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Abstract

Radio Frequency (RF) Micro-Electro-Mechanical System (MEMS) switches have many
advantages over semiconductor switches. Despite these advantages they are not
implemented in reliability demanding space, defense and commercial applications
because of reliability concerns. Although some failure modes have been identified so far,
other failure modes are still under research. Electromigration, a well-known failure
mechanism in interconnects, was recently recognized as a possible cause of failure in
micro-switches. However, there have been no instances of electromigration studies in the
literature. This thesis presents a preliminary study on the electromigration failure and its

impact on the lifetime of MEMS switches.

A simulation program that emulates the electromigration process was developed.
Parametric studies were performed to study the impact of impact certain parameters on
electromigration process. The combined effects of Joule heating and electromigration
were analyzed. Unlike passivated interconnects, the micro-switch is cantilevered and
suspended in an inert medium without encapsulation. The electromigration lifetime

estimation program developed in this thesis is applicable to all such free structures.

Joule heating has been demonstrated to be a key factor in the electromigration failure of
micro-switches. Results showed that the electromigration process is very slow at the
beginning. After a certain time, the resistance is found to increase exponentially,
increasing the temperature of the strip drastically toward failure. The same trend is also
observed in a gold micro-switch, but with much slower rate of electromigration

degradation, indicating a longer lifetime.
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Chapter 1: Introduction

Electromigration is a mass transport phenomenon in current carrying metallic conductors
due to the momentum transfer between conducting electrons and diffusing metal atoms.
It is a process of mass transfer when the current density in metals reaches a threshold
value, usually 5 x10° A/cm?® for most materials [1]. Electromigration is found to be a
major failure mode in thin film interconnects [2], [3]. Though electromigration has been
widely studied in passivated thin film interconnects, very little literature has been
published for studying electromigration failure in unpassivated micro structures like

Radio Frequency Micro Electro Mechanical System (RF MEMS) switches.

RF MEMS switches are characterized by their high isolation, low insertion loss, large
bandwidth and unparalleled signal linearity. They are relatively simple to control, very
small in size and have very little power consumption. Despite these benefits, RF MEMS
switches are not yet seen in commercial products because of reliability issues [4]. A few
failure modes have been already identified and well understood, yet there still exist other
unknown failure modes which may limit their deployment in many applications. These
micro switches usually carry a few milli-amperes of current signals, which are equivalent
to having a very high current density in the conductor. As the current density is higher
than 1x10° A/cm?, electromigration may pose a threat to reliability in these switches.
Recently some researchers [5], [6] have mentioned such a possibility of electromigration
damage in RF MEMS switches, but no further work has been done regarding this issue.
Also it is unclear whether the electromigration may eventually lead to failure of

microswitches.

Another important issue is, that the electromigration in microswitch beam structures
differ [7] from that occurring in passivated thin film interconnects in two ways: (1) the
micro beams are polycrystalline in structure and are not deposited on substrate; (2) as the

beams are usually suspended in an inert medium (e.g., hermetic packages), the Joule heat
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generated is not easily dissipated. Hence it raises the beam temperature, and consequently
the electromigration process will be accelerated. As there are no instances of
electromigration research under these situations, this thesis presents a preliminary work

on the study of electromigration failure in RF MEMS switches.

The first part of the thesis deals with the RF MEMS switches in their basic design and
mechanical reliability under deformation and shock. The second part, as the major
contribution of the thesis, deals with the reliability of MEMS switches under
electromigration. This section contains detailed formulations of electromigration life
time analysis, the life time estimations at various temperatures, and current density levels

and comparative study using Aluminum and Gold.
1.1 The Beginning of RF MEMS

The market for wireless personal communication devices has expanded so dramatically in
the past two decades that the focus of research in the microwave and millimeter wave
areas has shifted towards consumer applications, from the more traditional defense
related products. Accordingly, the production volume has increased many times, while
power handling capacity required for these systems has considerably decreased. These
developments paved the way for increased application of microelectromechanical
systems (MEMS) in many current radio frequency (RF), micrometer and millimeter wave
systems.  Such devices are termed as RF MEMS, although they encompass all
miniaturized devices. The processing techniques for MEMS systems have improved
significantly over the years. Apart from having the advantages of bulk production, and
being miniaturized, these can often lead to more efficient systems compared with

conventional ones [8].

The need for MEMS based systems for RF and microwave applications arises from the

limitations of existing devices. Many MEMS based microwave components are aimed at



reducing insertion loss and increasing bandwidth and this aspect is most valid for RF
MEMS switches. Conventional RF switching systems such as PIN diodes and transistors
were found to be inefficient at higher frequencies. MEMS based RF switches with very
low actuation voltage and virtually zero power consumption are the emerging devices,

standing as a solution to aforementioned inefficiencies.

The term RF MEMS refers to the design and fabrication of MEMS for RF integrated
circuits. It should not be interpreted as the traditional MEMS devices operating at RF
frequencies. Microswitches are an important part of all RF MEMS devices. There are
two distinct parts to an RF MEMS switch: the actuation (mechanical) section and the
electrical section. The forces required for the actuation can be obtained using
electrostatic, magnetostatic, piezoelectric or thermal designs. The movement for
switches can be either vertical or horizontal depending on their layout. As for the
electrical part, a MEMS switch can be placed in either series or shunt configurations and
can be a metal-to-metal contact or a capacitive contact switch. This means one can build
at least 32 (2x2x2x4) different types of MEMS switches using different actuation
mechanisms, contact and circuit implementations [9]. Electrostatic actuation is the most
prevalent technique in use today due to its virtually zero power consumption, small
electrode size, thin layers used, relatively short switching time, and 50-200uN of

achievable contact forces.

1.2 Classification of RF MEMS Switch

RF MEMS switches can be categorized based on the types of contact, their actuation
methods, and their configurations. Two types of contact presented in RF MEMS switch
designs are the metal-to-metal contacts and metal-insulator-metal contacts. The metal-to-
metal contacts, also referred to as ohmic or direct contacts, can be found in cantilever-

type MEMS switches. The signal in this microswitch is propagated when the two metal



contacts touch together such that electrical current passes through the established

interface. Figure 1.1 illustrates the basic concept of a contact type RF MEMS switch.

Cantilever Beam Contacts

Substrate Electraodes

Figure 1.1: Schematic of a resistive type RF MEMS switch.

The metal-insulator-metal contact switches are sometimes referred to as capacitive
microswitches or membrane switches. The capacitance built up between the electrode on
a membrane and electrode on the substrate, via the applied voltage, is used as the means
of actuating the micro-switch. This is illustrated in Figure 1.2. In this kind of switch a

dielectric layer exists between two touching electrodes.

Membrane Electrodes

Figure 1.2: Schematic of a capacitive type RF MEMS switch

Classified by their actuation methods, MEMS switches can be electrostatically actuated,

piezoelectric, thermally actuated or magnetically actuated.

® Electrostatic: Positive and/or negative charges, set by applied voltages between

certain structural members, elicit Coulomb forces which produce motion.




e Piezoelectric: Applied voltages on structures induce fields to change their

dimensions to communicate motion.

e Thermal: A current forced through an element causes it to heat up and expand,

with the physical dimensional change being used to communicate motion.

e Magnetic: Magnet-induced or current- induced magnetic forces produce motion.

While a number of actuation mechanisms are under investigation for RF MEMS device
applications, electrostatic actuation is the most mature, perhaps due to its use of surface
micromachining, which is the most common technology utilized to produce electrostatic

based actuators, and compatible with integrated circuit fabrication processes.

In terms of configurations, there are two basic switches used in RF to millimeter-wave

circuit designs: the series or resistive switch and the shunt or capacitive switch.

The ideal series switch results in an open circuit in the transmission line when no bias
voltage is applied (up-state position), and it results in a short circuit in the t-line when a
bias voltage is applied (down-state position). Ideal series switches have infinite isolation
in the up-state-position and have zero insertion loss in the down-state position. MEMS
series switches are used extensively for 0.1 to 40 GHz (RF signal frequency)

applications.

Figure 1.3 illustrates an inline DC-contact MEMS series switch with one contact area,

along with its equivalent circuit configuration.
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Figure 1.3 Inline DC-contact MEMS series switch with one contact area (a, b), cross-section in

the up and down-state positions (c, d), cross section of a capacitive inline switch,

generic circuit model (e, f) (Courtesy: Rebeiz & Muldavin [9])

The second type of configuration is shunt type. The shunt switch is placed in shunt

between the t-line (transmission line) and ground. Depending on the applied voltage, it

either leaves the t-line undisturbed or connects it to the ground. Therefore, the ideal

shunt switch results in zero insertion loss when no bias is applied (up-state position) and

infinite isolation when bias is applied (down-state position). Shunt capacitive switches

are more suitable for higher frequencies (5-100GHz). Figure 1.4 illustrates a shunt type

capacitive micro switch along with its equivalent circuit model
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Figure 1.4: Shunt capacitive switch with equivalent circuit (Courtesy: Rebeiz & Muldavin [9])

1.3 Advantages of MEMS Switches

Traditional electromechanical switches, such as waveguide and coaxial switches, show
low insertion loss, high isolation, and good power handling capabilities but consume high
power and are slow and unreliable for long-life applications. Current solid-state RF
technologies (PIN diode and FET based) are utilized for their high switching speeds,
commercial availability, low cost, and ruggedness. Their inherited technology maturity
ensures a broad base of expertise across the industry, spanning device design, fabrication,
packaging, applications/system insertion and, consequently, high reliability and well-
characterized performance assurance. Some parameters, such as isolation, insertion loss,

and power handling, can be adjusted via device design to suit many application needs, but




at a performance cost. Insertion loss is the measurement of signal loss due to insertion of
switch or any device in the circuit. Isolation refers to the amount that an unwanted signal
is attenuated before it is detected at the port of interest. Higher isolation is desired as it
eliminates the unwanted interference. For example, some commercially available RF
switches can support high power handling, but require large, massive packages and high

power consumption [10].

In spite of this design flexibility, two major areas of concern with solid-state switches
persist: breakdown of linearity and frequency bandwidth upper limits. When operating
at high RF power, nonlinear switch behavior leads to spectral regrowth, which smears the
energy outside of its allocated frequency band and causes adjacent channel power
violations (jamming) as well as signal to noise problems. The other strong driving
mechanism for pursuing new RF technologies is the fundamental degradation of insertion

loss and isolation at signal frequencies above 1-2 GHz.

The development of MEMS (Microelectromechanical Systems) technology makes it
possible to fabricate electromechanical and microelectronics component in a single
device. By utilizing electromechanical architecture on a miniature (or micro scale),
MEMS RF switches combine the advantages of traditional electromechanical switches
(low insertion loss, high isolation, extremely high linearity) with those of solid-state

switches (low power consumption, low mass, long lifetime).




Table 1.1: Performance comparison of FETs, PIN diode and RF MEMS electrostatic switches [2]

PARAMETER RF MEMS | PIN-DIODE FEL
Voltage(V) 20-80 +3-5 3-5
Current (mA) 0 3-20 0
Power consumption (mW) 0.05-1 5-100 0.05-0.1
Switching time 1 —300 us 1 — 100 ns 1 — 100 ns
C,p (series) (fF) 1-6 40 - 80 70 — 140
R; (series) (W) 0.5-2 2-4 4-6
Capacitance Ratio (Cyup/Cgown) 40 - 500 10 n/a
Cutoff freq. (THz) 20-80 1-4 05-2
Isolation (1 — 10 GHz) Very high High Medium
Isolation (10 — 40 GHz) Very high Medium Low
Isolation (60 — 10 GHz) High Medium None
Loss (1 — 100 GHz) (dB) 0.05-0.2 03-1.2 04-25
Power handling (W) <1 <10 <10
3" order intercept pt (dBm) +66 — 80 +27 — 45 +27 - 45

Table 1.1 provides a comparison of MEMS, PIN-diode and FET switch parameters.

Although a comparison between electrostatic MEMS switches and GaAs PIN diode and
transistor switches is shown in the Table, it is hard to make an accurate comparison over
a wide range of RF power levels, since the size of a diode or transistor can be easily

increased for high power applications.

From Table 1.1, we can conclude that, though many of the electromechanical switches
exhibit excellent RF characteristics such as low insertion losses and high isolation,
typically up to several hundreds of megahertz, they have a very slow switching speed.
Thus, electromechanical switches perform poorly when used as high-speed switches. For
applications where the operational speed is more important than the power handling,
solid state switches are preferred. The key reason for this slow switching speed is that

the switching is performed by physically blocking or opening the transmission path in a
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device. Other key disadvantages and research issues of MEMS switches include high

actuation voltages and low RF power handling.
1.4 Application Areas of RF MEMS Switches

The leading characteristics of RF MEMS switches, i.e., the outstanding isolation and
insertion loss at microwave frequencies, will make them a replacement to current GaAs
switches in cellular telephones, resulting in much lower DC power consumption and
longer battery life. They can also be used in phase shifters, which are essential for
modern telecommunication, automotive, and defense applications, in low-loss tunable
circuits (matching networks, filters etc), and in high performance instrumentation

systems.

Telecommunication is the most sought application area for RF MEMS switches because
it covers a broad range of frequencies, from below HF through VHF. The main uses of
RF switches in the telecommunication industry are for signal routing, in impedance
matching networks and for changing the gain of amplifiers. The specific applications at
various wave bands include AM band (at the low end of MHz), commercial FM band
(88-108 MHz), military handheld radio transceivers and cellular radios (900MHz and 2.4
GHz) and Bluetooth™ (2.45 GHz) and other applications at frequencies ranging from
KU-band (12.4-18GHz) to upper side of W band (75-110GHz) also require high quality
RF switches. The RF components which incorporate the RF MEMS switches in
telecommunications can be grouped as transmitters, receivers, antennas, and other

transmission lines.

Though it is evident that RF MEMS switches can be readily used in defense or high-
value commercial applications (satellite systems, base stations, etc.), their use in low-cost
commercial systems is still under investigation due to their high fabrication cost,

resulting from the hermetic packaging requirements and other reliability considerations.
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The other aspect that is preventing their application in many commercial products is that

they cannot be mass produced with existing technology and micro fabrication techniques.

1.5 RF MEMS Switch Current State of Technology

We have seen that RF MEMS can exhibit excellent performance at microwave

frequencies, but suffer from reliability problems and the potential of relatively high-cost

hermetic packaging. Now considering the pros and cons of MEMS switches from current

state of technology, we have the following advantages [11], [12]:

Near-Zero Power Consumption: Electrostatic actuation requires 30-80 V but
doesn’t consume any current, leading to very low power dissipation. But thermal
and magnetic actuation switches consume a lot of current.

Very High Isolation: RF MEMS switches fabricated with air gaps have very low
off-state capacitance (2-4 fF). Also capacitive switches with capacitance ratio of
60-160 provide excellent isolation from 8 -100 GHz in frequency.

Very Low Insertion Loss: RF MEMS metal-to-metal and capacitive switches have
an insertion loss of 0.1 dB up to 100 GHz.

Linearity and Intermodulation products: MEMS switches are extremely linear
devices and thus result in very low intermodulation products in switching and
tuning operations. Their performance is 30-50 dB better than PIN or FET

switches.

Apart from advantages they also share the following disadvantages

Relatively low switching speeds: The switching speeds of most electrostatic
MEMS switches are 2-40us and those of thermal/magnetic actuation switches are
200-3000us, which is very low compared to those of semiconductor switches.

High voltage or high current requirements: The electrostatic actuation MEMS

switches require 30-80V for operation though they consume very low current. On
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the other hand thermal/magnetic actuation switches require high currents 10-
300mA though they can be activated with 2-5V.

e Power handling: Most MEMS switches cannot handle more than 200mW of
power, although some switches have shown up to 500mW power handling
capacity (Raytheon and Teravicta switches [13]).

e Packaging: MEMS switches need to be packaged in inert atmospheres (Nitrogen,
Argon, etc.), and in very low humidity, resulting in hermetic and non hermetic
seals. Hermetic packaging costs are currently relatively high, and the packaging
technique itself may adversely affect the reliability of the MEMS switch.

e Cost: While MEMS switches have the potential of very low cost manufacturing,
one must add the cost of the packaging and the high-voltage drive chip. Therefore
it is hard to beat the cost of semiconductor switches, which is only a few cents at
present.

e Reliability: The reliability of MEMS switches is 0.1-40 billion cycles. However,
many systems require switches with 20-200 billion cycles. Also, the long term
reliability (years) has not yet been addressed. It is now well known that the
capacitive switches are limited by the dielectric charging that occurs in the
actuation electrode, while the metal contact switches are limited by the interface
problems between the contact metals, which could be severe under low contact
forces. In electrostatic designs, the contact forces are around 40-100 uN per
contact. It is important to note that the reliability and packaging issues have been
the limiting factors to the quick deployment of RF MEMS switches, and they are
currently under intense investigation. DARPA has initiated two programs in 2002

and 2003 to address these problems.

1.6 Thesis Motivation, Objectives and Contents

Although designers are approaching the optimal MEMS switch design, some failure

modes still limit the design possibilities and adversely affect reliability of the micro
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switches. The failure modes that have been identified and studied so far include creep,
stiction, self pull-in, and wear [4]. In fact, many solutions were also proposed for the
above mentioned failure modes. Though there are some disadvantages of RF MEMS
switches when compared with semiconductor switches, as discussed in sections 1.4 and
1.6, they are not the key factors limiting their usage in many applications. Nevertheless
the failure modes, and hence reliability, is the main factor limiting the deployment of
MEMS switches into aerospace, defense, satellite communication and other high cost

applications that demand very high reliability.

This thesis discusses a novel failure mode in micro switches called electromigration. In
this thesis an attempt is made to study the electromigration failure of RF MEMS switches
and their reliability. A simulation program was developed in order to study the effects of
electromigration on the reliability of micro switches. A parametric study was also
performed in order to understand the effects of various parameters that govern the
electromigration process. The effects of electromigration on the switch lifetime, with and

without Joule heating, were investigated.

Chapter 2 deals with the reliability of MEMS switches under deformation and shock.
Some mechanical design aspects of switches were also presented in this chapter. In
Chapter 3 the effects of electromigration on the lifetime of MEMS switches in the
absence of Joule heating was studied. In this chapter the governing equations for
electromigration were reviewed and a simulation program was developed for studying the
influence of electromigration. A parametric study is also carried out for understanding the
influence of various parameters on electromigration in micro switches. Chapter 4
includes the Joule heating effects on the electromigration reliability of RF MEMS
switches. In Chapter 5 the results are summarized along with some conclusions. A few

suggestions for future work are also included.
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Chapter 2: Mechanical Reliability and Modeling of
a RF MEMS Switch

This chapter deals with (1) the reliability of RF MEMS switches under mechanical forces
and (2) the modeling of the micro-switch considered. The reliability of MEMS switches
is of major concern for long-term applications and is currently under intensive study.
Though the mechanical failure modes were thought to be dominant during the
development of these switches (1990-1995), recent studies (2000-2003) have shown that
these switches would be safe (perform without failure) under the major mechanical force
environments like deformation, vibration and shock [14], [16]. In this chapter some
analytical formulations and simulations were carried out to understand the reasons behind
the operation of microswitches without failure. The simulation results provided good

understanding of the reliability of MEMS switches under mechanical loads.

Apart from these mechanical failure modes, the other common failure modes observed in
RF MEMS switches are found to be related to the metal contact used [17] in the DC-
contact switches; as for capacitive switches, the reliability is limited by dielectric
charging problems [18]. These failures were not studied in this thesis, as numerous
solutions already were proposed by many authors regarding the stiction and dielectric

charging problems [18-20].
2.1 A RF MEMS Switch Model

In this thesis, an inline DC-contact resistive type MEMS switch with one contact area,
similar to one manufactured by Cronos Integrated Microsystems [21] (now MEMSCAP),
was considered for analysis. Figure 2.1 shows a simplified cross-sectional view of the
RF MEMS switch, which consists of a current-carrying cantilever beam anchored to a

silica substrate.
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Figure 2.1: Schematic of a RF Switch, with dimensions labeled for Table 2.1 .

Table 2.1 lays out the dimensions of the switch for all the calculations in this chapter.

Table 2.1 Dimensions of the switch considered.

Beam Length, L 00.0 um

Beam Width, w 20.0 um
Beam Thickness 0.5 um
Electrode Length, Le 50.0 um
Beam Suspension gap, Ls 3.5um
Electrode distance from anchor, La 75.0 um
Top Electrode Thickness, tTE 0.2 pm
Bottom Electrode Thickness, tBE 1.0 um
Contact Gap, d 2.0 um
Top Contact thickness, tTC 1.0 um
Bottom Contact Thickness, tBC 0.5 um
Top Contact Length, LcT 6.0 um
Bottom Contact Length, LcB 12.0 um

Aluminum (Al) and Gold (Au) are the materials considered for the model, with their
material properties listed in Table 2.2. The contacts and the electrodes were also

considered to be made of the same material. Here the cantilever beam carries the RF
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signal current as it is in-line with transmission line. The electrostatic force between the

electrodes causes the beam to deflect downward, bringing the contacts together to short

the circuit.

Table 2.2: Properties of aluminum and gold [22].

Property Aluminum Gold
Young’s Modulus (GPa) 70.0 83.0
Yield Strength (MPa) 310.0 205.0
Poisson’s Ratio 0.35 0.44
Density (gm/cm®) 2.70 19.30
Shear Modulus (GPa) 26.0 27.0
Thermal Conductivity (W/cm-K) 2.35 3.20
Thermal Expansion Coeff. (ppm/K) 23.10 14.20

2.2 Switch Design

Any electrostatic switch can be represented by an equivalent mechanical model shown in

Figure 2.2, where g is the gap between the electrodes, K is the spring constant of the

beam, and V is the actuating voltage.

Figure 2.2: Equivalent mechanical model
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The pull-down voltage (or the activation voltage) is given by [23],

3
Vo= 8Kg )
P 27¢,A

where K is the spring constant of the beam, g is the contact gap, &, is the permittivity in

0| =

the free space, and A is the area of the electrodes.

The spring constant of the beam can be found from the deformation of the beam under
the applied electrostatic force. Though this electrostatic force acts as a uniformly
distributed force on the electrodes, we can replace it by an equivalent point load acting at
the geometric center of the top electrode. Figure 2.3 shows the deformation of the beam

under the applied electrostatic force F.

F
L1 e L2 51
! i

_-""'“‘--Ei_h_‘_‘ T

Figure 2.3: Deformation of the beam under electrostatic force ‘F’ .

Here the actual deformation at the contact includes two parts. The first part is the
deformation of the length L1 from the anchor to the point of application of force. This is
yl. The second part is the deformation of length L2 which remains straight. This

deformation y2 can be obtained by finding the slope at L1.

yl is given by solving the well known deflection equation,

2
El ‘ibcyzl =M )
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where E is Young’s modulus of the beam material, / is moment of inertia of the beam

cross section about its centroid and M is the bending moment.

Equation 2 can be solved by using the following two boundary conditions

(1) atx =0, slope %yl:

X
(2)atx=0,y1 =0

Hence the deflection at L1 is found to be

-FLT’
yl= 3)
3EI
The slope at L2 is,
-FL1?
= 4
2EI @)
Therefore the deflection, y2 is:
2
oxLo = —FL1'12 )
2FEI

The deflection at the tip of cantilever beam is the sum of two above deflections y1 and y2

In our case the geometric center of the electrode coincides with the middle point of the

cantilever beam, so L1 is equal to L2. The contact gap is 2 um.

Therefore yl+y2 = -2 um. (The negative sign indicates downward deflection.)

LetL1=12=Lum

—FL’ ,~FL_—5FL
3EI  2EI  6EI

Therefore, yl1+y2= =2%10° m (6)
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3
The switch beam here is made of aluminum, E = 70 GPa and [ = sz— where b is beam

width (20 um) and 4 is beam thickness (0.5 um). The length Ll is half the beam length,
200 pum.

On substituting the values of I and L in Equation (6), the force required to have a
deformation of 2 um at the contacts is 14.0 uN. If the same beam is made of Gold with

Young’s modulus E = 83 GPa, the force required for actuation is 16.6 uN.

The spring constant is found as the ratio of the applied force to the deformation at the

point of application and is k = F/yl.

By substituting y1 from Equation (3), the spring constants for Aluminum and Gold beams
are:

kai= 14 uN/0.8 um = 17.5 N/m
Kaw = 16.6uN/0.8 um = 20.75 N/m

These values are found to be in the general range of spring constants for RF MEMS
switch beams [21]. Substituting these values of spring constants in Equation (1) results
in pull-down voltages of 61 V and 67 V for Aluminum and Gold beams, respectively.
These pull-down voltages are also in good agreement with the voltage range for MEMS

switches in the literature [23].

2.3 Switch Reliability under Deformation

To analyze the reliability of the switch under electrostatic forces, the switch is simulated
for stress and strain levels when subjected to cyclic loading. The cantilever beam is
subjected to an alternating stress cycle when turned ON and OFF. Figure 2.5 illustrates
the switch modeled in ABAQUS.
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Figure 2.4: Switch finite element model in ABAQUS

Here the Al beam is considered and a concentrated force, which is equivalent to the
electrostatic force on electrodes, is applied at the geometric center of the electrode. The
simulation is carried out for two cycles with each cycle consisting of ON (force applied)
and OFF (force released) states. In general simulation for two cycles would be enough to
predict the life of any component subjected to cyclic loading under low cycle fatigue
conditions, because, in low cycle fatigue, the lifetimes could be estimated from the
incremental plastic strain between the first two cycles. Figure 2.5 illustrates the cyclic
loading path applied in the simulation. Here the increment in accumulated plastic strain
is noted from the first to the second cycle. This incremental plastic strain can then be
used to predict the lifetimes under cyclic loading using the life predicting equations like

the Coffin-Manson equation.
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Figure 2.5: Load cycle considered in the simulation.

In order to get the equivalent plastic strains from ABAQUS we have to input the plastic
region data into ABAQUS before the simulation. Table 2.3 shows true stress vs. true

plastic stain data used in the simulations.

Table 2.3 True stress Vs. true plastic strain data for Al in the plastic region [24].

| TrueSwess(MPa) |  TruePlastic Strain
310 0.0

350 0.0042
365 0.005
384 0.0166
400 0.025
425 0.333
450 0.05
490 0.075
518 0.1
550 0.15
560 0.156
570 0.157

Figure 2.6 shows the maximum stress levels in the switch during deformation. The

maximum stress produced was found to be at the beam anchor and its value is 0.02 MPa
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in each cycle. It is evident that the stresses produced during switch deformation were
almost negligible compared to the yield strength of the aluminum (350 MPa), indicating
that the beam is safe under the applied electrostatic forces. This is mainly due to the fact
that the cantilever beam is only deflected by 2-3 um which is relatively very small
compared to the length of the beam.

S, Mises (MPa)

{dve. Crit.: 75¢
+2.001e-02
+1.834e-02
+1.667e-02
+1.501e-02
+1.334e-02
+1.167e-02
+1.000e-02

(a) Isometric View

(b) Deformed State Front View

Figure 2.6: Stress distribution in the micro switch at a deformed state.

Figure 2.7 shows the plastic strain increment in the two cycles. The plastic strains
produced are zero in both cycles, as the stresses never reached plastic state in any of the
cycles. Therefore the switch will operate within the elastic region and it can be concluded
that the switch will operate for infinite cycles unless it fails under other dominant modes
in between. These results also agree with the recent experimental results on MEMS
reliability, in that most of the MEMS switches were already found to operate for billions
of cycles with out failure [25-27].
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Figure 2.7: Accumulated plastic strain over two cycles

2.4 Reliability under Shock

To test the reliability of the switch under shock, a drop test was simulated and the stress
distribution was observed for life time estimation with the Al beam. Here the switch is
dropped from a height of 1 m. The beam is considered to be anchored to a silica substrate
as described earlier. Figures 2.8 and 2.9 illustrate the peak stresses in the package and
switch, respectively, during the drop test. It is clear from the figure that the maximum
stress is reached in the beam is around 16.0 MPa and the maximum stress in the package
(or substrate) is 36.5 MPa. Since the peak stress in the beam is far smaller than the yield
stress (310.0 MPa), the switch is considered to be safe under a single mechanical shock.
This result also agrees with the previous work on reliability of MEMS under shock and

vibration environments [14-17].



S, Mises {MPa)
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Figure 2.8: Stress distribution in the whole package .
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Figure 2.9: Stress distribution in the beam .
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Figure 2.10 provides a comparison of stress variation at various points in the beam during
the drop test simulation. It is observed that the maximum stress reached is not exactly at
the anchor but near to it, as shown in Figure 2.8. This is due to the orientation of the

switch during drop.
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Figure 2.10: Comparison of stress variation at various locations during the drop test .

Figure 2.11 shows the shock levels that various sections of the beam were subjected to
during the drop test. The maximum shock obtained was at the anchor and was around
350,000G. Figure 2.12 demonstrates the variation of maximum stress reached at
different locations in the beam section for different drop heights. The maximum stress is

increasing at an exponential rate with drop height.




(x10%)
040 F T T T T T L——
—— Anchor Node
~ Center Node -
o™
s 020
E
8-
= 0.00
.Q
=
i
-
T -0.20
[ =)
<,
040 - L1 . L ]

0.05 0.15 16§

Time in sec

Figure 2.11: Maximum shock produced at various locations
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Figure 2.12: Variation of maximum stress at various locations in the beam with drop height .
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2.5 Summary

The micro switch considered for the thesis work will have no reliability concerns from
the stresses of mechanical shock and cyclic loading. Simulation results have shown that
the maximum stresses in the Al switch are relatively smaller than the yield stress for both
of the loading conditions. Therefore, the plasticity-related reliability issue will not be a
concern. The results are also in good agreement with the recently published experiment
results that MEMS switches can operate (on and off) up to 100 billion cycles with no
observations of mechanical failure at the anchor where the maximum stresses reside 241,
[26]. Hence, the rest of the thesis will focus on the study of the failure modes from the

material point of view.
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Chapter 3: Electromigration in RF MEMS Switches

In the previous chapter we have seen that the MEMS switch is reliable under mechanical
forces like shock and deformation. In this chapter the reliability of the MEMS switch
from material point of view is considered. From the literature it was found that most of
the MEMS switches under low power applications exhibited up to billion cycles without
any failure. When subject to very high current stresses, the failure in MEMS switches
was probably due to dielectric charging for capacitive switches and very high
temperatures at contacts for resistive MEMS switches. However, the reason behind the
failure in medium to high power applications are not well understood [28], 29] and this is

still an area under extensive research.

The current densities in MEMS switches for medium to high power applications are very
large, which will probably induce electromigration [30]. This fact was found very
recently. Although such a possible situation has been addressed by a few authors, no
attempt was made so far to study the effect of electromigration on the reliability of
MEMS switches. The remaining part of the thesis focuses on investigating the effects of

electromigration on the performance of micro-switches.

In this chapter the equations governing electromigration in polycrystalline structures were
formulated and a MATLAB program was developed to estimate the lifetime of micro-
switches under electromigration. The results presented in this chapter didn’t consider the
effect of Joule heating on electromigration; the combined effect will be considered in the
next chapter. The results were compared with published work passivated metallic strips
to validate the program. A few justified assumptions made in the simulations will be

discussed in the later sections.
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3.1 Brief Review of Electromigration

Electromigration is a mass transport in metal due to the momentum exchange between
conducting electrons and diffusing atoms [31-33]. Electromigration is a major failure
phenomenon that usually occurs in thin film interconnects when the current density
exceeds some threshold value [30], which is about 5 x10° A/cm? for aluminum and gold

conductor lines.

The mass transfer (diffusion) is mainly through grain boundaries [32] in a temperature
range below 0.5 T, where Ty is the melting point of metal. Such mass transport
therefore obeys the diffusion equations [33] [34]. However, the driving force here is
more complicated than that involved in a pure diffusion process driven by the
concentration gradient. The driving force for electromigration consists of the “electron
wind force” and the “direct field force”. The electron wind force refers to the effect of
momentum exchange between the moving electrons and ionic atoms when an electric
current is applied. The direction of the electron wind force will be opposite to the
direction of the electric field. On the other side, as the ions are positively charged, they
tend to move in the direction of the applied electric field. The net effect of these two
forces determines the actual direction of movement of atoms. For Au and Al, the electron
wind force dominates over the direct field force; the movement of atoms will therefore be
in the direction of the electron flow [31], [33]. Hence in Al or Au conductor lines the
mass accumulation due to electromigration occurs at the anode side and depletion occurs
at cathode side. It was found that the mass accumulation and depletion caused by
electromigration in an interconnect produce a stress gradient along the migration paths, as
the surrounding material (usually substrate) opposes the formation of hillocks. It results
in a compressive stress near the anode side, leading to a global stress gradient between
anode and cathode. This stress gradient will oppose the evolution of electromigration

mass transport.
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When the current is switched off, a back flow of mass will appear in order to relax this
stress gradient. This stress induced mass backflow was first observed by Blech [35] [36].
The discussion so far is applicable to thin film interconnects that are usually embedded
within a substrate. For the electromigration in RF MEMS switches, which are
unpassivated, it is totally a different story. As the current carrying strip of a MEMS
switch is free without any surrounding substrate (as in interconnects), nothing could
oppose the formation of hillocks. Hence there is no likelihood of the development of
stresses. As there are no stresses opposing the diffusion process, the mass backflow (also

referred to as relaxation) doesn’t exist in this case.

3.2 Equations Governing Electromigration

The following equations [37] are more general a<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>