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CHAPTER 1

INTRODUCTION

1.1 The Field of MEMS

The field of MEMS (Micro-Electro-Mechanical-Systems) work has matured greatly since
its introduction in the early 1980’s. In 1982-1983 the first mass-produced MEMS devices,
micromachined automotive MAP (Manifold Air Pressure) sensors and micromachined dis-
posable blood pressure sensors, were sold on the commercial market. In 1982, only 5 Fortune
500 companies were in the field and in 1998 there were 25. Today, more and more com-
panies are starting new MEMS research groups to design and manufacture accelerometers,
gyroscopes, sensors, micro-valves, micro-motors, projection micro-mirrors, and possibly the
greatest growing field, micromachined biosensors.

In a general sense, the terms MEMS and micromachining can be taken to mean the
process of greatly reducing the scale of everyday devices, but in a true sense, MEMS devices
are much more than that. MEMS devices provide a link between the physical and electrical
world in an extremely small package. The techniques to process these devices go far beyond
the simple lithography of integrated circuits because the MEMS process engineer must have
a strong grasp of mechanical (stress, strain, etc.), chemical (fluidics, reactions, etc.), and
electrical (noise. capacitance, etc.) systems on the micro-scale so as to create a novel MEMS
device.

Indeed, the field of MEMS work is extremely diverse and what is presented in this
thesis is just one aspect of MEMS, mainly RF (radio frequency) MEMS. By the use of
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Figure 1.1: The RF MEMS switch implemented on a coplanar line in the
up (a) and down (b) state positions.

one MEMS device, the MEMS RF switch, what is presented in this thesis is one of the
lowest loss distributed phase shifters available to date at X-band (8-10 GHz) and Ka-band
(26.5-40 GHz) frequencies.

1.2 The RF MEMS Switch

As the name may imply, a RF MEMS switch (Fig. 1.1) is simply a micro-scale switch.
The MEMS switches presented in this work are, at their largest, only five human hair
diameters long and two hair diameter wide (300x 120 um?) and switches nearly one third this
size were fabricated for millimeter-wave applications. And unlike its macro-scale equivalent
in which the force required to turn it on or off is provided by an electromagnetic relay
(or by the hand), MEMS switches require some other form of force such as electrostatic,
magnetostatic, thermal, or piezoelectric force. Electrostatic force is widely accepted as
one of the most simple and effective actuator systems for MEMS devices because when
implemented, these systems are very small compared to other systems (such as thermal
or magnetostatic) and use virtually no DC (direct current) power, which is important for

applications such as airborne or satellite phased array antenna systems.

1.3 Phase Shifters

Phase shifters are used to delay the phase or timing of a sinusoidal RF wave (Fig. 1.2).

Phase shifters have many applications in instrumentation systems and wireless communi-
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Figure 1.3: A standard phased array antenna system.

cation circuits [25] but are most significantly used in phased array antennas for telecom-
munications and radar applications. In this case, placing a phase shifter on each radiating
element allows the antenna beam to be electronically steered without physically moving the
antenna elements (Fig. 1.3).

Traditionally, commercially available phase shifters are based on ferrite materials, p-i-n
diodes, or FET switches [39]. FET-based phase shifters are similar to MEMS switch based
phase shifters in that the FET devices consume very little power, but unlike a MEMS
system, have a large amount of loss, around 4-6 dB at 12-18 GHz [52],{10] and 89 dB at
35 GHz for 4-bit designs [44],[29]. Phase shifters based on p-i-n diodes consume more power
(3-10 mW per diode) and have slightly better performance than FET based phase shifters

but do not come close to the loss characteristics of a MEMS switch based system.



unit cell

Figure 1.4: The unit cell of a distributed circuit.

Standard phase shifter designs, regardless if implemented with p-i-n diodes, FET switches,
or MEMS switches, are based on three main techniques: 1) switched delay-line, 2) reflect-
line, and 3) distributed loaded-line. The MEMS phase shifters presented in this thesis are
based on the distributed technique which has been shown to result in excellent operation
up to 20 GHz when based on Schottky-diode varactors (—4.2 dB of loss for an analog
360° phase shifter at 20 GHz) [33],[34], and up to 110 GHz when based on analog MEMS
varactors (—2.5 dB of loss for an analog 180° phase shifter at 94 GHz) (3],[7],{5].

1.4 Distributed Circuits

Distributed techniques have been used as a solution to obtaining very wideband cir-
cuits. The idea is based on periodically loading a t-line (transmission line) with transistors,
Schottky-diodes, or passive components such as capacitors or stubs, to obtain wideband
amplifiers (8],[2],[48],(24], oscillators [48],[11],[54],{14],{55], mixers [50],[47],[46], multipliers,
and pulse-shaping circuits. The concept is very useful because the parasitics of the discrete
device, such as the gate-to-source capacitance of transistors in traveling-wave amplifiers, or
the capacitance of the Schottky-diode in non-linear pulse shaping circuits, are included as
part of the distributed model of the transmission line, thereby resulting in wideband op-
eration. Furthermore, distributed circuits often result in a precise analytical model which
greatly simplifies the design process. The distributed circuit model consists of a unit cell
which is cascaded multiple times in a t-line circuit (Figure 1.4). In the case of a distributed
phase shifter, each unit cell is capable of a certain amount of phase shift and by adding

more cells, the total phase shift increases by a factor of the number of cells.



1.5 Contents of Thesis

The work in this thesis demonstrates that distributed phase shifters based on MEMS
switches have vastly superior low-loss characteristics than the ones based on solid-state
devices such as Schottky diodes, FETs, or p-i-n diodes. The reason is that MEMS switches
have a very low series resistance, 0.1 to 0.3 2, as compared to solid state devices (2 to 6 ).
MEMS devices also have lower power drive requirements (¢W vs. mW in p-i-n devices). The
first chapter contains the theory, design rules, and optimization of distributed circuits and
distributed phase shifters. This chapter is followed by a discussion and measurements of loss
in capacitors, which will be shown to be extremely important for low-loss distributed phase
shifter design. Chapters 4, 5, and 6 contain the measurement and analysis of phase shifters
at X-band, Ku-band, and Ka-band frequencies, respectively. The X-band CPW design has
shown excellent performance, comparable to other non-distributed MEMS phase shifters.
The Ku-band microstrip phase shifter is the first of its kind, that is, a novel topology
which includes MEMS switches and electrically short microstrip radial stubs. The Ka-band
distributed phase shifters are contained in Chapter 6 and are the lowest loss measured phase
shifters to date for all types (switched line, reflect, etc.) of phase shifters. This chapter

concludes with Chapter 7, where a W-band design and some final conclusions are presented.



CHAPTER 2

DESIGN, LAYOUT, AND OPTIMIZATION
OF LOW-LOSS DMTL PHASE SHIFTERS

2.1 Introduction

The DMTL (Distributed MEMS Transmission Line) phase shifter consists of a CPW
or microstrip line and a periodic set of electrostatic force actuated MEMS switches. By
using a single control voltage to vary the height of the MEMS switches, the distributed
capacitance loading on the transmission line, and therefore its propagation characteristics,
can be varied. This results in a voltage controlled transmission line with variable phase

velocity and therefore a true time delay (TTD) phase shifter.

2.2 Modeling the Wave Equation

First consider that all the characteristics of a distributed transmission line, and in a
more general sense, a transmission line, stem from Maxwell’s equations. These equations,
as will be shown, predict lumped model approximations of phase velocity and impedance of
the distributed line and these lumped equations, in turn, will be used to develop closed-form
expressions for the design of distributed phase shifters.

Take Maxwell’s first two equations in time domain form for a source-free medium:

V xE = —jwuH

o (21)
V x H = jweE + oE



By taking the curl of the first equation, substituting the second for V x H, and using
the vector identity V x V x 4 = V(V - 4) — V24, the following is obtained:
V x (V x E) = —jwu(V x H) = —jwu(jweE + oE)
= (w?pe — jwop)E (2.2)
V(V - E) = V?E = (w?ue — jwop)E
where V - E = 0 in a source-free region leading to:

V2E + (w?ue — jwop)E =0

= oy — (2.3)
V°E +w ué(l—];)5=0
Equation (2.3) is in the form of Helmholtz’s equation:
VE+KE=0 (2.4)

where k, is the wavenumber of the propagating wave and jk, is the complex propagation

constant:

. . . .0 . . g
Jko=’7=0+.7ﬁ3=]\/w2#€(1—.7;)=JW\/IIE 1-j— (2.5)
Equation (2.5) describes the propagation of the wave where the propagation velocity, v,
is w/G and the rate of decay of the wave with distance due to loss is equal to a. Consider,
for example, a wave traveling in free space (¢, = ur = 1 where € = €,¢, and p = uru,)

travels at the speed of light assuming propagation is lossless (o = 0).

a+ jB = jw\/oto (2.6)
1
Up = % = T < =c m/s (2.7)

The wave impedance is defined as the relation between electric and magnetic fields. To
obtain the wave impedance, assume an electric field has only an T component, then the

Helmholtz (2.4) equation can be written as:
Ex(z) =Ete™ " + E~et* (2.8)
and using Maxwell’s first equation (2.1):
Hy(z) = ’;L: (E*e™ + E-e*?) 2.9)

7
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Figure 2.i: Lumped element equivalent circuit of a transmission line.

The wave impedance, 7, is therefore defined as:

n= E:(z) _ jwn _ _jwn ( 1_iZ -
Hy(2) Y Jw\/ne

-1
7 .o
=.,/= ‘/1_ _’
e( I e

The free space impedance is a well known quantity and it can be obtained from (2.10)

(2.10)

assuming propagation is lossless:

§|
Q
[X)
3
~
o}

(2.11)

2.3 Transmission Line Lumped Model

The lumped element equivalent to the derivation obtained from Maxwell’s equations
in the previous section will be obtained next. A short section (Az) of two conductor
transmission line is often represented as a lumped circuit [38] as shown in Figure 2.1 where
R, L, G, and C are the per unit length resistance (due to transmission line conductivity),
inductance (self inductance of the two conductors), conductance (due to dielectric loss of
the substrate on which the transmission line is patterned), and capacitance (due to the
proximity of the two conductors), respectively. In a distributed sense, a long length of
transmission line can be simply thought of as a cascade of the unit cell shown in Figure 2.1,
and the accuracy of representing a transmission line with this lumped distributed model
will increase as Az approaches zero. Obtaining this unit cell will lead to a determination
of the closed form expressions used for design of the distributed phase shifter.

To obtain closed-form expressions for the impedance and propagation velocity of the



transmission line in terms of the lumped components, apply Kirchhoff’s voltage and current

laws to the lumped model:

v(z,t) — RAz i(2,t) — LAzM —v(z+Azt)=0
Bu(z + o f) (212)
i(z,t) — GAz v(z + Az,t) — CAz—%— —i(z+ Az,t)=0
Dividing each equation by Az and taking the limit Az — 0 to (2.12) yields the following:
wnt) v+ Bal) g B0
as Bu(z.t) ai(azt £) (2.13)
-—az'—' = Ri(z,¢t) +LT
i(z,t) —i(z+ Az,t) —Gu(z+Azt)+ Cav(z + Az, t)
& gt ety (2.14)
32 =G v(z,t) + CT
And assuming a sinusoidal system,
dv
() _ (R4 juwL) I(z)
dz (.) 15)
dI(z) -
I = (G + jwC) V(z)

These equations (2.15) can be solved simultaneously to yield the following equations in

the form of Helmholtz’s (2.4) equation:

dViz) _ (G + jwC)(R + jwL)] V(z) =0
dz? (2.16)
d{:z(;) - [(G + jwC)(R + jwL)] I(z) =0

Therefore the complex propagation constant, in terms of lumped element components

y=a+jB8 = (G + jwC)(R + jwL) (2.17)

where the propagation velocity of the wave, v,, is w/8 and the rate of decay of the wave
with distance due to loss is equal to a. By approximation, this equation can be put into a
corollary form derived from Maxwell’s equations (2.5) by taking R = 0. This is not a bad
assumption since R represents transmission line conductivity, and the transmission lines

used for the majority of work in this thesis have very low loss.

71 = (G + jwC)(jwL) = VjwLG + j2u2LC

= jwVIC/1-j-C
wC

(2.18)



To obtain the impedance of the transmission line in terms of the lumped components,
start with the traveling forward and reverse wave solutions on a transmission line using the

propagation constant of (2.17):

V() = Ve + Ve

(2.19)
I(z) = Ife " + I et*
Applying (2.19) to (2.15) gives the current on the line in terms of V,:
I(z2) = =——— (Vte™ + Ve*™3) (2.20)

R+ jwL

and the characteristic impedance of the line, Z,, is defined as:

V(z) R+jwlL R+ jwL 09
—1 —1 — ->-1
Zo I(=) v v G+ jwC (2:21)

As before, by assuming R = 0, this equation represents the corollary form of the equation

derived by Maxwell’s equations (2.10):
L c\
Zo=yf 5( L= Jw)

2.4 Theory of Transmission Line Loading

For a typical microwave transmission line, the series resistance term, R, has little effect
on the characteristic impedance (2.21) and propagation velocity derived from (2.17) as long
as the conductance term, G, which dominates the equations, is minimal. The majority of
transmission lines built for the work in this thesis are made on a quartz substrate which is
an extremely good insulator, meaning that the G term may be considered equal to zero. A
typical 50 Q coplanar transmission line on a quartz substrate at 30 GHz has a loss of 50
dB/m or an equivalent series resistance term of R = 575 Q/m.

Including this term in the impedance (2.21) equation and the equation used to derive
the propagation velocity (2.17) reveal that they are increased by only 0.02%. Therefore, by

assuming R = G = 0, the following equations can be used to approximate transmission line

Z, = \/g (2.23)

10

characteristics with great accuracy.



1
Up = —\/E_E (2.24)

These two equations serve as the basis for all closed-form expressions of the distributed
MEMS transmission line and it will be shown that, by increasing the per unit length ca-
pacitance, while keeping the per unit length inductance constant, the propagation velocity,
Up, and characteristic impedance will decrease, thus slowing down the wave, and providing
the true time delay (TTD) required for a phase shifter. Changing this capacitance will be
done by loading the transmission line at a periodic separation, s, with a varactor, as shown
in Figure 2.2. The unit cell contained in this figure shows the transmission line split into
4 parts and the varactor is represented by C,. For accurate model representation over all
frequencies of interest, the transmission line should be split into more parts than 4 because
as discussed previously, the lumped model of a transmission line is accurate as Az — 0,
so in order to accurately represent the effect of loading, the transmission line must be split
into several small parts. But, as it turns out, s will be less than 5% of the design frequency
wavelength for frequencies at and below the design frequency, and the unit cell for the
DMTL can be accurately represented by a single inductor and two capacitors as shown in

Figure 2.3. Using (2.23) and (2.24), the impedance and propagation velocity of this loaded

unit cell is:
SLg
= ) ——t 2.2
Zo sCe + Cp (2.25)
u (2.26)

Y = /5L (sC: £ Cp)

2.5 Bragg Frequency

As discussed, Equations (2.25) and (2.26) only hold true when the length of the unit
cell, s, is a small fraction of a wavelength. At higher frequencies (frequencies above the
design frequency) this model is inaccurate and a new method to determine the characteristic
impedance and propagation velocity must be used. The general model for a distributed
transmission line is shown in Figure 2.4. Taking the complex propagation constant v =

a + jB as in (2.5) then the forward and reverse traveling waves are represented by:

11
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Figure 2.2: The unit cell lumped model of a distributed phase shifter. The
transmission line is represented in parts by s’L; and s'C,, where
8’ < 3. The varactor is represented by Cj.
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Figure 2.3: The simplified unit cell lumped model of a distributed phase
shifter for frequencies at and below the design frequency.
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Figure 2.4: The general model for a distributed transmission line.
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Va1 = ‘/713—7
(2.27)

The voltages and currents on the line are:

In-l - In
Y,
Vn—l - Vn
Zs
= Vn - Vn+l

Zs
and using (2.27) along with the hyperbolic cosine identity yields the following
+ Zsyp Vn-l + Vn+l
2 2V,
et + e~

=— = cosh vy

The DMTL is a symmetric line and it is important to define the impedance at the

Vn -
[n—l — (2.28)

I

1

(2.29)

middle. Using Z = V|, /[i» and the voltage at the middle of the line, V, /0 = Vo = [,Z,/2

then
Z_Vn+1/2_(Vn_l—2Vn+Vn+1 L_é
- In - Vn - Vn+l Yp 2
2,471 Z, (2.30)
T 2sinh(v/2) 2

Using the half angle formula for the hyperbolic sine (2.30) the characteristic impedance

of the distributed line is

_ |z, ZY,
Zo=\ |71+

The per unit length inductance and capacitance of a transmission line are determined

from (2.5) (2.24) and (2.23) and are determined to be:
VEeff Zo
L= —

C, = VeI

Zs c
where Z, is the characteristic impedance of the line before loading and c/,/éfs is the

(2.31)

(2.32)

guided velocity of the transmission line. Using the models of Figure 2.3 and 2.4 along with
equation (2.31) gives the characteristic impedance, Zy, of the loaded unit cell of length s.
Since Z; = jwsL; and Y, = jw (sC; + C}), the loaded impedance is:

L 5L: (sC. + Cr)
2 = St \/ - t t b )
L \/ GCrC V! 1 (233)
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It is apparent from the second term of the equation (2.33) that as the frequency increases,
provided L., C;, C}, and s are constant, then there is a frequency point at which the periodic
filter structure of the distributed loaded line causes the line impedance to become zero and
thus there will be no power transfer from one port to the other. The frequency at which
this occurs is called the Bragg frequency, fp as will be shown later. The Bragg frequency
is a very important design parameter and is calculated using Equation (2.33):

w%ng (sC,+Cp) =4
2 (2.34)
V'sL: (sC: + Cp)

wg =2rfg =

2.6 Loading Impedances

As previously shown, the DMTL phase shifter consists of a transmission line loaded with
the periodic placement of varactors to slow propagation velocity (2.26). The impedance of
this distributed structure (2.25) also decreases, and therefore the next natural question to
answer is: what are the optimal DMTL impedances?

Consider the DMTL is placed within a 50 0 system as shown in Figure 2.5. The
impedance seen at the input of the DMTL will depend on the distance between generator

and load at the frequency of interest:

Z;
Tin
a5 Cur
AMN DMTL, 2 o
s0Q

P 0 50Q

Figure 2.5: A DMTL transmission line of arbitrary length placed in a 50
system.

Zin = ZL—]. —T,_ ool

(2.35)
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This equation (2.35) may be put into a more useful form by using trig identities and by
recognizing that [y, = (60 — Z) /(50 + Z1).

50 + jZy, tan(Bl)
ZL, + j50tan(Al)

Zin =2, (2.36)

It is easily seen from (2.36) that if 3! is 7/4 then Z;, = 50 2, meaning that the impedance
seen at the input of the DMTL in this system will pass through 50 ohms at frequencies where
the transmission line is an odd multiple of a quarter wavelength. If however, both sides of
(2.36) are divided by tan(3!) and the limit 8l — =/2 is taken, then the quarter wavelength
transformer condition exists and:

zi

Zin =3¢ (2.37)

The resulting reflection coefficient seen at the input of the DMTL is shown by (2.38)
and to maximize power transfer through the DMTL, the reflected power loss due to the
impedance mismatch between ports and the DMTL must be minimized. If the maximum
reflection loss at the input of the DMTL is taken to be RL,, in dB, then the maximum

input reflection coefficient is shown by (2.39).

. Zin—50 )
Cin= Z.. 750 (2.38)
[in = 10fiLmaz/20 (2.39)

Substituting (2.38) into (2.37) gives the desired DMTL loaded impedances in terms of

the maximum desired reflection coefficient (2.39):

1 :t Fin
Z1, = 50,/ =T (2.40)

The solutions to this equation for RL,,,; = —20 dB, —15 dB, and —10 dB are given

in Table 2.1. These are the optimal load impedances at the design frequency to maximize
phase shift while keeping the reflected power loss at the input of the DMTL to a design
specified minimum. These loaded impedances are not labeled arbitrarily as Z,, and Zy; they
represent the maximum (Z,) and minimum (Z,) impedances of the DMTL in the up and
down-states of the MEMS switch, respectively as will be explained later (see Section 2.7).
For the condition when Gl = #n/4, the impedance of the DMTL will pass through 50 Q.

15



RLma:zv dB u Zuy Q Zd1 Q

-20 55.3 45.2
-15 59.8 41.8
-10 69.4 36.0

Table 2.1: Optimal loaded impedances for various maximum reflection
losses at the input of the DMTL.

418Q S0Q°\598Q

Figure 2.6: The two frequency-dependent solutions to (2.40) assuming
maz = —15 dB-

This is demonstrated on the Smith chart of Figure 2.6 which shows the —15 dB reflection
coefficient high and low impedances (Z;) assuming no loss and half wavelength lines which
are not loaded. At the frequency where the line is a quarter wavelength, Z;" = 59.8 2 and
Z* = 41.8 Q and at a half wavelength, the impedance returns to the center of the Smith
chart (50 ).

Now that the optimum loaded impedances are known which maximize power transfer
through the DMTL in a 50 €2 system, one must determine the impedance of the transmission
line before it is loaded. This impedance will be referred to as the unloaded impedance and
will be labeled as Z,. This impedance obviously must be greater than or equal to the highest
loaded impedance, Z,, since the varactor can only serve to lower the impedance. It will be

shown in Section 2.12 that the unloaded impedance, Z,, is chosen to minimize the power

loss per degree of phase shift as well as to meet some dimensional layout concerns of the

16



MEMS switch in the distributed line.

2.7 MEMS Switch Implementation

The MEMS switch may be implemented in distributed phase shifters in one of two
ways. The first way uses a series DC-contact switch as shown in Figure 2.7. Here, the
MEMS switch in the up-state position has very low series capacitance and therefore the
series combination of this switch in the up-state with a fixed capacitance to ground will
be dominated by the MEMS switch up-state capacitance. Because this capacitance and
therefore loading on the line is minimal, the unloaded impedance, Z,, will be very close
to the highest loaded impedance, Z, (59.8 @ for RLp.r = —15 dB). When the MEMS
switch is in the down-state position, the capacitance of the MEMS switch (the down-state
capacitance of a DC-contact series switch is infinite) becomes much greater than that of the
fixed series capacitor to ground and the loading is dominated by the fixed capacitor. Thus,
the value of the fixed capacitor is chosen such that when the MEMS switch is down, the
loaded impedance will be at its lowest, Z; (41.8 Q for RLp., = —15 dB). This topology
was not explored in this thesis for one major reason: although a very good design for low
frequencies, it would not work well for high frequency designs because the MEMS series
switch would be quite large in relation to the size of the unloaded line. Thus, the physical
size of a MEMS switch would make this design approach simply unreasonable at W-band
(75-110 GHz) or K/Ka-band (18-40 GHz) frequencies.

sLt
o °
\ MEMS series
b DC-contact switch
——5C,;
Cp
O T O
< s >

Figure 2.7: The DMTL phase shifter with the MEMS switch in a series
topology.
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The second way to implement a MEMS switch into the distributed transmission line
is to use a MEMS switch which acts as a varactor (since it does not make DC-contact)
as shown in Figure 2.8 for a coplanar line design and in Figure 2.9 for a microstrip line
design. “Switch” is an accurate term because although it does not make DC-contact, its
capacitance is so high that it is essentially a short at high frequencies. The MEMS switch is
sometimes referred to as a MEMS bridge because it spans over the signal line. Capacitance
loading to the unloaded line is a result of fields contained between the bottom of the MEMS
switch and the signal conductor of the transmission line. When the height of this switch (or
bridge) is lowered by an electrostatic force, the capacitance loading will increase and thus the
impedance and propagation velocity of the DMTL will decrease. Thus, the MEMS switch
will have a maximum height when no electrostatic force is applied and the corresponding
impedance will be labeled Z, (the up-state impedance). Likewise, the MEMS switch will
have a minimum height when electrostatic force is applied and the corresponding impedance
will be labeled Z; (the down-state impedance). These MEMS switches have a width w, a
thickness t, are suspended at a height h above the signal line, and are periodically spaced
by a distance s. The number of switches vary depending upon the design and more switches

will result in more phase shift.

2.8 Closed Form Design Equations

There is now sufficient information to develop closed form design equations for a DMTL

phase shifter. The design proceeds as follows:

1. Asshown in section 2.6, the loaded impedances of the DMTL with the MEMS switches
in the up and down-state positions are selected to correspond to the maximum desired
reflection loss. Referring to Table 2.1, if RL,,4, = —15 dB then these impedances are
Z, =598 and Z; =41.8 Q.

2. The impedance of the unloaded line is picked arbitrarily for now but will be optimized
later for the lowest loss per degree of phase shift (see Section 2.12). A coplanar line

on a quartz substrate (¢, = 3.6-3.8) with equal signal conductor width (W) and gap
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Figure 2.8: The DMTL phase shifter built on a coplanar line topology with
MEMS varactors.
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substrate 1) BN Dielectric
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Figure 2.9: The DMTL phase shifter built on a microstrip line topology
with MEMS varactors. The switches may either be coupled to
ground through a via or through a microstrip stub.
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(G) separation (see Figure 2.8) is a good first choice for dimensional layout concerns.
It will also have a near optimal impedance (Z,) of 98 Q.

. Design values for the MEMS switch capacitance (C,) and the separation, s, between
MEMS switches are dependent on simultaneous equations (2.34) and (2.25). The
Bragg frequency, fg, is selected by the designer. Solving these two equations for the
separation, s, assuming the Bragg frequency is defined at the lowest impedance of

interest (Zy) results in:
ZqcC

- nfBZo\/fEcff

. Substituting (2.41) into (2.25) gives the switch (bridge) capacitance values in the up

s (2.41)

(Chu) and down (Ciy) states:
_(22-2}) 24

= 2.
= 7370 (242)
(23 - 23)
Chd = 55— 2.43
M= Z2Zrfp (243)
and the capacitance ratio between the up and down states:
2 (22 _ 72
Cr — C;bd — Zu (Zo Zd) (2.44)

Cm 23(22-22)
. The velocity of propagation on the DMTL with MEMS switches in the up or down
states is derived from (2.26), (2.41), (2.42), and (2.43). Note that this solution is valid
only at a frequency much less than the Bragg frequency because as the frequency
approaches the Bragg frequency, the loaded impedance will approach zero and will

not meet the original design goals for loaded impedances set forth in step 1.

cZ

" ZoJerr
where Z, is the loaded impedances for the DMTL with MEMS switches in the up or

uL (2.45)

down states.

. Using (2.45), the phase shift for frequencies much less than the Bragg frequency is
obtained. It is seen that the addition of more sections will increase the total phase

shift by a factor equal to the number of sections added.

A¢ = 360 3fZa\/feff _1_ _ i degrees
- c Zy 23] section

(2.46)
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2.8.1 Design Concepts

These equations serve as the basis for design of the DMTL phase shifter. Some important

design concepts are determined from these equations:

1. As expected from (2.25), Equation (2.46) shows the phase shift per section increases
as the loaded line impedances are symmetrically moved further away from the center
impedance of 50 . The loaded impedances are selected by the designer to meet
a maximum reflection loss at the input of the DMTL. In fact, RLpymer = —10 (2, =
69.4, Z, = 36.0 ) dB will provide twice as much phase shift per section than RL.r =
—-15dB (Z, = 59.8, Z4 = 41.8 ), but at the expense of more reflected power loss at
the input of the DMTL.

2. The unloaded impedance is selected to meet dimensional layout concerns and to min-
imize loss (see Section 2.12). The effective dielectric constant, ,/€rr, is dependent on
the type of substrate and transmission line used. Equations (2.46) and (2.41) show
phase shift per section is independent of the dielectric constant because s is inversely
proportional to ,/é;5;. However due to (2.41), higher dielectric constant materials
such as silicon (¢, = 11.8, €.¢5 =~ 6.4) will produce a physically smaller phase shifter
than one built on quartz (¢, = 3.6-3.8, €.y =~ 2.3-2.4). The balancing factor is loss;
losses in silicon are much higher than those in quartz and the loss per degree of phase

shift becomes equivalent on quartz and silicon substrates (see Section 2.13.1).

3. Increasing the separation, s, between MEMS switches will increase the phase shift
per section, however, this parameter (along with choices for Z) controls the Bragg
frequency and therefore is not an independent variable. The Bragg frequency is a very

important design parameter and increasing it will:

e Decrease the spacing required (2.41) between the MEMS switches. The spacing
becomes quite small at W-band (70-110 GHz) frequencies and a lower Bragg fre-
quency can be used to design a DMTL phase shifter with a reasonable separation

between switches.

e Increase the range of linear phase shift (2.46) as shown in Figure 2.10a. Phase
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shift quickly becomes non-linear because the optimal loaded impedances deter-
mined by Table 2.1 drop off quickly to zero near the Bragg frequency according
to (2.33) and as shown in Figure 2.10b. To increase the range of linearity, the
Bragg frequency must be increased.

e Lower the required loading capacitors Cp, (2.42) and Cpq (2.43). For example,
following the design parameters of Figure 2.10, the loading capacitors will be
Cou =794 fF, Cpq = 209.7 fF if fg = 3f,, and Cpy, = 1324 fF, Cpq = 3494 fF if
fB = 1.8f,. Since the loading capacitance is quite small at W-band frequencies,
a low Bragg frequency may be desirable; plus, separation between the MEMS
sections will increase (first bullet) resulting in a design which is easier to fabricate

at the expense of decreased bandwidth (second bullet).

4. Referring to Figure 2.11, the capacitance ratio between the MEMS switch in the
down and up states will decrease along with an increase in the unloaded impedance
regardless of the choice of RL.r and nears an asymptotic value at high impedances.
Thus for stable designs, a higher unloaded impedance is desired. The maximum
reflected power will have a large effect on the required capacitance ratio and thus
again, for a rugged design, a RLn,, on the order of —15 dB is preferable over —10
dB.

5. Figure 2.12 shows the corresponding MEMS switch capacitance values for the capaci-
tance ratio values shown in Figure 2.11. All these values can be physically constructed
but certainly values above 40 fF would be desirable. Depending on the range of switch
membrane heights, widths, and signal line widths available, certain values for the un-
loaded impedance and RL ., may become limited.

2.9 Bridge Inductance and Resistance Effect on the Bragg

Frequency

The lumped model of Figure 2.3 is a very rough approximation but this section will show

why it does serve as a good model to derive closed-form design equations for the DMTL
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phase shifter. The true model of the MEMS switch consists, in addition to the capacitance
of the MEMS switch, some inductance (L) and resistance (Rp) as shown in Figure 2.13.
The inductance of a typical MEMS switch has been approximated to be 5-20 pH in
typical circuits by fitting various measurements to modeled data [31]. In a similar way, the
resistance is found to be 0.1-0.3 2. Using (2.31) and the technique used to obtain (2.33), the
effect of the MEMS switch inductance and resistance on the loaded impedance and Bragg
frequency can be found. The series resistance and shunt admittance is as follows:
Zs = jwsL,
L -1 (2.47)
Y; = jwsC, + (m + jwly + Rb)
By solving the full analytical function for Z; and fg (2.31), it is seen that a MEMS
switch resistance of 0.1-0.3 Q has little effect on both quantities. In fact, even resistances
more than an order of magnitude higher, which would equate to a switch Q of 50, has little
effect. By setting the second term of the impedance equation (2.31) equal to zero and by

setting R = 0, the new Bragg frequency which accounts for switch inductance is found to
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be:
b— Vb2 - 4ac
“B=\"T 2

a= 82L¢C¢Lbe (2.48)

b=s2L,C, + sL,Cy +4L,Cs

c=4

The switch inductance has a much smaller effect at low design frequencies (f, = 10
GHz, as shown in Figure 2.14a) than high frequencies (f, = 90 GHz, as shown in Figure
2.14b). Yet for either design frequency, the inductance has a very small effect on the loaded
impedances in the 0-f, range meaning that the closed form design equations derived in
Section 2.8, which were developed by assuming that L, = 0, still serve as a very good

approximation for design.

2.10 Analog Versus Digital

The actuator system used to move the MEMS switches in this work is the electrostatic
force. The electrostatic force between the MEMS switch and the signal conductor of the
transmission line is the result of a simple voltage potential between them, as exists between

the plates of a capacitor under voltage [26]. This force is found by evaluating the power
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delivered to the time dependent capacitance of the MEMS switch [56].
The capacitance of the MEMS switch is

e Ww

+Cy (2.49)

where W is the width of the signal conductor, w is the width of the MEMS switch, and A
is the suspended height as shown in Figures 2.8 and 2.9. The capacitance of the MEMS
switch to the signal conductor also has a component, Cy, which accounts for the fringing field
components. Typically, Cy ranges anywhere from 20% to 30% of Cpp, but for a particular
set of parallel plate dimensions, Cy is constant.

The applied force to the MEMS switch is shown below and can be written in terms of

the switch’s physical dimensions using the capacitance equation above.

F= évzdc(h) = —lvzeo‘vw

dh 2 h? (2:50)

By setting this applied force equal to the mechanical restoring force of the switch at a
height h, a closed form solution for the switch height versus the applied voltage up to an

instability point can be found:

le,WwV?

V= \/ 2k (ho - h) (2.52)

frecWw

=k (ho — h) (2.51)

In the equation above, the original switch height is h, and the spring constant [5] of the

MEMS bridge (switch) is k. The general expression for the spring constant of a fixed-fixed

k= 32?;“3 (2— (21—1:)12) + Sa(lzu)wt (2ix) (2.53)

where £ = W/L, E is the Young’s modulus of the MEMS switch membrane, o is the biaxial

beam is:

residual stress on the switch membrane, t is the thickness, v is the Poisson’s ratio, and L is
the length of the switch. The solution to (2.52) is drawn in Figure 2.15 which demonstrates
an instability at 2/3 h, due to the positive feedback resulting from the constant voltage
effect on charge in the moving switch membrane. This instability point may also be found

by taking the derivative of (2.51) with respect to h. Because the switch membrane quickly
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snaps to the signal conductor at this instability point, it is called the pull-in voltage, V).
The data contained in Figure 2.15 below the instability point is of little practical value
and may be confusing. This data represents the new pull down voltage if, after pulling the
switch all the way to the signal conductor, a mechanical stop is placed at a height below

the instability point.

2 8k
=V (Zhe) =/ =——hd 2.
o=V ( 3 ho) 2T, Ww ha (2:54)

The pull-in voltage represents an important limitation for “analog” DMTL phase shifter
design. Due to this instability, it is clear that a switching ratio, C, (2.44), is limited to
1.5 because beyond that voltage, the switch membrane snaps down and a very high (20-80)
switching ratio results. Optimal designs require typical switching ratios (Figure 2.11) of
2-3. In practice and due to the fringing capacitance which does not change with height, the
practical capacitance ratio is around 1.3.

An “analog” design consists of any DMTL phase shifter designed for a maximum ca-
pacitance ratio of C, = 1.3. Because the capacitance ratio can be adjusted to be anywhere
from 0-1.3 based on the voltage applied, the phase shift which results can be considered

analog due to the infinite number of states obtainable.
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Figure 2.16: Cross section drawing showing the implementation of a thick
dielectric to limit switch membrane travel.

The DMTL phase shifter can be made “digital” in several ways; two are mentioned here.
In the first method, a very thick dielectric (Figure 2.16) is used to limit the travel of the
MEMS switch. The capacitance of the MEMS switch in the up and down state is (ignoring

the effect of fringing capacitance):

c-! = e Ww _l+ cocrWw -1
¥ T \h-hy hq4

(2.55)
C. = cocrWuw
“T h—hae + ha

c, = oW (2.56)

ha

and the capacitance ratio is:
Cuq h
=" =¢(—— 2.

Cr C. € (hd 1) +1 (2.57)

which is drawn in Figure 2.16 for PECVD SiO; (¢, = 3.5) and PECVD SizNy (¢, = 7.5).
This method presents a couple of challenges, the first of which is the required thickness. A
typical design will have a switching ratio of C. = 2.5 and a suspended switch height, h, of 1.5
to 2.0 um for low-voltage electrostatic actuation. Using the equation above, oxide dielectric
must be 1.0-1.3 um and the nitride dielectric must be 1.2-1.6 um, which are unrealistically
thick for the deposition and etching tools available at the University of Michigan.

Furthermore, thick layers underneath the MEMS switch present a challenge to good
MEMS switch fabrication. Because the sacrificial layer follows the contours of the materials

below it, a large step height change will result at the points marked by an asterisk on
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Figure 2.17: The MEMS switching ratio obtainable when a thick dielectric
is used to limit membrane travel.

Figure 2.16. Since the MEMS membrane is less than a micron thick and the step height
change is much greater than a micron, this change in step height will require reinforcement
by a plating step on the switch membrane itself, which can create stress issues and bowing
of the membrane.

Perhaps the biggest challenge to using thick dielectrics is the switching ratio instability
introduced. If the switch membrane and dielectric layer below it are not perfectly smooth,
the capacitance measured will be quite lower than the capacitance expected from the equa-
tion C = €,¢,A/d. Charge buildup in the dielectric can exasperate this condition because
moving charges in the dielectric will cause the membrane to “wiggle” on top of the dielec-
tric, causing the capacitance to change with time. Since a stable down-state capacitance
is required for a “digital” design, it may be argued that the thick dielectric method is not
digital at all unless an extremely mature MEMS switch fabrication process is available.

The second “digital” implementation method uses a static stabilization capacitor, Cs,

in series between the MEMS switch and the ground conductor (Figure 2.18). The total load
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capacitance, Cy,, on the transmission line is the series combination of the two capacitors:

Csz

CL=g&7rcC.

(2.58)

There are two states for the MEMS switch: up and down (pulled down completely by the
electrostatic force). When the switch is pulled down, its capacitance is on the order of 1-3 pF
whereas in the up state it is on the order of 30-100 fF. So, when the MEMS switch is in the
down-state position, the load capacitance, Cp, seen by the line is dominated by the static
capacitor, Cs, and Cr — Cpq = Cs. When the MEMS switch is in the up-state position,
the capacitance seen by the line is C, in series with C,. The distributed capacitance can
therefore be “discretely” controlled by the independent choice of the MEMS switch up-
state capacitance, Cp, and the static capacitance, C, and tends towards C;,. Since the
desirable switching ratio is on the order of 2-3, the MEMS switch capacitance is designed
to be equal to 1-0.5 times that of the static capacitor. The ruggedness of this design is
twofold. First, as a result of adding the static capacitor, the required MEMS switch loading
capacitance becomes larger and thus easier to fabricate. Second, in comparison to the thick
dielectric method, the stability of down state capacitance is greatly improved. Without a
very mature MEMS switch fabrication procedure, as could only be obtained in industry,
the MEMS switching capacitance ratio could be anywhere between 20-80. The stabilization

capacitor makes this factor unimportant because the static capacitance, C,, dominates in
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the down-state position and this capacitance can be consistently fabricated. Therefore,
the first “digital” method mentioned above (thick dielectric which limits switch membrane
travel) is undesirable. Because of its great stability, the second method (series stabilization
capacitor) is used for the work contained in this thesis. The second method also allows
for a via-free microstrip design since a short electrical stub acts as a wideband capacitance
to ground. This will allow for the first demonstration of not only a distributed microstrip
phase shifter, but also a via-free one.

When discrete static capacitors are required, their loss is of paramount importance, as
will be described in Chapter 3, but suffice it to say that for CPW designs, discrete capacitors
can be implemented using standard metal-insulator-metal (MIM) capacitors, or for higher
Q, the MIM capacitors can be replaced with metal-air-metal (MAM) capacitors, as seen in
Figure 2.19.
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2.11 Transmission Line Loss and Impedance

Closed form equations for transmission line characteristics (ex. loss, impedance, guided
wavelength) are the first step to good design and optimization. Software packages such
as Linecalc [1] which give transmission line characteristics at a single frequency and a
single set of physical dimensions are suitable for a good design, but closed form expres-
sions [38],[13],[51] are needed for optimization because they provide solution over a variety
of physical dimensions and frequencies. However, often these equations have accuracy con-
straining limitations on them. For example the loss equations are often terribly inaccurate
if they are used for thin metallizations since many equations assume several skin depths of
conductor thickness, and if characterizing this loss is important, full-wave analysis may be
required. Alternatively, one could use the equations such as those contained in [20] which
accurately determine the R, L, C, and G of a transmission line, but these equations are quite
extensive and are not used here. Generally, the loss equations used here are inaccurate and
are scaled by a constant factor so that they correspond with either full-wave analysis or
measurements. Even if the design equations are not absolutely accurate, they still serve an

important role in identifying general design trends.

2.11.1 Coplanar Waveguide Transmission Line

Design equations for the impedance of a CPW line is determined using the conformal
mapping technique assuming an infinitely thick substrate [13]. This technique uses the
Elliptical function described in Equation (2.61):

_ 30m K'(k)
° JEerr K(k)

where the effective dielectric constant is approximated by assuming half of the fields are

(2.59)

present in the air above the metallization and the other half is in the substrate.

& +1
€eff = — 5 (2.60)

The elliptic function, K(k), can be approximated as follows:
™ 1\% ., [1-3\%, [1-3-5\*% ¢
. ud il - 2
K(k) 2(1+(2) k +(2_4) k +(2-4-6) K+ (2.61)
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4
TW+2G

K'(k) = K(K') = K(V1 - k) (2.63)

k (2.62)

where W is the width of the center conductor and G is the CPW gap, as shown in Figure 2.8.

An important design parameter of CPW lines is the total distance from ground conduc-
tor to ground conductor, S = W + 2 G. For an equivalent impedance line, as S increases,
W will widen, which will result in a lower loss transmission line. So, typically a CPW line
is made (assuming layout space doesn’t prevent it) as wide as possible for low loss perfor-
mance. Practically, the high limit for S is S < A\;/10 where ), is the guided wavelength
(c/f\/€&). For example, for a CPW line on a quartz substrate at 10 GHz, § < 1,550 um
before the line begins to radiate substantially into the substrate.

The conductor loss of a CPW line, accounting for the effect of metallization thickness,

assuming it is greater than four skin depths is [13]:

o< F 8.686R,\ef ]
<= TmSKk)K(K) (1 - k2)

35 rn ) Lo e 550 o

where F7 is a fudge factor since Equation 2.64 follows the correct trend for loss vs. impedance

(2.64)

but underestimates the loss. The sheet resistance, R, of the conductor is:

_ 7 fHo
R, = w - (2.65)

Dielectric loss is minimal, especially on quartz substrates (tand = 0.0009):

tand

aqg = 2.73 3
(]

(dB/m) (2.66)

Radiation loss is also present in an unloaded CPW line on a thick dielectric substrate
because the wave velocity of the transmission line is greater than the phase velocity of the

waves in the dielectric [43]. This loss is given by:

_oms 1 (1—¢) f35?
arat = (3) 7z Jite CKIOKFE) (2.67)
L W
- s
2?2 = 1-4k?
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Physical f eqn. meas. [ eqn. meas. eqn. meas.
parameters pum GHz || €cpf  €cpf | Zo Q@ Zo, Q | loss dB/m  loss dB/m
W=200, G=350 10 230 233 | 1139 1148 11.1 11.0
W=300, G=300 10 230 234 97.2 98.0 99 10.0
W=400, G=250 10 230 234 84.8 85.4 9.8 9.8
W=500, G=200 10 #1230 234 | 746 75.2 10.2 10.2
W=100, G=175 30 1 2.30 238 | 1139 1148 39.7 39.3
wW=150, G=150 30 230 2.38 97.2 97.9 35.6 35.6
WwW=200, G=125 30 230 238 84.8 85.5 34.8 34.9
W=250,G=100 30 230 239 [ 746 752 36.5 36.3

Table 2.2: CPW line parameter comparison on quartz. The scaling factor
Fy = 1.32 for the 10 GHz calculation and Fy = 1.47 for 30 GHz.

where § = W +2G and K (k) is the complete elliptic integral of the first kind. This radiation

into the substrate occurs primarily around the angle:

cosy = k./kq (2.68)

where k. is the propagation constant of the line and k4 is the propagation constant in
the dielectric. However, a very interesting characteristic of DMTLs built on low dielectric
constant substrates is that the wave velocity of the transmission line is slower than the
phase velocity of the dielectric. Therefore the angle necessary to phase match the wave on
the transmission line to the wave in the dielectric, ¢, becomes imaginary indicating that
radiation, and therefore radiation loss, cannot occur for DMTL transmission lines. Total
loss of the coplanar line, therefore, is approximated by the conductor loss equation (2.64).
This is not to say that radiation loss does not exist in a distributed phase shifter. Certainly,
there is radiation at any discontinuity in the structure, especially where the MIM or MAM
capacitors are. But in general, this loss is not quantifiable through closed form equations.

Table 2.2 demonstrates the accuracy of these design equations compared to test struc-
tures fabricated and measured. As mentioned, the equations are not absolutely accurate

but still have been proven to be useful in choosing an optimal design [7].
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Physical f equn. meas. | eqn. meas. eqn. meas.
parameters um GHz [| €5 €y | Zo Q2 Z, 2 | loss dB/m loss dB/m
W=400, h=900 10 261 271 | 1103 109.9 5.54 5.66
W=600, h=900 10 267 277 | 949 941 4.75 4.74
W=800, h=900 10 271 282 | 83.8 83.1 4.33 4.25

W=1,000, h=900 10 [ 2.75 2.88 | 75.5 74.7 4.07 3.93

Table 2.3: Microstrip line parameter comparison on quartz.

2.11.2 Microstrip Transmission Line

The closed form expression for microstrip transmission lines are quite extensive and they
are presented in Appendix A. Table 2.3 compares results from the equations to method of
moments simulations [49] which have demonstrated to very well fit test structure measure-

ments.

2.12 Optimization

2.12.1 The Effect of Conductor Loss

As discussed in Section 2.8, phase shift is inexorably tied to the DMTL reflection loss.
The further away loading impedances are placed from 50 {2, the more the phase shift per
section increases with corresponding increase in reflection loss. The phase shift per section
is also dependent on the unloaded impedance, Z,. Up to this point in the chapter, Z, was
arbitrarily chosen to be around 100  for a design with reasonable physical dimensions.
Now, Z, will be optimized because not only does it impact phase shift per section, but
also the total loss of the DMTL phase shifter. The unloaded impedance Z, is optimized to
obtain the maximum amount of phase shift for the smallest amount of loss given a particular
design frequency, substrate, and type of transmission line.

It is important to recognize that when a transmission line is loaded such that the
impedance is changed (for example, from 100 Q to 41.8 €2), the loss of the line is increased
due to a change in the amount of current on the line for the same amount of transmitted
power. Consider a transmission line which is represented by a series inductance and re-

sistance per unit length, L, and R, and by a shunt capacitance and admittance per unit
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length, C; and G;, respectively, the attenuation constant « is given by [38]:

w B GZ Np
T2z 2 unit length

(2.69)

In a planar transmission line such as microstrip or CPW, R, represents the conductor
loss while G, represents the dielectric loss. For the lines considered in this work (on low
loss substrates at mm wave frequencies), the conductor loss dominates and the attenuation
constant can be approximated as a = R;/(2Z). For example, take a CPW line on a quartz
substrate having an impedance of 100  at 10 GHz. If the loss of this line is 20 dB/m
then R, = 460 2/m. By loading this 100 Q line to 50 2, the conductor loss, R,, remains
constant. Thus, a change in the characteristic impedance from a high impedance to a low
impedance will increase the loss by a factor of the ratio of the high to low impedances. This
factor of increased loss must be included in the optimization.

The unloaded impedance is optimized in the following manner: the phase shift per
centimeter (A¢/s) versus the unloaded impedance is determined using Equation (2.46) and
is shown in Figure 2.20 for quartz and silicon substrates. The length of each section (the
separation between MEMS switches, s) is taken out of consideration and therefore the result
of optimization here is independent of the DMTL Bragg frequency. Loading impedances are
selected such that RL,;.. = —15 dB (Table 2.1) and the design frequency (f,) is selected
to be 10 GHz arbitrarily to demonstrate the optimization procedure.

The corresponding loss per centimeter for a CPW line (Figure 2.21) and microstrip
line (Figure 2.22) are determined by (2.64) and Appendix (A.16). Both graphs show that
the loaded line loss increases for a high unloaded impedance, Z,, due to the narrow signal
conductor of the unloaded line and the multiplicative factor of Z,/Z4.

The optimal unloaded impedance is obtained by dividing the phase shift per centimeter
(Figure 2.20) by the transmission line loss per centimeter (Figures 2.21 and 2.22), which
results in the optimization graph of phase shift per dB of loss (Figures 2.23 and 2.24 for
CPW and microstrip, respectively).

For a CPW design, the figure shows that a maximum occurs around an unloaded
impedance of Z, = 90-100 Q for quartz substrates. For silicon substrates, the best per-

formance occurs at Z, < 60 €2, which is not possible since the unloaded impedance must be
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Figure 2.20: Phase shift versus unloaded impedance on quartz and silicon
substrates. Results are independent of transmission line type.
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significantly greater than the loaded impedance, Z,.

For a microstrip design, the figure shows that a maximum occurs at an unloaded
impedance less than 60 Q. Again, this choice would not be possible and an unloaded
impedance around 70-80 Q is appropriate for a reasonable switching ratio (C;).

For CPW and microstrip designs, the phase shift per dB of loss for the DMTL phase
shifter improves with frequency since the phase shift increases linearly (2.46) with frequency
while the loss, if dominated by conductor loss, increases as /f with frequency. There
is, however, an upper frequency limit of operation determined by the allowable reflection

coefficient, which in turn, is dependent on the Bragg frequency selected.

2.12.2 Effect of the Loading Capacitor

Using conductor loss (as outlined in the previous section) is a good first cut approach
to demonstrating a procedure for optimization, but the DMTL phase shifter does not just
consist of conductor loss; @ loss in the static loading capacitor, Cj, often has the same order

of magnitude loss as conductor loss.
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Figure 2.21: Coplanar waveguide loaded transmission line loss versus un-
loaded impedance. f, = 10 GHz, W + 2G = 900 pgm for
quartz, and W + 2G = 500 um for silicon.
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Figure 2.22: Microstrip line loaded transmission line loss versus unloaded
impedance. f, = 10 GHz, substrate height d = 500 um for
silicon, and d = 900 um for quartz.
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Figure 2.24: Microstrip line phase shift per dB of loss versus unloaded
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Figure 2.25: The lumped model of a lossy static capacitor.

Total Q loss actually consists of loss due to series resistance loss in the MEMS switch
and the static capacitor and, in addition, loss due to bias lines if they are directly connected
to the MEMS switches for electrostatic actuation. The resistance of the MEMS switch itself,
which is typically a 80 pm wide by 300 um long, 8000 A thick piece of gold is typically 0.1
to 0.3  [32]. The loss due to resistance in the static capacitor, Cj, is typically much larger
than that of the MEMIS switch, but both are included in the following analysis.

The lossy static capacitor is modeled as a resistance, Ry, in parallel with C, (or a
resistance, R;, in series with C,). See Figure 2.25. The capacitor Q can be written as:

1
wCR,

Q=wCsRy, = (2.70)

where

_ 1
* T W2C2R,
The total resistance to ground is equal to the switch resistance, R, plus two parallel

R (2.71)

resistances, R,, due to the Q of the static capacitors:

1

Rq=Rb+R’=Rb+wQC3

(2.72)

Keep in mind that for a typical CPW layout, the total static capacitance is split into
two equal parts (one in each gap) to keep guided fields in the transmission line balanced
(see Figure 2.26). This effectively means there are two Q losses, 2R, in parallel for each
capacitor Cs/2. Both means of modeling result in the same result.

For microstrip designs, the loading capacitors may either be in parallel (butterfly stub) or
loaded on a single alternating side (radial stub) depending on the amount of space available
between the MEMS switches. For convenience of notation, C, will always represent the

total loading required for each design regardless of how such a capacitance is implemented.
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Figure 2.26: Lumped model of the DMTL phase shifter. A box is drawn
around the lossy static capacitor, C,.

The total loss, therefore, is the sum of loaded transmission line loss (2.69) plus Q loss:

N R, R,Zpw2C}
a_8.686(22L+ >

) dB/section (2.73)

where Z; and C are the loaded impedances and loading capacitances, respectively.
This expression can be simplified by ignoring the minor effect of switch resistance on

performance, since the capacitor Q loss usually dominates:

a = 8.686 (ﬁt— + ﬁ-)

2Z. 2R,
_ Rg ZLWCL
—8.686(2ZL+ 20

(2.74)
) dB/section

The Q of the static capacitors can range from 10-600 depending on the fabrication
techniques used and the presence of other loss factors such as bias lines (discussed in the
next chapter). Loss calculations (both conductor and Q loss) are made for the down state
impedance because in both cases, the down state loss is much larger than the up state loss.
In the previous section, while considering the conductor loss alone, the separation between
the MEMS switches, and therefore the Bragg frequency, is taken out of consideration.
But now that the capacitor Q loss is included, the number of switches and the separation
between them must be known. To demonstrate the optimization procedure here, the Bragg

frequency is selected to be three times the design frequency (fg = 30 GHz).
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Figure 2.27: Coplanar waveguide phase shift per dB of loss versus un-
loaded impedance for (a) quartz and (b) silicon substrates.
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Figure 2.28: Microstrip line phase shift per dB of loss versus unloaded

impedance for (a) quartz and (b) silicon substrates. f, =
10 GHz, f, = 30 GHz.

45



2.12.3 CPW Optimization

Figure 2.27 shows the coplanar waveguide topology optimization curves for quartz and
silicon substrates. As figure (a) shows, the choice of the unloaded impedance is not partic-
ularly important on a quartz substrate. Also, there is little improvement between Z, = 60
and 120 Q for Q = 50-200 and therefore on a quartz substrate, the CPW line dimensions
should be chosen to result primarily in a reasonable MEMS pull down voltage, and an
acceptable CPW gap so as to allow the easy integration of loading capacitors.

On a silicon substrate using a coplanar waveguide topology (Figure 2.27b), performance
significantly improves with a lower unloaded impedance. Low impedance CPW lines, how-
ever, have a small gap between center conductor and ground conductor , especially on
silicon substrates. Eventually, the gap becomes too small to anchor the MEMS switch to
the substrate and fit in a series capacitor. As with coplanar designs on quartz, the choice

of unloaded impedance is dominated mostly by layout considerations.

2.12.4 Microstrip Optimization

Figure 2.28 shows the microstrip topology optimization curves for quartz and silicon
substrates. As seen in the figure, microstrip designs on both substrates tend to become
more optimal as the unloaded impedance approaches the loaded impedance. Z,, as shown
in the Section 2.12.1 where the switch and series capacitor loss was ignored. Therefore, as
mentioned in that section, the choice of the unloaded impedance is selected to be anywhere
between 70-80 €2 to result primarily in an acceptable (i.e., narrow) microstrip line width so

that the MEMS switch does not become too long and unstable.

2.13 Typical Optimized Designs
2.13.1 Designs on Different Substrates

Equation (2.46) shows that the phase shift is directly dependent on /&5y, and therefore,
a DMTL on a silicon substrate results in more phase shift per unit length than a DMTL

on a quartz substrate. However, the line loss per unit length on silicon is much higher than
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that on quartz, and therefore, the best substrate choice is not immediately clear.

Table 2.4 shows the design parameters for a 10 GHz DMTL phase shifter with §;; <
—15dB and fg = 2.3 f, on several substrates. Reasonable choices for unloaded impedance
are Z, = 110, 90, 70 Q for air, quartz, and silicon substrates, respectively. The MEMS
switch is assumed to be ideal, and the loss is solely determined by the fixed lumped capacitor
and the transmission line. It is seen from the table that the Q of the lumped capacitor must
be higher than 150 at 10 GHz in order to result in excellent performance. For this reason,
low loss air dielectric capacitors were designed and implemented in the improved designs
contained in this thesis.

It is also seen from the table that for best performance, low loss substrates should be
used. Here, a quartz design outperforms silicon by 58% for Q@ = 200. This assumes, of
course, that such a high Q capacitor can be implemented, but notice that for a Q = 50, loss
is dominated by the capacitor and the difference in line loss for the two substrates has little
effect on the overall performance. Still, @ = 50 is excellent and resuits in 2 dB loss per 360°
of phase shift on a quartz substrate. Since most processes result in a Q between 100-200, it
is seen that quartz is the best substrate for DMTL phase shifters, since air substrates are

not practical for MEMS circuits [9].

2.13.2 Microstrip vs. CPW Implementations

Microstrip lines inherently have lower loss than CPW lines so it is natural to ask what
the performance of DMTL phase shifters are on microstrip vs. CPW, using the optimization
procedure in Section 2.12.2 which accounts for both conductor and Q loss. As discussed
previously, the static lumped capacitors used in CPW topologies could be used for microstrip
designs at low frequencies if via holes are used. However, designs with via holes at higher
frequencies would not be practical because of inductive parasitics (40-150 pH) which will
pull the Bragg frequency down. Practically, via holes limit the upper frequency of operation
to around 20 GHz. Besides, it is much easier to fabricate without via holes and as it turns
out, there is a very practical way of implementing capacitors in a microstrip DMTL phase

shifter without using via holes. In microstrip desigus, static lumped capacitors are replaced
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Substrate (€,) | Air (1.0) | Quartz (3.8) | Silicon (11.8)

S (um) T 1500 900 500

W (pm) 890 370 120

G (pm) 305 265 190

Z, (Q) 110 90 70

s (pm) 1575 1245 975

Ciu (fF) 114 90 4

C, 2.5 29 4.8

Cia (fF) 285 261 211
sections per 180° 12.0 12.0 12.0
length per 180° (mm) 18.9 14.9 11.7
loss (dB), Q =inf 0.23 0.34 0.67
loss (dB), Q = 200 0.42 0.52 0.82
loss (dB), Q = 100 0.62 0.70 0.96
loss (dB), Q = 50 1.00 1.05 1.25

Table 2.4: DMTL phase shifter with 180° of phase shift: design parameters
on air, quartz and silicon substrates (f, = 10 GHz, fg = 2.3 f,).

with open ended stubs which have a Q of 50-150 in the frequency range of 10 to 30 GHz.

These radial stubs are much shorter than a quarter wavelength at the design frequency
and act as a capacitor referenced to RF ground. They may either be placed on both anchors
of the MEMS switch (butterfly stubs) or may be placed on a single side (radial stub or simple
square stub). For the designs contained in this work, often a single radial stub is used on
alternating sides of the MEMS switch (Figure 2.29) so that the required small separation
between the switches does not lead to stub overlap or RF coupling.

There is a disadvantage to using radial stubs. Since their capacitance to ground is not
constant with frequency (Figure 2.30), the loaded impedances will change with frequency as
a result of the Bragg frequency and the non-constant loading of a radial stub. Figure 2.10
shows an example of how phase shift linearity is degraded by the Bragg frequency alone.
Figure 2.31 shows that non-constant capacitance loading also degrades phase shift linearity.

Ultimately, the performance of microstrip vs. CPW designs depend on line loss and Q.

Although line loss is lower in microstrip, the Q of a microstrip stub may be lower than that

of a MAM capacitor used in a CPW design. This topic will be explored more in Chapter 3.
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Figure 2.29: Implementation of radial stubs in a DMTL phase shifter when
the space between switches is small.

2.14 MEMS Switch Failure

Assume a single MEMS switch on a DMTL phase shifter fails, then two things will
happen:

1. Since each section of the DMTL is responsible for a portion of the total phase shift
(2.46), a switch failure will reduce phase by the ratio (N — 1) / N where NV is the
total number of MEMS sections:

360s foZo\/Ecff Zd — Zu

where D is the desired phase shift in degrees at the design frequency f,. The separa-

N

(2.75)

tion, s (which is dependent on the Bragg frequency, fg), between the MEMS switches
can be eliminated from the expression using (2.41):

_Drnfg 2,
T 360f, Zq4— Zy

Lower Bragg frequency designs have less sections and therefore the effect on the re-

(2.76)

duction in phase shift (N — 1) / N will be larger.

2. A switch failure will change the DMTL measured S-parameters as a result of the
impedance change of the MEMS DMTL. The total effect depends on the placement
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fo (GHz) | 30 | 90

S (pm) [ 450 T 200
W (um) 185 | 80
G (um) 133 | 60
s (um) 415 | 135
Ci (fF) 30 | 10

Cr 29 | 29
Cu (fF) 87 29

sections per 180° 120 | 120
length per 180° (mm) || 5.0 | 1.6
loss (dB), Q@ = inf 0.37 | 0.44
loss (dB), Q =200 || 0.55 | 0.61
loss (dB), Q@ = 100 0.72 | 0.79
loss (dB), Q = 50 1.08 | 1.15

Table 2.5: Scaled quartz CPW designs (¢, = 3.8, Z, =90 Q, fg = 2.3 f,).

of the failure in the DMTL and therefore, the worst case scenario is best found by
comparing simulated results of reflection and transmission from a single port. The
worst case effect of a single MEMS switch failure is often negligible on insertion and

return loss.

2.15 Scaling to Other Frequencies

The 10 GHz designs in the previous sections can be easily scaled to 30 GHz or 90 GHz.
The up and down state impedances (2.40) and the capacitance ratio (2.44) are not affected
by the design frequency. The only design change is the spacing between MEMS switches,
s, and the up state capacitance value, Cp, (2.42), which are dependent on the higher Bragg
frequencies required at 30 and 90 GHz. Ground to ground spacing, S = W + 2G, in a
CPW implementation must be reduced at higher frequencies as described in Section 2.11.1
to reduce radiation loss. For microstrip designs, the substrate must be thinner to reduce
this radiation loss as described in Section 2.11.2. Table 2.5 presents scaled CPW designs at
30 and 90 GHz (fg = 2.3f,) on a quartz substrate.
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2.16 Multiple Bit Digital Designs

Finally, having obtained “discrete-type” distributed MEMS phase shifters, one can cas-
cade several sections with predetermined phase shifts (180°, 90°, 45°, ...) to result in an
N-bit phase shifter. Typically, a maximum reflection coefficient of —15 dB per section is
required since the overall cascaded performance is expected to remain lower than —10 dB
for any state of the phase shifter.

The bias arrangement in a microstrip implementation is easy: each MEMS switch is
connected to high resistivity bias lines (Fig 2.29) and the microstrip conductor is connected
to DC ground. Individual MEMS switches can therefore be uniquely actuated. For example,
if turning on 7 out of 21 switches results in 90° of phase shift, 14 out of 21 will result in
180° and all 21 will result in 270° of phase shift.

For a CPW design, the bias voltage is connected to the center conductor using high resis-
tivity bias lines and very large capacitors are used to isolate the different bits (Figure 2.32).
In a 2-bit design, bias lines are not required because a single DC blocking capacitor can
be used in the CPW center conductor, and the bias voltage can be applied from the input
and output ports of the phase shifter (Figure 2.32). In this case, two bias-T circuits are
required at the input and output ports to isolate the applied DC voltage from the network

analyzer.
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Figure 2.32: Biasing configurations for two or more bit DMTL phase shifters.
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CHAPTER 3

ACCURATE CAPACITOR Q MEASUREMENT

3.1 Introduction

A high Q capacitor, along with the MEMS switch, is an essential component of a low-
loss distributed phase shifter. The effect of Q, detailed in Section 2.12, shows that a
Q > 100 is required for optimal design. This chapter will describe the techniques used to
measure Q loss in MIM (Metal-Insulator-Metal) or MAM (Metal-Air-Metal) capacitors, and
their corresponding test structures. The first technique described is based on a reflection
coefficient measurement and it will be shown that the method is valid only for measuring
relatively low @ (< 60) values. The second technique described is based on a full S-
parameter, distributed structure measurement, which can be used to measure much higher Q
(> 100) values. Also contained in this chapter are X-band measurements of MIM and MAM

capacitors and K-band measurements of MAM capacitors using the distributed technique.

3.2 Reflection Coefficient Technique

Section 2.12.2 presented that a lossy capacitor, C, modeled as a capacitance in series

with a resistor, R, results in:
1 |X]
wCsR, ~ R,

where the impedance of the capacitor is defined in (3.2) and the capacitance, Cs = 1/(w]| X]}).

Q=

(3.1)

Z.=R,+jX (3-2)
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The reflection coefficient of this impedance is defined as in (3.3) in a measurement system
which has a port impedance Z,. Assuming Si; = a + jb, the complex impedance of the

lossy capacitor can be determined in terms of a and b as follows:

_ Z.-2,
Su-—zc_*_zp (3.3)
_ v L+S1) _ (1 +a)+jb
ZC_R5+JX_Z”(1—511)—Zp[(l-“)‘jb (3.4)
_Z[(1+a)+jb'(1—a)+jb]_ [1—a2-62+j2b] ’
Plil—a)—jb (1—a)+jb]  "P| (1-a)®+02
therefore,
1—a?2 -5
Ry, =2, | ——a——
’ P [(1 —a)? +62] (3.5)
X =2z [ 2b ] ’
‘ PL(1 - a)® + b2

From these equations, the Q of the capacitor can be calculated directly from the reflec-

tion coefficient:
IX| 2b _ 2Im(Su)
R, " 1-a?-8 " 1|8y

Q= (3.6)

In practice, measuring this reflection coefficient is quite simple using the de-embedding
technique of a TRL calibration for MIM capacitors placed in the gap of a CPW transmis-
sion line (Fig. 3.1). The transmission line is kept short, so that the capacitance of the MIM
capacitor dominates the additional capacitance introduced by the transmission line itself.
For an even more accurate capacitance measurement, an additional structure is also mea-
sured, which does not have capacitors in the gap, as shown in Figure 3.1b. This reference
capacitance, which is that of the transmission line alone, is typically ~ 15 fF for an X-band
test structure.

There is a limit to how far this technique can be used to accurately extract the capac-
itor Q. As seen in Equation 3.6, the Q measurement becomes extremely sensitive as the
magnitude of the reflection coefficient approaches unity, since at this point, the denomina-
tor approaches zero. The limit to which this reflection coefficient technique can be used is
determined from the capacitance values in a typical design and from the instability caused

by the denominator of Equation 3.6. Define the constant, M, to represent this instability

55



reference plane,

(a) (b) ©)

Figure 3.1: Typical test structures used with the reflection coefficient tech-
nique to determine capacitor Q.

point such that:

M =|S11]* =a® + b (3.7)

The Q of a measured capacitor, in terms of M is:

_ 2Im(Sy) _ 2b

Q= 1-M ~1-M (3.8)
where
—_ : _ZC—ZP_(RS—ZP)+jX

Su=e+ib= g =R ¥2,) ¥ iX 39

_(R - Zp)+iX (Ri+2,) —35X )

(Ra + Zp) +jX (Rs + Zp) _jx
= 2“(22" (3.10)
(Rs + Zp)" + X2

The maximum capacitance is the down-state loading capacitance assuming that the
MEMS switching ratio is very high. The down-state capacitance, Cp4, defined in Equa-
tion 2.43, is dependent on the unloaded impedance, Z,, the down-state loaded impedance,
Z4, and the Bragg frequency, fg. From this loading capacitance, the minimum reactance
is determined to be | X| = 1/(wCLq).

All which remains is to calculate R, such that it satisfies the limit M placed on the

magnitude of the reflection coefficient and the maximum capacitance (minimum reactance),
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Figure 3.2: Maximum measurable Q of DMTL phase shifter capacitors vs.
the instability factor M for the reflection coefficient type mea-
surement.

using Equations 3.1, 3.9, and 3.10.

. Zp (1+ M) = \/AMZ2 — | X]2 (M — 1)?

’ =M (3.11)

This analysis condenses down into one clear graph. Figure 3.2 shows a plot of measurable
Q versus the instability factor M assuming an unloaded impedance Z, = 100 Q, port
impedance Z, = 50 2, down-state loaded impedance Z;4; = 41.8 Q, design frequency
fo = 10 GHz, and Bragg frequency fg = 3f,. It is seen that the calculation of Q from
measured results becomes quite unstable at M = 0.97, which corresponds to a maximum
Q of 60. The term “unstable” is defined loosely here. For M = |Su|2 = 0.97, a change
of £0.01 in M will result in a Q change of 68 + 25. Therefore, any result obtained higher
than 60 using this technique should not be considered valid. Since much higher Q values
are required for a distributed phase shifter, the reflection coefficient technique is not used
to test the Q value of MIM or MAM capacitors.
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1 feference plane i

Figure 3.3: Typical test structure used in conjunction with the distributed
technique.

3.3 Distributed Structure Technique

The distributed structure technique is much better suited for measuring high-Q values
because instead of measuring the complex impedance of a single set of capacitors, the
technique measures the total effect of several sets of capacitors. A typical test structure
consists of 8 or more MEMS sections, as shown in Figure 3.3. The design of this structure,
including the length of each unit cell, impedances, etc., is exactly that of a typical DMTL
phase shifter. For a quartz substrate design, Z, ~ 100 2, Z; ~ 42 Q, and fg ~ 2-3f,. In
practice, a high Bragg frequency is desired since more capacitors per unit length are used
which minimizes the t-line loss influence on the measurement. MEMS switches are not used
in the structure and the entire CPW line is plated to reduce the effect of transmission line
loss.

There are two components of insertion loss through the test structure 1) t-line conductor

loss and 2) capacitor Q loss, described in Section 2.12, and is:

R¢ Zd(dCLd
a =~ 8.686N [2Zd + 20

] dB (3.12)
where N is the number of unit cells, R; represents conductor loss of the unloaded t-line,
and Z; is the loaded impedance (corresponding to Cprg).

A circuit simulator such as ADS with an optimization test bench is the easiest and

most accurate way to extract Q from a distributed test structure since Equation 3.12 is

only an approximation and does not account for the effect of Bragg frequency. Measured
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Figure 3.4: Circuit simulator model for a single unit cell used in conjunction
with the distributed technique for measuring Q.

S-parameters are matched to a loaded t-line model such as the one shown in Figure 3.4
for a single unit cell. The characteristics of the unloaded t-line, such as Z,, ¢.5r, and
ay are determined either from equations {as described in Section 2.11) or from separate
test structures which do not contain capacitors in the gaps. Loading capacitance Cprg4
and series resistance R, are obtained by matching transmission phase and transmission
loss, respectively, to the measured results and finally, the capacitor Q is determined from

Q= 1/(wRCLq).

3.3.1 Capacitor Q Measurements

Figure 3.5 shows a cross sectional drawing of the MIM capacitor structure which was
measured using the distributed technique. It consists of two MIM capacitors in series and
it is fabricated by first evaporating a base metal which forms the bottom metallization of
the MIM, over which a 2,000 A thick dielectric layer is deposited. Next, a sacrificial layer
is placed over the dielectric and two square holes are etched into it using a plasma RIE
etch. These holes (30 x 30 um?) provide the contact areas required for the MIM capacitors.
Next, metal is sputtered into the holes and portions are electroplated with gold to more
than 3 um thick. Finally, the sacrificial layer is removed. The MAM capacitor, as shown
in Figure 3.6 is fabricated in a very similar manner except there is no dielectric and the

separation between the 125 x 125 um? capacitor plates is 1.5 um.
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Figure 3.5: Photograph and cross sectional drawing of the electroplated
MIM capacitor measured at X-band.
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Figure 3.6: Drawing of the MAM capacitor (a) and detail drawings before
(b) and after (c) electroplating gold, thus forming the MAM
capacitor under the air bridge.
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Measurement vs. model of the X-band MIM distributed test structure, which consists
of 12 sections, each 1,130 um long is contained in Figure 3.7. The unloaded t-line is
fabricated on a 500 pum thick quartz wafer (W = 300, G = 300 uzm) which has the following
characteristics at 10 GHz: Z, = 98 Q, €¢.5y = 2.34, and a = 10 dB/m. A short length
of t-line in the middle of each section (150 pm) is taken to have a slightly higher loss
(a = 17 dB/m) because it is not electroplated. The capacitance value extracted from this
model shows Crq = 407 fF with a corresponding R, = 0.29 Q and Q of 135 at 10 GHz,
which is a fairly good Q for a DMTL phase shifter, but a much higher value can be obtained
with MAM capacitors. For better clarity, the ripple in the insertion loss (S2;) due to return

loss (S11) is removed from measured data in Figures 3.7-3.9 according to:
Loss = 10log |Sa1[? — 10log [1 - |sn|'2] dB (3.13)

Measurement and model of the X-band MAM capacitor is shown in Figure 3.8. Once
again, the test structure is based on a CPW line with the same dimensions and charac-
teristics, except that it is slightly longer (s = 1,130 pm) and has 14 sections. A short
length of t-line in the middle of each section (240 pm) is taken to have a slightly higher loss
(a = 17 dB/m) because it is not electroplated. The capacitance value extracted from this
model shows Cp4 = 250 fF with a corresponding R, = 0.13 Q and Q of 500 at 10 GHz. This
Q is so high that it is arguable the limit of measurement accuracy for Q is reached using
14 sections. To accurately measure higher Q values, more sections should be used. But
ultimately, for DMTL phase shifter work, a Q anywhere in this range is all that is required,
and more exact measurements would not be significant.

Measurement vs. model of the K-band MIM distributed test structure, which consists of
14 sections, each 400 um long is contained in Figure 3.9. The unloaded t-line is fabricated on
a 500 um thick quartz wafer (W = 150, G = 150 um) which has the following characteristics
at 30 GHz: Z, = 98 Q, €5y = 2.38, and a = 35.6 dB/m. A length of t-line in the middle
of each section (150 um) is taken to have a slightly higher loss (@ = 42.1 dB/m). The
capacitance value extracted from this model shows Cry = 75 fF with a corresponding
Ry, = 0.18 Q and Q of 400 at 30 GHz, which is shows the MAM capacitor has excellent

low-loss characteristics at K-band and above.
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Figure 3.7: Measurement vs. simulation of a 12 section X-band test struc-
ture containing MIM capacitors. Modeled values for Crq =
407 fF and Q = 135 at 10 GHz.
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Figure 3.8: Measurement vs. simulation of a 14 section X-band test struc-
ture containing MAM capacitors. Modeled values for Crq =
250 fF and Q = 500 at 10 GHz.
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Figure 3.9: Measurement vs. simulation of a 14 section K-band test struc-
ture containing MAM capacitors. Modeled values for Crq =
75 fF and Q = 400 at 30 GHz.



change change nominal change change
1.10a; 1.05ar value 0.95a; 0.90ar

X-band MIM +17 +8 135 —6 —-14
X-band MAM || +523  +172 500 —102 —170
K-band MAM || +343  +120 400 —75 -127

Table 3.1: Effect of £10% inaccuracy in the unloaded line loss on the error
of the extracted Q using the distributed technique (14 sections).

change change nominal change change
1.10CLq 1.05Crq value 0.95CLq 0.90CLq4

X-band MIM +29 +13 135 -11 -24
X-band MAM +248 +106 500 —81 —-145
K-band MAM +167 +73 400 -58 —~104

Table 3.2: Effect of £10% inaccuracy in the loading capacitance on the error
of the extracted Q using the distributed technique (14 sections).

3.3.2 Measurement Error

The distributed technique is based on two assumptions: 1) that the characteristics of
the unloaded line (ar, Z,, €.ff) are well known using separate test structures, and 2)
the loading capacitance Cpr4 is correctly extracted from the measured data by matching
the phases of the measured DMTL and fitted model. The effect of changing the modeled
parameters for unloaded line loss and loading capacitance by +10% is shown in Tables 3.1
and 3.2, respectively. The tables demonstrate that lower Q measurements (Q < 200) are
accurate to within about £10%. However, high-Q measurements are accurate to within
about 30% on the negative side only. The positive side is ignored because Q measurements

above 500 are difficult to extract with a low number of distributed sections.
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CHAPTER 4

X-BAND CPW DMTL PHASE SHIFTERS

4.1 Introduction

The X-band wideband DMTL phase shifters are presented in this chapter. All of the
designs are built on a quartz substrate using a CFW topology. Contained here is the
progression of designs, starting from the initial one-bit design and ending with a two-bit
design which, at the time of writing, is one of the most competitive distributed MEMS
phase shifters at this frequency band. The improvement of these designs is due primarily
to two factors: 1) advances in MEMS switch fabrication, which lead to more reliable and

predictable on/off switch states, and 2) static capacitor Q loss reduction, which leads to a

lower loss phase shifter.

4.2 Prior Work

The distributed phase shifter consists of a high impedance line (> 50 Q) capacitively
loaded by the periodic placement of discrete varactors [42]. By applying a single bias voltage
on the line, the distributed capacitance can be changed, which in turn changes the phase
velocity of the line and creates a true-time delay phase shift. This technique has been
recently optimized by Nagra et al. with Schottky diode varactors [33],[34], and have shown
good performance with 86°/dB insertion loss at 20 GHz. However, the millimeter wave
performance of these devices is limited by the series resistance of the diodes which is typically

2-5 Q. This problem was solved by Barker et al. [3],[4] with the use of suspended MEMS
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varactors over a CPW line. The MEMS varactors have a series resistance of 0.15 €2 and
result in excellent performance at mm-wave frequencies with 90°/dB and 72°/dB insertion
loss at 60 GHz and 90 GHz, respectively.

In Barker’s “analog” design, the performance of the DMTL was limited by the MEMS
capacitance ratio of 1.2. Mechanical instability of the MEMS switch under a constant DC
bias voltage limits the theoretical usable capacitance ratio of 1.5 and a practical limit of
1.2-1.3 [3]. A further limitation of the designs by Nagra and Barker is based on an analog
bias voltage which will produce phase noise at the output of the device due to electrical
noise on the bias line.

The purpose of work contained here is twofold: First, to turn the distributed MEMS
phase shifter into a “digital” design which is not sensitive to electrical noise, and second,
to develop a distributed MEMS phase shifter which has a large capacitance ratio (1.5-2.5)

resulting in a large phase shift with minimal insertion loss.

4.3 Initial Design: One-bit MIM CPW

4.3.1 Design and Fabrication

The first generation one-bit DMTL phase shifter is fabricated on a 500 um thick quartz
(er = 3.6) substrate. Figure 4.1 shows the “digital” distributed design together with the
equivalent circuit model of a single period, s. As represented in the lumped model, the
design is composed of an unloaded line periodically loaded with MEMS switches in series
with lumped element capacitors (the portion within the box in the figure). The total load
capacitance seen by the line is the series combination of the switch capacitance (C,) and

the total lumped capacitance (C,) and is:

Cr = CsCp/(Cp + Cs) (4.1)

Designed for 10 GHz operation and composed of a 900 um wide (W + 2G) CPW line
with 284 um center (G) conductor, the CPW line is wide for reduced ohmic loss and has
an unloaded impedance of Z, = 100 . The DMTL is composed of 17 MEMS switches at
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Figure 4.1: First generation, one-bit CPW phase shifter with MEMS
switches and MIM capacitors (a) and distributed lumped model
for one unit cell of the DMTL (b).
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a spacing of 884 um for approximately 169° of phase shift at 10 GHz when loading on the
transmission line in the up and down-state positions is Cpr,, = 81 fF and Crq = 190 fF,
respectively (Crq4/CL. = 2.35). Using Equation 2.46 and €.5y = 2.39, the equivalent loaded
impedances are Z, = 60 Q and Z; = 44 Q. Assuming the down-state MEMS switch
capacitance is 20 times that of the up-state position, design values for the static capacitance
Cs = 204 fF, and the up-state MEMS switch capacitance Cp, = 134 fF.

The MEMS switch membranes are 350 um long, 60 um wide, and suspended at a height
of 1.5 um above the nitride layer covering the CPW center conductor underneath it. A
2,500 A thick nitride layer is used as the insulating dielectric between the 6,000 A thick CPW
center conductor and the MEMS switch bottom, preventing high resistance DC-switching
as well as preventing the switch membrane from sticking in the down-state position. This
nitride layer is also used in the fabrication of the MIM (Metal-Insulator-Metal) static ca-
pacitor. The CPW center conductor and ground plane are electroplated to > 1 um high
except underneath the MEMS switch for reduced transmission line loss.

The fabrication process is shown in Figure 4.2. Unloaded CPW line metal is first
defined by evaporating a 500/5,000 A thick layer of Ti/Au (Fig. 4.2a) using a liftoff process
in which photoresist protects areas of the substrate where metallization is not desired and
a thin titanium layer is used to promote adhesion of the gold layer to the substrate. Metal
is blanket evaporated onto the wafer and undesired metal is “lifted off” the wafer when the
protective photoresist is dissolved in a solvent. Next, a 2,500 A thick SizNy silicon nitride
PECVD layer is grown on top of the metal and substrate at 400 °C. Photoresist patterns
the silicon nitride and it is etched in a RIE plasma (Fig. 4.2b). Once this masking layer
is removed in solvent, a sacrificial photoresist layer is spun to 1.5 um thick and patterned
(Fig. 4.2c) over which, the MEMS switch layer will be formed. The MEMS switch layer,
consists of two parts: 500/1,000/500 A thick layers of Ti/Au/Ti, evaporated onto the wafer
to act as a seed layer for electroplating, and a 8,000 A thick layer of electroplated gold.
The CPW ground plane and center conductor are also electroplated in this step to reduce
line loss (Fig. 4.2d). Excess seed layer metal (any metal in the gaps) is removed using
a wet etch. The MEMS switch is released by removing the sacrificial layer in a solvent
such as acetone. Finally, the wafer is dried in a critical point CO; dryer, which prevents
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Figure 4.2: Fabrication detail drawing of the first generation DMTL phase
shifter. After liftoff (a), after nitride patterning (b), after sacri-
ficial layer patterning (c), after plating (d), after sacrificial layer
removal (e), and lumped equivalent of MIM capacitors (f).



liquid surface tension from permanently pulling down the MEMS switches during drying
(Fig. 4.2e).

Along with the MEMS switch membrane, the top metal of the MIM capacitor is formed
in the electroplating step. The total static loading capacitance consists of 4 capacitors as
seen in Figure 4.2e, where each of the 4 capacitors has a contact area of 41 x 35 um?,
and given a 2,500 A thick layer of Si3Ny (¢, = 7.5), the total static loading capacitance
is approximately 381 fF. For this initial design, the static capacitance is built much larger
than designed (204 fF) because at this early stage of fabrication, the MEMS switch height
could not be well controlled. Often, the switch membranes had to be plated thick so that
they were relatively flat to result in a consistent up-state capacitance. As a result of making
these membranes thick, the switch membrane becomes too stiff to conformally pull down
to the conductor beneath it and therefore the capacitance switching ratio is not high when
the membranes are electrostatically actuated. Thus, the MIM capacitance is made larger
to compensate for the low change in MEMS switching capacitance.

Use of plated metal for the MIM capacitor fabrication is also less than ideal. MIM
capacitor test structures measured to be 465, 327, 429, and 184 fF. The average, 351 fF.
has a great deal of variability. This variability is partially due to using an electroplated
MIM top layer. The edges of the top MIM metallization grow beyond the masking layer,
and stress in the plated layer causes the edges of the MIM to pull up off the dielectric,
which is further aided by undercutting the seed layer in the wet etch step. In addition
to the plating step, it is believed the nitride deposition step itself is counterproductive to
good capacitor fabrication. This high temperature step (400 °C) creates bumps in the gold
layer underneath the nitride, thus creating a random separation between the MIM metal
layers. The yield of construction for the MIM capacitors is quite poor and its improvement
is addressed in the next design.

The pull-down voitage of these MEMS switches is 40 V. This is larger than usual (15-
20 V) due to the series division of the applied voltage between the MEMS switch and the

static MIM capacitance, Cj.
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4.3.2 Measurement

The simulated and measured performance of the DMTL phase shifter is shown in Fig-
ures 4.3 and 4.4. Average loading on the high impedance transmission line is found using
measurement data by matching a loaded transmission line model to the measured phase in
the up and down-state positions. The simulated results are obtained from ADS (1] using a
model consisting of an ideal TEM lossy transmission line periodically loaded by the MEMS
switch capacitance along with a series inductance of 20 pH (which does not have an effect
at X-band) as shown in Figure 4.1. Using this technique, Cr, = 100 fF and Cry = 174 fF.
Assuming the average static loading C,; = 351 fF, then the MEMS switch capacitance in
the up and down-state positions is 140 and 345 fF, respectively (Z, = 56 and Zy = 45.5 Q).
The expected up-state capacitance of the MEMS switch is 134 fF, calculated using a 3-D
electrostatic simulator [30], thus, the average up-state MEMS capacitance is quite close to
design.

The simulation model also consists of two lossy capacitors, C,/2, (see Fig. 4.1) connected
in series between the switch capacitance (Cp) and ground. Fitting the measured insertion
loss to this lossy model, it is determined the combined Q of the MEMS switch and MIM
capacitors is ~ 125 at 10 GHz. The Q is constant at 4-10 GHz and the series resistance R,
follows Equation 2.70.

The DMTL phase shifter results (Figure 4.3) in excellent return loss from 4-10 GHz
(< —15 dB) in both the up-state and down-state positions. It is seen that the measured
data agrees quite well with the simulations. The measured phase shift (Figure 4.4) at 8-
10 GHz is 95-123° with an insertion loss of 0.62-0.66 dB. This results in a 153-186°/dB of
insertion loss at 8-10 GHz, and is excellent for wideband cascadable phase shifters. As usual
of distributed phase shifters, the performance is best in the upper frequency range since
the loss increases as /f while the phase shift increases as f. The measured performance is
comparable to state-of-the-art X-band MEMS phase shifters based on Lange couplers and
resulting in a performance of 240° /dB [28].
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Figure 4.3: Measured and modeled return loss (a) and insertion loss (b) of
the first generation, one-bit MEMS phase shifter.
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Figure 4.4: Measured and modeled phase response of the first generation,
one-bit MEMS phase shifter.

4.3.3 Conclusion and Future Improvement

This first generation one-bit design of a distributed phase shifter is a novel topology for a
“digital” MEMS design, and is relatively insensitive to the MEMS switch capacitance ratio,
as is desired in “digital” designs, but there is room for improvement. One easy improve-
ment addressed in the next generation design involves cascading two sections, separated
by a large DC bias-isolating capacitor, to result in a 2-bit phase shifter. But, the most
important changes include improvement of the fabrication process for the MEMS switch,
and secondhand, improvement of fabrication for the MIM static capacitor. It is clear from
several attempts at building this design that electroplated thin membrane switches and
MIM capacitors are not ideal because controlling stress and thickness is very hard to do
for this processing step. The research from this point forward focuses on using a variety of
sputtered layers to form the MEMS switch membrane in various ambient environments, as
well as investigation for an optimal sacrificial layer which can be used in conjunction with

high temperature annealing.
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Figure 4.5: Comparison of thin layer depositions of evaporated (a) and sput-
tered (b) material on a step height.

4.4 Next Generation Design: Two-bit MIM CPW

4.4.1 MEMS Switch Improvement

MEMS switches built in the original design are composed of an evaporated seed layer
of Ti/Au/Ti and electroplated gold. The electroplating process is as follows: a wafer is
immersed in an arsenic or cyanide solution containing gold and current is passed from
anode to cathode where the anode is a platinum electrode and the circuit to be plated
acts as the cathode. More current and more time in solution results in a thicker plating
layer. The process is best suited for very thick gold layers (> 2 + 0.5 um) and not for
depositing layers within +1,000 A. Stress is difficult to control because it dependent on the
gold solution chemistry which changes after each use of the solution, plating area of the
wafer, current, time, and temperature. The process has so many variables that it became
immediately evident from the initial design that electroplated MEMS switches must be
abandoned.

The second generation MEMS switches are fabricated using a sputtering process. Sput-
tering (Fig. 4.5b) is an ideal process for thin layers because unlike evaporation (Fig. 4.5a),
the metal to be deposited is contained in a plasma, thus sputtered material is deposited
onto edges as well as surfaces. Also, in a sputtering tool, several ambijent environmental
conditions can be controlled, including plasma gases, pressure, and in some cases tempera-

ture, all of which have an effect on the mechanical properties of the membrane deposited.

The first step in producing these new sputtered membranes is to qualify how these

parameters effect stress. Before any suspended structures are fabricated, the conditions for
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Figure 4.6: Light interferometer measurement of an early aluminum sput-
tered MEMS switch. Dimensions are in microns.

low stress are found by measuring the curvature of blank wafers before and after blanket
depositions {21]. In this sputtering tool, aluminum membranes are slightly tensile and
gold membranes are highly compressive using the normal N; deposition environment and
pressure of 7 mT. The stress of the gold membrane turns from highly compressive to slightly
tensile by increasing the sputtering pressure from 7 to 10 mT.

This period of research focused on perfecting the aluminum and gold MEMS switches
concurrently, for it was not known if an aluminum or gold membrane would be possible.
Aluminum showed the most promising early results (Fig. 4.6), but using it would greatly
complicate the steps required for circuit fabrication for the following reasons: although
aluminum is nearly as conductive as gold (¢ = 3.8 x 107 vs. 4.5 x 107 S/m), aluminum
reacts with gold over a long period of time, forming a green-black film. Furthermore,
introducing aluminum into a standard Au/Ti processing flow greatly complicates fabrication
because aluminum is easily etched by hydrofluoric acid, which is used to etch titanium in the
standard Au/Ti process flow. Another metal, such as tungsten (etched by H2O»), must be
introduced to protect certain aluminum layers during processing. It might seem using only

aluminum in the circuit may be a perfect solution, but it is not realistic for two reasons: first,
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aluminum melts at a much lower temperature than gold (660 vs. 1065 °C) and when placed
in the PECVD for Si3N, deposition at 400 °C, forms bumps (the process of “hillocking”)
of more than +500 A on the surface. Second, it is not easy to plate aluminum layers, and
thus loss of the unloaded line would be too high for a good X-band design. Both aluminum
and gold MEMS switch fabrication processes were perfected concurrently, and in the end,
both produced very flat MEMS switches.

The early gold membranes were anything but flat. Once released, it would not be
unusual for the membrane to arch more than 6-10 um over a 300 um fixed-fixed suspended
span. One of the approaches used to flatten the membrane was to anneal them prior
to release. This technique had limited success with photoresist sacrificial layers because
photoresist does not tolerate temperatures > 130 °C. SiO2 sacrificial layers worked well,
but were difficult to remove without destroying other structures on the wafer because the
adhesion layer used on the wafer is titanium, which etches in the same chemicals as silicon
dioxide. PMMA [37] proved to be the best sacrificial layer. It is spun on in layers and cured
at 200 °C, which allows for a bit of reflow at step heights. It is easily defined by a metal
mask, which acts as a protective layer during an oxygen plasma etch. Best of all, PMMA
is removable in solvent.

The final process steps include using PMMA as the sacrificial layer, sputtering gold as
slowly as possible in a 10 mT N» environment, reinforcing the anchors of the MEMS switch
with the plated gold, and “annealing” the membrane at 170 °C prior to release. Minimizing
the percentage of other metals (such as titanium, which would be used to promote adhesion)
is also very important because even a small amount can greatly change the residual stress.
A light interferometer measurement of the final gold switch membrane is in Figure 4.7. The
membrane bows by only 2000 A over a 300 um length and curls by only 1000 A over a 80 um
width. Interestingly enough, although gold switches are preferable because their use does
not complicate the processing flow, aluminum switches were used in the next generation

two-bit design because the gold sputter target was not available for several months.
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Figure 4.7: Light interferometer measurement of a gold MEMS switch. The
Z scale is greatly expanded to emphasize membrane flatness.

4.4.2 MIM Capacitor Improvement

The largest challenges to good small value (< 250 fF) MIM capacitor fabrication is
adhesion and surface flatness. In the original design, the small metal tab (the top layer
drawn in the detail drawing of Fig. 4.2d) was undercut in the final processing steps, which
effectively reduced the capacitor contact area. A solution to this problem is to simply
protect the MIM with the MEMS switch sacrificial layer which is not removed until the final
process step. But unfortunately, this step is not enough, as hillocking formed in the bottom
MIM gold metallization during the nitride deposition later produces capacitors with a great
deal of variability. Another solution is to use a much higher melting point metal, such as
tungsten, which does not hillock in the PECVD. And to improve the MEMS switching ratio,
tungsten is also used under the MEMS switch, as seen in Figure 4.8a. Test structures prove
the approach works: MIM capacitance values of 214, 210, 217, and 218 fF are obtained.
Unfortunately, analysis shows tungsten, with its high sheet resistance, is the source of high
insertion loss in the measured circuit, as is discussed in detail in Section 4.4.4. It was later
found that tungsten was not required to minimize hillocking, and simply keeping a thin
layer of titanium on top of gold layers greatly reduces hillocking and probably produces the
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same excellent MIM capacitors as can be fabricated with tungsten.

4.4.3 Design and Fabrication

Two-bit and one-bit (180°) DMTL phase shifters are fabricated on a 500 pm thick
quartz substrate. They are designed for 11.3 GHz operation and are based on a 900 pm
wide (W+2G) CPW line with 300 um center (W) conductor. The CPW line is wide for
reduced unloaded line loss and has an impedance of 98 2. The complete 2-bit (0°, 90°,
180°, and 270°) phase shifter is composed of 24 MEMS switches; the 90°-bit section has
8 switches and it is cascaded with the 16 switch 180°-bit section using a very large MIM
capacitor in the CPW center conductor which isolates the bias voltage between the two
sections. Each MEMS switch is separated by s = 906 um, is 350 um long, 60 xm wide, and
is suspended at a height of 1.5 um above the substrate. A 2,000 A nitride layer is used as
the insulating dielectric between the 1,500 A thick tungsten CPW center conductor and the
MEMS switch. To reduce transmission line loss, the CPW center conductor and ground
plane are electroplated to 4.5 um thick except underneath the MEMS switch.

The design values for loading capacitance are Cr, = 83 fF (60 Q) and Crq = 182 fF
(44 Q). Assuming the down-state MEMS switch capacitance is 10 times that of the up-state
position, the design values for the static capacitance C, = 210 fF, and the up-state MEMS
switch capacitance C,, = 138 fF. Using Equation 2.46, 16 sections result in 180° of phase
shift at 11.3 GHz.

A remarkably flat MEMS switch was fabricated using a 6,000 A thick aluminum metal
suspended 1.5 um above the insulating nitride. A light interferometer measurement of the
released switch shows bowing over the long dimension (350 pm) of the switch membrane
is less than 2,000 A and curling over the narrow dimension (60 um) is less than 1,000 A.
Fabrication yield of these switches with these height, curling, and bowing tolerances is 97-
100 percent. The pull-down voltage of the MEMS switch alone is 13 V (extracted values:
spring constant, £ = 73 N/m, residual stress, o = 72 MPa [5]), and around 60 V with the
series MIM capacitor to ground. The MEMS switches pull down conformally with bias and

snap back to their original height without deformation over numerous actuations, as can be
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Figure 4.8: Fabrication detail drawing of the next generation phase shifter.
After tungsten wet etch (a), after Ti/Au/Ti evaporation and
liftoff (b), after SizgIN4 patterning and MIM top metal liftoff (c),
after PMMA sacrificial layer RIE etch (d), after MIM mem-
brane aluminum sputter, etch and gold plating(e), and after
sacrificial layer removal (f).
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observed in phase measurements.

A summary of this wafer’s particular fabrication flow is as follows: First, tungsten metal
is blanket sputtered onto the quartz wafer. It is wet etched in H,O2 using a photoresist mask
to leave metal underneath the MEMS switch and in the gaps where the MIM capacitors
will be placed (Fig 4.8a). Next, the remainder of the CPW line Ti/Au/Ti metal layers
are blanket evaporated onto the wafer and undesired metal is removed using the liftoff
process described in Section 4.3.1 (Fig 4.8b). Following this step, SizN4 is deposited and
defined, also as described in Section 4.3.1. Once the nitride is defined, the top metal of the
MIM is made using a liftoff process (Fig 4.8c), after which PMMA is spun onto the wafer
and defined using an oxygen plasma to protect the MIM capacitors until the final steps,
and of course, to remain underneath the MEMS switch (Fig 4.8d). An aluminum layer is
sputtered (which will later be the MEMS switch), a Ti/Au/Ti seed layer is evaporated,
and the circuit is electroplated with gold, after which the MEMS switch is defined by wet
etching the aluminum layer (Fig 4.8e). The plated gold is used to reduce the unloaded line
loss as well as to reinforce the point where the MEMS switch meets its post. Finally, the

sacrificial layer is removed and the circuit is dried in a critical point CO2 dryer (Fig. 4.8f).

4.4.4 Measurement

The two-bit phase shifter is biased through the left and right ports using bias T’s and
DC blocks to protect the VNA. For 0° of phase shift, the left and right ports are unbiased,
for 90°, the left port is biased, for 180°, the right port is biased, and finally, for 270°,
both ports are biased. To reduce charging of the nitride layer and to promote a maximum
switching ratio, the bias voltage used is a low frequency (3 kHz) £70V square wave.

The simulated and measured performance of the 180°-bit section is shown in Figures 4.9
and 4.10a. The phase shifter nearly meets the design criteria for return loss, which is
< —14 dB over the 2-20 GHz band. The simulated and measured performance of the two-
bit phase shifter is shown in Figures 4.11 and 4.10b. The phase shifter results in excellent
return loss (< —11 dB) from 2-20 GHz for all four states. The measured phase shift of the
180°-bit section is 0 at 11.4 GHz and the two-bit phase shifter has states of 0°, 87°, 182°,
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and 270° at 11.4 GHz (£3° error). Both simulations confirm the MEMS switch loading
capacitance is exactly as designed in the up state (measured: Cp, = 140 fF' vs. designed:
138 fF).

The non-linear phase response of Figure 4.10 for the 180°-bit and two-bit phase shifters
clearly indicates the static MIM capacitors are frequency dependent since the effect of Bragg
frequency alone does not account for this response. This degree of non-linearity as well as
the very high insertion loss are quite unexpected, so the measured insertion loss and phase
response of the 180°-bit phase shifter in the up and down-state positions were matched to
an ADS [1] model (Fig. 4.12) at 24, ..., 20 GHz. A closed-form equation for Crq4, R, and
Q was fit using the ADS model (Fig. 4.13). The equations are used in conjunction with
ADS to obtain the simulated results in Figures 4.9-4.11.

The non-linear capacitance of the MIM capacitor is most probably due to an increase in
fringing capacitance between the two bottom metals of the MIM capacitors in each gap, as
generally confirmed by a method of moments simulation. Q loss of the MIM capacitor, as
measured by test structures and as confirmed by the fitted model is quite low, and since the
metallizations are much less than a skin depth, R, is nearly constant. Method of moments
simulations show that although the metallizations used for the MIM capacitor are quite
thin, that alone does not account for the high degree of loss. What does account for the loss
is low conductivity metal, that is, a conductivity much lower than would be expected from
the bulk properties of tungsten. But the tungsten target used in the sputtering machine is
not composed of 100% tungsten. It is mixed with titanium (a very low conductivity metal)
to promote adhesion. A method of moments simulation performed on the MIM capacitors
using a conductivity close to titanium confirms the first metal placed on the wafer, the
tungsten-titanium layer, which was used to reduce hillocking and improve variability from

one capacitance value to another, is responsible for high insertion loss of the phase shifter.

4.4.5 Conclusion and Future Improvement

MIM losses dominate the insertion loss of these second generation phase shifters, and

much better performance can be achieved by simply increasing the MIM Q, which can be
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Figure 4.9: Return loss (a) and insertion loss (b) measurements of a second
generation, single-bit phase shifter.
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Figure 4.12: Single unit cell ADS model for the 180°-bit second generation
phase shifter.

done by increasing the MIM metallization thickness and/or by using a higher conductivity
base metal such as gold topped with a thin tungsten or titanium layer, which will prevent
hillocking in the PECVD nitride deposition. The expected insertion loss at 11.4 GHz is
—0.9 dB for a 180° phase shifter with a MIM capacitor Q = 60.

The fabricated MEMS switches were nearly ideal. Their capacitance in the up-state
position is exactly as designed, they switch to a > 20 capacitance ratio, and return to their
original position after millions of cycles of actuation. What remains in the final aspect of
design is to improve the insertion loss by decreasing the influence of static capacitor Q loss
as much as possible. This could be done with MIM capacitors as described in the previous
paragraph, but since they do have limitations, a much higher Q design will be used: the
MAM (Metal-Air-Metal) capacitor.

4.5 Final Design: Two-bit MAM CPW

4.5.1 Introduction

The two-bit X-Band design described here the first demonstration utilizing high-Q MAM
(Metal-Air-Metal) capacitors instead of the standard MIM (Metal-Insulator-Metal) capac-
itors. The high-Q MAM capacitors are responsible for a drastic improvement in the per-
formance of the DMTL phase shifter. Also, high-resistivity bias lines have been introduced
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Figure 4.13: Representations of closed-form expressions used to obtain
modeled results for the 180°-bit and two-bit second genera-
tion phase shifter. Symbols indicate the values to which the
curves were fit.
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for lower-voltage actuation of the MEMS switches. The effect of the bias lines is discussed
in Section 4.5.5.

The design starts with the closed-form expressions for phase shift, MEMS separation,
and loading capacitors, but true modeling was best achieved by the software package Son-
net [49], a method of moments simulator which is found to produce accurate simulations
of these distributed circuits. The Sonnet simulation is performed on only one unit cell and
a multiple cell simulation is obtained by cascading the unit-cell S-parameters in a circuit

simulator such as Agilent-ADS [1].

4.5.2 Effect of the Loading Capacitor Q

The loss of the loading capacitor is modeled as a resistance, Rp, in parallel with C; (or

a resistance, R, in series with C,). The capacitor Q can be written as:

1

Q= “C.E, =wCsR, (4.2)
and
1
Ry = ZiCZR, (4.3)

The other component of phase shifter loss, the transmission line loss, a, was derived in
Section 2.12.2. The effect of this unloaded line performance is determined from the unloaded
t-line series resistance is R;, and the impedance Z, which is taken as the down-state loaded
impedance when the static capacitor is connected to the t-line. The total loss can be written
as:

R 24

a = 8.686 (2—Zd' + 2—R—p') dB/section (4.4)

Consider for example a X-band (f, = 10 GHz, fg = 23 GHz) design with loaded
impedances of Z, = 60 Q and Zy; = 42 Q. The CPW line dimensions are 300/300/300 pm
(Zo = 98 Q, €sf = 2.36) with a measured unloaded line loss of 11.2 dB/m at 10 GHz
(R = 250 2/m). The corresponding spacing and loading capacitances are s = 1,500 um
and C; = 267 fF.

Table 4.1 shows the effect of the capacitor Q loss in relation to the other major contribu-

tor of DMTL loss, the loaded-line loss. It is clear from the table that one needs Q > 150 for
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Q R, | Q loss | Loaded-line loss
k | dB/m dB/m

inf || inf 0 28.7

250 || 149} 11.8 28.7

150 || 8.9 19.7 28.7

100 | 6.0 29.5 28.7

50 3.0 59.0 28.7

Table 4.1: Effect of capacitor Q on the loss performance assuming C, =
267 fF and unloaded line loss is 11.2 dB/m at 10 GHz.

low loss performance. For this reason, MAM capacitors, which have an inherently higher
Q than MIM capacitors, were designed and implemented in this work.

The effect of the capacitor Q vs. frequency is presented in Fig. 4.14 for the designs
mentioned above. Again, it is seen that for Q ~ 150, there is a broad maximum around the
design frequency, especially at higher frequencies. In theory, for Q@ = inf, the performance
improves monotonically with frequency since the t-line loss increases as \/f while the phase
shift increases as f.

There is another advantage to using MAM capacitors: physical size. Whereas a single
MIM capacitor for X-band may be 25 x 25 um?, the MAM capacitor is around 120 x
120 um>. The capacitance requirements are very small at Ku and Ka-band frequencies,
making the MIM capacitors almost too small to fabricate, but MAM capacitors are quite

easy to fabricate up to W-band and above since they are much larger.

4.5.3 Design and Fabrication

Figure 4.15 shows a unit cell of the X-band phase shifter (s = 1,150 gm) on a 500 um
thick quartz substrate (¢, = 3.6). The MEMS switch is suspended over the center con-
ductor, is anchored in the CPW gap, and is attached to a thin-film bias-line resistor. The
MEMS switch is also connected to a short t-line, which ultimately forms the bottom metal
of the MAM (Metal-Air-Metal capacitor). The MAM capacitor is plated on three sides
thus providing a very high Q, rigid and stable capacitor (Fig. 4.16). The sacrificial layer
underneath the MAM capacitor is PMMA, and is defined using an oxygen plasma in a

reactive ion etcher, as described in Section 4.4.3.
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Figure 4.14: Effect of the capacitor Q vs. frequency for a typical X-band
design.

The impedance of the CPW unloaded line without the MAM cuts in the ground plane
is approximately 98 Q. However, fringing capacitance (2 x 25 fF) due to the ground-plane
cuts lowers the t-line impedance to around 72 . Test structures show that the combined Q
of the fringing and MAM capacitance to be > 250. Each MAM capacitor is approximately
81.5 fF, and the fringing capacitance due to the ground-plane cuts is 25 fF, resulting in a
total loading capacitance of 213 fF. When the MEMS switches are activated, this loading
lowers the CPW line impedance from 98 Q to 46 Q.

A photograph of the entire X-band two-bit phase shifter is shown in Figure 4.17. It
consists of two sections, and each is connected to its own bias line. The first section has 7
switches and is designed to have A¢ = 90° at 10 GHz. The second section has 14 switches
and is designed to have A¢ = 180° at 10 GHz. Differential phase shifts of 90°. 180°, and
270° result from applying a +20 V AC bias voltage to the individual sections. The AC bias
voltage is needed to eliminate dielectric charging and to increase the lifetime of the MEMS
switch to billions of cycles.

The fabrication of the phase shifters follows that described in Section 4.4.3 except for a

couple of changes (the complete fabrication process is detailed in Appendix B). First, the
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Figure 4.15: Photograph of the final generation X-band DMTL phase
shifter showing a unit cell before electro-plating (a) and af-
ter (b), thus forming the MAM capacitor.
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Figure 4.16: Fabrication drawing of the MAM (Metal-Air-Metal) capacitor.
(a) The bias line is run in a gap of the CPW ground at one point
per bit and from there, runs in the CPW gap from switch to
switch. (b) Detail drawing. (c) The complete MAM capacitor
after a sacrificial layer over the MAM tab is removed, over
which an air bridge was formed by electroplated gold.
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Figure 4.17: Photograph of the final generation X-band, two-bit, 21-section
DMTL phase shifter.
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Figure 4.18: Measurement of the final generation X-band, two-bit, DMTL
phase shifter. Return loss is better than —12.5 dB, and the
average insertion loss is —1.2 dB at 13.6 GHz.
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bias layer is sputtered onto the blank quartz wafer and wet etched in buffered hydroffuoric
acid using a photoresist mask. Tungsten metallizations are completely removed from the
process flow and replaced by 500/8,000/500 A thick layers of evaporated Ti/Au/Ti. The
evaporator used has an administrative limit of 8,000 A thick for gold, but this is suffi-
cient since this thickness is nearly one skin depth at 10 GHz, which means loss under the
MEMS switch is minimized. The following process steps, including the nitride and sacri-
ficial layer steps are as before. The aluminum switch membrane is replaced by a mostly
gold, 8,000 A thick layer sputtered in a nitrogen environment at 9.5 mT. Electroplating is
as before except now the switch membrane is reinforced (in addition to the posts) at the
step height change where the CPW center conductor edges meet the substrate (20 pm on
either side of points marked by “*” in Figure 2.16). These points must be reinforced since
the membrane and underlying layer are nearly the same thickness and are quite weak here.

Release and wafer drying steps are performed as before.

4.5.4 Measurement and Simulation

The X-band design was developed for a MEMS switch and a MAM capacitor with a
height of 1.5 um. The fabrication procedure used for the MEMS switch was changed in
hopes of producing a lower stress switch and this was accomplished by removing most of the
titanium metals from the sputtered gold switch and leaving out the annealing step. However,
as a result of changing the fabrication procedure, the switch lowered to 1.2 zm after release,
while the MAM capacitor remained at 2.1 um, the PMMA sacrificial height used. The
movement is consistent over all 21 switches, and was measured by a light-interferometer
microscope. This measurement also shows that bowing and curling of the metal membrane
to be less than 2,000 A over its span and width. The MEMS switch up-state capacitance
with a height of 1.2 um is 232 fF. As a result, the loaded impedances are shifted from the
ideal 60-42 Q to 60-46 Q2. The resulting spring constant is 30 N/m with pull-in voltage
of V, = 13-14 V. The switching time is calculated to be 9 us for a switching voltage of
Vs =20V [5].

The measured phase shifter therefore does not operate at 10 GHz, but the distributed de-
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Figure 4.19: Phase shift measurement of the final generation X-band, two-
bit, DMTL phase shifter.

sign is so wideband, that proper operation was achieved around 14 GHz. Figures 4.18 and 4.19
show the measured two-bit performance with differential phase shifts of 94°.176°, and 270°
at 13.6 GHz. All states have a return loss of better than —12.5 dB, with a worst-case
insertion loss of —1.6 dB. The average insertion loss is —1.2 dB.

Simulation using a combined Sonnet/ADS method and using the new suspended heights
agree quite well with measurements, as seen in Figure 4.20. Also modeled by the full EM

simulation is the loss due to the thin film Si-Cr bias resistor, whose effect is discussed next.

4.5.5 Effect of the Bias Lines

Sonnet/ADS X-band simulations demonstrate that the two-bit phase shifter would have
a maximum insertion loss of —1.0 dB at 13.6 GHz if no bias lines were present, or if the
resistances linking the switches are increased significantly from 45 k). This loss should be
compared to the measured marimum insertion loss of —1.6 dB at 13.6 GHz. This large
influence on loss is caused by the bias lines and is explained below.

The biasing of each bit is achieved using a single high-resistance line which is attached to

one of the switches in the bit, and then moving the bias from switch to switch using a thin-
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is effectively reduced by bias lines. Rp is the loss due to the
MAM Q itself. R, is the effective resistance of the long bias
line connecting the switches and Ry is the effective resistance
of the bias line feed, which is present at only 2 out of 21 sections
of the two-bit phase shifter.

film high-resistance line (Fig. 4.15 and 4.16) placed in the gap. Although the layout is near
optimal, the bias lines still have a significant effect on the overall insertion loss performance
of the phase shifter because they decrease the effective Q of the MAM capacitors.

The bias lines are sputtered from a silicon-chrome target, defined using wet etching
(BHF), and are 20 um wide, 1,500 A thick, and approximately 1,150 um long. The conduc-
tivity of the material is 2,150 S/m, thus resulting in a resistance of 44.6 k2 from switch to
switch. Effectively, the MAAM capacitors “see” two of these resistances in parallel because
there are two bias lines attached to each switch (Fig. 4.21). Additionally, where the bias
lines feed underneath the CPW ground and contact the first switch in a phase bit, the
capacitor Q is further reduced by another resistance in parallel with the two mentioned
above. This small resistor is modeled as a 30 um long section of resistive line because the
Si-Cr line strongly couples to the ground plane by means of the air bridge over it. The
effective resistance of this short section is 1.16 kQ2.

The X-band design has a static MAM capacitance, C; of 213 fF and using a Q of 400 at
13.6 GHz, R, = 33 kQ2. By adding the resistance (R;) of two parallel bias lines in parallel
with Ry, the Q is effectively reduced from 400 to 160. The reduction in Q is most dramatic
in the two sections of the phase shifter (out of 21) where the bias lines feed the MEMS
switches. In this case, the Q is effectively reduced to around 15 (for a single section per

phase bit). This reduction in the capacitor Q increases the maximum measured loss (when
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Loss X-band
component design
Plated line loss 0.76 dB
Evaporated line loss || 0.24 dB
19 Section Q loss 0.20 dB
2 Section Q loss 0.43 dB
Total max. loss 1.63 dB
Measured max. loss || 1.60 dB

Table 4.2: Loss contributions (all switches down) in the final generation
DMTL phase shifter.

all switches are down) from an ideal value of —1.0 dB to the measured value of —1.6 dB at
13.6 GHz.

4.5.6 Loss Components

There are three contributors to the insertion loss of the DMTL phase shifter: 1) line
loss of the plated high-impedance line R, = 255 2/m at 13.6 GHz), 2) line loss of the thin
high-impedance line underneath the MEMS switch (R, = 435 @/m at 13.6 GHz), and 3) Q
loss of the MAM capacitors. The influence of each of these contributors on the measured
design is summarized in Table 4.2. The plated and evaporated line losses are obtained from
measured test structures. Each section of the X-band (s = 1,150 pm) DMTL includes a
200 pum-long evaporated section underneath each MEMS switch. The capacitor Q loss is
all encompassing, including the reduction in MAM Q due to the bias lines. The loss in
Table 4.2 is split into two parts: the first part details loss in the 19 sections where there
is a reduction in Q to 100-200 due to the bias lines. The second part details the loss in
the remaining two sections where the Q is greatly reduced by the bias line feeds under
the CPW ground plane. It should be noted that without bias lines, the loss of the DMTL
phase shifter is essentially that of the plated and evaporated sections alone, as confirmed

by simulations, because the @Q of the MAM capacitors is quite high.
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4.5.7 Conclusion

This section presents very low-loss X-band distributed phase shifters improved by the
use of high Q MAM capacitors. The switch height was incorrect, and this moved the design
frequencies from 10 GHz to 13.6 GHz. Still, the concept of using a very high Q@ MAM
capacitor in series with a low-loss MEMS switch is proven to work very well, especially if
the influence of bias lines is removed from the design. The results present state-of-the-art
performance for true-time delay phase shifters at Ka-Band frequencies. The design can be

easily scaled to 30-40 GHz, and this is presented in Chapter 6.
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CHAPTER 5

Ku-BAND MICROSTRIP DMTL PHASE SHIFTERS

5.1 Introduction

Two and four-bit wideband distributed microstrip phase shifters were developed on a
21 mils (533 pm) silicon substrate (¢, = 11.8) for DC-18 GHz operation. Presented here is
the first demonstration of a microstrip distributed MEMS transmission line (DMTL) phase
shifter design, periodically loaded by MEMS varactors in series with fixed value microstrip
radial stubs, as described in Section 2.13.2, and as shown in Figure 2.9.

The design was developed at the University of Michigan and fabricated by Raytheon
Company, Dallas, Texas as a joint collaboration to compare their microstrip switched-line
phase shifters on the same silicon substrate to the distributed design. Under the agreement,
no significant changes would be made to their mature fabrication process for the MEMS
switch so that no uncertainties would be introduced into the fabrication, since the majority

of the wafer would be used for other Raytheon MEMS circuits.

5.2 Phase Shifter Design

The microstrip DMTL phase shifter design consists of a high impedance line (> 50 )
loaded by MEMS switches and microstrip radial stubs as shown in Figure 5.1. When a bias
voltage is applied between the MEMS switch and the high impedance line using a 120 k2
resistor, the MEMS switch capacitance increases by a factor of 80 and the loading to the

line therefore becomes dominated by the microstrip stub alone. The microstrip stubs are
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Figure 5.1: Photograph of a single MEMS section. The radial stub is fed
by a 120 k2 bias line. The MEMS bridge lays over the high
impedance line, which runs from left to right in the photograph.

a particularly beautiful aspect of these designs as the fabrication process for the stubs is
extremely simple compared to a typical MIM or MAM capacitor process. In addition, the
stubs provide a virtual ground connection and therefore a complicated via hole process is
not required, as described in Section 2.12.2.

The high-impedance t-line is 130 um wide on a 21 mils silicon substrate which results
in an impedance of 78 Q. The Bragg frequency is placed at approximately 3 times the
design frequency (10 GHz) for maximum phase shift linearity [16]. The Bragg frequency
can be chosen to be 1.8 times the design frequency for a longer phase shifter, because MEMS
separation will increase with Bragg frequency, but at the expense of less phase linearity up
to 18 GHz, as detailed in Section 2.8.1.

A larger separation between switches may be desirable because if the separation is too
small, the microstrip radial stubs can RF couple to one another or even overlap. For the
16 GHz silicon substrate design presented here, where the radial stubs are positioned on
alternating sides of the high impedance line (Fig. 5.2), the Bragg frequency is appropriately
selected since the stubs are quite short. However, higher frequency designs which require
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a smaller separation between the MEMS switches and lower dielectric constant substrates
generally need longer stubs, unless the substrate is made quite thin, which would be counter-
productive since unloaded line loss would increase significantly. In such cases, the Bragg
frequency must be carefully selected.

Closed-form expressions for phase shift, MEMS separation, and loading capacitance
result in the design parameters contained in Table 5.1. Modeling of the phase shifter is
performed on HP Series [V [45], which includes the high-impedance t-line microstrip model,
the MEMS switch model, and the radial stub microstrip model.

A photograph or the two-bit and four-bit phase shifters are contained in Figures 5.2
and 5.3, respectively. Each bit of the phase shifter is linked to a bias pad for electrostatic
actuation. The two-bit phase shifter consists of two sections. The 180°-bit section has 15
MEMS switches and the 90°-bit section has 8 MEMS sections. Normally, the number of
MEMS switches contained in each section would equal an even multiple of the number of
switches in the lowest order bit (8 and 16 switches in this case). However, these phase shifters
are to be measured in a special nitrogen environment, temperature controlled, hermetic
chamber which limits how far the RF probes can be separated. The original design had to
be shortened by one MEMS section as a result. For this reason, the 180°-bit section has
15 MEMS switches instead of 16, and the radial stubs were tuned to be slightly longer to
compensate for the phase shift lost by the removal of the MEMS switch.

The four-bit phase shifter consists of 4 sections, each having 15, 8, 4, and 2 MEMS
switches, respectively. The unloaded line is meandered so that the circuit can fit in the
measurement chamber. The radial stubs lengths are also tuned as described for the two-bit

phase shifter.

5.3 Calibration and Measurements

The DMTL microstrip phase shifters are connected using a 6 mils-long, 5 mils-wide,
0.5 mils-thick gold ribbon to off-chip alumina substrate microstrip to CPW transitions, so
that the circuit can be measured with CPW probes, and calibrated with CPW standards.
Calibration is performed up to the probe tip ends using a load, reflect, match (LRM)
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[ 180° | 90° | 45° | 22.5°
Sections T 15 8 4 2
s, MEMS separation (um) 688 | 688 | 688 | 688
Z, () 78 | 78 | T8 78
Eeff 73 {73173 73
Z, () 63 | 64 | 64 64
Ziq () 49 51 | 581 51
f» (GHz) 33 |35 |3 | 35
Chu (fF) 70 |70 [ 70| 70
Radial stub capacitance (fF) {{ 120 | 108 | 108 | 108
Ly, stub length (um) 395 | 360 | 360 | 360

Table 5.1: Design parameters for the cascaded sections of the 2 and 4-bit
microstrip MEMS DMTL phase shifters.

180°- bit 90°- bit
15 switches 8 switches

e A N K R ’ = A

T T e | tr | e e i | i tmom | o | e | miaa __%J T Pt wore om | o e | o | wm | vnnmeE

Y Y VS - Y - - S & & &
< 177 x 1.4 mm >

Figure 5.2: Photograph of the complete 2-bit phase shifter.

180°- bit 90°- bit 45°-bit  22.5°- bit
15 switches 8 switches 4 sw. 2 sw.

17.7 x 3.8 mm ' .

L 3

Figure 5.3: Photograph of the complete 4-bit phase shifter.
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standard on an alumina substrate. Measurements of the DMTL phase shifter therefore
include the input and output transitions and ribbons. The effect of the transitions and
ribbons are de-embedded by a linear model which removes a total (back-to-back) loss of
—0.05 dB of insertion loss at 10 GHz and —0.2 dB at 16 GHz as well as phase shift of these
transitions. The effect of the CPW to microstrip transitions on the return loss cannot be
easily de-embedded and thus these measurements are presented raw.

The MEMS structure is measured in a nitrogen environment following a dehydration
bake cycle to reduce humidity induced sticking of the MEMS switch to the nitride covered
microstrip high impedance line underneath. Pulldown of the MEMS bridges is 40-46 V and

the MEMS switch can be maintained in the down-state position using a 15 V bias voltage.

5.4 Two-bit and Four-bit Measurements

The measured performance of the two-bit phase shifter is shown in Figures 5.4 and 5.5a.
Return loss for the four states is < —10 dB, and average insertion loss is —2.5 dB at 16
GHz. Table 5.2 lists the measured phase shift for the four states, and as can be seen in the
Table, the 2-bit phase response is accurate within +0.5/-0.5° of the ideal at 16 GHz, when
a linear fit of measured phase shift data is made from DC-18 GHz.

The measured performance of the four-bit phase shifter is shown in Figures 5.6 and 5.5b.
Return loss for the 16 states is < —9 dB, and the average insertion loss is —2.9 dB at 16
GHz. Table 5.3 lists the measured phase shift for the 16 states. The 4-bit phase response
is accurate within +4.1/-4.9° of the ideal at 16 GHz.

Simulations vs. measurements of insertion loss for both the two and four-bit cases show
a much larger than expected loss for the measured case. As mentioned before, simulations
are modeled on Series IV [45], which has very accurate models of microstrip components.
Modeling demonstrates that only t-line loss under the MEMS switch can explain the ma-
jority of the insertion loss. If loss was dominated by a low Q radial stub capacitance, which
may be caused by the bias lines (see Section 4.5.5), there would be four or 16 distinct cases
of insertion loss (Figs. 5.4b and 5.6b, respectively). And if loss was dominated by a high
MEMS switch resistance, the insertion loss at high frequencies would be much higher than
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State " Measured I Design I Error

- W

Table 5.2: Measured phase shift of the microstrip 2-bit MEMS DMTL phase
shifter at 16 GHz.

State " Measured | Design | Error
1 0.0° 0.0° 0.0°

-22.1° =22.5° | +04°
—49.9° —45.0° | —4.9°
—69.6° —-67.5° | -2.1°
—88.2° —90.0° | +1.8°

-109.4° | —112.5° | +3.1°
—-136.9° | —135.0° | —1.9°
—157.0° | —~157.5° | +0.5°
—180.3° | —180.0° | —0.3°
—201.8° | -202.5° | +0.7°

5 © 0N wN I

11 —-228.9° | —-225.0° [ —-3.9°
12 —248.9° | —247.5° [ —1.4°
13 —267.1° | -270.0° | +2.9°
14 —288.4° | —292.5° | +4.1°
15 -316.0° | -315.0° | —1.0°
16 —335.7° | —337.5° | +1.8°

Table 5.3: Measured phase shift of the microstrip 4-bit MEMS DMTYL phase
shifter at 16 GHz.

those at low frequencies.

As described in section 5.1, it was not possible to redesign any significant aspect of the
Raytheon MEMS switch, which is suspected to contain a very thin metallization under the
MEMS switch. The phase shifters presented here provide an excellent proof-of-concept, but

the reader should be aware much lower insertion losses are possible in future designs.
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Return Loss, dB
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(a)

Insertion Loss, dB
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(®)

Figure 5.4: Measured return loss (a) and insertion loss (b) results of the
microstrip 2-bit MEMS DMTL phase shifter.
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Phase Shift, degrees
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Frequency, GHz
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Phase Shift, degrees
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Figure 5.5: Measured phase shifts of the microstrip 2-bit (a) and 4-bit (b)
MEMS DMTL phase shifters.
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Figure 5.6: Measured return loss (a) and insertion loss (b) results of the
microstrip 4-bit MEMS DMTL phase shifter.
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Loss contribution " 16 GHz

Plated line sections -0.7
Thin line sections -1.9
MEMS switches -0.2
Microstrip stubs -1.0

Total max. loss -3.7
Measured average loss | —2.9

Table 5.4: Insertion loss contributions to the microstrip 4-bit MEMS
DMTL phase shifter.

5.5 Loss Contributions

There are four main contributions to the insertion loss in the DMTL phase shifter.
Table 5.4 contains the estimates of losses for the 4-bit phase shifter which are attributable

to each of these factors:

1. Line loss of the plated high impedance t-line (500 zm long out of each 688 um section).

[

. Line loss of the thin high impedance t-line under the MEMS bridge (188 um long out

of each 688 um section).

[2]

. Bridge loss (0.5 Q per MEMS bridge).

4. Q loss in the microstrip radial stub (Q=100).

5.6 Conclusions

The microstrip DMTL MEMS phase shifters presented here are very wideband. In fact,
the phase shift remains linear up to 20 GHz. This first-cut design can be optimized by
lengthening the radial stubs so that the DMTL is loaded to more optimal impedances (60
and 42 Q) for maximum phase shift and minimum reflection loss. Also, a large part of the
insertion loss is due to the thin metal layer underneath the MEMS switches. The insertion
loss will improve to —1.8 dB if a thicker metal layer is used underneath the MEMS switches.
Phase error will further improve if a single radial stub length is used in conjunction with

sections containing even multiple MEMS sections (Section 5.2).
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CHAPTER 6

Ka-BAND CPW DMTL PHASE SHIFTERS

6.1 Introduction

The Ka-Band design described here is the first demonstration of a DMTL phase shifter
at 30-40 GHz, and the first demonstration utilizing high-Q MAM (Metal-Air-Metal) capac-
itors instead of the standard MIM (Metal-Insulator-Metal) capacitors. The high-Q MAM
capacitors are responsible for a drastic improvement in the performance of the DMTL phase
shifter. Also, high-resistivity bias lines have been introduced for lower-voltage actuation of
the MEMS switches. The effect of the bias lines is discussed in Section 6.5.

The design started with the closed-form expressions for phase shift, MEMS separation,
and loading capacitors, but true modeling was best achieved by the software package Son-
net [49], a method of moments simulator which is found to produce accurate simulations
of these distributed circuits. The Sonnet simulation is performed on only one unit cell
and a multiple cell simulation is obtained by cascading the unit-cell S-parameters in a cir-
cuit simulator such as Agilent-ADS [1]. These results are very competitive with switched
transmission-line and reflection-based phase shifters, and the distributed design can be eas-

ily scaled to V-band and W-band frequencies for wideband low-loss performance.

6.2 Effect of the Loading Capacitor Q

The loss of the loading capacitor is modeled as a resistance, Rp, in parallel with C, (or

a resistance, Ry, in series with C;, as shown in Fig. 6.1). The capacitor Q can be written
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or

Figure 6.1: Lumped model of a lossy capacitor.

as:
Q= ——= =uwC.R,
= GC.R, ™
By (6.1)
P~ W2C?R,

The corresponding t-line loss, a, was derived in Section 2.12.2. The unloaded t-line
series resistance is R;, and the impedance is taken as the down-state loaded impedance
when the static capacitor is connected to the t-line. The total loss can be written as:

Za_
2R,
Consider for example a Ka-band (f, = 30 GHz, fg = 67 GHz) design with loaded

a = 8.686 (5% + ) dB/section (6.2)
d

impedances of Z, = 60 2 and Z; = 42 Q. The CPW line dimensions are 150/150/150 um
(Zo = 98 Q, €refy = 2.36) with a measured unloaded line loss of 38.9 dB/m at 30 GHz
(Re = 860 ©/m). The corresponding spacing and loading capacitances are s = 400 um and
C, = 93 fF. Table 6.1 shows the effect of the capacitor Q loss in relation to the other major
contributor of DMTL loss, the loaded-line loss. It is clear that one needs Q > 150 for low
loss performance. For this reason, MAM capacitors, which have an inherently higher Q
than MIM capacitors, were designed and implemented in this work.

The effect of the capacitor Q vs. frequency is presented in Fig. 6.2 for the design
mentioned above. Again, it is seen that for Q ~ 150, there is a broad maximum around the
design frequency, especially at higher frequencies. In theory, for Q = inf, the performance
improves monotonically with frequency since the t-line loss increases as /f while the phase

shift increases as f.
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Q R, | Q loss | Loaded-line loss
kQ | dB/m dB/m

inf inf 0 99.7

250 || 14.6 35.8 99.7

150 || 8.7 59.7 99.7

100 58 89.5 99.7

50 2.9 179.0 99.7

Table 6.1: Ka-band design. Effect of capacitor Q on loss performance (C, =

93 {F).
1 ——
500 F .
400 b 3

2 ’ ;

g sof ;

> f —3

S 200k ]

- 50
100 £
O:LIALLIIAAIAlllllllllllll
0 10 20 30 40 50

Frequency, GHz
Figure 6.2: Effect of the capacitor Q vs. frequency for Ka-band design.

There is another advantage to using MAM capacitors: physical size. Whereas a single

MIM capacitor for Ka-band may be 14 x 14 um?, the MAM capacitor is around 65 x

65 um?2. The capacitance requirements are very small at Ku and Ka-band frequencies,

making the MIM capacitors almost too small to fabricate, but MAM capacitors are quite

easy to fabricate up to W-band and above.

6.3 Phase Shifter Design

Figure 6.3 shows two unit cells of the Ka-band phase shifter (s = 400 ym) on a 500 ym

thick quartz substrate (¢, = 3.6). The MEMS switch is suspended over the center con-
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Figure 6.3: Photograph of the Ka-band DMTL phase shifter showing two
unit cells (a) before electroplating and (b) after, thus forming
the MAM capacitor.
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ductor, is anchored in the CPW gap, and is attached to a thin-film bias-line resistor. The
MEMS switch is also connected to a short t-line, which ultimately forms the bottom metal
of the MAM (Metal-Air-Metal capacitor). The MAM capacitor is plated on three sides thus
providing a very high Q, rigid and stable capacitor (Fig. 6.4). The sacrificial layer under-
neath the MAM capacitor is PMMA, and is defined using an oxygen plasma in a reactive
ion etcher.

The impedance of the CPW unloaded line without the MAM cuts in the ground plane
is approximately 98 Q. However, fringing capacitance (2 x 9 fF) due to the ground-plane
cuts lowers the t-line impedance to around 72 Q. Test structures show that the combined Q
of the fringing and MAM capacitance to be > 250. Each MAM capacitor is approximately
24 fF, and the fringing capacitance due to the ground-plane cuts is 9 fF, resulting in a total
loading capacitance of 66 fF. When the MEMS switches are activated, this loading lowers
the CPW line impedance from 98 §2 to 48 2.

A photograph of the entire Ka-band two-bit phase shifter is shown in Figure 6.5. It
consists of two sections, and each is connected to its own bias line. The first section has 7
switches and is designed to have A¢ = 90° at 30 GHz. The second section has 14 switches
and is designed to have A¢ = 180° at 30 GHz. Differential phase shifts of 90°, 180°. and
270° result from applying a 20 V AC bias voltage to the individual sections. The AC bias
voltage is needed to eliminate dielectric charging and to increase the lifetime of the MEMS

switch to billions of cycles.

6.4 2-bit Measurements and Simulations

The Ka-band design was developed for a MEMS switch and a MAM capacitor with a
height of 1.5 um. As in the X-band MAM phase shifter design, which was fabricated on
the same wafer as this design, the fabrication procedure used for the MEMS switch was
changed in hopes of producing a lower stress switch and this was accomplished by removing
most of the titanium metals from the sputtered gold switch and leaving out the annealing
step. The resulting spring constant is 30 N/m with pull-in voltage of V, = 13-14 V. The
switching time is calculated to be 9 us for a switching voltage of V; = 20 V [5]. However,
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bias line
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to MEMS
switch

(a) (b) (c)

Figure 6.4: Fabrication drawing of the MAM (Metal-Air-Metal) capacitor.
(a) The bias line is run in a gap of the CPW ground at one point
per bit and from there, runs in the CPW gap from switch to
switch. (b) Detail drawing. (c) The complete MAM capacitor
after a sacrificial layer over the MAM tab is removed, over which
an air bridge was formed by electroplated gold.

70 Q 90°-bit 180°-bit 70 Q bias
feed 7 switches 14 switches feed pads

! 84 x2.l mm t

reference reference
plane plane

Figure 6.5: Photograph of the Ka-band 2-bit, 21-section DMTL phase shifter.
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Figure 6.6: Measurement of the Ka-band, 2-bit, DMTL phase shifter. Re-
turn loss is better than —11.5 dB, and the average insertion loss
is —1.5 dB at 37.7 GHz.
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Phase Shift, degrees
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Figure 6.7: Phase shift measurement of the Ka-band, 2-bit, DMTL phase
shifter.

as a result of changing the fabrication procedure, the switch lowered to 1.2 um after release,
while the MAM capacitor remained at 2.1 um, the PMMA sacrificial height. The movement
is consistent over all 21 switches, and was measured by a light-interferometer microscope.
This measurement also shows that bowing and curling of the metal membrane to be less
than 2,000 A over its span and width. The MEMS switch up-state capacitance with a height
of 1.2 um is 58 fF. As a result, the loaded impedances are shifted from the ideal 60-42 Q2 to
62-48 2.

The measured phase shifter therefore does not operate at 30 GHz, but the distributed de-
sign is so wideband, that proper operation was achieved around 38 GHz. Figures 6.6 and 6.7
show the measured two-bit performance with differential phase shifts of 89°. 180°, and 270°
at 37.7 GHz. All states have a return loss of better than —11.5 dB, with a worst-case in-
sertion loss of —2.1 dB. The average insertion loss is —1.5 dB. Simulation using a combined
Sonnet/ADS method and using the new suspended heights agree quite well with measure-
ments, as seen in Figure 6.8. Also modeled by the full EM simulation is the loss due to the

thin film Si-Cr bias resistor, whose effect is discussed next.
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Figure 6.8: Ka-band design measurement (with symbols) and simulation of
the 21 switch DMTL phase shifter with all switches either on
or off.
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6.5 Effect of the Bias Lines

Sonnet/ADS X-band simulations demonstrate that the two-bit phase shifter would have
a mazimum insertion loss of —1.1 dB at 37.7 GHz if no bias lines were present, or if the
resistances linking the switches are increased significantly from 24 kQ2. This loss should be
compared to the measured mazimum insertion loss of —2.1 dB at 37.7 GHz. This large
influence on loss is caused by the bias lines and is explained below.

The biasing of each bit is achieved using a single high-resistance line which is attached
to one of the switches in the bit, and then moving the bias from switch to switch using a
meandering thin-film high-resistance line (Fig. 6.3 and 6.4). Although the layout is near
optimal, the bias lines still have a significant effect on the overall insertion loss performance
of the phase shifter because they decrease the effective Q of the MAM capacitors.

The bias lines are sputtered from a silicon-chrome target, defined using wet etching
(BHF), and are 20 um wide, 1,500 Athick, and approximately 610 ym long. The conduc-
tivity of the material is 2,150 S/m, thus resulting in a resistance of 23.7 kQ2 from switch to
switch. Effectively, the MAM capacitors “see” two of these resistances in parallel because
there are two bias lines attached to each switch (Fig. 6.9). Additionally, where the bias
lines feed underneath the CPW ground and contact the first switch in a phase bit, the
capacitor Q is further reduced by another resistance in parallel with the two mentioned
above. This small resistor is modeled as a 30 um long section of resistive line because the
Si-Cr line strongly couples to the ground plane by means of the air bridge over it. The
effective resistance of this short section is 1.16 k2.

The Ka-band design has a static MAM capacitance, C, of 66 fF and using a Q of 300
at 37.7 GHz, R, = 19.2 kQ. By adding the resistance (Rp) of two parallel bias lines in
parallel with R, the Q is effectively reduced from 300 to 110. The reduction in Q is most
dramatic in the 2 sections of the phase shifter (out of 21) where the bias lines feed the
MEMS switches. In this case, the Q is effectively reduced to around 15 (for a single section
per phase bit). This reduction in the capacitor Q increases the maximum measured loss
(when all switches are down) from an ideal value of —1.1 dB to the measured value of
—2.1 dB at 37.7 GHz.
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Figure 6.9: Lumped model of DMTL section showing points where MAM
Q is effectively reduced by bias lines. Ry is the loss due to the
MAM Q. R, is the effective resistance of the long bias line
connecting the switches and Ry is the effective resistance of the
bias line feed, which is present at only 2 out of 21 sections of
the 2-bit phase shifter.

6.6 Loss Components

There are three contributors to the insertion loss of the DMTL phase shifter: 1) line
loss of the plated high-impedance line R, = 875 2/m at 37.7 GHz), 2) line loss of the thin
high-impedance line underneath the MEMS switch (R, = 1,035 /m at 37.7 GHz), and 3)
Q loss of the MAM capacitors. The influence of each of these contributors on the measured
design is summarized in Table 6.2. The plated and evaporated line losses are obtained from
measured test structures. Each section of the Ka-band (s = 400 pm) DMTL includes a
200 pum-long evaporated section underneath each MEMS switch. The capacitor Q loss is
all encompassing, including the reduction in MAM Q due to the bias lines. The loss in
Table 6.2 is split into two parts: the first part details loss in the 19 sections where there is
a reduction in Q to 100-200 due to the bias lines. The second part details the loss in the
remaining 2 sections where the Q is greatly reduced by the bias line feeds under the CPW
ground plane. It should be noted that without bias lines, the loss of the DMTL phase shifter
is essentially that of the plated and evaporated sections alone, as confirmed by simulations,

because the Q of the MAM capacitors is quite high.
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Loss Ka-band
Component || design

Plated line loss || —0.51 dB
Evaporated line loss | —0.58 dB
19 Section Q loss —0.39 dB
2 Section Q loss —-045 dB
Total max. loss -1.93 dB
Measured max. loss || —2.10 dB

Table 6.2: Loss contributions (all switches down).

6.7 Conclusion

This chapter presents very low-loss Ka-band distributed phase shifters. The switch
height was incorrect, and this moved the design frequencies from 30 GHz to 37.7 GHz.
Still, the concept of using a very high @ MAM capacitor in series with a low-loss MEMS
switch is proven to work very well, especially if the influence of bias lines is removed from the
design. The results present state-of-the-art performance for true-time delay phase shifters

at Ka-Band frequencies. The design can be easily scaled to 45 GHz, 60 GHz, or 77 GHz for

satellite and covert communications, and radar systems.
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CHAPTER 7

CONCLUSION AND FUTURE WORK

This thesis presented a detailed analysis and measurements of distributed MEMS phase
shifters at X-band, Ku-band, and Ka-band, as summarized in Table 7.1. The measured
results show that distributed MEMS phase shifters have state-of-the-art performance which
is 3-4 times better than the best currently obtainable from solid-state phase shifters. It
also proves that unlike solid-state designs, distributed phase shifters are quite wideband.
The measured X-band CPW design has excellent performance, comparable to other non-
distributed MEMS phase shifters and the measured Ka-band distributed phase shifter is
the lowest loss measured phase shifter at this frequency band to date for all types of phase
shifters.

The success of obtaining such low-loss phase shifters is attributable to two factors:
1) advances in MEMS switch fabrication and 2) static capacitor Q loss reduction. The
MEMS switch fabrication advancement ultimately resulted in extremely flat membranes
(£2,000 A bowing over a 300 um span) which have predictable up/down capacitance states
and have a lifetime of millions of cycles. The metal-air-metal capacitors fabricated for
these phase shifters have measured Q values of > 400 from 10-40 GHz which is a vast
improvement over the originally built metal-insulator-metal capacitors having a Q of < 150
at 10 GHz. The major factor limiting even better performance of these phase shifters is the
MEMS switch biasing lines, which have been shown to effectively lower the Q of the MAM
capacitors greater than 400 to less than 200. By simply changing the layout of these bias

resistors, or by using a higher resistivity material, the average insertion loss of the 2-bit
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Freq. || Bits Design Substrate  Average Return  Accuracy Ref.
(GHz) Loss (dB) Loss (dB) (degrees)

2 CPW Quartz —1.2 —125 £4 [19]
4  Microstrip  Silicon -3.0 -9.5 +0.5 [18]
2 CPW  Quartz ~15 ~115 05  [19]

Table 7.1: Summary of the MEMS phase shifters contained in this thesis.

CPW phase shifters can improve to —0.75 dB at X-band and —0.85 dB at Ka-band.

The MEMS switches built today are capable of operating on the order of several billion
cycles, have switching times of 1-10 us, and handle 10-50 mW of RF power. The advantage
to using MEMS switches in phase shifters is clear: there is a 6-8 dB system improvement
at X-band over solid-state phase shifters in telecommunication and radar applications, and
even greater improvements at millimeter-wave frequencies. These low-loss characteristics
and low-power characteristics offer a clear advantage for modern low-power portable devices
or for space-born applications. Future work in distributed phase shifters includes lowering
the effect of bias lines on performance, which was discussed at length in this thesis. and
the development of digital phase shifters at higher frequencies, such as 80-100 GHz. An

example of such a design is presented in the next section.

7.1 A W-band Distributed MEMS Phase Shifter

Higher frequency distributed phase shifter designs require less spacing between the
MEMS switches, but it is quite conceivable to build W-band (f, = 80 GHz) designs with
reasonably wide (35 ym) MEMS switch membranes and still have enough separation be-
tween the elements. Two examples of such designs, one based on a microstrip t-line and
the other on a CPW t-line are presented here.

The microstrip design and the unit cell are shown in Figure 7.1. It is based on a
100 pm thick quartz substrate with an 83 ? unloaded microstrip line and a MEMS switch
membrane height of 1.5 um (Cp, = 24 fF). The loaded impedance in the up and down-
state positions is approximately 60 and 42 €, respectively. Twelve MEMS sections, each
195 pym long (fp ~ 150 GHz), results in approximately 186° of phase shift at 80 GHz.
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The substrate is kept thin, and the Bragg frequency designed low to minimize coupling
between the microstrip stubs, which are 160 um apart (edge-to-edge). The performance of
this design, obtained from Sonnet and ADS, is shown in Figure 7.2. As seen, the simulated
phase shifter results in excellent performance. Considering that the electrical lengths of
mm-wave lines are so short in comparison to the size of MEMS switches, this microstrip
distributed design and the CPW design which follows may represent the only type (versus
reflection or switched-line phase shifters) of MEMS phase shifter which results in a reliable
mm-wave design.

Another example, based on a 98 Q CPW t-line is shown in Figure 7.3. The MEMS
switch membrane height is again 1.5 um (Cp, = 27 {F) and loaded impedance in the up
and down-state positions is approximately 60 and 42 Q. Ten MEMS sections, each 195 ym
long (fg ~ 150 GHz), results in approximately 175° of phase shift at 80 GHz. There are
two less sections than the microstrip design because the unloaded impedance changed from
83 to 98 . The MAM capacitor (Cs = 20 fF) is reasonably large enough to fabricate.
It consists of a bottom metal tab which cuts into the ground plane and is 40 x 35 um?2,
surrounded by 10 um gaps. The top MAM metal fills in the break of the ground plane, and
can be fabricated from the same sputtered material used for the MEMS switch membrane.
The performance of this design is shown in Figure 7.4. As seen, the performance is quite

comparable to the microstrip design and is also excellent.
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Figure 7.1: Drawing of a W-band, quartz substrate, microstrip t-line (W =
90 um, h = 100 gm) based distributed MEMS phase shifter (a)
and unit cell details (b). All dimensions in microns. Not shown
is a dielectric layer which covers the microstrip line.
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Figure 7.2: Simulated performance of a 12 section W-band microstrip dis-
tributed MEMS phase shifter.
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Figure 7.3: Drawing of a W-band, quartz substrate, CPW t-line (W =
100 um, G = 100 um) based distributed MEMS phase shifter
(a) and unit cell details (b). All dimensions in microns. Not

shown is a dielectric layer which covers the CPW center con-
ductor.
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Figure 7.4: Simulated performance of a 10 section W-band CPW dis-
tributed MEMS phase shifter.
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APPENDIX A

MICROSTRIP DESIGN EQUATIONS

, | o (8 rost) (We/d < 1) (A1)
e [ +1.393 +0.667In (¥ + 1.444)] 7' (We/d > 1)
WlSL() 4 ndtW) (w/d
2;5= d+ rrd(+ ) ( / < 35 ) (A.2)
W+iBL(14+m2) (W/d> )
(1 + 12d/W)™%5 +0.04(1 — W/d)® (W/d < 1)
F(W/d) = (A.3)
(1+ 12d/W)~%5 (W/d > 1)
&+l -1 _e,.—l t/d ,
ere = “5— + ——F(W/d) - ~— T (A.4)
€p — €re
ere(f) =€ — TG/ ™ (A.5)
fo= L (A.6)
0.75 + [0.75 — (0.332/el- 3)|W/d
¢ tan~! (e,. ?‘f_:%
fk= 27rd\/g:-5_re. (A'7)
m=mym, (A.8)
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APPENDIX B

FABRICATION DETAILS

Listed here are the specific process steps used to fabricate the X-band and Ka-band
MEMS phase shifters with MAM capacitors. Wafers are 3 inch in diameter, 500 um thick,
Dymasil 2000 double-side polished quartz wafers. The processing is done in a class 100 clean

room at the University of Michigan.

B.1 Definition of Terms

The following definition of processing terms are taken from the thesis of Jeremy Mul-

davin [32] with minor changes.
1. Photo-lithographic patterning:

(a) Mask maker: a device which selectively exposes small apertures on to the

surface of photosensitive masking plate.

(b) Photomask: a patterned layer of material that is opaque to light and is used to
pattern photo-sensitive material on the surface of a wafer. A typical photomask

consists of a glass plate with an opaque reflective chrome surface.

(c) Photoresist: a light sensitive material that is spun on to the surface of a wafer.
Depending on the polarity of the photoresist, when an area of the photoresist is
exposed to UV light, it can either be removed or preserved while the unexposed

areas are either preserved or removed, respectively, during the developing process.
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Positive photoresist is removed after exposure and negative photoresist remains

after exposure.

(d) Image reversal photoresist: a special type of negative photoresist that re-
verses its polarity after a second exposure. This process creates a special profile
or lip at the edge of the resist pattern that is advantage for use in lift-off tech-
niques.

(e) Mask aligner: a device used to align a photomask to an existing pattern on a
wafer. After the wafer and mask are aligned, UV light transfers the pattern from
the mask to the photoresist. The mask aligners used for this work are contact,

meaning the mask and wafer are in direct contact.

(f) Developer: a chemical solution that will selectively remove exposed or un-
exposed areas of photoresist, depending on the polarity of the resist. These

developers are often matched to a specific type and brand of photoresist.

(g) Soft bake: heating step to partially remove solvent from photoresist before
aligning and exposing a wafer. It reduces stickiness of the photoresist layer,

which is necessary for contact alignment.

(h) Hard bake: heating step to solidify photoresist after the it has been developed.

This process makes the photoresist more resistant to chemical etchants.

2. Material deposition:

(a) Electron beam evaporator: a device which uses a high energy beam to evapo-
rate materials form a source crucible. The evaporated materials are ejected from
the surface of the crucible and deposited in a thin film of the surface of a wafer.
Common source materials include: Au, Al, Ti, Cr, Ag, Pt, NiCr, and Cu. The-
ses materials are often deposited in a lift-off process where photoresist protects
areas of the wafer from direct deposition. The undesired metal deposited on the
photoresist is then removed when the photoresist is stripped from the wafer in

acetone.

(b) Sputtering tool: a device which uses a high energy plasma to etch particles
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(c)

from a source target and then redeposit the particles on to the surface of a wafer.
The source particles are ejected from the plasma in random directions, ensuring
a conformal coating of a surface. The plasma, a mixture of charged particles and
electrons, can be excited using a direct current (DC) or a radio frequency (RF)
source. DC plasmas are often used to deposit metals such as Au, Al, Ti, Cr, and
Cu. RF plasmas are sued to deposit metal and dielectric materials such as Si,
SiO4, SiN, SiCr, and TaN.

PECVD: (plasma enhanced chemical vapor deposition) a technique that uses
an RF plasma with specific gaseous mixtures to deposit materials on the surface

of a wafer. This process is often used to deposit dielectric films such as SiO; and
Si3N4.

3. Etching techniques:

(a)

(b)

Wet chemical etching: wet chemical agents used to selectively etch a material
from the surface of a wafer. Common etchants include Au etchant, Ti etchant,

Al etchant, HF and BHF to etch oxide and Ti films.

Plasma etching (RIE etching): a technique that uses an RF plasma and
chemical etching to remove materials from the surface of a wafer. This technique

is often used to etch SiO,, SizNy, or organic (such as PMMA) layers.

4. Release:

(a)

(b)

Sacrificial layer: a layer of material that separates a top layer from an under-
lying layer. The sacrificial layer is removed later to create an air gap between
the layers.

CPD: (critical point dryer) a system which allows the drying of wet released
MEMS membranes without collapse due to surface tension. The critical point
system consists of a cooled chamber that fills with liquid CO2, mixing with other
wet chemicals which are purged from around the MEMS devices. The liquid
COz, filled chamber is then pressurized and heated to the critical point of CO,,

in which COs exists as a liquid and a vapor state simultaneously. Pressure
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is released slowly from the chamber, drying the MEMS wafer without passing
through a liquid phase.

5. Chemicals used:

(a) Acetone: a strong chemical solvent capable of completely removing or stripping

most photoresist materials from a wafer or mask.

(b) IPA: (isopropoyl alcohol) is a solvent used to clean the surface of a wafer. It is
often used to remove traces of acetone and photoresist after stripping the resist

in acetone.

(c) PMMA: an organic photoresist from MicroChem Corporation for e-beam lithog-

raphy.

(d) PG remover: a proprietary solvent from MicroChem Corporation for removing

PMMA.
(e) PRS2000: a proprietary photoresist solvent.
(f) HF': Hydrofluoric acid.

(g) BHF: Buffered hydroftuoric acid.

B.2 Specific Processes Steps
B.2.1 Wafer Clean

1. Soak in chomerge for 1 minute.

2. Rinse in DI water for 2 minutes.

3. Spray with acetone and IPA.

4. Dry with nitrogen (N2) air gun.

5. Dry 2 minutes on a 130 °C hot plate.
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B.2.2 SiCr Bias Layer Deposition and Etch

1. RF sputter from SiCr target, argon environment with 10% nitrogen, 7 mT, 700 W,
20 minutes, for a 1,500 A thick layer.

(4

Spin photoresist 1827 for 30 seconds at 3 krpm.

3. Soft bake 1.5 minutes on a 105 °C hot plate.

4. Align mask and expose for 15 seconds at 20 mW/cm?..
5. Develop in MF 351 for 1 minute.

6. Rinse in DI water for 2 minutes.

7. Dry with (N;) air gun.

8. Hard bake 1.5 minutes on a 130 °C hot plate.

9. Wet etch SiCr in BHF for 3.5 minutes, swirling the etchant.
10. Rinse in DI water for 2 minutes.
11. Strip photoresist in hot PRS2000.
12. Rinse in DI water and spray with IPA.

13. Dry with nitrogen (N») air gun.

B.2.3 First Metallization Layer (Lift-Off)
1. Spin image reversal photoresist AZ 5214 for 30 seconds at 2 krpm.
2. Soft bake 1.5 minutes on a 105 °C hot plate.
3. Align mask and expose for 2.5 seconds at 20 mW/cm?.
4. Hard bake 1.5 minutes on a 130 °C hot plate.
5. Flood expose for 30 seconds at 20 mW /cm?.
6. Develop in AZ 327 developer for 1 minute.
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10.

11.

12.

13.

4.

Rinse in DI water for 2 minutes.

. Dry with nitrogen (N3) air gun.

. Examine edge profile under microscope.

Evaporate Ti/Au/Ti 1,000/8,000/1,000 A thick.
Soak in acetone overnight for metallization liftoff.
Spray with IPA

Lightly swab with hot PRS2000.

Rinse in DI, spray with IPA, and dry with nitrogen (N2) air gun.

B.2.4 Nitride Deposition and Etch

1.

=~

10.

11.

PECVD deposit SizN4 for 12 minutes for 2,000 A thick layer. SiH; (100 sccm) NH;
(10 sccm) He (900 sccm) Na (990 sccm) 400 °C 700 mT 100 W.

. Spray with acetone and IPA.
. Dry with nitrogen (N3) air gun.
. Dry for 2 minutes on a 130 °C hot plate.

. Spin photoresist 1827 for 30 seconds at 3 krpm.

Soft bake 1.5 minutes on a 105 °C hot plate.

Align mask and expose for 15 seconds at 20 mW/cm?..

. Develop in MF 351 for 1 minute.

. Rinse in DI water for 2 minutes.

Dry with (N2) air gun.

Hard bake 1.5 minutes on a 130 °C hot plate.
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12.

13.

14.

15.

RIE etch dielectric in CF; (40 sccm) and O3 (1 sccm) plasma at 100 mT and 100 W

for 6 minutes.
Strip photoresist in hot PRS2000, lightly swabbing.
Rinse in DI water and spray with IPA.

Dry with nitrogen (N2) air gun.

B.2.5 Sacrificial Layer Deposition

1.

10.

11.

12.

13.

14.

15.

16.

Spin adhesion promoter HMDS for 45 seconds at 1.5 krpm.

. Spin PMMA (950K, 6% in anisole solvent) for 45 seconds at 1.5 krpm.

. Bake PMMA for 7 minutes in a 170 °C oven.

. Spin another layer of PMMA for 45 seconds at 1.5 krpm (2 layers = 1.5 um).
. Bake PMMA for 23 minutes in a 170 °C oven.

. Evaporate 2,500 A Ti.

. Spin photoresist 1827 for 30 seconds at 3 krpm.

. Soft bake 1.5 minutes on a 105 °C hot plate.

. Align mask and expose for 15 seconds at 20 mW/cm?..

Develop in MF 351 for 1 minute.

Rinse in DI water for 2 minutes.

Dry with (N2) air gun.

Skip hard bake.

Etch Ti in 1:10 HF:DI (a quick dip etch).
Rinse in DI water for 2 minutes.

Dry with nitrogen (N») air gun.
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17.

18.

19.

Flood expose for 30 seconds at 20 mW/cm?.
Develop in MF 351 for 1 minute.

Rinse in DI water for 2 minutes.

20. Dry with (N2} air gun.
. Preclean RIE for 20 minutes.

. Etch PMMA in 50 mT 100 SCCM O, 250 W plasma for 14 minutes, turning plasma

RF power on and off in 1.5 and 1 minute cycles, respectively.

. Etch Ti in 1:10 HF:DI (a quick dip etch).
. Rinse in DI water for 2 minutes.

. Dry with nitrogen (Nj) air gun.

B.2.6 MEMS Membrane Sputtering

L.

2.

DC sputter from Ti target, argon environment, 7TmT, 550 W, 1 minute, for a 100 A thick

layer.

DC sputter from Au target, argon environment, 9.5mT, 0.5 A, 30 minutes, for a

8,500 A thick layer.

B.2.7 Electroplating

L.

2.

3.

Spin photoresist 1827 for 30 seconds at 3 krpm.
Soft bake 1.5 minutes on a 105 °C hot plate.

Align mask and expose for 15 seconds at 20 mW/cm?..

4. Develop in MF 351 for 1 minute.

5. Rinse in DI water for 2 minutes.

6.

Dry with (N2) air gun.
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7. Skip hard bake.
8. Electroplate gold on exposed 1.5 cm? area of wafer at 19 mA for 30 minutes, resulting

in 4 um thick layer.

B.2.8 MEMS Membrane Etch

1. Flood expose for 30 seconds at 20 mW/cm?.

2. Develop in MF 351 for 1 minute.

3. Rinse in DI water for 2 minutes.

4. Dry with (N2) air gun.

5. Anneal 2 minutes on a 105 °C hot plate.

6. Anneal 2 minutes on a 130 °C hot plate.

7. Anneal 2 minutes on a 150 °C hot plate.

8. Anneal 3 minutes in a 170 °C oven.

9. Cool.
10. Spin photoresist 1827 for 30 seconds at 3 krpm.
11. Soft bake 1.5 minutes on a 105 °C hot plate.
12. Align mask and expose for 15 seconds at 20 mW/cm?..
13. Develop in MF 351 for 1 minute.
14. Rinse in DI water for 2 minutes.
15. Hard bake 1.5 minutes on a 130 °C hot plate.
16. Wet etch Au in gold etchant for 6 minutes.
17. Wet etch Ti in 1:10 HF:DI (a quick dip etch).
18. Rinse in DI water for 2 minutes.
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19. Release membranes in hot PG remover, overnight.
20. Rinse in DI water 5 minutes.
21. Rinse in IPA 5 minutes.

22. Dry wafer in CPD.
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