almost infinity (the zero conductivity),
underneath the inductor. It results in reducing the resigtive loss due to the
conductivity of the substrate. However, in redlity, the metal lines on the substrate
are needed as interconnects between the inductor and other components. Thus, the
model proposed in this study is meaningful because the effect of the substrate
conductivity with frequency is clearly defined and proven.

In the measured range of frequency, the enhanced performance of the
inductor can be seen only between the inductor on the membrane and on the 0.005
ohm-cm substrate. If higher frequency (in the range of GHz) of signal were
applied, the enhanced performance of the inductor would be more clearly seen
based on the predicted model and on previous results [5][9][11][12] by reducing

the resistance (Rab) and the parasitic capacitance.

3.5 Discussion
Inductance is treated in other studies as a constant nearly independent of

the frequency of the applied signal because the range of the resistivity of the silicon
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substrate used is above 1 ohm-cm, which is common for substrates used in IC
processing. Under that range, the inductance value is shown as remaining constant
until reaching the resonant frequency. The calculation from the Greenhouse modd,
which analyzed inductance in air, does not deviate as much in measured results
since the resistivity of substrate used is above 1 ohm-cm.

Therefore, resistive loss caused by the conductivity of the substrate is a
significant factor in degrading inductor performance. The understanding of the
resistive loss for inductor performance is not clearly investigated in previous work.
In this study, by separating the investigation of the skin effect on the metal and the
effect of substrate conductivity on resistance loss, it is possible to have a clear
understanding of how inductor performance is degraded by substrate conductivity.

High frequency (above 100 MHz) is not tested due to limitation of
measuring equipment used. Resonant frequencies located above 100 MHz can not
determined through measurement. Also, even though the proposed mode is
confirmed with the experimental results up to 100 MHz, it is still importanct to

verify the moddl in the range of GHz for microwave application.

3.1 Summary

A dlicon monolithic inductor mode was presented based on Tuncer’'s
gquas-static moddl, Greenhouse's mutual inductance modd, and Kamon’s skin
effect modd for meta used in ‘Fast-Henry’. Tuncer’s quas-static modd is
reviewed to explain the inductor modd.

The resstance calculated in this modd matches the experimental
measurement closdy within 9% over the range of measured frequency and the
different conductivity of substrate. The predicted inductance also matches the

measured values very closely within 4 % over the same ranges.
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The measured impedances of inductors on the different substrates were
also compared show that the micromachined inductor has better performance than

the others.
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Chapter 4

Fabrication of Micromachined | nductor

4.1 Process for Planar Membrane Fabrication

The planar membrane is built usng bulk micromachining technique, in
which the substrate beneath the inductor is removed. Contrary to conventional
hybrid micromachined inductors [1][2], this approach alows monoalithic
integration of an inductor with other components.

The dominant process for removing the dSlicon substrate in bulk
micromachining is to use a wet anisotropic slicon etching which is crystal
orientation dependent. Many anisotropic etchants can be used for silicon, such as
EthyleneDiamine Pyrocatechol (EDP), Potassum Hydroxide (KOH) and Cesium
Hydroxide (CsOH) [3][24]. KOH is more frequently used for anisotropic etching
because it exhibits much higher anisotropic (100)-(111) etch ratio (400:1) than the
otherg25]. Depending on the choice of etchants, silicon dioxide or silicon nitride
can be used as an etch mask, since a photoresist is easily peded off at on early
stage of etching and also can not endure long wet etching at high temperature.

If KOH is used, silicon dioxide is not suitable for etch masks because it is
less sdlective to silicon. Silicon nitride made by Low Pressure Chemical Vapor
Deposition (LPCVD) can endure for long times (several hours) in KOH solution as
a mask. However, slicon nitride made by Plasma Enhanced Chemical Vapor
Deposition (PECVD) is less sdective compared with slicon nitride made by
LPCVD. The etching rate of silicon nitride made by LPCVD is observed to be

about 10 A /hour, while that of silicon nitride made by PECVD is approximately
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400 A /hour. PECVD silicon nitride is unsuitable as a mask for removing the entire
substrate (350mm -500mm) underneath the membrane.

In addition to the sdectivity of the dielectric, the mechanical stability
should also be taken into account. The dielectric should not buckle or crack
because of stresses (tensile stress and compressive stress). To minimize these
sresses, a multiple film stack of two slicon nitride layers cladding a slicon
dioxide layer (Si3N4-SO,-Si3N, multiple stack layers) is used as a membrane. The
thickness of each layer is carefully chosen for mechanical stability.

Figure 4.1 shows a schematic drawing of the fabrication procedure of a
planar membrane. 4-inch single crystal (100) double polished silicon wafers are
used as substrates. The wafers are 500 nm thick with the resitivity of 1-5 ohm-cm
and 0.005 ohm-cm. A 8000 A thick silicon dioxide layer is sandwiched between

two 1500 A thick slicon nitride layers on the double-side polished wafer, all
deposited by LPCVD. Silicon nitride is deposited in a reaction of ammonia (NHs)
and dichlorosilane (SICl;H,) at a gas flow of 3.5:1 at 830 'C and 315mTorr.
Silicon dioxide is deposited in a reaction of slane (SH,) and oxygen (O,) at agas
flow rate of 1:10 at 460 C and 110 mTorr.

After depositing a multiple film layer on awafer, the dielectric film stack on
the back side of the double polished wafer is patterned and plasma etched. Before
the plasma etching, the wafer must be coated with photoresist on the front side of
the wafer to avoid unintentional etching. The plasma etching of the silicon dioxide
and dlicon nitride layersis performed by usng CF, and O, with 100 watts power.
The etch rate of silicon dioxide and silicon nitride is observed to be about 700
A /min and 1000 A /min, respectively. The remaining back-side multi-layer stacks
become a masking layer for the subsequent wet KOH silicon anisotropic etching.
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(a)

(b)
|:| Silicon substrate
- Silicon Niitride
|:| Silicon dioxide
(c)

Figure 4.1 Schematic view of fabrication procedure of planar membrane: (a)
Depositing dlicon nitride, sllicon dioxide, and slicon nitride by LPCVD; (b)
Patterning and plasma etching on the back side of wafer; (c) Anisotropic etching
using KOH at 100 C.
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The slicon substrate is anisotropically etched usng 40% KOH solution
(Silicon etchant PSE-200) at 100 C. The etch rate of the (100) silicon is about 1
mm/min at  100C. The etch rate is criticaly dependent on the solution
temperature; therefore, the high stable temperature should be maintained during
etching for minimizing the etch time.

Figure 4.2 shows a cross section of an anisotropically etched (100) silicon
substrate in detail. Due to the orientation dependency of the etch rate, the etched
surface is bounded by the (111) planes, which have the dowest etch rates. The
final length of the square didectric membrane is determined by the etch time and
the thickness of the silicon wafer since the etching produces (111) planes as the
sdewalls at an angles of 54.7° [3].

Etch window size, D

N g
I |
/(111) Surface
T
(100) Silicon
Substrate \54.7

D: Etch window size T: Thickness of wafer L: Final dimession

. Vembrane as etch mask
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Figure 4.2 Cross section of an anisotropically etched (100) silicon substrate with
Si3N4-SO,-SisN, membrane layers.
The relation to obtain the final length of the square dieectric membrane (L)

is
T

D= WIZ-FL (4.1

where T is dlicon substrate thickness, L is the desired final size of the membrane,

and D isthe etch widow size for patterning.

Both a circular pattern and square pattern produce a square hole. If a
circular pattern isused, it automatically alignsin the [110] direction on (100) plane
glicon wafer. In case of square pattern, alignment of the patterns in the [110]
direction on the surface of the slicon substrate must be confirmed to avoid
unwanted overhang.

The formation of the membrane structure should be followed by a cleaning
procedure for subsequent metallization for the inductor.

4.2 Process for Inductor Fabrication

Two different techniques are used to fabricate a planar inductor with
approximately 9000A thick slver on the membrane. The metal wet etching
approach is investigated first and meta lift off with polyimide is then reviewed.
Other approaches include Positive tone Reverse Gradient of Slope (PREGOS) and
Chlorobenzene metal lift off. But, these processes do not provide easy processing

and maximum yield [26].
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Since the spiral coil structure needs a bridge to connect the center of the
coils to the interconnects, two levels of metal separated by an inter-metal didectric
are needed. Several inter-metal didectric materials such as silicon dioxide, slicon
nitride, photoresist, and polyimide can be used. Among these materials, polyimide
can be easly used on the silver evaporated layer since it has an appropriate thermal
budget. However, for convenience, photoresist is used as an inter metal dielectric

materia here.

4.2.1 Metal Wet Etching Process

The metal wet etching process is a common process for patterning the
metal interconnection layer in I1C fabrication.

First, athick silver layer on thin chromeis evaporated on a silicon substrate
with a membrane. Then, the lithography process is applied for metal wet etching
on the surface of evaporated metal layers. Since the metal layer consists of two
different metals, chrome etchant (Transene Type 473) and silver etchant (Transene
Type TFS) are used to make the first layer of the coil structure.

Silver evaporation is done on the micromachined structure in a vacuum
system at a pressure of lower than 5x10° Torr. However, silver itself does not
stick well on the sample. Without the chrome layer beneath the dlver layer, the
metal layer can be easly washed off even during the subsequent cleaning and
drying process. Also, if the thickness of the chrome layer is below 150 A , the pad
where the probe lands is very easily peded off during eectrical measurement . A
chrome rod is evaporated thermally to produce a thickness of 200 A at a
deposition rate of 5-10 A /sec, followed by 8000A thick silver at a deposition rate

of 15-20A /sec.



An Inficon crystal monitor is used to measure the real time deposition rate
and thickness. 90004 thick silver is evaporated in two or three steps to prevent the
vacuum chamber from getting overheated. The Inficon measurement is taken
during evaporation and the thickness of the evaporated chrome and slver is
verified with an Alpha Step Profiler.

In general, the lithography process starts with the cleaning of the surface of
the evaporated sample. The sample is first rinsed with acetone, then rinsed in
methanol and deiionized (DI) water for 1 minute, respectively. However,
ultrasonic cleaning must be avoided when the inductor is fabricated on a membrane
snceit breaks the membrane easily.

Dehydration bake should be applied to remove the residual moisture at a
temperature of 125 'C for 10 minutes in a convection oven after wet processing.
An adhesion promoter (Microposit Primer) and a positive photoresist (AZ 5214-E)
are spun on the sample at 3500 rpm for 40 second, which results in the 1.7 nrm
thick photoresist coating. The sampleisthen pre-baked for drying and hardening in
a convection oven at 90’ C for 10 minutes. An HTG UV-lamp mask aligner is used
to expose the sample for 45 seconds, having aligned with the mask at a wavelength
of 370nm with a constant intensity of 2.1 mW/cm™,

The sample is then developed in Microposit Developer 425 for
approximately 45 seconds under mild agitation, and then rinsed immediately with
DI water. After drying the sample, the pattern isinspected under a microscope. In
the convection oven, post bake is performed at 110°C for 5 minutes to harden the
photoresist and to improve adhesion of the photoresist to substrate for later wet
etch steps. This post bake must be minimized for easy removal of the photoresist
for subsequent metal interconnect.
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Chrome and silver are etched with Chromium etchant (Transene Type 473)
and Silver etchant (Transene Type TFS). To etch the silver first, care should be
taken to control the etch time since the etch rate of slver is so fast, which may
result in an undercut. The silver etchant used has an etch rate 2004 /sec; therefore,
the etch time is approximately 45 seconds at room temperature. The sample is
rinsed in DI water to remove al remaining slver etchant. The remaining chrome
layer is dipped into chrome etchant at over 40°C. Since chrome is etched in a few
seconds, the sample should be removed from the etchant immediately as soon as
dipping into the etchant results in bubble formation which is an indication of the
ending of the etching process.

A chemica etching reaction is not easily produced under 30°C. After
chrome etching, the remaining photoresist is removed by using photoresist stripper
(AZ 400T) instead of acetone. Since high temperature baking is applied for
adhesion, AZ 400T is more effective than acetone in removing photoresist. The
residual photoresist in contact with second metal interconnect will degrade the
inductor performance.

For inter-metal didectric materia, the 5214-E photoresist is spun on the
sample twice at 3000 rpm for 30 seconds, resulting in a2 nm thick photoresist.
The sample is then pre-baked in the oven for 10 minutes at 90' C and exposed in
the HTG Aligner for 150 seconds at 2.1 mW/cm?® UV light intensity with contact
mask. The sample is developed for 70 seconds.

The second metal layer is evaporated on the prepared sample. Unlike the
first metal layer, it is not necessary to use chrome for the purpose of adhesion since
slver itsdf sticks quite well to the photoresist. The 9000 A thick silver is
evaporated in two or three steps to prevent the vacuum chamber from getting
overheated.
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After metallization, the same wet metal etching process for silver is used to
fabricate the micromachined inductor. Figure 4.3 shows the micromachined

inductor on a membrane made with metal wet etching process.

Membrane

1|

{ -ll ..i |
o
| =
| fene A I;hs

Figure 4.3 The micromachined inductor on a membrane made by metal wet etching
process. The dark square is the membrane with silicon substrate removed from
underneath inductor.
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4.2.2 Polyimide Metal Lift Off Process

Sandra [27] reported that a high yield can be achieved by smply adding,
spinning and baking the polyimide. Epo-Tek 600-3, a single component polyimide
isused in thismetal lift off process. Epo-Tek 600-3 has alow solubility in aqueous
type devel oper, like 5200-series photoresist developer, MIF 425.

Figure 4.4 shows a schematic drawing of the polyimide metal lift off
process. Processing starts with the cleaning of the sample's surface, similar to the
metal wet etching process. The dehydration bake should be applied to remove the
resdua moisture at 125 ‘C for 10 minutes in a convection oven after wet
processing.

The polyimide solution(Epo-Tek 600-3) without dilution is spun on the
sample at 2000 rpm for 30 seconds and then cured moderately hard. The polyimide

is cured by baking it at 125 C for 15 minutes in a convection oven. Curing timeis

critical to etch the polyimide by developer. Deviation of plus or minus 5 C will
affect the etch rates of the polyimide. Higher temperatures will more completely
imidize the polyimide, dowing the etch rate, while lower temperature will not
imidize as much , speeding up the etch process.

After the polyimide is baked, the 5214-E photoresist is spun on the sample
at 3500 rpm for 40 seconds. No adhesion promotor or primer is required because
the photoresist itsef sticks to cured polyimide very well. The sample is then
prebaked on a hot plate in the oven for 90 seconds at 90 C. It is then exposed in
the HTG Aligner for 45 seconds at 2.1 mW/cm?® UV light intensity. Development
timeisvery critical for this method.

48



§
g

< UV LIGHT

T

MASK

|

[ ] Photoresist
B rolyimide
| EYEE

[ ] silicon substrate

~~ — —~

(d)

Figure 4.4 Sequence of polyimide metal lift off process: (a) UV exposure
on polyimide and resist coated substrate; (b) Developing causes undercut in the
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polyimide layer; (c) Metallization; (d) Removing resist-metal layer by acetone and
dissolving the remain polyimide by devel oper.

The developer (MIF 425) not only removes the exposed region of the
photoresist but also dowly starts to etch the underlying polyimide as soon as all
the exposed region of the photoresist is removed. The lateral undercut of
polyimide in the developer solution is nearly the same asits vertical etch depth.

As a reault, after the devdopment, the resst layer forms an overhang
pattern. The development timeis critical in this case, and after the pattern becomes
visble in the developer, it takes an additional 3-5 seconds for the optimum
undercut in the polyimide. The sampleis then checked under a microscope, and if
properly developed, a small area of undercut can be distinguished by its different
color. The optimum lateral undercut of polyimide measures approximately 1 mm; a
sndler than 1 mm undercut does not produce a good lift off, whereas alarger one
may destroy the resst pattern. Figure 4.5 shows the different resst patterns
coming from developing time. In the figure (a), residual polyimide is not removed
completely because of short developing time. In the figure (b) and (c),
overdevel oping destroys the resist pattern.

Metallization is done with same procedure as is used in the metal wet
etching process. 200 A of chrome followed by 9000 A thick silver is thermally
evaporated. After the metallization, the sample isimmersed in acetone for metal lift
off, where acetone dissolves the photoresist and thus removes the metals on the
top of that photoresist. As acetone dowly etches the polyimide, only a small
portion of polyimide is removed, leaving behind most of the polyimide. The
sampleisrinsed in MIF 425 developer and DI water for subsequent removal of all
polyimide.
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The same procedures are applicable to interconnect metallization as in the
wet metal etching process. The inductor shown in figure 4.3 can be fabricated in
this way.

(b)

(©)

Figure 4.5 Resist pattern caused by developing for polyimide lift off process: (a)
polyimide residual in resist pattern because of short developing time; (b) Some loss
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of resist pattern caused by overdeveloping; (c) Totally destroyed resist pattern by
excessive developing.

4.3 Summary

The detail of fabrication procedures and issues for the micromachined
inductor have been presented in this chapter. By adopting bulk micromachining
technique, the multiple didectric membrane containing the inductor was fabricated
with the slicon substrate removed by using KOH anisotropic etching. Some
relevant KOH etching issues were mentioned.

On the membrane, the inductor was fabricated with two ways. metal wet
etching process and polyimide lift off process. Polyimide lift off process was
investigated in detail.
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Chapter 5

Summary and Conclusion

The Q isameasure of the efficiency of an inductor. It islimited by resistive
losses (Rmeta @Nd Rgyp) caused by the skin effect on the coil metal and the
conductivity of the dlicon substrate and by the lowered resonant frequency
affected by the parasitic capacitance.

To improve inductor performance, a micromachined inductor was built
using the bulk micromachining technique. By removing the substrate usng KOH,
the resistive loss caused by the substrate can be diminated, and the resonant
frequency can also be increased through minimizing the parasitic capacitance
generated by the substrate. Removing the substrate is a good approach for
fabricating a high performance inductor compatible with 1C processing.

To quantify the effect of the substrate conductivity, this work proposes a
silicon monolithic inductor mode based on Tuncer's quas-static model,
Greenhouse's mutual inductance model, and Kamon'’s skin effect model for metal
used in ‘Fast-Henry' .

Even though the high limit of substrate conductivity and the high limit of
frequency range of GHz should be tested for modd validation, the case of high
frequency was not tested due to limitation of measuring equipment. Using different
substrates, the effect of the substrate conductivity was compared in terms of zero
conductivity, moderate conductivity, and very high conductivity cases.

The resstance calculated in this modd matches the experimental

measurement closely within 9% over a range of the measured frequency and the
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different conductivity of substrates. The predicted inductance also matches the
measured values very closaly within 4 % over the same ranges.

In the measured range of frequency, improved performance of the
micromachined inductor can be seen compared with that of an inductor on the
silicon substrate with resistivity of 0.005 ohm-cm. If higher frequency in range of
GHz of signal were applied, improved performance of the inductor should be even
more evident based on the predicted modd by reducing the resistive loss caused by

the conductivity of substrate and the parasitic capacitance.

The experiment confirms the proposed model is accurate up to 100 MHz ;
additional research is needed to verify the modd is accurate above 100 MHz. In
addition, the procedures for optimizing Q factorsin the inductor design need to be
further devel oped.



[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

Bibliography

B. Lochdl, A. Maciossek. M. Rotheampbell, “ Micro coils fabricated by UV
depth lithography and galvanoplating,” The 8th International Conference
on Solid Sate Sensor and Actuators, and Eurosensors, Stockkholm,
Sweden, pp. 264-267, 1995

Y. Watanabe, et al, “A new fabrication process of a planar coil using
photosensitive polyimide and dectroplating,” The 8th International
Conference on Solid Sate Sensor and Actuators, and Eurosensors,
Stockkholm, Sweden, pp. 268-271, 1995

Ljubisa Ristic, Sensor Technology and Devices, Norwood, MA:Artech
House, INC., 1994

L. E. Larson, M. Case, et al., “Si/Si\Ge HBT Technology for low-cost
monolithic microwave integrated circuits,” in Proc. Int. Solid circuits
Conf., San Francisco. CA, pp. 80-81, 1996

K.B. ashby , et al., “High Q inductors for wireless application in a
complementary silicon bipolar process,” IEEE J. Solid Sate Circuits, val.
31, pp. 4-9, Jan., 1996

D. Loveace, N. Camillieri, and G. Kanndl, “Silicon MMIC inductor
modeling for high volume, low cost applications,” Microwave Journal, pp.
60-71, Aug., 1994

R. A. Johnson, C. E. Chang, et al., “Comparison of microwave inductors
fabricated on silicon-on-sapphire and bulk slicon,” IEEE Microwave and
guided wave letters, vol. 6, September, 1996

John R. Long, and Miles A. Copdand, “Modding, characterization and
design of monalithic inductors for silicon RF IC's,” IEEE J. Solid Sate
Ciecuits, val. 32, No. 3, March, 1997

John R. Long, and Miles A. Copdland, “ Modding, characterization and
design of monolithic inductors for slicon RF IC's,” in Proc. Custom
Integrated Circuits Conf., San Diego, CA, pp. 185-188, 1996

55



[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

S. Chaki, N. Andoh, and et al., “Experimental study on spira Inductors,”
in Proc. IEEE Microwave Symp. Dig. MTT-S Orlando, FL, pp.735-756,
1995

J. Y. -C. Chang, A. A. Abidi, and M. Gaitan, “Large suspended inductors
on dlicon and their use in a 2-nm CMOS RF amplifier,” IEEE Electron
Device Letter., vol. 14, pp. 246-248, May 1993

C. Patrick Yue, Changsup Ryu, and et al., “ A physica modd for planar
gpiral inductors on silicon,” 1EEE International Electron Devices Meeting.
Technical Digest, San Francisco, CA, pp. 8-11, Dec., 1996

E. Pettenpaul, H. Kapust, and et al., “CAD modds of lumped e ements on
GaAs up to 18 GHz,” IEEE Trans. Microwave Theory Tech., val. 36,
no.2, Feb., 1988

J. N. Burghartz, M. Souyer, and K. A. Jenkins, “ Microwave inductors and
capacitors in standard multilevel interconnect silicon technology,” |EEE
Trans. Microwave Theory Tech., val.44 , pp.100-104, Jan., 1996

H. Hasegawa, M. Furukawa, and H. Yanai, “Properties of microstrip lines
on S-S O, system,” |EEE Trans. Microwave Theory Tech., vol. MTT-19,
pp. 869-881, Nov. 1971

H. M. Greenhouse, “Design of planar rectangular microgectronic
inductors,” 1EEE Trans. Parts, Hybrids, Packaging, vol. PHP-10, pp.101-
109, June, 1974

F. W. Grover, Inductance Calculations. Princeton, NJ. Van Nostrand,
1946, reprinted by Dover Publications, New York, NY, 1954

David M. Krafesk and Dale E. Dawson, “ A cdosed-form expression for
representing the distributed of the spiral inductor” in Proc. IEEE-MTT
Monalithic Circuits Symp. Dig., pp. 87-91, 1986

Clayton R. Paul, Introduction to Electromagnetic Compatibility, John
Willy & Sons, INC., 1992

S. J. Haefner, “ Alternating current of rectangular conductors,” Proc. |IRE,
vol. 25, pp. 434-447, 1937

56



[21]

[22]

[23]

[24]

[25]

[26]

[27]

Emre Tuncer and Dean P. Nekirk, “Highly Accurate Qaus-Static
Modeling of Microstrip Lines Over Lossy Substrates’ |IEEE Microwave
and Guided Wave Letters, val. 2, no. 10, October 1992

R. J. P. Dowville and D. S. James, “Experimental study of symmetric
microstrip bends and their compensation,” |EEE Tran. Microwave Theory
Tech. Vol. MTT-26, pp. 175-181, March 1978

M. Kamon, “Efficient techniques for inductance extraction of complex 3-D
geometies,” Master Thesis, M.I.T, 1994

H. Wheder, “Transmisson-line properties of a strip on a dielectric sheet of
phane” IEEE Trans. Microwave Theory Tech., MTT-25, pp. 631-647,
August 1977.

Kurt E. Petersen, “Silicon as a mechanica material,” Proc. |EEE, vol. 70,
no. 5, pp. 420-457, May 1982

Mohammed S. Idam, “Modding and experimental studies of schottky
contacted coplanar waveguide transmisson lines on semiconductor
substrates,” Ph. D Dissertation, The University of Texas at Austin, 1995

Sadra, K (1993). “ Lateral modulation-doped diodes,” Ph. D. Dissertation,
The University of Texas at Austin, 1993

57



Vita

Seung-Jin Yoo was born in Seoul, Korea, on July 6, 1969, the son of Tae-
Rho Yoo and Kyu-Ja Han. In February, 1995, he received the degree of Bachelor
of Engineering in Electronics Engineering from Korea University, Seoul, Korea. In
August, 1995, he entered the Graduate School at the University of Texas at
Austin. He has been studying on MEMs under supervision of Dr. Dean P. Nelkirk

since July 1996.
Mr. Yoo was married to Hee-sun Han on December 18, 1995 and had a

daughter, Jin-hee Y 0o between her.

Permanent address: 774-34 Y eoksam-Dong

Kang-nam-Gu, Seoul, Korea

This thesis was typed by the author.

58



