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Abstract

The purpose of the project is to utilize the MEMS Technology advances in the RF field,
in order to design a low voltage RF MEMS Switch to be integrated in a microstrip
reconfigurable antenna that would save area, power and cost of communication devices.
Also the ability to reduce the cost of updating hardware systems (i.e. installed in a
mobile phone) each time a new technology evolve (i.e. LTE). Through this thesis we
discuss RF MEMS Switch design and propose two RF MEMS Switches (electrostatic

actuated metal to metal contact type).



Chapter 1: Introduction

In communication systems, a concept called Software Defined Radio (SDR) is adopted
to implement a certain function using software algorithms running on a PC or an
embedded system. Using SDR systems would save area, power and cost of
communication devices. Also the ability to reduce the cost of updating hardware
systems (i.e. installed in a mobile phone) each time a new technology evolve like LTE.
SDR different Implementations require switching between standards. Thus a
reconfigurable antenna is needed to switch between different standards centre
frequency and bandwidth.[1]

A typical reconfigurable microstrip antenna (as shown in Figure 1) would require a RF
switch that is near to the ideal switch performance (Open Circuit OC & Short Circuit
SC modes), high switching speed (typically equal to standard frame time), almost
infinite life cycle, uses 3.3 volt to operate and low power (to be compatible with mobile
phones).

The latter requirements specially OC and SC constrain make it impossible for the
commercial solid-state devices, such as PIN diodes or FET switches to fit this

application.[2]

The importance and size of the RF market have led the researchers and industry to
search for alternative ways to enhance RF devices performance.[2] And so the RF
Micro-Electro-Mechanical Systems (MEMS) were introduced and resulted in low
insertion loss, high isolation, low power consumption (~a few u-watts) much lower

intermodulation distortion, small footprints, low cost and lightweight.[3]

In this thesis we introduce two switches that are compatible with the mobile phone
reconfigurable microstrip antenna application and resulted in excellent RF

performance.
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Figure 1: Reconfigurable Microstrip Antenna

This thesis is organized as follows: Survey in Chapter 2, MEMS RF Switch in Chapter
3, MEMS RF Switches Library in Chapter 4, Required RF Switch Specifications in
Chapter 5, First Proposed Design in Chapter 6, Second Proposed Design in Chapter 7,
and finally Conclusion in Chapter 8.



Chapter 2: Survey

Recent years have witnessed a great rising in the MEMS market, with large, increasing

volumes driven by consistent smart phone shipment growth.

The market for smart phones applications is reaching saturation, which means MEMS
markets are growing slower than its growth in the preceding years. Today, the
compound annual growth rate (CAGR) from 2015 to 2021 for the value of MEMS
markets will go to 8.9%, moving from $11.9B to $20B. (Figure 2).

The consumer market is challenging MEMS manufacturers. Although volumes are still
increasing, this market is becoming highly competitive. Using sensors such as MEMS
microphones, inertial, pressure and gas sensors in mobile devices is increasing, but
these devices have very low margins today. Meanwhile, end users are giving their
suppliers a hard time as the customer loyalty to manufacturer decreases, shifting from
one device maker to another. Moreover, no large volume markets being a short- term
growth driver for MEMS:

Wearable electronics applications look very promising as part of the consumer industry,
but there are some rich seams in other markets Industrial, medical and automotive

applications still offer pockets of growth and profitability.
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Figure 2. 2015-2021 MEMS market forecast



The car industry seems not satisfied with the number of sensors in it, with 20 MEMS
devices per car on average today, and autonomous cars might offer more possibilities
for MEMS technologies. New opportunities in medical come with long-term

developments that are finding the market today.

Industrial and defense markets also provide growing opportunities for high-end and

high-margin devices such as inertial and pressure sensors.[4]



Chapter 3: MEMS RF Switch

3.1 RF Switch

3.1.1 Definition

RF switch is a device to route high frequency signal through transmission paths.

Before discussing different RF switch specifications, it is first important to understand
the difference between how signals propagate in DC circuits versus RF systems. In DC
circuits or circuits where the propagating signal has low frequencies, the voltage of the
signal at different points on a cable in the signal path varies minimally. This is not so
in the case of RF or high-frequency signals where wavelength of the signal is
considerably small in comparison to the length of the cable allowing multiple cycles of

the signal to propagate through the cable at the same time.

Consider an example where two waves (signals) of different frequencies are made to
propagate through a 1 m coaxial cable. The frequency of the first signal is 1 MHz while
that of the second signal is 1 GHz. To calculate their wavelengths, we will use the

following formula:

,_C_3x10°
f f

In the above formula, A is the wavelength of the signal, f is its frequency,

Then for
3 x108

A =066+

Signal 1 where f =1 MHz:

m=198m

In the case of Signal 1, the length of the coaxial cable is considerably small in comparison to the wavelength
of the signal propagating through it. Therefore, as can be seen in Figure 3, the variation in potential of the

signal at different points in the cable is negligible.

For Signal 2 where f =1 GHz:

3 x 108
1+10°

A; =0.66 * m=0.198m
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Figure 3. A 1 MHz Sine Wave Propagating through a 1 m Coaxial Cable
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Figure 4. A 1 GHz Sine Wave Propagating through a 1 m Coaxial Cable

In the case of Signal 2, the length of the coaxial cable is much larger (almost 5X) than
the wavelength of the signal propagating through it. Therefore, at any given time,
multiple cycles of the signal will travel through the cable simultaneously as shown in
Figure 4. Because of their small wavelengths, high-frequency signals travel through
cables in waves. Such signals therefore suffer reflections and power loss when traveling
between varying media (wave theory). In the case of electrical circuits, this variation in
medium takes place when the signal (wave) is made to pass through system components
that have varying characteristic impedances. Therefore, to minimize reflections and
power loss, RF systems must be constructed using suitable components with matched
impedances. As a rule of thumb, signal degradation due to power loss and reflections
that occur in the transmission line become significant once the length of the cable

exceeds 0.01 of the wavelength of the signal it is being used to route.



3.1.2 Characterization

Some of the main specifications for characterizing an RF switch is:

e Operating Voltage
The supply voltage at which the switch operates properly.

e Power Consumption
The power needed to be supplied for the switch and it is needed to be

low as possible.

e Durability
The number of cycles the switch operates before it breaks down.

e Insertion Loss
The loss of electric power spread from one terminal to another in a high
frequency circuit which consists of two terminal-pair networks after the

circuit has been closed.

e |Isolation
The ratio between the input power and the reflected power at one

terminal in the high frequency circuit.

e Switching Time

The time needed for the switch to operate properly.

e Power Handling
The maximum signal power the switch can operate at without being

damaged.

e Frequency range

The set of frequencies of the signal the switch can operate at.



3.2 MEMS RF Switch

3.2.1 Basic lIdea of Operation

MEMS is written as “Micro Electro Mechanical Systems”, it is a technology of very
small devices that are fabricated by semiconductor device fabrication technologies.
Some micro scale mechanical components, sensors, actuators or electrical circuits are

integrated on one silicon substrate, glass substrate, and organic substrate and so on.

For simplicity in clarifying the basic concept of MEMS RF switch, we will discuss
Metal to metal series switch and different configurations differ slightly with the same

basics as will be discussed later.

In this case, we consider two isolated transmission lines (Ports) RF IN and RF OUT
and a free moving cantilever in the Z-direction anchored in the substrate from the other

side as shown in Figure 5.

The anchor is the part of the structure that is fixed to the substrate and the cantilever is

free from the other end.

In the normal operation the cantilever made of metal is in the up state and the two lines
are isolated, for the switch to operate the cantilever is electrostatically actuated and
pulled down causing contact between the cantilever and each line leading to having RF

path so as for the signal to flow.

A voltage difference is applied between electrode and the cantilever causing
electrostatic force that pulls down the cantilever and that type of actuation is called

Electrostatic actuation.

3.2.2 Comparison of MEMS Switches with Gaas Pin Diode and

Transistor Switches
It is hard to make an accurate comparison over a wide range of RF power levels since
the size of diode and transistor switches can be easily increased for high power
applications. This, in turn, has a substantial effect on the switch isolation, insertion loss,
switching speed, and power consumption. Still, it is evident that MEMS switches, with
their extremely low up-state capacitance (series switches) and their very high

capacitance ratio (capacitance contact switches), offer a far superior
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Figure 5. Simple series metal to metal contact MEMS RF switch

performance compared to solid-state switches for low to medium power applications as

shown in Figure 6.[3]

Isolation [dB]

Frequency [GHz]

Figure 6. Simulated isolation of MEMS, PIN, and FET series switches.



3.2.3 Different configurations of RF MEMS Switch

RF MEMS switch can be classified into four different classifications:

Type of actuation
Movement

Contact type

M W p e

Circuit configuration

3.2.3.1 Type of actuation

3.2.3.1.1 Electrostatic actuation
It relies on the attractive force between two conductive plates which is caused by an

applied voltage.

3.2.3.1.2 Magnetic
Electrical current in a conductive element that is located within a magnetic field gives
rise to an electromagnetic force (called the Lorentz force) in a direction perpendicular

to the current and magnetic field

This force is proportional to the current, magnetic flux density, and length of the

element

3.2.3.1.3 Piezoelectric actuation
Piezoelectricity is the ability of some crystals to create mechanical stress, or motion by

expanding or contracting in response to an applied voltage

Piezoelectric actuation can provide significantly large forces, especially if thick

piezoelectric films are used

3.2.3.1.4 Thermal actuation
The difference in the thermal expansion coefficients between two joined layers of

dissimilar materials cause bending with temperature

One layer expands more than the other as temperature increases and that results in

stresses at the interface and consequently bending of the stack

10



The amount of bending depends on the difference in coefficients of thermal expansion
and absolute temperature.

3.2.3.2 Movement

3.2.3.2.1 Vertical

Typically results in small size devices

3.2.3.2.2 Lateral

Typically results in large size devices

3.2.3.3 Contact type

3.2.3.3.1 Metal-to-Metal

Used in relatively low frequencies.

3.2.3.3.2 Capacitive
Used in relatively high frequencies.

3.2.3.4 Circuit configuration

3.2.3.4.1 Series

DC-50 GHz with metal-to-metal contact and low up-state capacitance.
10-50 GHz with capacitive contact and low up-state capacitance.

3.2.3.4.2 Shunt

DC-60 GHz with metal-to-metal contact and low inductance to ground.

10-200 GHz with capacitive contact and low inductance to ground. [3]

11



3.3 Challenges and tradeoffs

In this section we discuss certain switches parameters, how to enhance a certain
parameter, how this increase affect other parameters (tradeoffs) and what challenges

that face the switches performance at the microscale.

3.3.1 Actuation Voltage

Typically electrostatic actuated switches need tens of volts to operate; 40-120 V.

Following we discuss what dominates the actuation voltage value.

We can deduce that the pull-down voltage “V,,” of a typical switch is as follows (as

proved in [3] Chapter 2, Section 2.6):

Lo |8k
P 127eqww 90

Where k is the switch beam stiffness, go is the zero-bias bridge height, €, is the air

permittivity, W is the width of the pull-down electrode and w is the width of the beam (Cantilever

or Membrane).

From the above equation we can deduce that we have 4 parameters to tune in order to get the required

(i.e. reduce it in most cases) pull in voltage, introducing 4 cases:

3.3.1.1 Case 1 “Tuning go”

Decreasing goin order to reduce voltage is a fine approach, but at very small go we must

take consideration of:

1- Vibrations that may actuate the switch without any applied voltage (as small
variations in i.e. cantilever height may result in contact)
2- In capacitive type switches this would result in small capacitance ratio between

the up and down state

3.3.1.2 Case 2 “Tuning W”

As we increase W, thus increasing the intersection area between the electrode and the

beam leading to decreasing the pull in voltage. The limitations of increasing W:

1- Increasing the intersected area, increase the stiction forces (electrostatic

charging) effect, as it will discuss later in this section.

12



2- Note that W is increased on through the Cantilever or membrane area
(increasing it beyond that is meaningless in most cases), so for a limited area as
W is increased, it decreases the pull in voltage, till the maximum of W through
the cantilever area is reached, then it’s needed to increase the cantilever length,

thus increasing area, which sometimes could be a limitation.

3.3.1.3 Case 3 “Tuning w”
For the first look it may be considered that tuning w, changes the pull in voltage, but
that’s not true as k varies linearly with w (see Equ. 2.16 in chapter 2 in [3]), and so the

pull in voltage is independent on w.

3.3.1.4 Case 4 “Tuning K”
K is reduced either through increasing beam length, decreasing beam thickness or
decreasing residual stress (see Equ. 2.16 in chapter 2 in [3]). But decreasing k in leads

to:

1- Decreasing structure natural frequency, which could cause an issue if the natural
frequency selection is critical in a certain system

2- Less mechanical restoring force, which make the structure more subjectable to
stiction forces (see 5.1.2)

3- Lower switching speed

3.3.1.5 Simulation of different cases to reduce actuation voltage

for a design example using COMSOL Multiphysics

In this section we present a very simple switch structure (Figure 7), the final switch
structure (Figure 8) and present in Table 1 how each change affected displacement
actuation voltage. All simulations are done on COMSOL Multiphysics Platform (Check
Appendix A)

13



Figure 7: Simple RF MEMS switch

Figure 8: Modified RF MEMS Switch (Low Voltage Actuation)

Table 1: Summary of simulation results after each change in model design parameters

Voltage Improvement Displacement
V) (nm)

10 Simple cantilever .016

10 Adding 1 Meanders .09

10 Adding 2 Meanders 15

14




10 Meanders + beam thickness reduction from 2 to 1 um 1.52
3.3 Same as above 13
3.3 Air gap from 2to 1 um .62
3.3 3 Meanders .92
3.3 Longer Meanders 97
3.3 Longer Cantilever 1.1

Increasing meanders decrease stiffness, decreasing beam thickness also decrease
stiffness, decreasing air gap increase electrostatic force, longer meanders or cantilever
results in decrease in stiffness. Following the relations described above (before this
section) we can find that the modifications and their corresponding displacements

(shown in the previous table) correspond to what would be expected.

3.3.2 Stiction Issue

Attractive surface forces play an important role in the behavior of many micromachined
structures with contacting surfaces. Capillary, electrostatic forces, and molecular van
der Waals can easily interfere with the normal operation of such tiny devices, if surfaces
touch each other [5]. These forces have the same order as the actuation forces that can
be intentionally generated on a microscale to separate the surfaces. Many
micromachines such as switches, depend for their functionality on the contact and
separation of surfaces. In many other applications, large surface areas close to each
other are common in surface micromachining, and although they are not intended to
contact each other, they may come together accidentally.[6]

When the surface forces are too large, the surfaces cannot be separated again, and the
micromachined device ceases its intended operation by a failure mode called stiction
(Figure 9). Stiction (short for: static friction) is one of the main failure modes in micro
electromechanical systems (MEMS), and as such, considerable research has gone into
the description of the phenomenon.[6]

15
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Figure 9: Scanning electron microscope picture of stiction failure in a comb drive.[6]

3.3.2.1 Stiction Forces

3.3.2.1.1 Stiction forces and the properties of contacting surfaces

When the surfaces are very close together, the attractive forces between them will be
large, because the surface forces causing stiction depend on the separation distance. It
is advantageous to calculate the stiction force effect in terms of adhesion energy, the

energy required to separate the surfaces once they are in contact [7].

Even the very smooth surfaces of MEMS devices are considered rough on a microscale,
and it turns out that this roughness is of the same order as the distance over which many
surface forces act. And so, the roughness of the contacting surfaces is an important

aspect of the description of stiction.

When two surfaces come together, only the highest parts (asperities) will touch each
other (Figure 10). Every single point on the surface at a given distance from the other
surface will yield a contribution to the overall adhesion energy. Thus, we have to
investigate how much surface area can be found at a certain distance from the other
surface to calculate the force when the surfaces adhere. Not only the points in real
contact contribute to the adhesion energy, but also parts of the surface that are near the
other surface without actually touching it. When all contributions of the different forces
are added together, the total adhesion energy is obtained, which is a measure of the
energy required to separate the surfaces. We will now investigate the nature of the

forces and show the results of the modeling.[6]

16



Figure 10: When two rough surfaces stick together, only a small part of the surfaces is really in
contact.[6]

3.3.2.1.2 Capillary Condensation

The strongest surface force is caused by water between two surfaces in a humid
environment. Water vapor tends to condense in small cracks and pores and forms a thin
water film at the contact points of the surfaces by a process called capillary

condensation (see Figure 11).

Changes in surface roughness, temperature and the relative humidity affect water
surface coverage. Thus changing adhesion energy.[6]

3.3.2.1.3 Van der Waals forces
The molecular van der Waals forces are weaker than capillary forces unless the RH is
low (<30% RH) or the surface roughness is very low (<1 nm). Another situation where

van der Waals stiction is observed is in MEMS with water-repellent coatings.

Attractive force falls off much faster at distances larger than about 20 nm, which is
usually taken as a cut-off distance for the van der Waals forces. Atoms will repel each
other when they are so close that their electron-shells are deformed at about .165 nm.
There will be no part of the surfaces with a distance between them less than this

distance.

When the surface roughness is low, a large part of the surfaces will play a significant
role in the stiction behavior, whereas when the surfaces are very rough, only a small

part of the surfaces will be involved.[6]
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3.3.2.1.4 Electrostatic forces, H-bridging and solid bridging
Electrostatic forces may occur between MEMS surfaces due to differences in contact
potential, turbocharging of rubbing surfaces, and ion and/or electron trapping in oxide

layers.

When charging of dielectric layers due to charge injection is a problem, the

accumulation of carriers can be prevented by lowering the resistivity of the dielectric.

This can, for example, be accomplished by doping the dielectric. For example, the
conductivity of SixNy depends on the percentage of Si in this dielectric. Changing the

Si content of SixNy was successful in the design of a capacitive RF-MEMS switch [8].

Another stiction issue is present when hydrophilic surfaces are in a completely
waterless environment. These surfaces are often covered with OH groups attracting
each other because the O-atom has a slight negative charge and the Hatom has a small
positive charge due to electronegativity differences between the two elements. With
completely flat surfaces, their effect would be considerable, as was calculated by
Legtenberg et al. [9]. It would result in 0.1 to 0.3 J /m2 adhesion energy, comparable to
the effect of capillary adhesion due to condensed water completely covering the
surfaces. However, H-bond forces are very short ranged (the typical length of an OH O
bond is 2.7 A [10]). The actual contact between two surfaces occurs at only a few
contact points with a small overall contact area [11], and, therefore, H-bonding is not
significant for rough surfaces in contact. Solid bridging can be another reason for
stiction. Unfortunately, solid bridging is a term used for two vastly different
phenomena. The first phenomenon is the ‘cold welding’ of metallic surfaces during
operation of a MEMS device. In soft metals without chemically different surface layers
it occurs spontaneously [12]; while in hard metals, it will appear due to a current flow
from one surface to the other. The second phenomenon is related to stiction due to the
release process of MEMS devices. When MEMS devices are dried after the release etch
by just evaporating the liquid in which they were immersed, surfaces are often pulled
into contact due to capillary forces. When the liquid evaporates completely, it can leave
a residue of concentrated impurities, which can form a solid bridge from one surface to

the other thus gluing them together.
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Water

Figure 11: Capillary condensed water

3.3.2.2 Prevention of Stiction Failures

Stiction will only occur when two requirements are fulfilled. The surfaces have to be in
contact, at least for a little while, and the adhesion energy of the surfaces has to be
larger than other forces acting on the surfaces (i.e. spring force of the device,

electrostatic actuation with a counter electrode).

In the previous sections, we have seen that stiction is caused by different forces. As not
all forces depend on the same conditions, different solutions are required to eliminate
the different adhesion energy components. The most problematic of them by far —
from a practical point of view — is the capillary force. Therefore, most activities related
to stiction reduction are primarily concerned with the amount of water between the

surfaces of a MEMS device.

We have seen that capillary stiction depends on the possibility of water to wet the
surfaces and the amount of the rough surfaces nearer to each other than a specific
distance which, in turn, depends on the relative humidity and temperature of the
surrounding. Thus the main approaches one can take to counteract humidity related

forces are:

e The use of rough surfaces (not much surface area in intimate contact),
e The use of hydrophobic surfaces (no capillary condensation),

e Prevent water in the environment.

Electrostatic forces due to dielectric charging can be prevented by increasing the

conductivity of the dielectric.
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The fourth (and maybe most important) anti-stiction related solution is:

e To have a structure which is as stiff as is possible, so that restoring forces can

separate contacting layers. We will now treat these subjects separately.

3.3.2.2.1 Preventing stiction by design
Introducing reliability issues in the earliest stages of the design, or ‘design for
reliability’ is gaining more and more acceptance, as it enables the designers to cope

with reliability issues early, thereby reducing the number of prototype cycles.

Since stiction is among the top concerns in MEMS, one should estimate the worst-case
adhesion energies to be expected at the beginning of the design. One can perform

mechanical simulations — analytical or with finite element modeling

(FEM) — to test the spring and actuation forces in the design. If they are large enough

to separate sticking surfaces under all conditions, many problems can be circumvented.

If the modeling shows that the stiction problems cannot be prevented completely by the
design of the device, as is often the case with the very large compliances encountered
in MEMS, one can resort to one of the approaches below. Most of them have the
advantage that they can be used as an add-on, after the fabrication is completed.
However, it is good to know whether such process steps are required, before the first

prototype is released.

If stiction reducing processes are used, one has to know the effect of the additional
process (in terms of reduction of the adhesion energy per unit area) to find whether it
is sufficient to effectively eliminate stiction failures.[6]

3.3.2.2.2 Preventing stiction by roughening and skewing the surfaces

The most intuitive solution to decrease stiction problems due to capillary and van Der
Waals forces is texturing the surface. The surface forces depend critically on the
distance between the surfaces, so it is advantageous when a large part of the surfaces is

not in close contact. This surface texturing can be done in different ways.

The use of bumps or ‘spacers’ on contacting surfaces effectively reduces the area of
intimate contact [5][13]. Roughening of the surfaces is another option. The third is to
modify the distribution of surface heights from nearly Gaussian to one having a

considerable skewness (asymmetry). An extreme form of this skewness is, of course,

20



the previously mentioned method with bumps or spacers. A review of methods to alter
the surface topography is given in the papers by Maboudian and Howe [14] and

Komvopoulos [15].

For silicon MEMS, to roughen the surfaces after the structures have been released
seems to be the most common method in the scientific literature. The main idea is to
exaggerate the existing roughness by using a selective etch. This can be done, for
example, by using longer HF or (better) BHF (HF with a buffering salt) etch times,
resulting in an over-etch of the Si MEMS structure, or by etching in a CCl4 /He/O2
plasma after the release has been completed. The last method etches slowly through the

Si02, and then the etching speed is increased when it reaches the silicon.

Due to non-uniformity of the oxide layer thickness, the silicon is etched earlier at some
parts of the surface than on other parts, increasing the surface roughness considerably.
NHA4F etches silicon preferably along the (100) crystal plane, thus it can be used to
create small pyramids on the surface. Another way is to change the deposition
conditions of the structural layers in such a way that rougher layers are deposited in the
first place [14].

The MEMS surface roughening should not be overdone. Many MEMS devices, such as
capacitive switches, rely for their operation on smooth surfaces. Wear in a MEMS
device with sliding contacts can be a limiting factor too. And, last but not least, surface
micromachined MEMS have thin structural parts that an extensive roughening of the
surfaces can change the mechanical behavior of the device. If roughening of the
surfaces alone is not enough, or is undesirable, one can use coatings on the surfaces or

getters in a hermetic package to reduce stiction.

3.3.2.2.3 Preventing stiction by using anti-stiction coatings

Already in 1950, Bowden and Tabor [12] used a molecular coating to prevent cold
welding caused stiction of a smooth indium ball when pressed against a hard substrate.
It worked well, but it was noticed only later that such a layer was also good in

preventing stiction due to capillary condensation.

In the 90s the use of anti-stiction coatings emerged to alleviate this problem. These
coatings cover the surfaces of a MEMS device with molecules having long hydrophobic

hydro- or fluorocarbon chains.
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3.3.2.2.4 Preventing stiction by using getters

A completely different solution is to remove all water from the package by using
vacuum encapsulation or filling the encapsulation with an inert gas. Gas filling is
feasible, but trace amounts of water still can play havoc. For a ‘good’ vacuum, the use
of molecular getters has been proposed [16], as is common practice in both radio-and
CRT- (cathode ray) tubes. Usually, getters are sputtered reactive metals such as Ti, Ba
and Mg. By reacting with the water molecules in the package after it has been sealed, a
virtually waterless environment is created and maintained. Common getters such as
these reactive metals will also react with oxygen and nitrogen, so that only traces of
noble gases remain in the package. A commercially available getter for MEMS by
Cookson Electronics is currently on the market [16]. It is a selective, water binding
layer, which can be placed, for example, on the inside of the cap of the zero level
package (a small on-wafer encapsulation within the normal package) of a MEMS

device.

3.3.2.2.5 Preventing stiction by using leaky dielectrics

Apart from the interface forces such as capillary and van der Waals, the most important
stiction problem in MEMS is caused by dielectric charging. Electrostatic MEMS
devices are operated at high voltages, which generate high electric fields. A 20 V
applied across a 200 nm thick dielectric film will cause an electric field of 108 V/m.
Field strengths of this magnitude may give rise to Schottky injection and Poole-Frenkel
type conduction mechanisms [17]. The charges injected will cause trouble if their time
constant is long compared to the mechanical movements of the MEMS device.

A solution to this is the use of higher conductivity dielectrics, in which the charges will
flow away more easily. In RF-MEMS switches, a reduction of the resistivity of the
SixNy dielectric from 10* to 10" Q cm by increasing the silicon concentration in the

film prevents the stiction failures typical of this kind of devices [8].

3.3.2.3 Stiction and the Reliability of MEMS

When MEMS surfaces touch each other, there are three possibilities: either the
structures stick together forever, they separate immediately, or there is a finite chance
that they remain stuck, but also a finite chance that they will not remain stuck. These
possibilities may change over time due to changes in the environmental conditions or

even in the surfaces themselves.[6]
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3.3.2.3.1 Hermiticity of packages

Water entering a package can increase the capillary forces and also increase the stiction
susceptibility. The previously mentioned getters may alleviate this problem, but the
main concern is still the hermiticity of the package. To test the hermeticity of packages,
usually standard gross- and fine-leak tests are used, but they can in some cases be

insufficiently sensitive to the small cavities in which MEMS devices are packaged.[6]

3.3.2.3.2 Lowering of the restoring force due to creep
Creep is known to cause more severe problems than fatigue [18] by lowering the
restoring force available. The lowered restoring force will result in a stiction failure,

and the reason for the failure is not always easy to find.

The only publicly available source of information on the degradation of metals due to
creep in moving MEMS is the research done by Texas Instruments (TI) on the Digital
Micro-mirror Device (DMD). They found that thin film surface micromachined
structures made from aluminum (Al) were much less susceptible to metal fatigue than
their macroscopic counterparts. However, creep (the slow movement of atoms under
mechanical stress) was much more severe in metal microstructures than expected from
their macroscopic behavior [18]. It is expected that this kind of creep will ultimately
limit the lifetime of all low melting point metals used in MEMS for structural parts
under Signiant mechanical stress (a high melting point metal often has a low creep).
The creep in Al thin films was so large that Tl had to find other materials for the
structural beams of their mirrors to obtain a reliable device. To stay compatible with
the Al-etch processing which was already in use and well characterized, TI developed
Al alloys with much higher melting points. The ones found to be particularly useful
were AlsTi, AlTi, AIN, and a mixture of AIN and AlsTi.[6]

3.3.2.4 Conclusion

The most important techniques to prevent stiction are reviewed from a reliability point
of view. There are four ways to decrease stiction problems: (1) use of stiff structures
with high restoring forces, (2) use of rough surfaces, (3) use of antistiction coatings,

and (4) use of getters in zero- or first-level packages of the MEMS devices.

Probably the best way to analyze in-use stiction failures is to perform practical

reliability tests. Some of the forces causing stiction (e.g. capillary) can be aggravated
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to a certain extent. Van der Waals forces cannot be exaggerated at all, while capillary
forces depend on the relative humidity, and slightly on the temperature. Decreasing the
temperature and increasing the relative humidity will increase the stiction force. Below
0+C, water between the surfaces may freeze, and may give rise to some very interesting
phenomena as well. The hermeticity testing of MEMS packages can be accelerated to
monitor water entering the package and changing the MEMS properties. Charging
effects of dielectrics that may cause stiction can also be observed, and, in some cases,
accelerated. Lowering the resistivity of a dielectric that is prone to charging can
diminish stiction due to electrostatic causes. The degradation of restoring forces due to
creep takes place faster at high temperatures, so high temperature tests can be

interesting for stiction research as well. [6]

3.3.3 RF Performance

The main parameters, we target in RF performance as mentioned in RF Switches
Characterization section, are Isolation and Insertion Loss. To decrease (enhance) IL it’s
needed to match the design with substrate at i.e. 50 ohm. In metal to metal contact
switch, in most cases it’s needed to increase the contact area of the switch as possible,

but this comes with certain tradeoffs:

1- The switch design or actuation force couldn’t support a bigger contact area.
2- The isolation of the switch may be reduced when the intersection area is higher.
3- Area Restriction.

To increase (enhance) isolation it's needed (in metal to metal contact switch) to:

1- Decrease the contact intersection area as possible
2- Increase the gap between broken signal lines (Input & Output)
3- Increase the gap between the floating metal contact and the signal lines

But 1 may lead to increase in IL, 2 increases switch area (lead to tradeoff 1 & 2 in IL)
and 3 typically leads to higher actuation force.

An optimization must be done to reach the optimum values of IL, Isolation and other
required switch specifications. Optimization steps include sweeping various
parameters (multiple parametric simulations) to choose the optimum values of switch
structure.
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3.3.4 Power Consumption

In both piezoelectric and electrostatic actuation, the power consumption is very low in
the range of uWs. Higher power is consumed in Thermal and Magnetic actuation
techniques as in the latter there is current flowing, but for the piezoelectric and
electrostatic actuation, the current only flow in the dynamic behavior (when the switch

move from off to on or from on to off, similar to CMOS Technology).

3.3.5 Fabrication
Typically in MEMS, there is a main objective that is to reduce the fabrication

complexity. Complexity maybe due to (and not limited to):

1- Increasing used layers

2- Very small dimensions

3- Using uncommon materials

4- The design needs special packaging (i.e. sealed hermetic package to prevent
water vapor)

5- The design consists of multiple parts and needs bonding

So the best choice is meet the required Specification with minimum fabrication

complexity. (Simplest Design)

3.3.6 Natural Frequency
Definition: is the frequency at which a system tends to oscillate in the absence of any

driving or damping force.[19]

Decreasing structure mass and increasing structure stiffness results in high natural

frequency.

The importance of structure natural frequencies, is that it’s needed to avoid that the
structure oscillates (vibrates) near that frequency, as it would lead to instability and may

damage the structure or even break it.

In general we need to design the natural frequency as high as possible from two possible

situations values:
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1- If the switch is installed in a certain machine that vibrates (i.e. mobile phone
vibrates when it rings with a certain frequency, and also vibrates due to human

movements; either walking, running...etc.).

2- The frequency of switching the switch.
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Chapter 4: MEMS RF Switch Library

Different MEMS RF switches developed between 1994 and 2002 by Industry,
University, and Government Laboratories will be presented in this chapter showing

their structure and performance.

41 THE RAYTHEON CAPACITIVE MEMS SHUNT
SWITCH

The Raytheon shunt switch, also known as the Texas Instruments Switch, was
developed by Chuck Goldsmith and his co-workers in 1995-2000 [20]. The Raytheon
switch is very similar to the standard MEMS capacitive switch shown in Chapter 4, and
it has undergone three main iterations to result in an outstanding MEMS capacitive
switch (Figure 12). The bridge membrane is composed of 0.5-mm-thick aluminum that
is suspended 3-5 um above the t-line. A tungsten-alloy electrode is used underneath
the bridge so as to result in a very smooth dielectric layer (1000 A° of nitride) and an
excellent capacitance ratio (80-120). The main characteristics of the switch are
presented in Table 2. [3]

Anchor

Dielectric

T Pull-down
~ electrode

Al membrane

Figure 12. Photomicrograph of Raytheon MEMS capacitive shunt switch (Copyright IEEE)
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Table 2. Parameters for the Raytheon Capacitive MEMS Shunt Switch

Parameter Value
Switching Time (us) 3/5
Operating Voltage (V) 30-50
Insertion Loss (dB) -0.07 (1040 GHz)
Isolation (dB) -20 (10 GHz)

4.2 THE UNIVERSITY OF MICHIGAN CAPACITIVE
MEMS SHUNT SWITCHES Low-Voltage (Low-Spring-
Constant) Switch

The University of Michigan has developed a novel low-voltage MEMS capacitive shunt
switch [21] (Figure 13). The idea is to suspend the membrane using meander support
structures, which results in a low-spring-constant design. The pull-down voltage
depends on the number of meander bends used and the thickness of the membrane. A
pulldown voltage of 6-12 V can be achieved with this design for a gap height of 4-5
pm. Also, notice that the capacitive portion at the center of the switch is not used to
pull down the switch. Rather, two large pads on both sides of the switch are used as the
actuation electrodes. This allows the designer to have an independent control on the

pull-down voltage by choosing the size and spring constant of the actuation electrodes.

One of the problems with low-spring-constant designs is their sensitivity to mechanical
forces such as acceleration, vibration, and Brownian noise. One way to solve this
problem is to fabricate a pull-up electrode above the switch. In this case, the membrane
is fixed in the up-state position when the switch is not activated, and therefore the switch
is not sensitive to any mechanical forces. Another problem with low-spring-constant
designs is their associated slow response times. The top electrode can also be used to

reduce the pull-up time response.
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Figure 13. Photomicrograph of the university of Michigan low-voltage MEMS shunt switch

Table 3. Parameters for the University of Michigan Low-Voltage MEMS [3]

Parameter Value
Switching Time (ls) 20-40
Operating Voltage (V) 6-20
Insertion Loss (dB) -0.1 (140 GHz)
Isolation (dB) -25 (30 GHz)

Figure 14. Photomicrograph of the LG-Korea high-capacitive-ratio MEMS shunt

29



43 THE LG-KOREA HIGH-CAPACITANCE-RATIO
MEMS SHUNT SWITCH

Park et al. presented a very-high-capacitance-ratio MEMS shunt switch [22]. The design
is based on the standard fixed—fixed beam capacitive shunt switch, but uses strontium-
titanate-oxide (SrTiO3) as the dielectric layer in the switch (Figure 14). STO results in
a relative dielectric constant of 30-120, depending on the deposition temperature (30
at 200 degrees and 120 at 300 degrees). The fabricated switches achieved a capacitance
ratio of 600 and a down-state capacitance of 50 pF (up-state capacitance of 70-80 fF).

Its main characteristics are summarized in Table 4. [3]

Table 4. Parameters for the LG-Korea High-Capacitance-Ratio MEMS Shunt Switch

Parameter Value

Switching Time (us)

Operating Voltage (V) 8-15
Insertion Loss (dB) | -0.1 (1-10 GHz)
Isolation (dB) -40 (3-5 GHz)

44 THE UNIVERSITY OF ILLINOIS DC-CONTACT
MEMS SHUNT SWITCH

The University of Illinois developed a low-voltage DC-contact shunt switch[23], [24].
The low-voltage design is achieved using narrow low-spring constant support beams
near the membrane anchor. The switch consists of two pull-down electrodes on both
sides of the center portion of the switch (Figure 3Figure 15). It also employs pull-up
electrodes to fix the membrane in the up-state position when the switch is not actuated.
The switch is fabricated using polyimide as sacrificial layers, and it is released using
dry-etch techniques and using 8-pm-diameter holes in the top electrode and the
membrane layer. Silicon nitride is used as the insulating dielectric between the
membrane and the top and bottom electrodes. The actuation electrode area is (2) *
800 * 100 um? with a height of 4 um, and the resulting pull down-voltage is 9-16 V
(Table 5).
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One of the advantages of having separate pull-down electrodes is that one can achieve
a metal-to-metal contact and a high isolation from DC to mm wave frequencies. The
University of Illinois switch was fabricated on a GaAs substrate and results in an up-

state capacitance of 40 fF and a down-state contact resistance of 1.2 Q.

Table 5. Parameters for the University of Illinois DC-Contact MEMS Shunt Switch

Parameter Value

Switching Time (ls)

Operating Voltage (V) 9-16
Insertion Loss (dB) -0.1 (0.1-40 GHz)
Isolation (dB) -25 (0.1-40 GHz)

(a)
To
> Floating
electrode B Bracket

Substrate
/
Pull-down Dielectric
electrode (b) layer

Figure 15. SEM (a) and cross section (b) of the University of Illinois DC-contact MEMS shunt switch
[23], [24] (Copyright IEEE).
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AccV Magn

Figure 16. SEM of the Rockwell Scientific MEMS series switch

45 THE ROCKWELL SCIENTIFIC DC-CONTACT
MEMS SERIES SWITCH

The switch is fabricated using a 2-pm layer of silicon dioxide deposited using a low-
temperature PECVD process on a GaAs substrate. The membrane layer is connected to
the substrate on four anchor points using a folded spring structure, forming the clam-
shell design of Figure 16. The top electrodes have dimensions of 75 x 75 um2, and they
are fabricated using a thin layer of gold (2500 A°) over a 1-2-um-thick PECVD silicon
dioxide membrane. An array of micron-sized holes is defined in the silicon oxide
membrane to reduce the squeeze film damping. The pull-down electrodes are placed
20-40 pm from the microwave t-line. The switch is suspended 2-2.5 pum above the
substrate and the pull-down voltage is 60 V. The contact areas are actually made of two
pairs of contact ‘‘points,”” each a few square microns in area, and the contact metal is
a 0.5- to 1-um-thick gold alloy. A dimple process is created in the polyimide sacrificial
layer to create the contact points. The switch is released using plasma etching; therefore,
no critical point drying is used. The entire switch is around 150 x 250 pum and details

of the fabrication process are presented in [25].

Rockwell Scientific MEMS has improved the mechanical aspect of the series MEMS
switch by including dielectric dimples in the silicon oxide membrane. These dimples
act as a ‘‘stopping’’ mechanism and prevent the membrane layer from making a
physical contact with the bottom metal electrode. This design eliminates the stiction
problem between the bottom metal and the dielectric membrane, and greatly improves
the reliability of the switch. The gap height in the down-state position is 0.5-1 mm. Its

main characteristics are summarized in Table 6. [3]
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Table 6. Parameters for the Rockwell Scientific DC-Contact MEMS Series Switch

Parameter Value
Switching Time (ls) 8-10
Operating Voltage (V) 50-60
Insertion Loss (dB) -0.1 (0.1-50 GHz)
Isolation (dB) -30 (40 GHz)

46 THE MOTOROLA DC-CONTACT MEMS SERIES
SWITCH

Motorola developed a compact DC-contact MEMS series switch on silicon substrates
(Figure 17). The switch is based on a 1.0- to 1.5-um-thick PECVD SiO2 cantilever with
dimensions of 140 x 100 um?, including the hinge and anchor. The top metal is a gold
alloy and is 20004000 A° thick. The cantilever is suspended 2-3 mm from the
substrate and the pull-down is 50-60 V. An array of 8 x 8-um2 holes is defined in the
silicon oxide membrane to reduce the squeeze film damping. Two contact points, each
1 x5 um2, are defined on the tip of the cantilever and are fabricated using a proprietary
gold alloy process. The switch resistance is 1-2 Q. The short length of the cantilever
and its 100-pum width result in a stiff mechanical structure with a switching time of 2—
4 ps. Also, the cantilever does not contact the bottom electrode when activated. This
design eliminates the stiction problem between the bottom metal and the dielectric

membrane, and greatly improves the reliability of the switch.

The sacrificial layer is spin-on-glass and the cantilever is released using dry etching
techniques. The t-line is 30 mm wide around the switch, and the t-line gap is 30-40 pum.
This, together with the small contact areas and the 2- to 3-um height of the switch,
results in an effective up-state capacitance of 2—2.5 fF when the switch is built on silicon
substrates. The measured isolation is better than -44 dB at 2.4 GHz. The switch

characteristics are summarized in Table 7. [3]
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Figure 17. Photomicrograph of the Motorola DC-contact MEMS series switch and cross sections in the
up- and down-state positions

4.7 THE HRL DC-CONTACT MEMS SERIES SWITCH

The HRL (formerly Hughes Research Laboratories) series MEMS switch was
developed by Hyman et al. in 1998-2000 on GaAs substrates. It consists of a 2-pum-
thick PECVD silicon nitride cantilever with a 2.2- to 2.5-um plated gold layer, along
with a 1-um dimple for the gold-alloy contacts (Figure 18). The entire cantilever is
capped with 0.5-1 um of silicon nitride for stress compensation and protection from
the elements. The pull-down electrode is 100 um2 and is placed 30—40 um from the
microwave t-line. The switch is suspended 1.5-2.0 pum above the t-line, where the
height is defined from the bottom of the dimple metal to the t-line. The switch cantilever
is flexible and makes intimate contact with the bottom pull-down electrode when the
contact area is around 20 x 20 um2 on each side of the switch, and the gap in the t-line
is 60 um. The switch is fabricated on GaAs wafers, and the input and output lines are
60 um wide (nominal 50 Q on a 100-pum-thick wafer). The switch characteristics are

summarized in Table 8. [3]

Table 7. Parameters for the Motorola DC-Contact MEMS Series Switch

Parameter Value
Switching Time (us) 24
Operating Voltage (V) 40-60
Insertion Loss (dB) -0.15 (0.1-6 GHz)
Isolation (dB) -44 (2-4 GHz)

34



Table 8. Parameters for the HRL MEMS Series Switch

Parameter Value
Switching Time (us) 2-4
Operating Voltage (V) 40-60
Insertion Loss (dB) -0.15 (0.1-6 GHz)
Isolation (dB) -44 (2-4 GHz)

Nitride\ (a)

Substrate Metal / |
contacts
Anchor (b)

N

Substrate Pull—down/ Metal P

clectrode contacts
(c)

Figure 18. (a) Photomicrograph and (b),(c) cross section of the HRL MEMS series switch
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chaprers:  Required Switch Specifications

Attached in Table 9, the required RF switch specifications. These specifications are
needed to be integrated with a research project on a microstrip reconfigureable antenna

that Dr. Adham Naji at Britich University in Egypt is currently working on.

Table 9: Required RF Switch Specifications

Specifications Value
Dimensions Max 1*1 mm?
Rated Operating Voltage Low (best 3.3v)
Power Consumption Low (in uW)
Durability High as possible
Insertion Loss <0.1 dB Through Frequency Range
Isolation >30 dB Through Frequency Range
Switching Speed Low
Frequency Range .8-6 GHz
Power Handling Max 1000mwW
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Chapter 6: First Proposed Design

This design had been submitted as a paper and accepted at IEEE SOCC 2016 (Currently

in Press), as:

Elmassry, M., M. Medhat, and H. Mostafa, "Novel Ultra Low Voltage Mobile
Compatible RF MEMS Switch for Reconfigurable Microstrip Antenna", IEEE
International System on Chip Conference (SOCC'2016), Seattle, WA, USA, IEEE, In

Press.

6.1 Structure and principle of operation

6.1.1 Structure

The proposed switch consists of two almost symmetric parts, each consists of a

perforated cantilever, up electrode, down electrode and RF port as shown in Figure 19

6.1.2 Cantilever

A gold cantilever of length 220 um and width 100 um fixed from one end with holes
to reduce air damping [3] of diameter d=1 pm with separation (S) of 3 um between
adjacent holes and the air gap between cantilever and electrode (go) equals to 0.5 pm.
The effect of the holes on the up-state capacitance is negligible if the diameter of the
holes is less than 3-4go [3]. The entire cantilever is capped with 0.4 pum of Silicon
nitride for stress compensation, protection from the elements [3], to prevent short circuit
between cantilever and electrode and also to isolate the floating contact metal from the
grounded gold layer used for the electrostatic actuation. The air gap between the two

cantilevers is 1 um.

6.1.3 Electrodes

The switch uses dual supply lines, using 4 electrodes, each two electrodes are controlled
together (connected to the same supply line), one to pull down the left cantilever and
the other to pull up the right cantilever and the two other electrodes, one to pull up the
left cantilever and the other to pull down the right cantilever as shown in Figure 20.
Both up electrodes are relatively thick and properly anchored to be considered fixed

thus the cantilevers are the only moving parts of the structure.
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6.1.4 Anchors

Five anchors are used for fixing, right and left cantilevers, up electrodes and RF output
port.

6.2 Principle of Operation

The cantilever is always connected to ground and the electrodes are the controlled
elements (by applying a voltage waveform). The switch operation is based on two
states: the off state in which the left cantilever is pulled up and the right one is pulled
down resulting in high isolation in this case.
The other state is the on state in which the left cantilever is pulled down to touch the
RF input port and the right is pulled up to touch the RF output port and the two
cantilevers contact each other causing metal to metal contact between the two RF ports.

This switching technique makes the structure less subjectable to vibrations, for a low
gap height the isolation is still high (as the up state double the normal gap height and
also the up-state capacitance is modeled in the Electromagnetic Modeling Section (5.4)
as 3 in series capacitors which results in lower equivalent total capacitance), though

structure stiffness is low thus the restoring forces are weak.

Figure 19: Tilted semi-transparent view of the switch structure (substrate not shown)
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Figure 20: Side view of the switch

The structure can return from either ON or OFF states and a faster switching speed as:
each cantilever travels only half the distance and the cantilevers have a potential energy

in their OFF or ON positions (mechanical restoring forces).

One of the other challenges in the operation of the switch is the failure of the contact
due to the impact that occurs each time the switch is turned on, the contacts hit each
other, one way to reduce this effect is to carefully choose the material of the contact.
And that would be discussed in the Selection of Materials Section (5.3). Another way
to reduce the impact energy is to tailor the actuation voltage wave form as shown in
Figure 21. [3]

Another reason that leads to switch failure is the dielectric charging but this is
eliminated in this design as the cantilever does not touch the actuation electrodes (the
displacement of the cantilever is less than the gap between the electrode and the
cantilever) and also a mechanical stoppers maybe added to further prevent the

cantilever from reaching the electrodes.

6.3 Selection of Materials

The main reason of switches failure is the contact [3], so the good selection of its
material is very important, typically gold is the most suitable material for the contacts,
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as it has good conductivity, high chemical resistance to corrosion and contamination.
Despite its advantages, the gold is a soft metal, so it usually fails due to contact wear or

to contact stiction.

In this paper [29] an experimental study shows that stacking thin layers of platinum
between gold layers increases gold hardness. Accordingly the contact of the proposed
switch is made of gold-platinum-gold layers. (This advantage of course results in a

more complex fabrication process)

Note that the switch has 4 contact spots, all to be built as mentioned above; the two

cantilevers and the two RF ports contact areas.

Attached in Table 10 switch main components materials and dimensions

Standard
v

Tailored

Voltage

Time

Figure 21: Actuation voltage waveform to reduce the impact energy

Table 10: Main switch structure components specifications

Description Specifications (in pm)
Material Thickness Length Width

Cantilever Si3Nis-Au- SizNig A4-4-4 220 100
Electrodes (up & down) SiOz-Au 7-5 120 100
Contacts Au-Pt-Au .3-.003-.2 40 100
RF IN Port Au-Pt-Au 7.3,.003,.2 40 100
RF Out Port Au-Pt-Au 6.8,.003,.2 20 100
(Cantilever)




6.4 Electromagnetic modeling

It is a series metal to metal contact switch working on two states: the ON state and the
OFF state. The structure proposed exhibits a very good performance in terms of

insertion loss in the ON state and isolation in the OFF state.

6.4.1 Insertion loss

In the ON state, a metal to metal contact occurs between the two signal lines which
leads to a low insertion loss compared to capacitive switching technique.

6.4.2 Isolation

In the OFF state, the up state capacitance is approximated as a three in series capacitors

between the two signal lines:

1. Capacitance between first signal line (RF IN port) and cantilever contact.
2. Capacitance between the two cantilevers contacts.

3. Capacitance between second signal line (RF Out port) and cantilever contact.

This leads to a low up state capacitance. Leading to high isolation.

6.5 Results

6.5.1 Mechanical

In order for proper switch contact, each cantilever contact must achieve .5 pm
displacement to just touch the RF ports and touch each other as well. In real life certain
restrictions and mismatches appear as: a low drop in battery voltage (i.e. from 3.3 to
3.2 v), effective contact area is not as the physical contact area due to surface roughness
and small mismatches in the fabrication of the switch. That’s why the cantilever contact
must achieve more than .5 pum to withstand voltage and fabrication variations and

increase contact force to increase effective contact area.
The structure is simulated using COMSOL Multiphysics platform.

Several reductions in the model are performed to reduce the computation time and
reduce hardware requirements. The structure is modelled as one cantilever, the pull
down electrode and a symmetry boundary condition is made to reduce the model to half

its original.
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6.5.1.1 Displacement

In the shown Figure 22, the displacement of cantilever is plotted against its length, note
that the contact length is 40 um (from 160 to 200 in the figure). The results achieve the
targeted displacement (.5 pum) starting from .515 to .65 pm at the tip of the cantilever.

6.5.1.2 Stress

In Figure 23 a maximum stress level is observed to be 38.8 MN/m? which is still in the
safe range and that value would considerably be dropped if a rounded fillet is used to

distribute the stress around the corners.

6.5.2 RF Performance

The RF performance calculations is done using HFSS, the structure is simulated in two
positions, ON state (when the contacts be in touched), Off state (when the contacts are

separated).

Displacement , Z component (um) Vs, Cantilever Length (um) o

|:| T T T T T T T T T =

-0.25 F

0.3 F

-0.35 F

0.4t

-0.45

Displacement field, Z component (um)

0.5 F

-0.55 F

0.6 F

-0.65 kb I 1 1 I 1 1 I I 1 .
20 40 60 80 100 120 140 160 180
Cantilever Length

Figure 22: Cantilever Displacement (Z-Component) Vs. Cantilever length in um on COMSOL
Multiphysics Platform
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Figure 23: Stress distribution on the switch structure, half model only without the up electrode and RF
port on COMSOL Multiphysics Platform

The structure modeled in the HFSS is reduced to two RF ports with 2 hanging metal
(Au) plates as shown in Figure 24.

The substrate used to simulate the RF performance is Rogers RO4350 with thickness
.168 mm and dielectric constant of 3.48.

Note that in the real life operation the effective contact area is less than the physical
contact area and is affected by the contact force and surface roughness. The results
shown below are based on ideal contact, that is, when effective contact area=physical

contact area. So the RF performance would be degraded in real life tests.
In Figure 25 and Figure 26, it’s shown that the switch exhibit excellent RF performance.

Note that these simulations are considered a pilot study to give an indication of the
switch RF performance, before fabrication of the switch an accurate study must be
done, which includes: exact substrate that the switch would be manufactured on (i.e.
Alumina), exact substrate of the reconfigurable microstrip antenna (where the switch
would be integrated), full model of the switch included in HFSS (including contact pads
and packaging) and taking in consideration the effective contact area.
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Figure 25: Insertion Loss from DC to 6 GHz on HFSS
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Figure 26: Isolation from DC to 6 GHz on HFSS

6.6 Summary & Conclusion

The proposed design presents a novel RF MEMS switch which is voltage compatible
with mobile batteries (3.3 v) operating in the range of DC-6Ghz to be integrated with a
reconfigurable microstrip antenna, the switch resulted in excellent performance in terms
of insertion loss (.05 dB at 6 Ghz), isolation (21 dB at 6 Ghz), low actuation voltage
(3.3 v), low level of stress (< 40 MN/m?) and is expected to achieve very good life
cycles due to its contact material composition and used control voltage waveform. Of
course considering latter advantages, a penalty which is the complexity of the
fabrication process is paid. Future work may include optimizing this design with current
fabrication processes and do real life tests to get exact and acceptable switch

characteristics after fabrication.

Due to the fabrication complexity of the proposed switch and it’s incompatibility with
the current standard fabrications processes. This led us to design another switch that is
compatible with fabrication (compatible with UW-MEMS fabrication process), as

proposed in the next chapter.
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Chapter 7: Second Proposed Design

It is an electrostatically metal to metal contact series switch actuated by 3.3 V to be
compatible with mobile’s battery.

This structure is built on UW MEMS fabrication process and designed to work at
operating voltage compatible with mobile battery (3.3 V).

The process starts with a 0.025” thick Alumina substrate polished on both sides with a
relative permittivity of 9.9 and loss tangent of 0.0001 at 1 MHz as shown in Figure 27

7.1 Structure

7.1.1 Anchors
The part of the structure that is fixed to the alumina substrate and let the beam hangs

freely.

7.1.2 Meanders

Fixed to the anchor and is used to maintain a low stiff beam in order to get a low
operating voltage as shown in Figure 30 , however, it may increases sensitivity to
mechanical vibrations and this problem could be solved by the double side actuation
technique as will be clarified later.

7.1.3 Beam

The beam is carried by the meanders and hangs freely to be actuated by one of the two

electrodes on both sides.

The beam consists of two symmetrical parts each has a separate electrode beneath it in
order to pull the beam causing either rotating (tilting) clockwise or anticlockwise as
shown in Figure 28.

These two states define the on and off either by rotating clockwise causing metal
contact between the two lines (ports) or anticlockwise lifting up the beam away from

the line resulting in a good RF performance in terms of isolation.

7.1.4 Double Side Electrodes

Two electrodes are placed, each operates separately as shown in Figure 29 .
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Figure 27. The switch geometry built on alumina substrate

When a voltage difference exists between cantilever and the right electrode, the beam

bends (rotates) clockwise touching the two lines resulting in an RF path from input to
output.

The same when voltage difference exists between cantilever and the left electrode, the
beam bends (rotates) anticlockwise moving away from the two lines leaving them
isolated and blocking the RF path from input to output.

Figure 28. Isometric of the switch structure without the substrate
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7.2 Structure’s Advantages

The proposed design exhibits good RF performance: low insertion loss due to the
metal to metal contact and high isolation as the floating beam moves away from the
increasing the distance between beam and the lines resulting in very low up state
capacitance.

It is a low stiff structure due to the presence of meanders resulting in 3.3 VV which is
very low compared to different MEMS RF switches.

To overcome high mechanical sensitivity, two actuation electrodes to have a defined
state switch at any time either off or on having the beam in one of two states up or
down and that prevents responding to random vibrations or acceleration

Holes are made in the main beam in order to reduce air damping which has an effect
of reducing or even preventing the beam to bend.

Left electrode

Right electrode

Figure 29. A view of the switch showing the double side actuation electrodes
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7.3 Design

Set of parameters are made to reach the required specifications.

7.3.1 Parameters

The parameters mentioned are set for these values in order to achieve certain results

that will be shown in the results section.

Choosing the values was based on the typical value of each parameter then tuning to

reach the targeted specification.

e Beam’s Dimensions in pm
As shown in Figure 31
e Beam Length=500
e Beam Width=250
e Beam Thickness=2

(Beam thickness is a process dependent parameter and is not tunable)

o

-0
200 Meanders
100
ol o S o S o B o B
ol o S o S o B o B
Cantilever
—E-9n ol el o B o I o
H O oo oo
oo
-101]
200
y 200 0 200
e M

Figure 30. Top view of the switch showing different parts
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e Meanders’ Dimensions in pm
As shown in Figure 32

e X Length=50

e Y Length=80

e Meander’s Width=10

e Meander’s Thickness=2
(Meander’s thickness is a process dependent parameter and is not
tunable)

Holes Dimensions

e Holes’ Diameter =10 um (which is a process dependent and is not
tunable)
Electrode Area
e 187.5*250 um?

Contact Area

e The contact area is the area of the dimples which is equal to 4 * 15 *
15 = 900 um?
This is ideal area but in the real case the dimple is not flat and the area

will be less than the mentioned value.

Air gap
e The air gap is 2.5 um and it is determined by the process and is not

tuned.

CONTACT
BEAM LENGTH

0o O O o 0O
0o O o o o
o o o o 0O
0o O O O 0O
O O O 4 0O
0o o o o o
o o o o O
o O o 4 0O
0o o o o o
o o o o O
o O o d 0O
HLAIM Wv3g

Figure 31. Top view of the beam showing its shape and dimensions
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Figure 32. Top view of the Meander showing its shape and dimensions
7.4 Selection of Materials

7.4.1 Substrate

The substrate’s material is alumina which is the “UW MEMS” standard process

substrate.

7.4.2 Beam

The beam’s material is gold as it is included in the actuation process so a metal

is needed and gold is typically used for actuation.

7.4.3 Electrodes
Made of gold also due to their high conductivity.

7.4.4 Contact

Made of gold, typically gold is the most suitable material for the contacts, as it

has good conductivity, high chemical resistance to corrosion and contamination.
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7.4.5 Isolation

A layer of Silicon Nitride is used between the beam and the contact to isolate

the DC bias for actuation from the signal path.

7.5 Principle of operation
The switch is based on two distinct states, the on state and the off state.

It is inspired by the seesaw structure exhibiting similar dynamics.

7.5.1 Off state
The left electrode is controlled to operate in this state causing the beam to bend in the
anticlockwise direction moving the left part of the beam downwards and the right one

upwards.

In that case the contact is moved upwards away from the RF lines to introduce very
high isolation as will be shown in Results section.

Insulator is placed under the left part of the beam as a stopper to prevent short circuit
between beam and electrode which both electrically represents two terminals of the

battery.

7.5.2 ON state

The right electrode is controlled to operate in this state causing the beam to bend in the
clockwise direction moving the right part of the beam downwards and the left one
upwards as shown in Figure 33 resulting in metal contact between part of the beam and

each line.

The metal contact between the two RF lines will result in a very low insertion loss as

will be shown in Results section.

Insulator is placed under the right part of the beam as a stopper to prevent short circuit
between beam and electrode which both electrically represents two terminals of the
battery.
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Figure 33. Bending of the beam with right electrode actuation

7.6 Results

All simulations and results are done using COMSOL MULTIPHYSICS platform.

7.6.1 Mechanical

7.6.1.1 Displacement

The beam reaches a displacement of 1.88 um as in Figure 33.

The air gap is 2.5 pm between the beam and lines, and while having dimples in the
contact having height of 1 um resulting in a gap of 1.5 um between the dimple and the

line.

Therefore, having 1.88 um displacement means that the dimples reach the line causing
metal contact and additional 0.33 um is converted into contact force which decreases

contact resistance to enhance the insertion loss.
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7.6.1.2 Stress

The stress along the surface of the structure has a peak in the range of MPascal and the

average is much less than that value as shown in Figure 34.

7.6.1.3 Structure’s Natural frequencies

Structure’s first 12 natural frequencies in ascending order around zero Hz as follows:

o 14156 KHz
e 5.4689 KHz
e 14.399 KHz
e 18.465 KHz
e 19.306 KHz
e 43.147 KHz
o 43.779 KHz
e 46.320 KHz
e 49.533 KHz
e 65571 KHz
o 72.151 KHz
e 75.018 KHz

7.6.2 RF performance
The range of frequencies the switch designed for is the mobile band (DC-6 GHz).

7.6.2.1 Isolation

The required isolation (>30 dB) is satisfied along the range as shown in Figure 35.

7.6.2.2 Insertion loss

The required IL (<.1 dB) is satisfied along the range as shown in Figure 36.
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Figure 34. Stress distribution along the surface of the switch
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Figure 35. Isolation curve along the range of operating frequencies
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Figure 37. Layout of the RF switch second design
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7.7 Layout

The layout represented in Figure 37 is the layout of the previous design built based on
UW MEMS [30] process as mentioned with details in Appendix B: UW-MEMS Layout

Design Guidelines taking into consideration the design rules and the fabrication steps.

For trying to understand this layout, UW MEMS Handbook should be taken into

consideration.

7.8 Summary & Conclusion

The proposed second design presents an RF MEMS switch which is voltage compatible
with mobile batteries (3.3 v) operating in the range of DC-6Ghz to be integrated with a
reconfigurable microstrip antenna, the switch resulted in excellent performance in terms
of insertion loss (.042 dB at 6 Ghz), isolation (30 dB at 6 Ghz), low actuation voltage
(3.3 V), low level of stress (Maximum of 7.4 MN/m?) that’s compatible with the UW-
MEMS process. Further Investigations needs to be done before fabrications such as
contact analysis and switch time response and after fabrication to test switch life cycles,
power handling, power consumption and simulated specifications (verify simulated

specifications like Isolation, IL,...etc.).
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Chapter 8: Conclusion

In this thesis, two low voltage mobile compatible RF MEMS switches were introduced
which showed excellent RF performance. The first proposed design was in compatible
with current standard fabrication processes but had novel design. The second proposed

design is designed to be compatible with UW-MEMS fabrication process.

Future work mainly include sending layout for the second proposed design to be
fabricated, and testing it after fabrication to verify its specification and do furthers tests

on switch reliability.
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Appendix A: Tutorial on COMSOL Multiphysics

Platform

COMSOL is a Multiphysics platform, which we used to do all our simulations.
In this appendix, we show how to do the following using COMSOL step by step:

1- Program Setup (Initialization)
2- Defining Parameters

3- Building Geometry

4- Defining Materials

5- Defining Physics

6- Defining Mesh

7- Configuring Study

8- Configuring Results

We first start with an example on a very simple electrostatic actuated RF MEMS
Switch. (Most of the following steps apply on other models)

1. Program Setup (Initialization)

1 We start with choosing File>New, from Model choose Model Wizard
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2 In the Model Wizard window, click 3D.

2 e HE

Madel Definitions Geometry Materials

Select Space Dimension

AL ]
in = ® i
2D 1D

el Axisymmetric A Axisymmetric

Help g Cancel E/; Done

Physics Mesh Study Results

10 oD

3 In the Select physics tree, select Structural Mechanics>Electromechanics (emi).

4 Then click Add. (If you need to add more physics to your model, you can add it from

here or later on from inside the model)
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Select Physics

e LT':' Recently Used
&= Solid Mechanics (solid)

'Em_'m_'—i'f Electromagnetic Waves, Frequency Doemain (emw)
% Electrostatics (es)
] Electromechanics (emi]
(= Multibedy Dynamics (mbd)
% AC/DC
N Acoustics
2% Chemical Species Transport
(] Electrochermistry
=== Fluid Flow
Heat Transfer
I Optics
@ Plasma
'Eﬁ']l Radio Frequency
'éf Serniconductor
5= Structural Mechanics

Add
Added physics interfaces:

Remove

° Space Dimension Study
Help g Cancel &/ Done

5 Click Study.

6 In the Select study tree, select Preset Studies>Stationary.

7 Click Done.

Note: here in this example we chose Stationary study, as we want to see the steady state

result not the response with time (Time Dependent), with frequency (Frequency
Domain),...etc.
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*heEE |

Maodel Definitions Geometry Materials Physics Mesh Study Results

Select Study

4 o Preset Studies
IL-I. Prestressed Analysis, Eigenfrequency
E Prestressed Analysis, Frequency Dormain

E Stationary
@Time Dependent
~5 Custom Studies

Added study:

Added physics interfaces:
‘% Electrornechanics (emi)

Help g Cancel D\/ Done
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2. Defining Parameters

1 On the Model toolbar, click Parameters.

2 In the Settings window for Parameters, locate the Parameters section.

PIhEeEARY w -
Model Definitions Geometry Materials Physics Mesh Study Results
.i <<> Pi Parameters (T & Import =4 Blank Material
—— m
a= Varniables = - caLivelink - e QBrnwse Materials
Component Add i Build Add
1~ Component » | () Functions - All Material
Model Definitions Geometry Materials
Model Builder ¥ *| Settings
== =~ StED Parameters
4 @& Untitled.mph (root) ¥ Parameters
4 () Global
Definitions " Mame Expression Value
Pi  Parameters
i Materials
4 [l Component 1 fcomp 1)
4 = Definitions
A= Boundary System 1 (sys1)
b [ View 1
74 Geometry 1
=5 Materials
4 '3\ Electromechanics femi)
8 Free Deformation 1
15 Electrical Material Model 1
T Zero Charge 1
o Free2
s Electromechanical Interface 1
mw Prescribed Mesh Displacement 1
i Linear Elastic Dielectric 1
i Initial Values 1
A4 Mesh 1
4 "db Study 1
E Step 1: Stationary
@Results t 1=z HH
Mame:
Expression:
Description:

X

Electromechanics

-

Physics

Descri

2

Ph

Y

3 In the table, enter the following settings:
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Name Expression Value Description

Vdc 100[V] 100V Actuation Voltage

L 100 Cantilever Length

wW 100 Cantilever Width
Notes:

3. Bu

You can enter the value unit-less, or with you unit if you are planning to use it
in a defined unit entry (i.e. enter “L” in Length Entry of a certain block in
Geometry, any value you enter is already defined in um).

The unit you enter between [m], i.e. [nm] (for nano meter) it overrides what’s
in your model, meaning the value is going to be in nm not in nm multiplied by
10°® (as you defined your model in pm)

The description you enter is very useful, first as a reminder for you (especially
when you have a lot of parameters, as if you build a certain model and came to
check it after i.e. a month, from the description you can have a clue each value
refer to what). Also it’s useful if you are working in a team (in most cases) and
need to share your models with them (you need to make it user-friendly as
possible).

Here we defined VVdc which we will use in Physics part, L & W in the Geometry.
But usually in Geometry you need to add more than just L & W (this is done in
sake of the simplicity of the example), in practice you try to transform all your
geometry inputs into parameters, this sometime can take a considerate time and
effort but it’s very useful (and worth the time spent) if you are planning to either
keep making changes to your model (i.e. to test performance of your model) or

you need to do a parametric sweep (you need a defined parameter to sweep it).

ilding Geometry

1 In the Model Builder window, under Component 1 (compl) click Geometry 1.

2 In the Settings window for Geometry, locate the Units section.

3 From the Length unit list, choose um. (As we are making a MEMS structure in um

range).

You can also change Angular unit if you are planning to work with angles in

building your geometry.
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Ll e e
Model Definitions Geometry
.i <<> Fi Parameters
a= Variables -
Component Add i
1= Component~ | ) Functions -
Model Definitions
Model Builder
® « =t El L': -

4 & Untitled.mph (root)
4 () Global

(E) Definitions
2 Materials

4 im Component 1 (comp 1)

= Definitions
7, Geornetry 1

25 Materials

4 lk\ Electrormnechanics {emi)

&8 Free Deformation 1

&8 Electrical Material Model 1

T Zero Charge 1

O Free2

‘m Electromechanical Interface 1
‘mw Prescribed Mesh Displacement 1
T Linear Elastic Dielectric 1

T Initial Values 1

A Mesh 1

4 b Study 1

]f. Step 1: Stationary

@ Results

Ho S T

Materials Physics Mesh Study Results
:ii & Import = Blank Material \
o calivelink ~ + QBrowse Materials
Build Add Electromechanics
All Material -
Geometry Materials Physics
Settings -
._E,E"-“:-r':
[E Build All
Label: Geometry 1
* Units

[] Scale values when changing units
Length unit:

m
Angular unit:

Degrees

v Advanced

Geometry representation:

CAD Import Module kernel
Default relative repair tolerance:
1E-6
Automatic rebuild

In Geometry 1, we begin to build our model. As we are building a simple RF MEMS

Switch we need to make the following components:

1- Anchor
2- Cantilever
3- Electrode

You may think that we need the RF ports, but for simplification we can ignore them as

they won’t affect the displacement of the cantilever (they can have effect if you are

doing contact analysis, which is out of scope of this example).

Steps:
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1 On the Geometry toolbar, click on block from Primitives section. (General Note: you
can always work either from the toolbar in the upper section in COMSOL window, or

you can right click on geometry 1 and click on block)

* Selections of Resulting Entities

[] Create selections

Meone Mew

2O dR == R
Model Definitions Geometry Materials Physics Mesh Study Results
— = Import [T1Block () Sphere — : —] <-Revolve
s D @ S =R [
] =i Insert Sequence Cone = Torus & Sweep
Build o — ) More Work Extrude _ Boolean
All [ Cylinder [=FHelix  Primitives - Plane = Loft Partitic
Build Import/Export Primitives Work Plane
Model Builder Settings = ]
- ® v =tELE Black
4 4@ Untitled.mph {root) ] Build Selected ~ [E§ Build All Objects
4 () Glabal
A ,¥| Definitions Label: Block 1
Pi Parameters .
i2 Materials o RLETTTE
4 || Compc!n.ehﬂ {comp 1) Type: | Solid .
4 = Definitions
A=/ Boundary System 1 (sys1) ~ Se
+ FLA view 1
4 5 Geometry 1 Width: |1 Jim
Block 1 (blk1)
] {
* Form Union (fin) Depth: |1 pm
= Materials Height: |1 f ol
4 lk., Electromechanics femi)
i Free Deformation 1 ¥ Position
& Electrical Material Model 1
mw Zero Charge 1 Base: | Corner v
)
o Free 2 , 0 Jm
m Electromechanical Interface 1
mw Prescribed Mesh Displacement 1 ¥ 0 (A
il Linear Elastic Dielectric 1 2 o Jim
i Initial Values 1
A Mesh 1 =
4 " Study 1
E Step 1: Stationary Axistype: | z-axis v
@ Results
* Rotation Angle
Rotation: |0 deg
Layers

Again as we mentioned the advantage of writing parameters description it’s useful to

enter meaningful labels for your geometry parts.

2 Enter Anchor in Label box in Block 1 settings

3 Enter the following values
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Settings v
Block
¥ Build Selected ~ [E§ Build All Objects

Label; | Anchar |

¥ Object Type

Type: | Solid V|

* Size

Width: |W | fim

Depth: |10 | fim
Height: |8 | fm

* Position

Base: | Corner -

|

e |-wi2 | pm

v [-10 - pm
|

0

*  Axis

Asis type: | z-axis v

~ Rotation Angle

Rotation: |1] | deqg

4 Click Build Selected (you should see structure similar to the one below)

S NpEEYCBHEHD EE- Uit mgh - COMSOL Muliphysics - 8 x
Mode  Defitions | Geomeny | Mumerais  Physcs  Mesh Sy Rems e
[ impont Block (3 Sphere Reohve P Flchomter = —
a|p [P e e B R E D eI B | [ &
T Dy G pim 0 et e S T ot T Comrios L Dy | Vil | Pogammng St Vewse Odde
B | ImporEspon prnaives Wk Plane Opentions Other
Model Builder * | Settings + | Graphics
- T e TTRE] . Biock QA ¢H L-nizl FOEEER By «HEE-> Eoe as
4 @ Uniitied mph frect) 0 Build Selected = 8 Build All Dbjects
+ @ Gobal =
4 (2 Defmitens bk [Ancbor ]
S = ot
4 i Component 1c n
5 Compenen ) (e R ——
= Boundary Systen 1 57571 -
Tvent™ b s
'A““"‘“”"m we W |
g!munﬁmm Dt 0 |
£ Matesists weght 8|
4 8%, Blectromecharics fem)
8 Free Deformation T - position
B Elecical Materal Model |
o Zero Chrge | pose [ Comer
T Free2 e
i Electiomechanicaintface |
Prescribed Mesh ¥ -0 o
1B Linear Eastc Dieecric - .
B i aluss 1
A Mesh 1 v s
PR :
1= Step 1 Stat
© B Results o s.a"

Progress Log  Table

By IEEGE®E-

522 M8 | 938 MB
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4 Do the same steps for another two blocks with the following Values

Settings v

Block
¥ Build Selected « [ Build All Objects

Label: | Cantilever |

* (Object Type

Type: | Solid d

¥ Size

Width:  |W - pm

Depth: |L - pm

Height: 2 | Hm

¥ Position

Base: | Corner '~'|

e | -W/2 - fm

v [-10 | #m
8 | #m

¥  Axis

Auis type: | z-axis v

* Rotation Angle

Rotation: |0
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Settings v
Block
% Build Selected « [E Build All Objects

Label: | Electrode |

¥ Object Type

Type: | Solid v |
¥ Size

Width:  |W | pm
Depth: |50 - pm
Height: 5 | Hm
¥ Position

Baze: | Corner V|

x o |-Wi2 | Hm
v [20 | #m
z |ﬂ | Hm
¥ Axis

Auis type: | z-axis v

¥ Rotation Angle

Rotation: |0 | deg

You should have model similar to this:
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Due to a certain restriction in simulating the structure we need to add two spaces that

will going to be filled with air that intersects at the tip of the cantilever.

5 Do the same steps from 1-4 for two new blocks, Air 1 & Air 2

Label: | Airl

¥ Object Type

Type: Solid s
* Size

Width: W fim
Depth: | L fm
Height: |10 ftm
* Position

Baze: Corner w

e -W/2 Jim
y: -10 Jim
= 0 Jim

Label: |A4irZ

* Ohject Type

Type: Solid -
¥ Size

Width:  |W fim
Depth: | L-3 fm
Height: |10 Hm
* Position

Baze: Corner e

o -W/2 Jtm
¥ 10 Jrm
= 0 Jirm
v  AXis
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You should have model similar to this:

Block o Wee @&
*) Build Selected v @ Build AN Objects

Labek: | Air2

~  Object Type

Type: | Solid

v Size

width: | w wm 2=
Depth: |L-5 wm o
Height: |10 pm

~  Position

-
s type: | e X o (
= Rotation Angle

Progress log Table

Here we finished building geometry for our simplified model. You can do more
complex structure using different primitives (i.e. Cylinder), use difference function
(subtracts parts from each other), Array function to make an array of a certain element
(holes in a cantilever), move, copy, mirror or other functions. To reach for example a
shape like the one below.
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4. Defining Materials

We need to define our structure different materials, in our example, we will build all

structure (Anchor-Cantilever-Electrode) from gold, and air in spaces in between.

1 Right click on materials and choose Add Material, a window will open on left part

of the window
2 In the search tool bar type air and press search

3 click on Built-in (from the search result) and choose Air

4 Click add to Component

i impor 77 Bloch 3 Sphere. 2 - |- Revolve " t 7| Chamfer
B | B Block Sphe - Gl I Revoh I Y i
[EZinsent Sequence Cone @ Tors " # Sweep Ly Ll
Buld | © fare Work | Edrude Bocleans and Transforms Conversions Defesturing _ Virtual
A | Sepon Cyfinder E1Helix  Primitives Plane Loft dtions = = 5 ] Delete  and Repair + Operstions =

Programming Selections Measure _Delete
z 5 Sen

—
a =

Materia

Label: [2ir

Geometric Entity Selection

& Materinls Geametric entity level: | Domain

+ Addto Component = 4 Addto Selection
e
T Material Library
4% Buitn

B4 Equilibrium Discharge

+ @ Companent 1 (comp )
4 = Definiions Selection: All domains
Boundary System 1 (sys1) ) .
L View1 N B -
4 A Geometry 1 ‘ =
T Anchor (bl 1) Acive | 3 L B
71 Cantilever (blk2) 4 @
7] Electrode (bik3) 5
- " M
55 Form Union (fin} Override
4 52 Materia
M Material Praperties
4, Bectromechanics fem) I
i Free Deformation 1
? Electrical Material Model 1 " Propeny Mame  Value
-Ee"’zc“'ﬂ*‘  Relstve permittuity epsilonr |
 Free .
fom Electromechanical Intesface 1 fisishs permashify ot 'L i 2z
T Prescribed Mesh Displacement | e ot e
BB Linear Elastic Dislectric 1 Ratia of specific heats gamma 1.4 ¥
BB il Vloes 1 Electrical conductivity sigma  0{5/m]
A Mesh 1 Heal capacity at constant pres... Cp  Cp(T[1/
4~ Stugy 1 Density the  rhoipAl
m\ = Step 1: Stationary Thermal conductivity k MIOVK]  progress Log  Table
Results Speed of sound c estTII/E -
Refractive index n 1 HE T elEE® -

Refractive index, imaginary part ki

Appearance

5 In the search tool bar type gold and press search
6 Click on MEMS then on Metals then select Au — Gold

7 Click add to Component

45 Liquids and Gases

Labek |Au - Gold

‘Geometric Entity Selection

Paremeters

2 Materials

mpenent 1 {comp T}
efnitions Selection: Manual

. Boundary System 1 (5ys1)
[Dview

cometry | e
Anchor (bik) Him
Cantilever (blk2)

Electrode (bik3)
Air 1 (biked)

Geometric entity level: | Domain

‘Override

3 A (mat) Material Froperties
2 Au- Gold (mat2)
4 =, Electromechzniics (emi)
B Free Deformation 1 »
B Flectrical Material Model 1
i Zera Charge 1
T Free2

~  Material Contents

Property Name
Electrical conductivity sigma
Coefficient of thesmal expansion alpha

i Clectromechanica Intefoce :::‘SEF“"T at constant pres... ;PD
2 Prescribed Mesh Displacement 1 =
i Linear Elastic Dielectric 1 [Thermal conductivity k
B Initial Values 1 VYoung's madulus E
A Meh1 Poisson’s ratio nu
47 Study 1
7= Step 1: Stationary
& Results
Appearance

Value
1456615
142e-6
=T
193000k
3TWA
ToeS(Pa
04

+ Addto Component + 4 Add to Selection
qold
Material Library
B 4 HomEms
4 Metsls
% Au- Gold

Progress Log Table

HEATENEGE-
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You will notice that in Air selection window it add all your geometry to it by default,
you simply can choose what parts are gold and the left will be air (if you define parts
in the structure to be gold and it’s already define in air, it will be overridden and
become gold)

8 Make the selection shown in the figure below (by just clicking on the parts that
consists of gold in your model)

24 Graphi Add Material
aa@ReEH L-ekz @@= + Add te Companent = 4 Add to Selection
Labet: [Ru-Gold ; BEEY ~EEE° @08 W =7
o [ Materisi Library
Geametric Entity Selection D]« MM
* 4 [ Metals
Geometric entiy levek: | Domain 8 A Gold
4 = Detmtions Selection: Manual
&/ Boundary System 1 (5y37) ) 1 Y
L v N W
N Acive |4
' lk2) v
Override

Material Properties

~  Material Contents

Hame  Value
epsilonr

vty sigma  45.6e6[5/,

mal eponsion alpha 14261, £
Heat capacity at constant pres... Cp 12900 (kg. x -
Density tho 19300[kg. T
Thermal conductvity k TN/
Young's modulus E ToeS{Pa]
Poisson's ratio ]

Progress log Table
[N E-N Eolcy R

You will notice that and error sign appear (X) and if you check material content you
find that Relative Permittivity value is not written, for this simulation for gold write 1

9 Enter 1 in Relative Permittivity box in Material Contents

Now close the Add Material window. You will notice if you click on Air from
materials section, the air selection appear as in the picture below.

épi‘hl“m Lz ag@wEEn @5 ~EBE@o Beoe aa

Labet | Air o
Geornetric Entity Selection

Geometric entity level | Domain

Selection: Al domains

] | 1 tavers dden) “ o+
2 {overridden) B =

Active |3 B ¥
4(avermdden) &
5
5 Covenidden)
Override

Material Properties

~  Material Contents

Home  Volue
epsitonr 1

wr 1
eta(1[1/
14
gma_ 0[s/m]
o1/
rhalphl
CIUTL IS
(K -

1 By I mEEEE-
Refractive index, imaginary port ki 0

Appearance
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5. Defining Physics

For each physics COMSOL already defines some setup for you, sometimes you need
to changes and sometimes not. Here we will only add some other boundaries. For this
example we need to define the following:

-
1

Applied Voltage & Ground

2- Which parts of the structure are free to move

w
1

Where the fixed point of the moving parts
4

Where the moving mesh parts are and at which axis direction it can move
Steps:

1 To make it easier to select boundaries in the graphic window upper right corner click

on Transparency (shown in the picture below)

ot for Moment Computation BUiyvIieEOuE®-

oint for moenant computation:

Xt 0 plm

2 Right click on Electromechanics (emi)>Electrical>Terminal
3 Select the Electrode upper face (as in the picture below)

4 Change Terminal Type to Voltage, and Enter VVdc (the parameter we defined before)

Qe+l Lyl ae@ N PORY ~EBEE> EBc am
Label: [Terminal 1 °
Soundary Selection

Selection: | Manual =

15 o+
B -
" E
@

Active

Override and Contribution

~ Terminal
T Electromechanical Interface 1
-

1
@ Linear Elastic Dielectsic 1 1
B Initial Values 1
o Terminal 1

tic Material
o Fixed Constraint |
i Prescribed Mesh Displacement 2
A Mesh1

Electric potentiak:
Vo [Vde v

Progress Log  Table
FERW R L) B
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4 Right click on Electromechanics (emi)>Electrical>Ground

5 Select Cantilever lower face (facing the electrode)

Model Builder Settings

- T e TUELE]Y Ground QQ‘AJI Lew ulfu » = RN f@ry ~BEE-> FN8e ae e
i i -
[ view1 Active f[ &
o
2- Electromechanical Interface 1
e e
u'eu:uml!
i
4 Study 1 Progress Log Table
| Pl Br\IREECE-
6 Right click on Electromechanics (emi)>Linear Elastic Material
7 Select the following parts shown in picture below.
Settings Graphics T
Linear Elastic Material QARFEH L-xlx pE=CER OE@EF sEEE> 0o aE
o

Labek: | Linear Elastic Material 1 |

Domain Selection

Selection: | Manual V]
[ongg)| | 1 %+
2 g -
Active [
k= 20

I Override and Contribution
~ Equation

Show equation assuming:

| Study 1, Stationary v
V:a =Fy, a=/%SF, F=(1+Vu), |=

5-5=C:(e-€-Einal)

e= %[(VU)T + Vu + (Vu)TVu]

z
¥
~ Model Inputs = 3 L\

Temperature:

T | User defined ] Progress Log Table

293,15k K L ]

\ J FBe\TzNRE® -
Absolute pressure:
Pa | User defined &l

8 Right click on Electromechanics (emi)>Structural>Fixed Constraint
9 Select the Anchor Lower face (as in the picture below)

10 Right click on Electromechanics (emi)>Deformed Mesh> Prescribed Mesh
Displacement

11 Select the faces shown below. Note that we select any face that the cantilever is
expected to move through.

12 in Prescribed Mesh Displacement 2 (you just created) clear the check box
“Prescribed z displacement”
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Settings
Fixed Constraint

Graphics
aaAael Lrxizkz aEeECcOR @BEY «EBEE> 0. ae

Labek: | Fixed Constraint 1

Boundary Selection

Selection: | Manual

3

Active

i+ Override and Contribution
~ Equation

Show equation assuming:

P

@+

Study 1, Stationary

~

Model Builder
- E - STEE-
4 @ Toturial. mph (root]
4 (@) Global
4 (2 Definitions
i Parameters
) Materials
4 T Companent 1 (comp )
4 = Definitions
) Boundary System 1 (sys1)
[ View 1
4\ Geometry 1
1) Ancher (b1
1) Contilever (b2
[ Electrode (bik3)
[0 e 1 (i)
) e 2 (bikes)

Free Deformation 1
B Electrics| Matenisl Model |
S Zera Charge 1
T Free 2
i Electromechsnical Interface 1
% Prescribed Mesh Displacement 1
& Lincor Elostc Dielectric |
B Initial Values 1
i Terminal 1
i Ground 1
(B Lincar Elastic Matenal 1
lmw Fixed Constraint 1
i Prescribed Mesh Displacement 2

A Mesh1
4 " Study 1
2= Step ¥ Statianary
B Results

Progress Log Table

He YT elEE S -

Settings Graphics

Prescribed Mesh Displacerment

Label: | Presenbed Mesh Displacement 2
Boundary Selection

Selection: | Manual

B T

Adaive |21 B
25 a3
26

2
© override and Contribution
+ Coordinate System Selection

Coordinate system:
Global coordinate system

= Prescribed Mesh Displacement

[V Prescribed x displscement
4 [0 “m z

[+ Preseribed y displacement l
e *

dy o m ¥

[ Prescribed : displacement

d [0 m

Progress Log  Table
[ZERS - Lol-g R4

6. Defining Mesh

QaReHE L-hklz apEeEEER BPARY ~EEE> E8e a8

In any Finite Element Analysis (FEA) Platform, you need to divide your structure into

small nodes, to enable the solver to understand the structure and solve the model

differential equations. As you increase the Element size you run the simulation faster

with less processing power but with low results accuracy (depending on your structure

geometry, i.e. if it contains small details than you must use smaller mesh size). Also

making the mesh finer (decreasing Element size) would need more simulation time and

more processing power (depending on your model it may not even run on your normal

laptop). Choosing the mesh is something that comes with experience as you do more

simulations on COMSOL you will get the sense of how to choose the optimum mesh

for each problem you face.
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For this example, just click on Mesh 1 and click on Build All, you should see a figure
like the one below.

Model Builder Settings - #|| Graphics

e - T " aaAsl -k yeEEER A8EY ~EA2H> S8 as

4 @ Toturiatmph reot) 8 Buld A =)
|

Label: |Mesh 1

1 foma )

s
ndary System 1 (sys)

Progress Log  Table

By EELE 8-

7. Configuring Study

For this example we just click on Compute and wait for the results. Or we can run
parametric Sweep over Vdc to see how the structure respond to different voltage values,

to run parametric sweep do the following:

1 Right click on Study 1>Parametric Sweep

2 Right click on Parameter List (as shown on the figure below)
3 Choose Add, it Automatically adds Vdc.

4 Enter in the Parameter value box “range(50,50,200)”

TIOREEDCEDE D RN Ietunslmpn - CUMMUL MUiphysics - o x
[ERB| ticcel  Definitions  Geometry  Msterisk  Physics  Mesh  Study  Resuts
P Parameters T2 import ugy  Gid Blank Material s = o NG T W = [ Reset Desktop
1753 B R 8 = 1 —
li ¥ a & ealivelink « ¢ [ Browse Materials \-‘ Uk L + ﬂt‘ . [ Desktop Layout +
Build Add Electromechanics Add Build  Mesh Compute Study Add Add Plot Model
Matenal - Physics  Mesh 1+ T+  Study Group - | Libraries Windows =
Geometn Materials Phy Meh | sy
ett ~ # | Graphics
Parameric Sweep QRQRAEH LrakEkz aeEEER Sy ~EEE> @2 a&
= Compute f )

Labet  Parametric Sweep
~ Study Settings
Sweeptype: | Specified combinations

" Parameter| Parameter value st Parametes un

| 1 Moveup
4 MoveDown
t |+ A
5 Delete
~ Oupurvnme-sorng
] Plot
Defaute
Probes: Al
& Linear Elastic Material | 7] Accumulated probe table
i Fired Constraint 1 i
i Prescribed Mesh Displacement 2
A Mesh1 Use all probe:
4 Study 1
1 Paamatics Memory settings for jobs
[E Step 1: Stationary Keep solutions in memory: | All
B Resuits Progress Log Table

Study Extensions 5
b A =y g

2 MRI1DAMA
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Note: range syntax is range(initial value, step, final value). You can also just write
specific points as: 50 100 160, without using range function.

Finally, if you want to preview results once they are calculated without waiting for
whole parametric simulation to end you can check the plot box in the Output While

Solving section.

5 Click Compute

8. Configuring Results

For each physics there are figures that COMSOL plot by defaults, in this example the

displacement, potential are plotted.
COMSOL allow plotting another results such as:

1- Stress distribution on the structure, Steps:

- On the Results toolbar, click on 3D Plot Group.

- In the Label box, type Stress.

I1lI-  From the Stress toolbar, click on Surface.

IV-  In Surface setting in Expression section, click on Replace Expression
(the red and green small arrows).

V- Choose Model>Component 1>Electromechanics (Solid
Mechanics)>Stress>emi.mises - von Mises Stress.

VI-  Click Plot

You should be able to see a figure similar to this

Graphics  Convergence Plot 1 Convergence Plot 2
QA Rl L-izkx HE @@

Vdc(4)=200 Surface: von Mises stress (N/m?) o

Label: | Stress A 9.16x10"

x107
¥ Data

Data set: Study 1/Solution 1
Parameter value (Vdc): | 200

Title
¥ Plot Settings
View: | Automatic v| E
[] Show hidden entities
[¥] Plot data set edges
Color: Black
Frame: | Material (X, Y, Z)

Color Legend 2
Window Settings

v 2.11x10*
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2- A 1D graph of tip displacement versus voltage, Steps:
I- On the Results toolbar, click on 1D Plot Group.
- In the Label box, type Tip Displacement Vs Voltage.

[11-  From the Tip Displacement Vs Voltage toolbar, click on Point Graph

V- Select the tip of the cantilever as shown in figure below.

V- Press on Replace Expression on y-Axis Data

VI-  Choose Model>Component 1>Electromechanics (Solid
Mechanics)>Displacement> Displacement Field (Material)>w —
Displacement field, Z component

VII-  Click Plot

Settings Graphics  Convergence Plot 1 Convergence Plot 2
Paint Graph Qa @@ bl Br *@EY ~sENFE> E8e as
Plot

Label: |Point Graph 1

~ Data
Dataset: | From parent v

Selection

EE

[}

w
w y-Axis Data v %
Expression:
v
Unit: 2
v -

¥
[ Description:
Electric potential
Title Progress Log Table

~ x-Auis Data P S -

Parameter:

Parameter value

You should be able to see a figure similar to this
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3- A 2D graph of capacitance (between the terminal 1 and ground faces-upper
electrode face and lower cantilever face-) versus voltage, Steps:

- On the Results toolbar, click on 1D Plot Group.

- In the Label box, type Capacitance Vs Voltage.

I11-  From the Capacitance Vs Voltage toolbar, click on Global

IV-  Choose Model>Component 1>Electromechanics> Terminals> emi.C11 -

Capacitance
V- Click Plot

You should be able to see a figure similar to this
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4- An animation of the structure displacement versus voltage, Steps:

I- From the Result toolbar, select Animation

- From The Scene you will find a dropdown menu to choose results
you need. By default it would be Displacement

[11-  Choose the Output Format you like and Browse where you want to
save your animation, you can change frames per second to make the
animation faster or slower

IV-  The rest steps are clear and after you finish editing setting you can

click Export to generate the Animation

COMSOL also enable you to automatically generate a document containing all your
model selections (i.e. materials, physics) and results. To Generate the Report, just Right
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click on the Reports, choose Report Level (i.e. Brief) and edit the setting as you like,
then click Write.

General Notes:

- You can use COMSOL to simulate the time response of the Switch to measure
switch speed, through Time Dependent study.

- You can use COMSOL to simulate the RF performance of the switch through
Electromagnetic Waves, Frequency Domain Physics and frequency domain
study, of course you will need to make changes to the last example (i.e. you will
need to add a substrate and RF ports and corresponding Physics
boundaries...etc.). Results maybe in the form of S-parameters.

- You can use COMSOL to calculate Switch Natural Frequency through Solid
Mechanics physics and Eigen Frequency Study.

- While the simulation is running you can notice two numbers on the right at the
bottom of the window that shows physical and virtual memory usage

- While the simulation is running two plot are created (Convergence Plot 1 & 2),
if the graphs start high then decrease with time (iteration number), then most
probably the simulation will give results and you have built a working model.
But if it keeps alternating (decreasing-increasing-decreasing), then most
probably the simulation will keep trying to solve the equation but will exit after
certain number of iterations.

- If you defined your physics right, and when your compute your study the
simulation fails, then most probably that is a result of a poor meshing. Cases of
poor meshing may be one of the following (but not limited to):

1- It’s too coarse, so the equations can’t converge due to a relative high error.
Solution: Try to make your mesh finer (don’t over mesh, just increase it
step by step)

2- It’s too fine, and your computer processing power and memory is not
enough. Solutions:

I- Make the mesh coarser if possible
- Try to reduce your model complexity and size (i.e. to reduce size, if
your model is symmetric you can divide it to its half in your physics

boundary selections. And you can remove any parts from the design
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that is not very essential to your simulation, in other words do not
contribute it simulations results or have very low contribution).
[1lI-  Use a computer with more processing power.
3- It is not the best shape to mesh with (triangular, swept mesh...etc.).
Solution: Try to optimize you mesh selection to fit you problem
4- The Program reports an error like: inverted element at... or can’t mesh
certain faces or corners. Solution: use different mesh size or shape (note it
doesn’t always mean to just make the mesh finer, actually sometimes
making it coarser solve this problem).
COMSOL has built in documents, guides for each physics and models
examples. It’s always usefull to check them and practice on examples similar to
what you are doing.
When working on COMSOL you can always press F1 to get COMSOL built in
help, and as you click on anything on COMSOL window the help automatically
gives you information about that thing.

COMSOL has some useful articles and videos (& Webinars) in its website.
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Appendix B: UW-MEMS Layout Design Guidelines

This Appendix Show the UW-MEMS Layout Design Guidelines mentioned in UW-
MEMS Handbook Version 5.0[30]

Introduction

These design guidelines and rules were determined during the process development
stage and several microfabrication runs carried out at CIRFE cleanroom facility. The
rules identify the physical and geometrical limitations of individual process steps. The
herein presented guidelines are extremely important and must be considered at the
design stage. If the guidelines are not followed closely by UW-MEMS users, the

fabricated devices will not meet the specifications and will probably fail or malfunction.

In general, there are two types of rules. The first type of rules specifies the minimum
feature sizes and minimum feature separation distances within a single layout layer, i.e.
intra-layer design rules. The minimum feature size refers to the minimum side length
of a trace that is feasible using UW-MEMS. In other words, if this rule is violated there
IS no guarantee that the feature will be produced on the wafer. Similarly, the minimum
separation distance between adjacent features must comply with the design rules in
order to be feasible. Failure to follow the minimum spacing design rule results in a

merged feature.

The second type of design rules specifies the inter-level crossovers (overlaps) and
separation distances. This is mainly imposed by the inevitable relative misalignment of
the different layout layers throughout fabrication, and it will be shortly detailed. Both
types of design rules are considered mandatory and should be followed closely by the

designer.
General Outlines

The layout design rules for the UW-MEMS process are explained in the following
tables and illustrated in schematic format following the tables. First, Table 1 outlines
the different layer names, corresponding material thicknesses as well as layer numbers

and description.
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Table 1: Layer Names, Material Thicknesses, Layers Order, Layer Description and

Comments
Layer Material Layer Order Layer Comments
Name Thickness Description
“Tiw” 50nm 1 Resistive Resistive Layer
Voltage
Biasing
“D1” & 0.7um 2&3 Dielectric 0.7um SiO2to
“DTHOLE cover the bias
" lines
Conductive 40nm
Layer evaporated Cr +
“G1” Tum 4 70nm
evaporated Au +
0.9um
electroplated Au
“D2” 0.7um 5 Dielectric 50nm TiW +
0.7um SiO2
“A” & 2.5um 6 &7 Sacrificial 2.5um Anchor
“D” Layer and Tum Dimple
openings
“G2" & 2um 8&9 Conductive 70nm sputtered
“G2R" Layer AU+ 1.9um
electroplated Au

Table 2 outlines the layers that are used during the microfabrication process. Please
note that for the case of “Light Filed”, you draw the features that you want to be
remained on the wafer. For example, for TiW layer patterning, you draw the features
or traces such as bias lines. For the “Dark Field”, you draw the parts you want to be
removed from the corresponding layer such as release holes or openings for anchors
and dimples. Please pay special attention to this concept. Failure to do so will result in

a reverse polarity devices.

In other words, for DIHOLE and G2R, you draw only the location of dielectric
openings and release holes in gold, respectively. These layers will be subtracted from
the D1 and G2 layers by CIRFE personnel prior to printing the second and seventh
lithographic masks.
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Table 2: Layer Names, Layer Polarity Type and Comments

Layer Names Polarity Comments
“TiW” Light Field Patterning TIW
“D1” Light Field Patterning D1 without openings
“DTHOLE" Dark Field Additional layer for openings on
the D1 layer
“G1” Light Field Patterning G1
“D2”" Light Field Patterning D2
“A” Dark Field Opening anchors between G1
and G2
“D” Dark Field Dimples of G2 for contacts of the
switches as well as preventing the
stiction of large plates
“G2” Light Field Patterning G2
“G2R” Dark Field Additional layer for release holes

of the G2 layer.

Table 3 presents the lithographic mask numbers with the respective GDSII indices of
their constituting layout layers. GDSII is the only format that UW-MEMS accept from
all users. Please use the GDSII numbers that are specified in the table for each layout
layer to avoid confusion. Layers DIHOLE and G2R are just employed to create the
openings in the D1 layer and the release holes in G2 layer, respectively. No lithographic
masks are printed specifically for these layers. Please note that the dimples are meant
for small features. Nominal surface area is 10um by 10um. However, they can be used

for long lines, but it is recommended that the width of the lines be 10pm.

Table 3: UW-MEMS Masks and GDSII Layer Indices

Lithographic Layer Name(s) | GDSII Index
Mask

Mask #1 TiW 101

Mask #2 D1 -DI1HOLE 102-110
Mask #3 Gl 103

Mask #4 D2 104

Mask #5 A 105

Mask #6 D 106

Mask #7 G2 - G2R 107 - 109
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Overlaps & Enclosures

Generally, the following guidelines should be considered:

e For overlaps and enclosures of the layers, up to 10Jm of misalignment between
the layers is assumed. This is due to the limitations of our photolithography
system. This is an advisory design rule.

e TiW lines are designated for the DC bias lines with no current flow. This layer

is very thin, and it is not intended for power transfer.

The following outlines the specific layout design rules to which close attention must be
paid. It is worth emphasizing that the minimum feature size and minimum spacing
between features are limits to which the designers should strictly adhere. Ideally, adding
a 10[0m additional safety margin to these numbers may increase the yield of fabrication.
Users can have round, orthogonal or any arbitrary shape in your layout. The release
holes must be 10um x 10pum squares with edge to edge distances not exceeding 20um.
Please do not use this layer to define geometries. The features are embedded to provide

access to underneath the structural layer during the release purposes.

1. “TiW” resistive DC bias lines:

Tiw2
1 TiW1 <>
Description Rule Label Value (um)
Width/Length of TIW | TiW1 >10
Spacing of TIW TiIW2 >10

2. First Dielectric “D1” stacked with “TiW” and Gold “G1":
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Tiw3
012
—
> G14
£—3
G13

Description Rule Label Value (um)
Extension of TiW from D1 TiIW3 > 20
Width/Length of D1 D11 215
Spacing of D1 D12 =15
Overlap of D1 with TIW D13 >5
Extension of DTHOLE from TiW D14 =10
Width/Length of DTHOLE D15 > 35
Overlap of G1 pad with TiW or D1 G13 >15
Overlap of G1 pad with TiIW G14 >10

Note: TiW lines MUST be always covered with D1, G1, or both.

3. First Gold “G1":

G12
I G11 —>
Description Rule Label Value (upm)
Width/Length of G1 G11 >10
Spacing of G1 Gl12 210

4. Second Dielectric “D2"” on top of TiW adhesion layer:
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Description Rule Label Value (um)
Width/Length of D2 D21 >15
Spacing of D2 D22 215
Overlap of D2 with G1 D23 >10
Overlap of D2 with A D24 >15
Spacing of D2 from G1 D25 215
Feature size of A over D2 AD <200

Note: D2 over 2 separated trances MUST be separated.

Note: Anchor on top of D2 cannot be used as mechanical support but can be used for
Metal-Insulator-Metal (MIM) capacitor.

5. Anchor “A” Openings:

1
| )
Description Rule Label Value (um)
Width/Length of A Al >10
Spacing of A A2 >10
Overlap of G1 with A A3 210
(A MUST be covered with G1)
Overlap of G2 with A A4 >5
(A MUST be covered with G2)
Spacing of D2 from A A5 =10

6. Dimple “D” Openings:

1 DIM3
61"
M

O TR o
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Description Rule Label Value (um)
Width/Length of D DIM1 210
Spacing of D DIM2 >10
Overlap of G2 with D | DIM3 >5
Overlap of G1 with D | DIM4 >5
7. Second Gold “G2”:
62 G21
Y aamall [FE
g1
N “G1* -\4
G2 G215 Iﬁl?
I 621 — ﬂ*—’
oferls
Description Rule Label Value (um)
Width/Length of G2 G21 >10
Spacing of G2 G22 >10
Ratio of G23/G21 when G23/G21 <30
G2 is not anchored to
Gl
Non-anchored length G23 <1200
of G2
Width/Length of G2R G24 >10
Spacing of G2R (edge- G25 >20
to-edge)
Spacing of G2R from G246 210
G2 edge
Spacing of G2R from A G27 >210& <30

8. Caution 1:
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Gl\
/Gl

Note: This configuration results in short-circuit between the two G1 traces due to the
conductive TiW thin layer underneath the D2 layer.

9. Caution 2:

Note: This configuration may result in short-circuit between the G1 and G2 traces
through D2 layer.
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