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ABSTRACT

This work explores the potential of bulk foil metal alloys on micromachined
relays for high power DC and RF applications. Platinum-rhodium (Pt-Rh) is of particular
interest because it is both chemically inert and mechanically robust. The contributions
include the investigation of design and manufacturing options, addressing issues such as
the geometry of electrogtatically actuated cantilevers, the integration of heat sinks, the
integration of encapsulation, batch mode fabrication, and other aspects.

In one part of the investigation, DC micro-relay test structures using Pt-Rh
contacts were benchmarked against the ones using stainless steel (SS316L) contacts.
Devices with 6.5 mm? footprint were directly assembled on the printed circuit boards
(PCB). Devices also included microfabricated on-device heat sinks subjected to a heat
management using forced cooling to dissipate contact heat. Fabricated micro-relays
exhibited 1.5 Q and 1.25 Q on-state resistances for SS316L and Pt-Rh contacts,
respectively. In hot switching high power tests, Pt-Rh and SS316L micro-relays operated
upto 1.8 A and 2.6 A, respectively.

In another part of the investigation, RF micro-relays with Pt-Rh contacts were
designed and fabricated. Test structures with 6.4 mm? footprint had 90 V pull-in voltage.
The micro-relays had down-state insertion loss and up-state isolation better than-0.2 dB
and -25 dB up to 5 GHz, respectively. Unpackaged micro-relays exhibited RF power

handling up to 18.5 W hot switching in ambient air.
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The third part of this investigation was directed a batch mode manufacturing and
packaging of micro-relays directly on PCB substrates.  For this, 4x1 device arrays were
designed, fabricated, and encapsulated. Subsurface metal layers on the PCB were used to
transfer the signal into and out of the sealed encapsulation. The footprint of packaged
test structures was 8.4 mm?. The contact resistance and the pull-in voltage for the
fabricated devices were 78 V and 1.1 Q for an actuation voltage of 115 V, respectively.
The packaged devices operated in atmospheric pressure nitrogen and exhibited down-
state insertion loss and up-state isolation better than -0.25 dB, and -15 dB, respectively

for up to 5 GHz. Packaged devices operated up to 20 W hot switching RF power.
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CHAPTER 1
INTRODUCTION

The uses of micro-relays range from common DC applications in industrial
machinery and automotive control circuits to high frequency signal switching
applications such as in the aerospace sector, radio frequency (RF) communications and
portable electronics [Jac06, Li00, Liu0, Luc04, Boz00]. Minimization of weight, size and
production cost of a relay is of primary interest to enable use in larger switching
networks. Recently, the developments in microelectromechanical systems (MEMS) have
made the fabrication of micro-relays possible. Consequently, the miniaturization and the
integration of relays for DC and RF applications has been the topic of extensive research
[AImO7, Reb03, Lar91, Mih0la]. Any effort towards the micro-relays benefits from the
distinction of different types of switching devices along with the physical properties.

This chapter introduces the micro-relays for DC and RF MEMS applications.
Section 1.1 describes the types of micro-relays and Section 1.2 provides a brief
introduction to performance measures of MEMS switches. Section 1.3 introduces contact
resistance and material considerations for ohmic-contact micro-relays. Section 1.4 and
Section 1.5 present the background and the motivation for the applications targeted in this
dissertation: micro electro-discharge machined bulk Pt-Rh switches and hybrid assembly
and packaging on the printed circuit boards, respectively. Section 1.6 provides the goals

and approach for this work whereas Section 1.7 outlines the thesis.



1.1. Typesof micro-relays
1.1.1. DC micro-relays

MEMS switches can be investigated in several categories. A possible
classification is according to the switching signal type. DC switches simply break an
electrical circuit, interrupting the current or diverting it from one conductor to another.
Thyristors are considered as conventional high power DC switches. A thyristor is a bi-
stable solid state relay composed of a four layer stacking of alternating n and p-type
material. Electrical conduction occurs when the gate receives a current pulse, and
continues for as long as the device is forward biased [Chr04].

There are distinct types of thyristors such as silicon controlled rectifier, phase-
controlled thyristors, gate-turn-off thyristors, bi-directional triode thyristors and reverse-
conducting thyristors and so on. The distinction stems from the reconfigurations of ports
and cascade of multiple devices. Traditionally, thyristors are used in lower switching
frequencies up to 60 Hz except for fast switching thyristors that enables kHz range
switching frequency. Turn off-times of thyristors range between 5-100 pus and on-state
(when the switch is on) voltage drop is around 1.2-2 V for 1000 V, 100 A ratings. Power
ratings for thyristors can go up to 2500 V and 2000 A. While they can be a good
candidate for high power DC applications, the bulk structures and slow responses impede
the use in microsystems or in applications which requires a dense, large network of
switches. There exist several studies on DC micro-relays [W0098, Lee02, Sch96, Li00,
Xu06]. Most of the micro-relyas employ electrostatic attraction principle, later described

in full detail in this chapter.
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Scanning electron microscope (SEM) images of a few electrostatically actuated
lateral switch configurations are shown in Figure 1.1 [Li00]. These devices were bulk
micromachined with a combination of wafer bonding and deep reactive ion etching
resulting in a maximum aspect ratio of 20:1. Typical contact resistance of the micro-
relay was measured 1 Q with an actuation voltage of 20 V and stand-off voltage of 300
V. It should be noted that none of the DC micro-relays reported any power handling

capability. The maximum switched current was 80 mA.

(c)
Figure 1.1: The SEM photographs of the micro-relays with different structures (a) A
micro-relay with plate electrodes, (b) a micro-relay with a single beam and a single
comb drive, (c) a micro-relay with a double-fold beam and a pair of comb drives [Li0Q]

Apart from the thyristors and DC micro-relays switches, there are many switching

devices such as metal-oxide—semiconductor field-effect transistor (MOSFET), bipolar
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junction transistor (BJT) and insulated gate bipolar transistor (IGBT). Power MOSFETS,
IGBTs and silicon-carbide BJTs exhibit good characteristics in higher power switching
[Zit99, Mit00, Aga02]. In addition, Positive-Intrinsic-Negative (PIN) diodes and FETs
have been used as RF switches however, RF characteristics are inferior compared to RF

MEMS switches, as will be discussed in the next section.

1.1.2. RF micro-relays

While non-MEMS technologies are now established within the high volume range
of commercial markets, MEMS switches are approaching commercial success as well.
Especially since Hughes Research Lab’s success in making a microwave switch in 1990,
RF MEMS devices have been researched, and are on the verge of wide
commercialization [Lar91]. The first RF MEMS papers started to appear three decades
ago, with electrostatically actuated cantilever-type switches [Pet79]. However, even
though RF MEMS technology can still be considered immature, a number of interesting
components and circuits have been demonstrated over the past decade [Rob01, Luc04,
Reb01].

Switches are considered the most important RF MEMS components. MEMS
switches are devices that use mechanical movement to achieve a short circuit or an open
circuit in the RF transmission line. RF MEMS switches are the specific micromechanical
devices that are designed to operate at RF-to-millimeter-wave frequencies (0.1 to
100GH?z).

The importance of RF MEMS switch can be correlated to the implementation
potential of very high performance and digitally-controlled components such as R, L and
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C lumped-elements, circuits (e.g. reconfigurable networks, attenuators, phase shifters,
and antennas) and subsystems such as antenna arrays and signal routing [Luc04, Reb01,
San04].

The forces required for the mechanical movement can be obtained using
electrostatic, magnetostatic, piezoelectric, or electrothermal actuation principle [Reb01].
To date, mostly electrostatic-type switches have demonstrated functionality at 0.1-100
GHz whereas other design and actuation principles provide distinct benefits in various
other ways as will be discussed in later sections.

The common microwave switches currently employed in the microwave industry
are mechanical switches (coaxial and waveguide) and semiconductor switches (PIN diode
and FET). Mechanical coaxial and waveguide switches present the benefits of low
insertion loss, large off-state (when the switch is off) isolation, high power handling
capabilities, and are highly linear in essence. However, they are often bulky, heavy and
slow. On the other hand, PIN diodes and FET switches offer much faster switching
speeds and are smaller in size and weight, but are inferior to the mechanical counterparts
in insertion loss, DC power consumption, isolation and power handling. MEMS switches
promise to merge the favorable properties of both mechanical and semiconductor
switches [Gra04]. The exclusive advantages of RF MEMS switches over conventional
PIN diodes or FET switches are [Reb01]:

e Near-zero power consumption: Actuation voltages can vary from 3 V to 150 V for
different actuation mechanisms but most of the switches (electrostatic) does not
consume any current, leading to significantly low power dissipation (10-100 nJ per

switching cycle).



Very low insertion loss: RF MEMS switches can offer an insertion loss of 0.1 dB up

to 40 GHz for contact resistances as low as 1 mQ.

Very high isolation: RF MEMS series switches are fabricated with air gaps, and
therefore, have very low off-state capacitances (2-4 fF) resulting in exceptional

isolation at 0.1-40 GHz range.

Low manufacturing cost: RF MEMS switches are fabricated using surface
micromachining techniques and can be built on Pyrex, quartz, low-temperature co-

fired ceramic (LTCC), mechanical-grade high-resistivity silicon, or GaAs substrates.

However, RF MEMS switches also suffer from some problems [Reb01], such as:

Power handling: Most RF MEMS switches cannot handle more than few watts
which is required in high-power applications, such as transmitters in satellites and/or

earth-based communications stations.

High-voltage drive: Most of the electrostatic RF MEMS switches require 20-150 V
to operate, and this necessitates a voltage up-converter chip when used in portable

telecommunication systems.

Relatively low speed: The switching speed of most RF MEMS switches is around 2-

100 ps. Certain communication and radar systems require much faster switching.

Packaging and cost: RF MEMS switches need to be packaged in hermetic or near-

hermetic seals with inert atmospheres containing nitrogen, argon, etc. and in very low



humidity levels. Packaging cost is the major contributor to the overall switch cost

which is often much higher than for PIN diodes and FET switches.

e Rédliability: The majority of the reliability issues for RF MEMS switches are due to
the inability of handling high power. The reliability of mature RF MEMS switches
that operate in low power is usually 0.1-10 billion cycles. However, many systems
require switches with much higher cycles (20-200 billion). Also, the long-term
reliability in years has not yet been addressed. Reliability is usually lower due to a
number of failure mechanisms that will be explained in detail later.

Table 1.1 provides a numerical performance comparison between RF MEMS,

FET and PIN diodes [Reb03].

1.2. Performance measuresof MEM S switches

The performance criteria of MEMS switches rely on several concepts and
parameters. This section highlights those concepts and discusses the parameters for
different types of switches.

Regardless of actuation mechanism, there are two generic structures for a MEMS
switch: (i) ohmic-contact or DC-contact (metal-air-metal); and (ii) capacitive (metal-
insulator-metal) [Luc04, Gra04]. The main advantages of the former are that a very low
on-state insertion loss and very high off-state isolation can be achieved. The reason for
this is that the ohmic-contact area needed for this type of switch can be very small. This
area creates a small parasitic capacitance when the electrodes are separated and, hence

good isolation can be achieved. Unfortunately, ohmic-contact switches are prone to



corrosion and static friction (stiction). Moreover, significant amount of force is required
to create an efficacious metal-to-metal contact and this may not be possible for certain
applications where force generation is limited by actuation mechanism.

Table 1.1: Performance comparison of FETs, PIN Diodes and RF MEMS electrostatic
switches

Parameter RF MEMS PIN FET
Voltage (V) 20-80 +3-5 3-5
Current (mA) 0 3-20 0

Power handling (W) <1 <10 <10
Power Consumption (mW) 0.05-0.1 5-100 0.05-0.1
Switching time 1-300 ps 1-100ns 1-100ns
Cup (series) (fF) 1-6 40-80 70-140
Rs(series) () 0.5-2 2—4 4-6
Capacitance ratio 40-500 10 n/a
Curoff frequency (THz) 20-80 14 0.5-2
Isolation (1-10 GHz) Verh high High Medium
Isolation (10-40 GHz) Very high Medium Low
Isolation (60-100 GHz) High Medium None
Loss (1-100 GHz) (dB) 0.05-0.2 0.3-1.2 0.4-2.5

With the capacitive switch, a larger electrode surface area improves the on-state
insertion loss; on the other hand compromises the off-state isolation. As a result, the
electrode separation needs to be maximized and this may not be feasible in certain cases.
The main benefit of the capacitive switch is often the longer lifetime for low power cases.
The lifetime of an ohmic-contact switch is typically few orders of magnitude less than
that of a capacitive switch. Another advantage of the capacitive membrane switch is that
the on-state insertion loss is not fully dependent on the contact force, which eliminates
certain design considerations.

Figure 1.2 shows two types of series switches: The orthogonal series switch

(Figure 1.2(a) and (b) and the inline series switch (Figure 1.2(c)) [Reb01]. The actuation



of the orthogonal switch occurs in a perpendicular plane to the transmission line, whereas
the actuation of the inline switch occurs in the same plane as the transmission line, which
provokes the RF signal to pass by the entire inline switch. Figure 1.3 exhibits first
practical MEMS capacitive shunt switch developed by Raytheon [Gol96, Gol98]. The
switch is based on a fixed-fixed metal (gold or aluminum) beam design. The anchors are
grounded to the coplanar-waveguide (CPW) ground plane; a high resistivity silicon

substrate upon which a centre line (signal) and two ground lines on the sides are placed.
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Figure 1.2: Orthogonal MEMS-series switches with (a) one electrode, (b) two e ectrodes,
and (c) inline MEMS-series switches [ Reb01]

g"l‘ ¢ AlMembrane
Anchor Anchor g
Diglectric
Sull-Down Pull-Down
Electrode Electode

(b)
Al Membrane z, Z,

Cr.ra Cd‘
L
Ry

(a) (c)

Figure 1.3: Raytheon MEMS capacitive shunt switch: (a) cross-section view and (b)
electrical RLC model [ Gol96, Gol98]



1.2.1. Figure of merit
The RF performance of a switch can be represented by the following cut-off

frequency figure of merit:

fC_ 1

= SeRontars (1.1
where Ry, is the on-state resistance, which effectively represents the on-state insertion
loss, and Cos Is the off-state capacitance, representing the off-state isolation. Since the
on-state resistance and the off-state capacitance have different connotations for series and
capacitive switches, it would be meaningful to analyze them separately [Reb03].

The electrical model of a MEMS series switch is a series capacitance in the up-
state position and a small resistance in the down-state position. The isolation of a series
switch in the up-state position can be expressed in terms of microwave scattering

parameters (S-parameters), where in the frequency domain, the reflected signal is denoted

Si1 and the transmitted signal is denoted S;:
|521|2 = 40)26-52(2) (12)

where C, is the up-state capacitance and Z; is the transmission line impedance. The
insertion loss is defined as:

|521|2 =1-RZ, (1.3)
where Rs denotes the contact resistance of the switch. It is apparent that an up-state
capacitance of 2-4 fF and a contact resistance of 1 Q results in an isolation of 46 to 40 dB
at 4 GHz and a 0.1 dB loss up to 40 GHz [Luc04]. This is a notable performance not

attained by any solid-state device. The figure of merit cut-off frequency is:
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1
2MRsCy,

fe = (1.4)

The above term is an indication of the low-loss performance of a switch. The cut-
off frequency of MEMS series switches is around 30-80 THz, while it is only 1-2 THz for
GaAs PIN diodes and 0.2-0.5 THz for FET switches. Goldsmith et al. reported RF
MEMS switches with an extracted f.=2 THz, marking an order of magnitude
improvement over that attainable with PIN diodes [Gol95].

For a capacitive type switch, the up-state reflection coefficient is:

w?Ciz?

2
1S111° = 7 (1.5
The down-state isolation is:
(—* for f K fo,
| ZCdZO
4R?

4 for f =fo, (1.6)
I 2L2
k for f > f,

where Cy4 is the down-state capacitance, L is the inductance and fo is the resonant

frequency. The down-state resonant frequency of the capacitive switch becomes:

1
2m,/LCq

fe = 1.7

Figure 1.4 exhibits the electrical performance of a capacitive switch with

exemplary values of C, = 35 fF and Cy = 2.7 pF, L=8 pH and Rs=0.25 Q [Mul00].
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1.2.2. Actuation voltage

The electromechanical modeling of RF MEMS switches relies on the actuation
mechanisms which should be individually taken into consideration for different types
such as electrostatic, electrothermal, electromagnetic, or piezoelectric [Zha03]. Since the
electrostatic actuation is the most popular one and since the devices presented in this
thesis employ the electrostatic actuation principle, it is detailed in this section.

Majority of RF MEMS switches are based on an electrostatic out-of-plane
actuation principle featuring a fixed-fixed type suspending beam or a cantilever beam

which are illustrated in Figure 1.5 [Reb03].

F:kAg

(a) (b)
Figure 1.5: (a) A MEMSfixed-fixed (suspended) beam, (b) cantilever beam [ Reb03]
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The electrostatic force applied on the actuation beam can be derived by
considering the power delivered to a time-dependent capacitance [Zah79]:

1 dc 1 Wwv 2
F, =—V2M= _ & WWV " (1.8)
2 dg 2 g2

where V is the actuation voltage applied between the actuation beam and the pull-in
electrode underneath, and g is the beam height. In the above equation, the effects of the
dielectric layer between the actuation beam and pull-in electrode are neglected.
Considerations which includes a dielectric layer of around 1000-2000 A, results in the

following capacitance formula:

E0&rA

tq
(e

g €dl

where tq and eq are the thickness and relative dielectric constant of dielectric layer,

C =

(1.9)

respectively. The electrostatic force then becomes:

1 egoer WwV?

2 tq 2
(+69)

(1 (g#0)
€= {0.4 ~08 (g =0)

(1.10)

where € accounts for the reduction of parallel-plate capacitance due to the roughness of
metal-dielectric interface. For g>>ty, the above equation is simplified to equation 1.8.
Electrostatic force is assumed to be evenly distributed across the actuation beam
section which overlaps with the pull-in electrode. Therefore, the beam spring constant
can be used to determine the beam displacement under the applied force. Equating the
applied electrostatic force with the mechanical restoring force due to beam stiffness

results in:
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1 g8, WWV?2

2 g2

=k(go—9) (1.11)

where Qo is the initial height of the actuation beam when no bias voltage is applied and k

is the beam spring constant. Solving (1.11), the following expression can be obtained:

V=\/ = g2(go — 9) (1.12)

goErWW
The above equation is plotted with respect to the actuation beam height in Figure
1.6 [Reb03]. The figure shows two possible beam positions for any applied voltage. By
taking the derivative of (1.12), with respect to the beam height and setting it to zero, the
height where the instability occurs is found to be two-thirds of the zero-bias beam height
(2/3 go). This condition of pull-in, in which top plate collapses onto the bottom electrode
suddenly, is satisfied when the electrode separation decreases below two-thirds of the
fully open (up-state) condition [Luc04]. The amount of the voltage required to bring the
beam to that distance is called the pull-in voltage (V,q). This phenomenon takes place at
the point where the electrostatic attractive (downward) force is equal to the linear
restoring (upward) spring force and is due to the positive feedback in the electrostatic
actuation.
If 2/3 go is replaced with g back in the equation 1.12, the pull-in voltage V,; is

found:

Vo =V (2) = |———g3 (1.13)

T 27&0ErWwW
It is worth noting that although the beam width w, is expressed in the above
equation, the pull-in voltage is independent of the beam width since the spring constant

scales with the width and cancels out its overall effect.
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unstable portion of the beam height [ Reb03]

The applied voltage is typically 1.2x-1.4x Vg for achieving fast switch operation
[Reb01]. Once the switch is pulled down the electrostatic voltage can be reduced to a
value lower than Vpq while still keeping the switch in the down-state position. For the
cases where there is a dielectric between the actuation beam and the pull-in electrode, this
is done often to reduce both the electric field in the dielectric and to alleviate the
possibility of dielectric breakdown or charge injection into the dielectric.

A low actuation voltage is a desirable switch characteristic since it will broaden
the range of possible applications especially for portable devices [Cha03]. In recent
years, many efforts have been put on to reduce the actuation voltage of the electrostatic
switches. Those efforts includes using a variety of beam geometries such as added
serpentine beams [Hua01], meanders [Pac00, Per03], and materials to decrease the spring
constant of beam [Ke08, Seg07]. Other methods such as decreasing the interelectrode

gap i.e. the gap between the beam and the pull-in electrode, increasing the area of
15



electrostatic field, and the dielectric constant between parallel plates were also explored
[Son07].

Goldsmith et al. reported on the lifetime characterization of capacitive RF MEMS
switches [Gol01]. They have demonstrated an exponential relationship between lifetime
and actuation voltage. According to the study, a reduction in the actuation voltage by 5-6
V results in an order of magnitude increase in the lifetime of typical MEMS switches.
Therefore, reducing the actuation voltage can significantly enhance the reliability

performance of MEMS switches.

1.2.3. Power handling

High power handling in micro-relays is sought for applications such as in
electronic test circuitry, power conversion, satellite transmitters [Jac06, Nor99]. Design
challenges for high power micro-relays include finding ways to overcome a number of
failure mechanisms such as self-actuation, contact metal softening and microwelding.
These failure mechanisms will be explained in greater detail in the next chapter. Contact
failure mechanisms that define the power handling capability of the ohmic-contact micro-
relays are strongly related to the nature of the contact metals [Jen05, KwoOQ7]. A detailed

section is allocated for high power considerations in MEMS switches in the next chapter.

1.2.4. Switching speed
Slower switching speed is one of the few disadvantages of MEMS relays
compared to the semiconductor counterparts [Per03]. While the mass is typically very

small (in the order of 10! to 10° kg), the inertia exerted due to the mechanical
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movement still restricts the speed typically from few microseconds to few milliseconds.
One of the fastest switches thus far has been developed by Massachusetts Institute of
Technology (MIT) Lincoln Laboratories [Duf01]. The effort resulted in a very compact
cantilever switch (less than 50 pum long) with a response time of approximately 1 ps.
This comparably low response time is primarily due to its very small dimensions, mass,
and limited squeeze-film damping due to air compressed between the actuation electrodes
[Lam04, Ste05]. Sub-ps time switching speeds have been proven using RF MEMS
switched capacitors (Figure 1.7) and it is mostly due to much smaller dimensions and
masses [Lac06, Mer05].

Low-voltage switches are generally expected to be slower since they typically
have to drive a relatively large actuation unit area for same voltage. This is particularly
true if the switch is expected to operate in air or another gas environment, such as N, for
limiting the humidity level surrounding the structure. Those effects are taken into
consideration in the comprehensive dynamics studies of switching speed [MulO1a,
Mul01b]. A common way to improve the switching speed is to form damping holes on
the actuation part so as to reduce air damping during switch actuation [Mul00].
®
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Figure 1.7 (a) Cross section of a miniature samitched capacitor, (b) SEM picture a
miniature switched capacitor [ Lac06]
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1.3. Contact resistance and material considerationsin ohmic-contact micro-

relays

Contact resistance and contact material selection is among the most important
design considerations for high power ohmic-contact micro-relays. A material selection
which allows low contact resistance is important to reduce the joule heating at the contact
points and consequently enable high power handling [Pat05]. A low contact resistance is
also essential from RF performance perspective to obtain a low on-state insertion loss
[Tan02]. In addition, properties such as the hardness and the melting temperature of the
contact material are crucial to achieve high power operation. Contact resistance

modeling and contact material selection are detailed in this section.

1.3.1. Theoretical model

Contact resistance modeling requires an accurate surface profiling around the
contact area which is usually a microfabricated dimple. A generic contact profile was
proposed more than a decade ago [Maj97]. The model consisted of a single point
asperity or a group of asperities as shown in Figure 1.8. As two contact surfaces come
close during switching, initial interactions take place at the tip of these asperities that
extend further than average surface roughness. A relationship between the contact force
and the contact radius could then be established for a number of contact asperities by
employing a generalized elastic-plastic model for contact of a rough surface on a flat
surface build upon Greenwood-Williamson model [Gre66, Cha87]. This model
particularly holds true for contact forces up to few hundreds of uN as shown in the figure

below.
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Figure 1.8: (a) Surface profile of contact having multiple asperities, (b) calculated
contact radius versus contact force for a gold contact [ Maj97]

For larger contact forces, a purely plastic model can be used [Hol68]. This plastic

model follows:

F=AcHn

(1.14)

where F is the contact force, Ac is the actual mechanical contact area of overlapping

contact asperities between touching surfaces, H is the contact metal hardness, and n is an

empirical factor which depends on material and approaches 1 for clean surfaces.

Incorporating the contact radius into this model gives:
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where oy is the radius of Holm’s contact spot (a-Spot) representing a cluster of multiple
small contact spots. Contact radius ay can be used to estimate the Maxwell spreading
resistance between two contacting surfaces assuming that the contact radius is much
larger than the electron mean free path length of contacting materials. This spreading

resistance is also known as constriction resistance.

R, = -2 (1.16)

- 2ay
where p is the contact metal resistivity. The equations 1.15 and 1.16 show that a larger
contact force translates into a larger a-spot and a smaller contact resistance in turn. An
important interpretation of the expressions above is that the contact resistance is
independent of the nominal contact area and only depends on the hardness of the contact
materials.

Studies show that harder metals such as rhodium show much less adherence than
gold [Sha74, Sha76]. Comparing gold and rhodium, it is known that rhodium has both 2x
higher hardness and resistivity of gold hence resulting with a 4x larger contact resistance
for same contact force. On the other hand, gold has around 3.6 times more adhesion
coefficient than rhodium, therefore two materials exhibits similar behavior considering
plastic deformation characteristics.

Figure 1.9 shows measured contact resistance of gold, AuNis, and rhodium versus
applied force. As seen on the plot, increasing contact force reduces contact resistance for

pure gold, AuNis alloy and rhodium.
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Figure 1.9: Measured contact resistance of Au, AuNis and Rh [ Sch9§]

MEMS switches typically exhibit release forces of 50 uN - 1 mN [Hym99,
Sak99, Wo098, Str01]. For switches with large forces (> 1 mN), adherence forces do not
have any significance and hard metals can be used.

Large contact forces are desirable not only to reduce the contact resistance but
also to penetrate the residual contamination accumulated on the contact surfaces in non-

hermetic packages and to extend the device lifetime in turn.

1.3.2. Contact metal selection

The selection of contact metals is an important consideration to enhance power
handling capability of ohmic-contact DC and RF micro-relays. Gold-gold contacts
provide low resistivity and low corrosion however they have low hardness and low
melting point [Cou04, Lee06]. For large contact forces (usually above 1 mN), some
amount of contact wear is tolerable. However for smaller contact forces (usually below 1

mN), the metal-to-metal adhesion due to the localized welding of gold contacts is
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predominant failure mode because the switch restoring forces are smaller. Gold can also
form intermetallic compounds with copper [Cou04]. Poor corrosion resistance eliminates
many metals from consideration for contact materials in MEMS switches such as silver
and copper because the switch closing forces are not large enough to break through an
oxide or sulfide layer on the surface, particularly with the electrostatic actuation.

The ideal micro-relay contact material would have a high melting point and
hardness, low resistivity and corrosion, and it would be easily and repeatedly fabricated.
For this reason, research into alloys of gold has been conducted to try to find a harder
material while maintaining low resistivity [Cou04, Lee06]. The hardness and the
electrical resistivity data for several elements and gold alloys are plotted in Figure 1.10
[Lee06]. When gold is alloyed with harder metals, the effective resistivity increases
significantly. Compared to platinum-gold alloy (10:90), pure platinum has greater
hardness at the same resistivity. Pure ruthenium is a good material for obtaining
hardness, but it forms a native oxide on the surface. Pure rhodium, on the other hand, has
low corrosion and resistivity with larger hardness but is extremely expensive and so is

commonly used as an alloying metal.

1.4. Micro €electro-discharge machined bulk foil Pt-Rh relays for high power
applications
While significant progress has been made in micromachined relays over the past
two decades, available technologies are not authenticated as best for high power
handling. As mentioned earlier in the chapter, contact failure mechanisms that define the

power handling capability of the ohmic-contact micro-relays are strongly related to the
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nature of the contact metals. Most of the past efforts in high power DC and RF micro-
relays have focused on surface micromachined contact materials for increased power
handling [Cou04, McGO06]. Surface micromachining techniques only allow the use of
metals that can be sputtered or electroplated. Subtractive bulk micromachining of foils
offers a complementary approach. Micro-relays micromachined from bulk foils can
utilize metal alloys as contact metals, and take advantage of the properties such as high

hardness and high melting point, and thereby accommodate high DC and RF power.
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Figure 1.10: Electrical resistivity versus hardness for various metal films (1500 nm
thickness) on the S substrate, expanded from [ Lee06]

1.4.1. Platinum-rhodium

Pt-Rh is the material used to make high quality crucibles. It is not only
chemically inert but also mechanically robust (particularly because of the Rh content),
and has been reliably used to withstand very harsh conditions.
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Platinum group and platinum contact metals were studied and indicated to
significantly reduce the stiction [MajO3b, Duf01]. Pt-Rh alloy has higher hardness, and
higher melting point and lower corrosion than pure platinum. Pt-Rh with 20% Rh
content provides 2-3x higher hardness while increasing the resistivity by only 15-20%
compared to pure platinum [Pla09, Der97]. The examination of the resistivity and the
hardness (interpreted from [Lee06] and [Pla09]) in Figure 1.11 shows that gold alloys
compromise low resistivity for increased hardness. The percentages cited against plotted
data points indicate the percentage of the alloy metal; the remainder is Au. It can be seen
that 80:20 Pt-Rh is roughly at the same hardness as rhodium but has lower resistivity than
the 30:70 Au-Rh alloy. In overall comparison, 80:20 alloy of Pt-Rh shows excellent
compromise between resistivity and hardness. These properties make Pt-Rh an attractive
candidate for high power DC and RF micro-relays; it is expected to be resistant to the
softening and microwelding at elevated temperatures that may rise during high power

signal transmission.

1.4.2. Micro electro-discharge machining

Although hard-metal alloys exhibit superior properties as mentioned earlier, until
recently there has not been a lithography-compatible, subtractive micromachining
technology that could be used for these materials. Micro electro-discharge machining
(MEDM) provides such a technology. The technique employs controlled, continuous, spark
discharges between a tool and workpiece (cathode and anode interchangeably), submerged
in a dielectric fluid. The machining is suitable to pattern microstructures with any

conductive material including metals such as stainless steel, tungsten carbide, permalloys
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which are otherwise challenging to machine [Mas90, Ho03, Ehr96, Koc00]. Feature sizes
down to 5 pm with position accuracy as small as 100 nm are possible with nEDM
[Sma09]. Serial mode UEDM uses a cylindrical tool such as a wire that is scanned across
the workpiece surface to machine desired features much like a Computer Numerical
Control milling tool. Serial LEDM finds applications in high aspect ratio hole drilling for
fuel injector or jet printer nozzles, mould and die manufacture, and various aerospace and
surgical components.  Figure 1.12 shows a typical HEDM setup with electrical

configuration [Tak05].
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Figure 1.11: Material hardness versusresistivity of Pt-Rh (80:20) compared with several
alloys and pure metals

The HEDM is based on a thermal process and forms a recast layer on the surface
after machining. When a voltage bias is applied across the tool cathode and the
workpiece anode in a dielectric fluid, a spark discharge occurs between the two and

thermally erodes the anode side. However the cathode side is also eroded and leads to
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tool wear for elongated uses. Machining mechanism of HEDM is presented in Figure
1.13 [Ric08]. Electron migration, ionization and electron avalanching are phenomena
happening when sufficient voltage is applied between tool and workpiece. A plasma
channel is then formed between the electrodes, passing high currents and heating the
workpiece to the melting point. During the machining process, the tungsten electrode is

rotated at a very high speed to prevent the welding of the electrode and the workpiece.
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Figure 1.12: Electrical configuration and setup for LEDM adapted from [ Tak05]

Batch mode HEDM is an alternative to serial LEDM for increase throughput. It
uses a lithographically patterned chip — typically with electroplated Cu features on
oxidized Si substrates — as a “cookie-cutter,” to machine the workpiece [Tak02]. The
electrode array is vibrated in a vertical axis perpendicular to the workpiece to prevent the
welding of electrode and the workpiece. The schematic diagram of the setup used for
batch mode UEDM is shown in Figure 1.14. This process can provide 20-30x higher

throughput as compared to serial LEDM.
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Figure 1.14: Schematic of the batch mode HEDM setup used for fabrication of microtools
[Li09]
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1.5. Hybrid assembly and packaging on the printed circuit boards

Although many types of micro-relays have been fabricated and shown to function
individually, device integration with various functional components on the same substrate
to create complete, reconfigurable and multifunctional communication systems [Bro98,
Kim01, Huf06, Lee09] remains a challenging research topic.

For multifunctional and reconfigurable microsystems, most RF MEMS switches
which are fabricated on Si, GaAs, Quartz, Alumina [Che09, But08, Kre05] require a
system level attachment to the substrates where other components are located using
interconnection techniques such as wire-bonding. The wire bonding is one of the most
widely used interconnection technique for IC and MEMS packaging however at high
frequencies, bonding wires are known to introduce parasitic effects and impedance
mismatching [SutO1]. These effects and mismatch exhibit undesired signal losses on the
RF components which deteriorate device performance. Other interconnection techniques
such as flip-chip are used to achieve system level integration [Har00, Sin99] however are
still susceptible to RF performance degradation due to the aforementioned effects.

Printed circuit board (PCB) technology provides substrates suitable for system
level integration. PCB is a commonly used for RF applications including phase shifters
and antennas [Ram05, Cet03, Sun05]. PCB offers several advantages such as wide range
of substrate thickness and dielectric constants, and low loss tangent which is highly
desired in reducing losses and mismatches. These properties make PCB a good substrate
candidate for direct micro-relay fabrication and integration to other RF front-end system
components. Past efforts on RF MEMS switch fabrication on PCB substrates [Cha05,

Gho05, Ram07] focused on applications limited to very low power and did not consider
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device packaging which is essential for environmental protection and increasing device
reliability. Figure 1.15 shows a capacitive RF MEMS switch out of Al membrane
sputtered on PCB in CPW transmission line configuration [Cha05]. The fabricated
switch resulted in an insertion loss of 0.3dB, and an isolation of 23 dB at 20 GHz.

PCB also provides high DC current carrying capacity [Lin02] and can support

several amperes of current.
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Figure 1.15: SEM image of the RF MEMS switch (a) CPW etch profile. (b) Snitch with
200 pmwide Al membrane [ Cha05]
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1.6. Goalsand approach

High power DC and RF switching (>1 A, >1 W) impose key challenges. Micro-
relay failures due to thermal stiction causing alloying, softening and microwelding could
be alleviated by careful design and choice of contact materials.

Micro-relays micromachined from bulk foils such as platinum-rhodium (Pt-Rh)
might present an alternative for conventional high power relays and MEMS RF switches
which require mechanical, electrical, chemical, and thermal integrity. The use of hard
metal foils can potentially prevent adhesion problems, and can withstand high
temperatures without softening, alloying or microwelding to the contact surface.

The overall objective of this work is to investigate high power switching using
bulk foil Pt-Rh. The following are the goals targeted in this work.

1. Show the feasibility of Pt-Rh as a candidate contact metal for high power
switching. Design a high power DC micro-relay with bulk foil Pt-Rh contacts.
Investigate possibility of integrating a heat sink and an active cooling technique
and the impact on maximum power. Develop multiphysics simulations to
accurately model electrostatic and thermal behaviors. Fabricate the micro-relays
and develop a technique for direct on printed circuit board (PCB) integration.
Evaluate DC power handling through a series of electrical and thermal tests.

2. Design an RF micro-relay with bulk foil Pt-Rh contacts. Iteratively optimize RF
transmission line as well as DC path for maximum RF performance. Fabricate he
micro-relays and perform experiments for DC, RF and thermal characterization.

3. Develop a process for batch fabrication of at least four devices simultaneously.

Implement a package directly integrated on the PCB. Fabricate the devices and
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perform a set of experiments for full DC and RF characterization as well as PCB-

package leakage tests.

1.7. Outline

Chapter 2 reviews failure mechanisms in MEMS switches. Chapter 3 presents an
all-metal high power micro-relay with an integrated heat sink and directly assembled on a
PCB. Chapter 4 describes a micro-relay for high power RF applications. A process for a
batch fabricated and packaged micro-relay is presented in Chapter 5. Chapter 6 provides

the conclusions and the future work.
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CHAPTER 2

POWER HANDLING OF MEMS SWITCHES

Although significant attention has been devoted to the longevity of micro-relays,
the focus has been primarily directed at devices handling relatively low levels of power,
i.e. below 100 mA DC and 100 mW RF [Reb03]. High DC and RF power handling in
micro-relays is of interest for power conversion, transmitters in satellites, earth-based
communications stations and radars [Jac06, Won00, Nor99, Cae09]. Power handling of
micro-relays and MEMS switches is a major concern to realize such applications. For
switches that offer capacitive paths (used with RF signals), power handling is primarily
affected by dielectric charging, whereas for ohmic-contact switches the microwelding of
contact surfaces due to localized contact heating is the predominant failure mode.
Although there have been a number of efforts to address the power handling limitations
thorough design reconfigurations [Per04, Gre05, Hon04], contact failure mechanisms that
define the power handling capability of the ohmic-contact micro-relays are strongly related
to the nature of the contact metals [Jen05, Cou04, Lee06, McG06, KwoQ7]. Therefore, a
study of contact metals and contact physics is essential for the design efforts towards a
high power ohmic-contact micro-relay.

This chapter details the failure mechanisms for MEMS switches. Failure

mechanisms and power handling of RF MEMS switches are discussed in Section 2.1.
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Section 2.2 provides a quantitative benchmarking for cross-technology and in-technology

micro-relays.

2.1.  Failure mechanismsand power handling of MEM S switches

Device failure due to the inability to handle high levels of power is one of the
largest areas under research in the field of MEMS switches. Failure mechanisms can be
investigated for MEMS capacitive and ohmic-contact switches separately.

Major reliability issues which impoverish the power handling capabilities of
MEMS switches stem from the dielectric charging based stiction for devices with
capacitive paths and the selection of contact materials for devices with metal-to-metal
ohmic-contacts. Similarly high-power handling conditions are different for capacitive

and ohmic-contact switches and should be examined separately.

2.1.1. Low-medium power failure mechanisms for MEMS capacitive switches

The stiction due to the dielectric charging between the dielectric layer and the
metal layer is the predominant failure type for low-to-medium power (<1 A DC, <1 W
RF) capacitive switches. This phenomenon occurs due to the large switch contact areas
and charge injection which traps in the dielectric layer. This trapped charge injection
causes undesirable adhesion of compliant microstructure surfaces. The adhesion
becomes inevitable when mechanical restoring forces are inadequate to overcome the
interfacial forces such as capillary, electrostatic, van der Waals, and Casimir forces, and
other kinds of chemical forces [Mab02, Ash01, Ash01-2, Zha02a, ZhaO2b]. There are
only few efforts investigating the cause of stiction [Zha03]. The charge accumulation in
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the passivation layer, typically silicon nitride, is forced to support a large electric field
and is exposed to repeated contact with the metal bridge when the actuation potentials are
applied. This eventually leads to static charge build-up which eventually becomes
trapped within the dielectric layer. Since the charge has no conductive path to ground, it
cannot disperse. Therefore, the charge accumulates until ultimately there is enough
charge to permanently hold the switch in its down-state position.

The stiction problem of MEMS switches can be divided into two categories
[KimO1a]: release-related stiction and in-use stiction. Release-related stiction arises
during the removal process of the sacrificial layer in fabrication, and such stiction is
caused primarily by the capillary forces. The processing issues can usually be eliminated
by convenient techniques with minimal difficulty, such as the inclusion of a supercritical
carbon dioxide drying technique [She01, She02].

On the other hand, in-use stiction usually occurs due to the aforementioned
dielectric charging. Few design level considerations have been taken to deal with the in-
use stiction phenomenon [Tou08, Obe97, Per04]. Figure 2.1 shows the stiction of an RF
MEMS switch to the substrate [Zha03]. Figure 2.2 exhibits a MEMS switch designed to
overcome the stiction [Tou08]. The design employs two sets of electrodes; inner and
outer electrodes that realizes two actuations in inverse directions to release the membrane

when stiction occurs.
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Another possible solution to the dielectric charging problem is choosing the right
dielectric material. The use of silicon dioxide as dielectric layer minimizes charging
problem since PECVD silicon dioxide has a much lower trap density than PECVD silicon
nitride [Sze81] which results in reduced charging.

Use of bipolar actuation voltage is another technique to alleviate dielectric
charging problem. As shown before, the electrostatic force on the fixed-fixed or
cantilever beams is proportional to V2, hence a bipolar voltage would result in a constant
attractive force on the beam. If a square wave is applied with a frequency much higher
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than the charging frequency (~5-20 kHz) in the dielectric layer, then the dielectric would

not charge since the beams could not react to this abrupt change in the force [Reb03].

2.1.2. Low-medium power failure mechanisms for MEMS ohmic-contact switches

The dominant failure mechanism for low-power ohmic-contact switches is due to
the mechanical damage, pitting and hardening of the metal contact area and is often a
consequence of the impact forces between the top and bottom metal contacts [Reb03].
Pitting and hardening phenomena (Figure 2.3) occurs when two contact metals hit each
other repeatedly over the same spot [Mih01b]. This occurrence considerably reduces the
contact area and increases the contact resistance. Damage, pitting and hardening strongly

depends on the contact metals used.

Figure 2.3. (a) Clean gold contact, (b) contact after pitting and hardening under high
actuation voltages, (c) hardness measurements done using AFM probe [ MihO1b]

2.1.3. High power failure mechanisms for MEMS capacitive switches

One of the dominant high power (>1 A DC, >1 W RF) failure mechanisms for
capacitive switches is self-actuation or self pull-in. This phenomenon occurs when the
voltage carried on the signal or transmission line generates sufficient electrostatic force to
pull the beam down, shorting the line. Figure 2.4 depicts self pull-in mechanism

schematically [Per03].
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Figure 2.4: Sdf-actuation mechanism. (a) The switch is initially in its up-state over a
CPW line. (b) RF generated force on the CPW line is higher than the pull-in force and
the switch is actuated with no bias voltage present [ Per03].

The dielectric breakdown between the top and bottom electrodes constitutes
another high power failure mechanism for capacitive MEMS switches [HouO7]. The
electric failure mechanism can be schematized as shown in Figure 2.5. The electrode
with a certain amount of surface roughness may have small peaks at the surface
asperities, which get closer to the top electrode in the down-state, and so the electric field
intensity is locally amplified over those peaks. When the surface roughness is in the

order of several tens of nanometers, the effective voltage density becomes much higher,

sometimes exceeding breakdown voltage and resulting in failure.
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Figure 2.5: Mechanism of the breakdown due to small peak in rough dielectric layer
surface [ HouO7]
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Figure 2.6 displays the pictures of the electrode surface after breakdown. Few

breakdown spots in failure are easily seen on the figure.

Breakdown spot

Figure 2.6: Pictures of the capacitive MEMS switch after the dielectric breakdown
[Hou07]

2.1.4. High power failure mechanisms for MEMS ohmic-contact switches

Contact temperatures due to the localized heating play an important role in
understanding high power failure mechanism for ohmic-contact switches. Thermal
constriction conductance, G, is defined as the ability of a contact to dissipate heat

through the contact region [Mad95, Hym99] and given by:

1

G = Rear(1+F(3)

(2.1)
with,

Rear = (4kr)™

3
F (%) =1-14098 (%) + 03441 (%)
where Kk is the material thermal conductivity, r is the contact spot radius and b is the
cathodic contact radius which is experimentally determined. The temperature increase

due to joule heating effect is given by:

2 2
AT = BILR _ Ll7p (2.2)

- Gt Gt th:r
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where, P is the dissipated power in the contact region, R is the contact resistance, p is the
contact metal resistivity, r is the contact radius and 7 is the temperature factor. The

temperature factor can be described by:
T = R_o = (1 + E(ZT) (23)

where Ry is the resistance at ambient temperature, R(T) is resistance at temperature T, and
o. 1s the temperature coefficient of resistance for the contact metal.

Following (2.3), typical temperature increase in gold-gold contacts can range
from 10-30 °C for only 50-100 mA of DC current and can reach few hundred °C for >1
A. The temperature can increase higher in hard metal contacts due to higher resistivities.
Excessive local heating can cause contact metal softening, alloying and microwelding
where two metal contacts swap and merges atoms and transfer material.

Figure 2.7 presents a combination of contact asperities and high current condition
[Jen05] and its effect on the contact resistance. Figure 2.8 shows, SEM image of a gold-

gold contact which melted due to excessive current flow.

J J Current Flow J
—

Insulating Film _Meta

Current Flow

Heating Causes Growth of Real Contact Spot
Figure 2.7: lllustration of the surface asperities and the contribution to high current

induced heating. Heating due to the current flow in the contact spot leads to a resistance
decrease caused by the material annealing or film breakdown [ Jen05].
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Figure 2.8: SEM image of a melted gold contact due to excessive heating [ Jen05]

2.2.  Quantitative benchmarking

This section covers quantitative benchmarking for high power switches. The
benchmarking is done for two cases: cross-technology and in-technology. In the cross-
technology comparison, various kinds of high power semiconductor switches are
benchmarked whereas in the in-technology comparison, high power MEMS switches are
benchmarked.

For the cross-technology comparison, various Kkinds of state-of-the-art
semiconductor switches are presented, including both research-phase and commercial
devices. These include a commercial high power thyristor [Sem09], a solid state DC
relay [Aut09], an IGBT [Fai09], a high power HFET single pole single throw (SPST)
switch [Ish05], a SIC Schottky diode [Cre08], and another commercial GaAs SPDT RF

switch [Per08]. The comparison is presented in Table 2.1.
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Table 2.1: Cross-technology comparison of various semiconductor switches

Device SKKD ADSSR  |ISL9V2040S| AlGaN/ | SiC Schottky | GaAs SPDT
57/08 E G6 210D 3S GaN HFET Cree Peregrine
Thyristor |SS DC Relay IGBT [1sh05] C2D10120 | PE42510A
Properties [Sem09] [Aut09] [Fai09] [Cre08] [Per08]
Bandwidth DC DC DC DC-1GHz DC 30 MHz-2
GHz
Power (W) 225 200 130 43 18-30 32
Max current (A) 45 10 10 1 10 1
Resistance () 0.005 N.A. 0.6 0.93 0.10-0.15 N.A.
Turn-on time 1 10000 2 N.A. N.A. 45
(Ms)
Insertion loss N.A. N.A. N.A. 0.26 N.A. 0.40
(dB) @ 1 GHz @ 800 MHz
Isolation N.A. N.A. N.A. 27 N.A. 29
(dB) @ 1 GHz @ 800 MHz
Stand-off 3600 4000 430 100 6001200 2000
voltage (V)
Size (cm’) 85.8 352 15 0.144 1.42 0.08
Table 2.2: In-technology comparison of various RF MEMS switches
Device [Per04] | [Mah10] | [Cho09] [Kwo07] [Maj03a, ThisWork
Majo3b
Properties Mac04]
Type Electro- | Electro- | Electro- Piezo- Electro- Electrostatic
static static thermal electric static
Bandwidth | 5o 40 | pc-10 | DC-10 | DC-20 DC—4 DC-10 GHz
(GH2z)
Power (W) 0.8 4 4.6 1.4 0.001-2 20
Max current (A) N.A. N.A. N.A. 0.1 0.5-1 2.8
Resistance (Q2) N.A. N.A. 1.5-2 0.49-1.2 1 11
Turn-ontime | N A | =0.005 | 14,000 <5 0.005 10
(ms)
Insertion loss 0.17 0.1 0.3 0.5-1 0.32 0.25 @ 5 GHz
(dB) @40GHz|@ 10 GHz|@ 10 GHz| @ 10 GHz| @ 2 GHz
Isolation 15 15 30 30 33 15 @ 5 GHz
(dB) @40 GHz | @10 GHz | @12 GHz | @10 GHz | @2 GHz
Footprint (mm®) |  ~0.1 ~0.2 105 ~1 ~0.02 8.4
Switch type / | capacitive | capacitive | ohmic- ohmic- ohmic- ohmic-contact/
contact materials contact/ contact/ contact/ Pt-Rh/Au
Au/Au | Au/Au, Ir/lr, Pt-Pt
Au/Pt
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For the in-technology comparison, specifications of five MEMS switches are
shown. The device reported by Peroulis et al. [Per04] was a capacitive RF switch with a
large bandwidth. Micro-relay had 0.8 W power handling under hot switching conditions
(where RF source is constantly kept on) and competitive footprint. Mahameed et al.
recently reported a high power RF switch which can handle 4 W [Mah10]. Choi et al.
introduced an ohmic-contact RF switch with 4.6 W power handling, however the
footprint was considerably large for array applications. Another ohmic-contact switch
employed Pt-group metals as contact material [Kwo07]. RF power handling of 1.4 W
and DC current handling of 100 mA were reported. The Radant switch [Maj03a,
Maj03b, Mac04] is a well-known micro-relay with DC current ratings up to 1 A and RF
power handling up to 2 W. Finally, the work presented in this thesis is provided as

benchmarking. The comparison is presented in Table 2.2.
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CHAPTER 3
MICROMACHINED Pt-Rh AND STAINLESS STEEL RELAYSFOR HIGH
POWER DC APPLICATIONS

As discussed in Chapter 1, the overall objective of this work is to investigate high
power switching using bulk foil Pt-Rh. This chapter describes the evaluation of Pt-Rh as
a micro-relay material using an all-metal three-terminal test structure [Ozk10a-Ozk10b].
Its performance is compared to stainless steel as a point of reference. Although the test
structure is not intended for large scale production, it permits the evaluation of the alloy
material and design concepts. This chapter also reports on the possibility of integrating a
heat sink and an active cooling mechanism and evaluates the impact on the maximum
power handling. In addition, a preliminary process for hybrid on-PCB device integration
is introduced. Section 3.1 describes the micro-relay design. Section 3.2 details the
fabrication and assembly processes for the device. Experimental setup and results are
presented in Section 3.3. These include electrical characterization, thermal performance,
and preliminary lifetime tests for the device. The discussion and conclusions are

provided in Section 3.4.

3.1. Design

The micro-relay utilizes a three-terminal structure (Fig. 3.1(a)). The design has a

footprint of 2.6x2.5 mm’ and it employs vertically stacked components that are directly
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assembled on a PCB which uses a 1.6 mm-thick FR-4 substrate. Interconnect traces of
90 pum thickness Cu were chosen for high current ratings (4.5 A for 400 um wide signal
lines). In such PCBs, a 4-pum thick Ni layer covers the Cu traces, and a 0.15-pum thick
outer gold layer provides the contact surface. The layout has three distinct regions: a
ground electrode which acts as the source; an open signal line with a break in the middle
which acts as the drain; and an electrically floating anchor pad with through vias, which

accommaodates the alignment and the placement of components to construct the micro-relay.

Actuation (a)
cantilever Heat sink
4/

(gate)
S Microsphere

Anchor

(floating) Stand-off tip

Aligng

\Atac

cantileve

Signal line
(drain)

500 um
—

ontact gap 10 um t

Electrode gap 7 pm

Substrate gap
Figure 3.1: (a) Exploded view of micro-relay showing double cantilever structure. Gold
posts align and hold the cantilever over gold-coated copper traces on the PCB. Recess
depths are 2 pum and 100 pm on contact and actuation cantilevers respectively. The
actuation cantilever is isolated from the contact cantilever and pushes it down via
thermally conductive microsphere. An extension at the tip prevents pull-in. Heat sink is
integrated atop. The design has an actuation area of 1.32 mn? as defined by the footprint
of the pull-in electrode (1200x1100 pnr). (b) Side view showing critical gaps for
electrostatic actuation and pull-in prevention.
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A Pt-Rh contact cantilever (400x1400x30 pm® including anchor; 600 um
suspended length), is located orthogonally with respect to the signal line and suspended
above the break. Two alignment posts, extending from the vias, perforate the contact
cantilever and fix it to the anchor on the PCB. The underside of the contact cantilever
has a recessed region of 2 um height, over the signal line, to provide with an initial gap
(Fig. 3.1(b)).

An aluminum actuation cantilever (1200x2100x230 pm® including anchor; 1500
pm suspended length) is attached directly on the PCB substrate and suspended above the
contact cantilever. A paddle shaped extension at the distal end acts as a pull-in electrode
(with 1200x1100 um? actuation area) and allows electrostatic actuation when biased with
respect to the electrode below it. A stand-off element extends from the tip of the
actuation cantilever. The gap between the stand-off tip and the substrate is designed to be
7 um — 3 um smaller than the electrode gap across the actuation cantilever and ground
electrode — to prevent pull-in. (It is recognized that in an environment that is not clean an
electrically insulating layer will be necessary to prevent inadvertent shorting of the
actuation electrodes.) Hole-1 on the actuation cantilever prevents contact with the
alignment posts, whereas hole-2 accommodates subsequent placement of a microsphere.

A thermally conductive sapphire microsphere (Edmund Optics, 300 um diameter,
45 W-K*-m ™ thermal conductivity) is used on the contact cantilever. It fits tightly in
hole-2 which has the same diameter. The microsphere mechanically couples the
actuation cantilever with the contact cantilever while keeping it electrically separated. It

provides a single point of contact between the actuation cantilever and the contact
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cantilever, partially alleviating any assembly imperfections. In addition, it provides a
thermal conduction path to dissipate heat away from the electrical contact region.

An aluminum heat sink (500x500x500 pm?®, 475 um fin height) is located above
the actuation cantilever. A through-hole at the base of the heat sink, concentric with
hole-2 on the actuation cantilever, supports the microsphere and provides a heat
dissipation path from contacts to the heat sink fins. The gap between the fins is defined

to allow the placement of the microsphere (Fig 3.2).

500110,

Figure 3.2: Heat sink dimensions
Two design criteria were followed for designing the heat sink fins [Cim94]: 1)
heat loss limit should be larger than 1, and 2) fin efficiency should be larger than 0.75.

The heat loss limit, h;, is defined by:
h=—2>1 (3.1)

where k is the thermal conductivity of the sink material (W-K-m™), h is the heat

transfer coefficient (W/m? - K) and t is the fin width (m). At room temperature (300 K),
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for air ambient and a fin width of 145 pum, the heat loss limit is 4.83. Fin efficiency is

defined by:

2h
p=thm) S 75 m= | (3.2)
ml kt

where | is the fin height. The efficiency of the designed fin is 0.812 for a fin height of
475 pm.

Results from the electrostatic-mechanical modeling of the micro-relay are shown
in Fig. 3.3. The simulations were carried out in ANSYS. All the PCB traces were
neglected. The “no-penetration” contact conditions were applied where the glass
microsphere touches the contact cantilever at a single point. The “bonded contact”
condition was used everywhere else. The “fixed geometry” condition was used at the
anchors. The electrodes and contact gaps were set to 10 pm and 2 pm, respectively. The
pull-in voltage for a 7 um vertical tip displacement was 120 V; at this point the stand-off
tip touched the substrate. The spring constant for the device with combined cantilever
pair, heat sink and the microsphere, was 56 N/m. The contact force per contact region
was 1.1 mN for 150 V actuation voltage; the switching time was 9.4 ms.

Thermal modeling for contact heat dissipation and forced cooling requires a good
estimate of the contact resistance to account for joule heating. Holm’s plastic
deformation model, introduced in Section 1.3.1, was initially used to estimate the contact
resistance. Since the contact pair used in the design was Pt-Rh/Au, the contact resistance

in equation 1.16 was developed into [S1a99]:

+
RC =% (3.3)
ay
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Here, p1 and p, are the electrical resistivities of the contacting metals. Adopting the
contact mechanism proposed in [Bow64], it can be assumed that contact pressures on a
contacting pair of asperities are equal to the flow pressure of the softer of the two
contacting materials and that the normal load is supported by plastic flow of the softer
asperities of that pair. However, it is important to note that in a multilayered structure the
effective hardness is affected not only by the hardness of the top layer, which is thin in
this case, but also by the hardness of thicker bottom layer material. Determining an exact
value for hardness in the multilayered Cu/Ni/Au patterns used for the PCB traces is
nontrivial and tabulated values for specific multilayer films are not readily available. The
contact resistance modeling of sputtered films with different thicknesses and its mismatch
with Holm’s theory has been previously reported [Rea09]. Since the thickness of the Ni
layer (4 um) is sufficiently larger than the thickness of the Au (0.15 pm), the effective
hardness was chosen as that of Ni. Using equations 1.15 and 3.3, a contact resistance of
620 mQ was found for the micro-relay design, with an estimated contact hardness of 6
GPa — the approximate Meyer hardness of Ni, unity n, approximate combined resistivity
of 30 uQ-cm for Pt-Rh/Cu/Ni/Au contacts, and 1.1 mN contact force per contact region
(estimated by FEA for 150 V actuation voltage). The theory suggests 241 nm radius for
a-spot.

To verify the theoretical model, contact resistance was also estimated empirically.
The experiment followed a procedure similar to the one described in [Rea09]. It involved
manually placing a HPEDM’ed Pt-Rh beam, with the intended dimensions of contact
cantilever, against open signal lines, and then applying a controlled contact force. The

contact force was supplied by a precision force gauge (Aurora Scientific, Model 403A).
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The gauge was mounted on a motorized x-y-z stage and brought into close proximity to
the Pt-Rh beam. The force was applied over a 1 mm contact diameter, in 200 uN
increments, up to 2.2 mN. The test current was sourced at a level of 5 mA, while contact
resistance was measured using a 4-wire technique. The total series resistance was 0.8 Q
for 2.2 mN total contact force that was distributed evenly over two contact regions. The
empirical method estimates an a-spot of 186 nm radius. The change of contact resistance
with the contact force and its comparison to Holm’s model is shown in the Fig. 3.4. The
empirically estimated contact resistance was larger than the theoretical estimate by

approximately 25%.

AN - 1200

Displacement (m)
- 7.0e-6
-6.1e-6
- 4.9e-6
- 3.6e-6

I 21e6
0.0e-0

Figure 3.3: Electrostatic FEA showing displacement results for micro-relay. Vacr is
electrostatic actuation voltage (120 V) applied on the pull-in electrodes to cause
cantilevers to travel 7 um, before stopped by the stand-off tip. Smulated contact force
and actuation time are 1.1 mN/contact region and 9.4 ms, respectively, for an increased
voltage of 150 V
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Figure 3.4: Preliminary estimation of total series contact resistance with for use in the
thermal model. Experimental plot showing the change of contact resistance with
increasing force supplied from a force gauge on a Pt-Rh contact cantilever. The force
was supplied in 200 pN increments, up to 2.2 mN total force (to obtain 1.1 mN force
equally per contact area). The data is compared with Holm's contact model. For 2.2
mN, the experimentally estimated contact resistance was 0.8 Q whereas Holm’s model
predicted 0.62 Q.

The empirically estimated contact resistance was used to determine joule heating
boundary condition in the finite element model for contact heat dissipation. The adhesive
between microsphere, actuation cantilever and heat sink was thermally modeled as an
overlapping shell only around the microsphere with a thermal conductivity of 5 W/m-K
following the specifications of commercially available epoxy (Aavid Thermalloy). To
model the forced cooling via a commercially available mini-fan (Sunon-UF3A3, 0.29 W
power consumption), an upward air flow of 0.22 m/s was used. The air flow velocity of
the mini-fan was experimentally estimated, in air, at atmospheric pressure and room
temperature, by particle image velocimetry. The mini-fan was first horizontally placed
with respect to an incense stick to account for buoyancy effects. The displacement of the

streamed smoke was then observed on a 30 frame-per-second camera (Fig. 3.5).
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Air sucking
direction

Figure 3.5: Particle image velocimetry experiment showing the smoke displacement
every frame (33 ms).

Figure 3.6 shows air flow rate of a twelve-run experiment. The average rate was
0.22 m/s. To verify the flow rate near the heat sink the mini-fan was placed 1 mm above
the micro-relay and the smoke was fed horizontally through a 100 pum diameter glass
capillary (Fig. 3.7). The flow rate was then determined similarly using particle image
velocimetry. Extracted flow rate of 0.22 m/s was in good agreement with the larger scale

experiment in Fig. 3.5
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Figure 3.6: Air flow rate as a result of a twelve-run test. The test was done in air, at

atmospheric pressure and room temperature.

Sunon mini-fan (10x10x3 mm?)

Air flow
0.22 m/s

Figure 3.7: Smoke flow near the heat sink fins on micro-relay. Mini-fan (Sunon UF3A3)
was placed 1 mm away from the switch and smoke was fed horizontally from the right
side through a glass capillary of 100 um diameter. Air flow velocity of 0.22 m/s was
extracted from recorded images.

The modeled flow was constrained in a cylindrical box of 1.5 mm height and 1
mm diameter enclosing the contact area and the heat sink. Thermal finite-element
analysis was performed in ANSYS. For both unforced and forced cooling, the
temperature distribution was estimated at 1 s into the on-state. Figure 3.8 shows the
temperature distribution obtained for unforced and forced cooling for 2.5 A line current,

0.8 Q estimated contact resistance and 300 K ambient temperature. Forced cooling

decreases the maximum temperature in the contact area by approximately 25 K.
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Velocity = 0.22 m/s 300

" | "1‘1

Figure 3.8: FEA results at 1 s into the on-state time with 0.22 nvVs upward air flow.
Temperature distribution results for (a) unforced (b) forced cooling (Pt-Rh contact
cantilever, 0.8 Q estimated total series contact resistance, 2.5 A line current, 300 K
ambient temperature). Compared to unforced cooling, forced cooling suppresses
temperature at contact region by around 25 K.

3.2. Fabrication and assembly

Contact cantilevers were serially fabricated using HEDM from both Pt-Rh (80:20)
and SS316L alloys using 50-um thick stock metal foils (Alfa Aesar Corp.). They are
micromachined down to 30 um thickness on anchors and 28 pm thickness over contact
regions to allow for the 2 um contact gap. Two perforations of 300 um were located in
anchor regions for attachment to the PCB via alignment posts. The lowest available
discharge energy of 24.5 nJ was used for cantilever contact regions to ensure smooth
surface finish. The surface roughness of the bottom side of both Pt-Rh and SS316L
contact cantilevers was measured using Zygo NewView 5000 interferometer. Average

roughness R, was approximately 45 nm for both cantilevers. In comparison, the virgin
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material had average roughness R, 25 nm. SEM image of a fabricated contact cantilever

is shown in Figure 3.9.

Mggr}r;"—l 500 pm
30x 3600-30min-E1

Figure 3.9: Contact cantilever SEM image showing machined recess for contact gap

The actuation cantilevers were also fabricated using LEDM from hardened Al
alloy 3003, using 250-um thick stock foil. Lower purity (99%) Al alloy was used in
order to minimize cost. Compared to stainless steel, the higher thermal conductivity of
Al can help dissipate heat. Initially, these cantilevers were machined down to 230 um
thickness. The pull-in electrode, and mid-section, where hole-2 is located, were further
reduced in thicknesses down to 120 um and 30 pum, respectively. The perforations, hole-
1 and hole-2 were then machined, similar to the perforations on the contact cantilevers.
The heat sinks were fabricated using HEDM from 500-um thick Al alloy 3003 foil. The
gap between the fins was defined not only by the diameter of the serial tool but also by
that of microsphere. Figure 3.10 and Figure 3.11 show SEM images of fabricated

actuation cantilever and heat sink, respectively.
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Figure 3.11: SEM image of the heat sink

For the device assembly, gold wire alignment posts (1750 pum height; 300 pm

diameter), were fitted into the PCB vias (Fig. 3.12(a)). Conical tip shapes allowed easy
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insertion and assembly. The length of the posts was designed to extend above the PCB
trace by approximately 60 um, to precisely accommodate the cantilevers. For the
attachment of the contact cantilever to the electrically floating anchor pad, thermally
conductive epoxy was manually applied through a syringe around the alignment posts to
ease heat dissipation through the posts (Fig. 3.12(b)). Subsequently the actuation
cantilever was assembled on top of the contact cantilever and attached to the substrate
using high temperature epoxy (Cotronics Duralco 4703, 650 K rated) (Fig. 3.12(c)). The
sapphire microsphere was inserted through hole-2 on the actuation cantilever and
attached to the contact cantilever underneath with thermally conductive epoxy (Fig.
3.12(d)). The heat sink was placed on top of actuation cantilever, surrounding the
microsphere, and was secured by thermally conductive epoxy (Fig. 3.12(e)). The flatness
of the cantilevers was maintained during the assembly process by monitoring the tip
height by a high resolution laser displacement sensor (Keyence LK-G32, 50 nm
resolution) and adjusting to ensure that the cantilever tip was at the desired height from
the ground electrode during epoxy curing. It is envisioned that in the long term, this
process can be replaced by a precision pick-and-place process, or eliminated entirely by a
lithographic manufacturing method.

A total of nine devices were fabricated and assembled. The distribution is as
follows: four devices (two with SS316L contact cantilever and two with Pt-Rh contact
cantilever) were used for electrical characterization; two devices (both with Pt-Rh contact
cantilevers) were used for thermal characterization; two devices (one with SS316L

contact cantilever and one with Pt-Rh contact cantilever) were used for energy dispersive
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X-ray spectroscopy (EDX); and one device (with Pt-Rh contact cantilever) was used for a

preliminary measurement of hysteresis and lifetime.

Alignment posts

AccV  Spot Magn  Det WD
26,0 kY b.7 20x BB, 7

Figure 3.12: SEM micrographs of assembly sequence for all-metal micro-relays showing:
(a) floating anchor with alignment posts inserted. (b) Contact cantilever (Pt-Rh or
SS316L) aligned on top of the posts through perforations and anchored with thermally
conductive epoxy. Contact gap of 2 umis shown. (c) Actuation cantilever directly placed
on PCB substrate. Stand-off tip prevents electrostatic pull-in.  (d) Microsphere inserted
into the hole-2, secured with thermally conductive epoxy. (e) Heat sink placed by aligning
the center hole around the microsphere, fixed with epoxy.
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3.3. Experimental evaluation
3.3.1. Electrical testing

The test circuit and the actuation concept for the micro-relay are shown in Fig.
3.13(a). The inputs include the actuation voltage (Vg), the electrical ground, and the line
current (lon), which is separately supplied by a current source (limited to 10 V
compliance). In the figure, framed voltages represent indicators. The isolation of the
actuation cantilever is monitored by Viso. Under normal operation there is no current
flow across isolation resistor, Riso (20 kQ), which is placed between Vg, the cantilever
actuation voltage supply, and the actuation cantilever. Therefore, in the absence of a
short circuit, Vg and V,so are normally the same (Fig. 3.13(b)). If the actuation cantilever
is shorted to the contact cantilever or to the ground electrode, a leakage current will
generate a voltage drop across Riso, hence result in a Viso lower than V. Similarly,
VrLoar IS monitored for voltage fluctuations in the floating anchor pad. Vs is used to
extract the total series on-state resistance, Ron. When the micro-relay is off, Vs is 10 V
due to the current source limit (and is denoted by Vs_ors). When the device is turned on,
Vs is reduced sharply (and is denoted by Vs on). Ron can be extracted from Vs on by
dividing it by lon. Ron IS @ sum of the contact resistance, cantilever resistance and
resistance of the signal lead transfer points at the anchor regions.

The tests were conducted in nitrogen ambient (50.7 KPa vacuum) and repeated
for both Pt-Rh and SS316L devices. The electrical tests were intended primarily at

determining the maximum allowed by the materials and structure.
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Figure 3.13: (a) Circuitry for device tegtrir:\(;, using actuation voltage (Vg) and line
current (Ion) inputs. (b) Actuation concept showing Vs orr and Vs on conditions. Ve oar
isalways near 0, whereas V|so isequal to V.

Vertical displacement at the tip of the actuation cantilever was recorded using
Keyence LK-G32 laser displacement sensor. The voltage was swept from 0 V to 170 V
and back to 0 V to observe the hysteresis (Fig. 3.14). The typical pull-in voltage was
around 130 V, slightly larger than the designed value of 120 V. The switching times
were approximately 14-15 ms. The turn-off voltage was typically 60 V; this was used to
determine the device spring constant. During the release, electrostatic force and

mechanical restoring force are equal in magnitude, assuming adhesion and van der Waals
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adhesion forces are neglected and there is no self-actuation. The spring constant can then

be extracted using following equation [Reb03]:

2
£-VWWV
Fy=F = k=107 Toff o (3.4)
2 gx

where & is the vacuum permittivity (8.85x10™?), W and w are length (1200 pm) and
width (1100 pm) of the pull-in electrode, respectively. Vs is the turn-off voltage (60 V),
g is the electrode gap at pull-in (typically 3-5 pum) and x is the displacement € 6-8 um).
The resulting spring constant was 70.8 N/m. This value was somewhat larger than the
simulated spring constant of 56 N/m. Actuation force and recoil forces are extracted as 6

mN and 3.5 mN from (3.4).
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Figure 3.14: Satching sequence showing the hysteresis. Vertical displacement at the tip
of the actuation cantilever was recorded using a laser displacement sensor with OV—
170V-0V actuation voltage sweep. Device pull-in and turn-off voltages were 130 V and
60 V respectively. The combined stiffness of pair of cantilevers, heat sink and the
microsphere, extracted from these measurements, was 70.8 N/m.

The change of on-state resistance, Ron, with actuation voltage is shown in Fig.
3.15. Increasing Vg increased the actuation force and reduced on-state resistance, e.g. 1.4
Q at 140V, for Pt-Rh contacts, reduced to 1.25 Q at 160 V. On-state resistance did not

decrease significantly past 160 V. Overall, Pt-Rh devices exhibited lower on-state
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resistances than stainless steel devices, probably due to lower electrical resistivity of the
Pt-Rh (=23 pOhm-cm) compared to SS316L (74 pOhm-cm). The on-state resistances of
devices with the same contact metal exhibited only minimal variations (on the order of 10
mOhm) from device-to-device. On-state resistances were also monitored with changing
line current (Fig. 3.16). For this, Vs was kept constant at 150 V and lon Was increased in
100 mA increments to the point of failure. The Ron did not display major change up to
1.2 A line current for SS316L and 1.5 A line current for Pt-Rh devices. Past these points,
resistances for both devices sharply increased. Device failures associated with

microwelding occurred at 1.8 A and 2.6 A for SS316L and Pt-Rh contacts, respectively.

3.3.2. Thermal testing

Thermal tests included evaluation of Pt-Rh micro-relays under unforced and
forced air cooling conditions. A preliminary assessment of the thermal conditions for the
Pt-Rh micro-relay was performed by measuring the contact temperature at the end of
each 1 s actuation time period during which varying levels of current were maintained.
Tests were performed in 50.7 KPa nitrogen for both unforced and forced cooling cases.
A constant actuation voltage, Vg, of 150 V was applied during the tests.

The measurements were performed with the T type Perfluoroalkoxy (PFA)
insulated thermocouple (OMEGA Inc., 15 cm length, 70 um exposed tip diameter); the
manufacturer-specified thermocouple tolerance was +0.5 K. For measurements, the tip of
the thermocouple wire was brought in close proximity to the contact area and pressed
against the signal line. The room temperature was 300 K during these tests. For forced
cooling experiments the mini-fan was located approximately 1 mm above the device.
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The flow was forced upward from the device. (The flow rate was not experimentally

verified at the operat

atmospheric pressure

1.7
1.6
1.5

1.4

Ron (Q)

1.3

1.2
1

ing pressure of 50.7 KPa. As noted previously, the flow velocity at
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Figure 3.15: Experimental results showing change of on-state resistance with actuation
voltage. Line current Ioy was kept constant at 1 A. Increase of Vg yielded higher contact
force on signal line hence lower on-state resistance. Pt-Rh devices accommodated |ower

on-state resistance.
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Figure 3.16: On-state resistance derived from |-V curve. Roy is shown for a contact line
current up to 2.6 A (in 50.7 KPa nitrogen, unforced cooling). Actuation voltage Vg was
maintained constant at 150 V. Resistances augmented sharply past 1.2 A and 1.5 A of
lon for SS316L and Pt-Rh contacts respectively due to softening at contact asperities.

Microwelding failur
and Pt-Rh devices, r

es due to localized heating occurred at 1.8 A and 2.6 A for SS316L
espectively.

Typical measurements for contact area temperatures (following 1 s into the on-
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state) of the Pt-Rh micro-relay are shown in Fig. 3.17. The impact of forced cooling is
evident: e.g., for 2 A line current, unforced cooling on the micro-relay resulted in 408 K
contact temperature, whereas forced cooling suppressed contact temperature rise by at

least 20 K. Devices with forced cooling exhibited higher current handling (2.8 A).
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Figure 3.17: Contact temperature for the Pt-Rh micro-relays subjected to unforced and
forced cooling in vacuum nitrogen (50.7 KPa) after 1 s on-state operation at varying
current levels. Experimental data was compared with smulations. Device failure due to
microwelding occurred at 2.6 A and 2.8 A for unforced and forced cooling respectively.
Heat management with upward forced cooling (compatible with Sunon UF3A3 mini fan,
10x10x3 mm® size, 0.22 nmVs air flow) yielded lowest temperature.

Micro-relays were disassembled after failure and contact cantilevers surfaces
were observed (Fig. 3.17(a)-(b)). Pt-Rh and SS316L cantilevers were microwelded on
Au-Ni-Cu layers of PCB due to excessive heating at the contact asperities. Surface
material conditions for another pair of contact cantilevers were observed using EDX after
only 50 operation cycles at 1 A electrical current, well before failure (Fig. 3.17(c)-(d)).
For averaged EDX spectroscopy, regions of interests were chosen as boxes (75 um x 150
pm) over contact areas. Both SS316L and Pt-Rh contact cantilevers displayed small

traces of gold, indicating material transfer in the initial cycles, even at lower powers (Fig.

3.17(e)-(f)).
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Figure 3.18: SEM micrographs of failed contact cantilevers after disassembly (view from
below). Excessive local heating due to high current yielded metal transfer of PCB
material on (a) stainless steel and (b) Pt-Rh contacts at 1.8 A and 2.6 A of line current,
respectively, and in 50.7 KPa vacuum nitrogen. Energy dispersive X-ray spectroscopy
(EDX) was performed on contact cantilevers after 50 operation cyclesat 1 A current. The
regions of interest for averaged EDX spectroscopy were 75 x 150 pm? and enclosed the
particles shown on SEM micrographs (c)-(d). EDX spectra for (e) stainless steel and (f)
Pt-Rh contacts showed presence of gold.
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3.3.3. Lifetime testing

A preliminary evaluation of lifetime of the Pt-Rh micro-relays was performed under
hot switching conditions. An electrical line current of 1 A was used and an actuation
voltage of 160 V was maintained for the test. The micro-relay was operated at 0.5 Hz
frequency with 50% duty cycle. The test was done in nitrogen (50.7 KPa) with the mini-
fan kept on all the time. The on state resistance, Ron, was recorded until the device failure
occurred. Contact temperatures were also recorded as described in the previous section.

Lifetime test results are shown in Fig. 3.19. The micro-relay operated 2226
cycles before failure. Since the devices were actuated a few tens of times for assembly
check purpose before the actual lifetime test, Ron did not exhibit a change for the initial
cycles and was constant at 1.2-1.4 Q for approximately 1900 cycles. A drastic increase
in the on-state resistance was observed past 1900 cycles and Ron Was approximately 15
Q at failure. The figure also shows the contact temperature, which remained stable below

2000 cycles, but sharply increased past 440 K near the point of failure.
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Figure 3.19: Lifetime characterization of the micro-relay. Hot switching test was run in
nitrogen (50.7 KPa) with 1 A line current and 160 V actuation voltage. The frequency was
0.5 Hz and duty cycle was 50%. A drastic change in on-state resistance was observed past
1900 cyclesleading to failurein the 2226" cycle. The corresponding contact temperatures
are also shown. At device failure the contact temperature recorded was 443 K.
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3.4. Discussion and conclusions

Electrostatically actuated micro-relay test structures for high power DC applications
were evaluated in this paper. Pt-Rh alloy bulk foil was evaluated as the structural contact
material for its inert nature and its resistance to softening and wear. The contact metal to
mate with Pt-Rh was Au because of its widespread use in PCB manufacturing. A contact
pair solely based on Pt-group metals is expected to be susceptible to frictional
polymerization, i.e. the formation of a contaminant film due to absorption of organic
vapor from the air under fretting conditions with shear or normal force [Rea09, Abb78].
The use of Au with Pt-group metals is known to alleviate the effects of this phenomenon
significantly [Ant82]. EDX spectroscopy suggests that some portion of Au top layer is
transferred onto contact cantilevers after 50 operation cycles with 1 A electrical current.
This phenomenon indicates that contacting SS316L/Pt-Rh and Au pairs potentially
contributes to the net reduction of contact resistance.

The micro-relay contact resistance was estimated both theoretically using Holm’s
permanent deformation model and empirically via a force gauge experiment. For 2.2 mN
total contact force and Pt-Rh contact cantilevers, Holm’s method suggested 620 mQ
contact resistance with an a-spot of 241 nm radius. This a-spot represents multiple spots
that are actually present over the large nominal contact area. The empirical measurement,
on the other hand, resulted in a contact resistance of 0.8 Q which estimates 186 nm radius
a-spot. The difference between theoretical and empirical estimates can be attributed to
the surface conditions of the machined cantilever.

In normal operation, the on-state resistance, Ron, was a sum of the contact

resistance, cantilever resistance and resistance of the signal lead transfer points at the
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anchor regions. At high currents (>1 A), the measured on-state resistances were
approximately 1.5 Q and 1.25 Q for SS316L and Pt-Rh micro-relays, respectively.
Measured on-state resistances were higher than empirically estimated 0.8 Q (for Pt-Rh
micro-relays). This is likely due to the parasitic resistances contributed by the cantilever
and transfer points, as noted above. Overall, the on-state resistance of the micro-relays
was higher when compared to DC relays intended for low power handling. In one case, a
1-Q contact resistance was reported for an 80 mA current [LiO0]; in another case a 35-
mQ contact resistance was reported for 20 mA [Won00].

Failures due to localized heating occurred at 1.8 A and 2.6 A for SS316L and Pt-
Rh devices, respectively. The early failure of SS316L micro-relays compared to Pt-Rh
micro-relays has two potential reasons. First, the larger electrical resistivity of SS316L
leads to greater joule heating, which, in turn, increases the temperature that contributes to
failure. Second, the thermal conductivity of SS316L is about 16 W/m-K whereas that of
Pt-Rh is approximately 35 W/m-K [Pre60]. Therefore, the contact temperature for
SS316L micro-relays will be higher than for Pt-Rh micro-relays, which, in turn, increases
the on-state resistance and contributes to an earlier failure. Experimentally measured
contact temperatures were overall in good agreement with simulations. Measured
temperatures are likely to be higher than simulated ones because of the higher on-state
resistance. Pt-Rh devices with forced cooling exhibited a current rating of 2.8 A in 50.7
KPa nitrogen. The use of forced cooling suppressed contact temperature rise by
approximately 20 K.

An unpackaged Pt-Rh micro-relay operated for 2226 cycles under hot switching

conditions of 1 A line current. This is approximately 10x greater than other high current
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DC micro-relays tested at about 100 mA [Kim08]. It is expected that device packaging
can further extend the device lifetime.

The test structures evaluated in this study were relatively compact compared to the
packaged solid state relays. The current handling was 2-3 times higher than that reported
for other DC micro-relays of similar size [Tay98, Won00]. However, on-state resistances
were high and actuation times were slow (Table 3.1).

Table 3.1: Device performance summary. Fabricated devices provide small footprint
and high current handling.

Property Contact Metal

SS316L Pt-Rh

Footprint (mm?) 6.5 (2.6x2.5)

Actuation area (mm?) 1.32 (1.2x1.1)

Maximum current (A) 1.8 2.8
On resistance (Q) 15 1.2
Actuation time (ms) 10-15

The main goal of this effort has been to evaluate the power limits of such relays.
This chapter has demonstrated the efficacy of bulk metal foils as possible candidates for
high power contact relays. Micromachined elements fabricated from stainless steel and Pt-
Rh foils are both shown to work; the former may offer a lower cost options whereas the

latter offers higher performance.
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CHAPTER 4
AN ALL-METAL MICRO-RELAY WITH BULK FOIL Pt-Rh CONTACTS
FOR HIGH POWER RF APPLICATIONS

This chapter describes the performance of electrostatically actuated, three-
terminal high power RF micro-relays that utilize a cantilever, a contact bridge, and an on-
device heat sink [Ozkll]. The design of RF micro-relays requires substantial
considerations and extensive modeling which differ from DC micro-relay design
considerations. For the micro-relay presented in this chapter, the RF design goals
included DC-10 GHz operation bandwidth with down-state insertion loss and up-state
isolation better than -0.4 dB and -15 dB, respectively. Minimizing RF coupling and
fringing through an iterative optimization study as well as reducing the up-state
capacitance and the parasitic inductances, constituted major challenges in this chapter.
Section 4.1 describes the micro-relay design, and Section 4.2 details the fabrication and
assembly processes for the device. Experimental evaluation is presented in Section 4.3.
These include DC, small-signal and high power RF characterization, thermal
performance and lifetime test for the device. Section 4.4 provides discussion and

conclusions.

'RF design and testing for the device presented in this chapter were carried out with the help of Mr. Sangjo
Choi, under the guidance of Prof. Kamal Sarabandi.
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4.1. Design

The micro-relay has a three-terminal structure (Fig. 4.1). The design has a
footprint of 6.4 mm? and it is composed of vertically stacked components directly located
and assembled on a printed circuit board (PCB). The PCB uses a Rogers 4003 substrate
with Cu/Ni/Au traces for reduced loss at microwave frequencies. The PCB traces have
four regions. The first region includes two transmission line segments with 50 Q
characteristic impedance and provides input and output paths for the RF signal. At the
end of each line, the terminals accommodate contact regions (200x200 um? each). The
second region includes the DC ground. Two types of vias are defined on the DC ground:
isolated vias provide the locations for anchoring and assembly purposes, and plated vias
short DC and RF grounds. The third region includes an L-shaped electrode for the
placement of a DC-blocking capacitor. It also acts as a shield to further reduce the RF
signal coupling from the transmission line. The fourth region includes the pull-in
electrode; it is used to electrostatically actuate the cantilever. The PCB design is
obtained through iterative optimization and sensitivity studies to provide the desired
switching RF performance. The simulations are described toward the end of this section.

The stainless steel cantilever is positioned orthogonally with respect to the
transmission line and suspended above a break. It defines the device footprint (2000x3200
um?, including anchor; 2700 pm suspended length; 50-pum thick). The cantilever is
elevated above the pull-in electrode on the PCB by a cantilever spacer (2000x400x110
um®). Two identical ground spacers (4000x2350x50 pm® each) are stacked on the
ground electrode. For electrostatic actuation, an interelectrode gap of 10 pm is
maintained between the bottom surface of the cantilever and the top surface of the ground
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spacer stack. The actuation electrode size is defined by the trapezoidal overlap area
between ground spacers and the cantilever (1.8 mm?). A pair of gold alignment posts
(400 um height, 300 pum diameter each) perforates and anchors the cantilever spacer and
the cantilever to the pull-in electrode and the PCB substrate through tightly fitting into
the isolated vias. Another pair of alignment posts with same diameter similarly anchors
ground spacers to the ground electrode.

Sapphire micro-rod

Cantilever (SS304) Heat sink (Al)
eat sin

Cantilever spacer (SS304) | B 3 Ground spacers (5S304)
Alignment posts (Au) Contact bridge (Pt-Rh)
Plated vias

500 um

—

All traces on PCB
are Au coated Cu

Figure 4.1: Exploded view of the three-terminal micro-relay. Four regions of the PCB
are shown. Cantilever and ground spacers, both from stainless steel, are placed to
elevate the cantilever above the signal line to define the actuation and the contact gaps.
Gold posts align and hold the spacers and the cantilever over the gold-coated copper
traces on the PCB. Cantilever pushes the Pt-Rh contact bridge, located at the distal end,
via a micro-rod which couples both components. An Al heat sink is integrated atop the
point of contact. Device footprint (as defined by the footprint of the cantilever) is 6.4

mnv.

At the distal end of the cantilever is a multi-level vertically stacked structure. A Pt-
Rh contact bridge (600x1000x30 um?), provides an ohmic-contact between two open ends
of the microstrip underneath. A thermally conductive sapphire micro-rod (700 pum height,
250 um diameter, 50 W-K *-m™* thermal conductivity, Meller Optics Inc.) is used to

mechanically couple the contact bridge with the cantilever and electrically separate them.
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It also performs as a thermal conductor to take the heat away from the contact regions. The
micro-rod rests on a 5 um deep blind hole at the center of the contact bridge and centers the
stacked components by perforating the concentric holes on them. The gap between the
cantilever and the contact bridge is designed so that the latter stands 12 um above the
transmission line.

A micromachined aluminum heat sink (600x600x1000 pm®) with 4 fins (each
150x150 pm® and 950 pm tall) is used to dissipate local contact heating through active
cooling when combined with a commercially available mini-fan (Sunon-UF3A3) placed
1.5 mm above the transmission line. The gap between the fins is defined to allow the
location of the micro-rod. Heat sink design follows the principles detailed in [Cim94]
and is similar to the one described in Chapter 3. At room temperature (300 K), in air
ambient, and for a fin width of 150 pm, the heat loss limit is 4.91. For a fin height of 950
pm, the fin efficiency is 0.876.

Electrostatic modeling of the RF micro-relay was performed in the ANSYS
Workbench Finite Element Analysis (FEA) environment. Figure 4.2 shows the
displacement and the stress distribution. The model consisted only of the micro-relay and
the transmission line. Other electrodes on the PCB were neglected. The “bonded
contact” boundary conditions were used for touching surfaces. The “fixed geometry”
boundary condition was applied around the alignment posts on the anchor points. For a
12 um vertical tip displacement, pull-in voltage was 85 V. The finite element analysis
results show that the displacement across the 10 pum interelectrode gap over the ground
electrode was approximately 4 pum when the contact occurs, therefore pull-in was

prevented. The stiffness of the entire micro-relay including the cantilever, the heat sink,
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the contact bridge and the micro-rod was 142 N/m. The contact force per contact region
was 0.36 mN (with 1.44 mN evenly distributed over four contact regions) for an

increased actuation voltage of 130 V. The switching time was 16 ms.

AN V=85V
Displacement (m)

- 12.0e-6

. 9.6e-6

. 7.2e-6

. 4.8e-6

I 2466
0.0e-0

ng 85V
Nodal Solution S (N/m?)

- 5,321,124
- 4,256,899
- 3,192,674
- 2,128,449

I 1,064,224
0.0e-0

Figure 4.2: Electrostatic FEA for RF micro-relay. (a) Tip displacement was 12 pm as a
result of 85 V pull-in voltage. (b) Von Mises stress distribution after the contact. All four
contact points had the same stress. Smulated total contact force and actuation time were
1.44 mN (evenly distributed over four contact regions) and 16 ms for 130 V actuation

voltage, respectively.
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An estimate of the contact resistance is required for two reasons: for accurately
modeling S-parameters in High Frequency Structure Simulator (HFSS), and for use as a
boundary condition in the thermal model to account for high power joule heating. The
contact resistance model is based on Holm’s plastic deformation theory, introduced in the
previous chapter [Hol68]. The approach for using this model parallels to Chapter 3 so the
details are omitted here. A total series contact resistance of 1.09 Q was analytically
estimated for the RF micro-relay, assuming a contact hardness of 6 GPa - the
approximate Meyer hardness of Ni, an estimated total resistivity of 30 uQ-cm for Pt-
Rh/Cu/Ni/Au stacked contacts, and 0.36 mN contact force per contact region as noted
above. The resultin g radius for Holm’s a-spot, i.e. single contact spot representing a
cluster of multiple small contact spots was 137 nm.

For experimental validation, same technique described in Section 3.1 is used: Pt-
Rh beam with the same dimensions as in the proposed design was pressed against the
open signal lines on the PCB A precision force gauge (Aurora Scientific, Model 403A)
which was mounted on a motorized x-y-z stage, supplied the contact force. The force
was applied in 80 pN increments, up to 1.44 mN, over a 1 mm contact diameter. Contact
resistance was measured using a 4-wire technique with a 5 mA test current. The total
series resistance was 1.34 Q for 1.44 mN total contact force. The experimentally
estimated radius of the a-spot was 111 nm. The empirical contact resistance with
changing contact force was compared to the theoretical estimate (Fig. 4.3). The former

was larger than the latter by approximately 20%.
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Figure 4.3: Preliminary contact resistance (Rc) estimate for use in the thermal model and
in HESS. Experimental plot showing the change of contact resistance with an increasing
force supplied from a force gauge. The force was supplied in 80 pN increments, up to
1.44 mN, distributed evenly on four contacts. The data compared with Holm's contact
model. At 1.44 mN total contact force, the experimentally estimated contact resistance
was 1.34 Q whereas Holm’s model predicted 1.09 Q.

The transmission line and the DC electrodes were refined to reduce the RF
coupling and the fringing which commonly appear in high frequency RF devices.
Geometric optimization involved iterative RF full-wave simulations in HFSS. The
simulations were performed for the micro-relay in both the down-state and in up-state. In
the down-state, the contact resistance of 1.34 Q was used as a lumped element. The
electric field distribution at 10 GHz guided the geometric modifications depicted in three
configurations (Fig. 4.4). In Configuration-1, the DC ground and the pull-in electrode
had only isolated vias for anchoring the structural elements; hence, significant coupling
was observed between the transmission line, the pull-in electrode, and the DC ground
both in the up-state and in the down-state. In Configuration-2, the DC ground electrode
was shunted to the RF ground through the conductive plated vias. In addition, the contact
pad for the pull-in electrode was flipped horizontally to face away from the input

transmission line, and all the electrode corners were rounded to reduce the level of
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fringing fields. Although the coupling between the transmission line and the DC ground
electrode was reduced significantly, the electric field was not completely suppressed on
the pull-in electrode. Configuration-3 was the final layout geometry and included i) the
L-shaped electrode which acted as a shield to reduce the coupling from the input
transmission line, ii) the fork-shaped open ends which reduced the up-state capacitance
and dissipation through the contact bridge and iii) smooth variation of line width for
reduced reflection. A 1 pF capacitor was chosen to short-circuit the RF path on the pull-in
electrode and acted as a DC-block. The coupling was considerably suppressed both in
the down-state and in the up-state.

Figure 4.5 shows the S-parameters for each configuration in the down-state and in
the up-state. In the down-state, Configuration-3 resulted in overall better insertion loss
and return loss compared to the other configurations at higher frequencies. Similarly, in
the up-state, Configuration-3 has return loss better -0.4 dB at 10 GHz whereas the
isolation is best throughout the bandwidth.

Thermal modeling of the micro-relay involved the extraction of the electric field
distribution at 3 GHz and 30 W of RF power. The contact resistance was included in the
model. The solution was then imported into the ANSYS Multiphysics solver to serve as
the boundary condition. These values were chosen due to the experimental limits. The
thermal adhesive between micro-rod, cantilever and heat sink was modeled as shell with
a thermal conductivity of 5 W/m-K following the specifications of commercially
available epoxy (Aavid Thermalloy). Contact temperature modeling considered two on-
state times: 1 s and 20 s. Forced cooling was assumed in the model; previously

determined upward air flow rate of 0.22 m/s was assumed to exist in an imaginary tube
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enclosing the contact bridge and heat sink (1.5 mm height, 1 mm diameter). Figure 4.6
shows a temperature increase of approximately 185 K on contacts for 30 W of RF power
that was continuously transmitted for 1 s in an unforced cooling setup. The simulation

showed that forced cooling reduces the contact temperatures by approximately 25 K.

Down-State Up-State

E field (V/m)
1e+005

- 8e+004
6e+004

- 4e+004

. 2e+004

Figure 4.4: Electric field distribution at 10 GHz for three configurations in (a-c) the
down-state and in (d-f) the up-state. (a,d) In Configuration-1, the DC ground electrode
had no plated vias. (b,e) In Configuration-2, the DC ground electrode had plated vias
shunted to RF ground. In addition, the corners of the electrodes were rounded and the
contact pad for the pull-in was flipped away from the transmisson line. (c,f) In
Configuration-3, the L-shaped electrode was placed next to the pull-in electrode and
shunted to the RF ground through plated vias. A 1 pF DC-blocking capacitor was
assumed. The transmission line was designed to have smooth variation of width. In
addition, it had fork-shaped open ends to reduce the capacitance with the contact bridge
and the dissipation through it. Configuration-3 provided an electric field distribution
with minimized coupling to DC ground and pull-in electrode.
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Figure 4.5: Full-wave HFSS simulation results showing Sparameters for three-
configurations. (a) In the down-state, Configuration-3 provides the best insertion loss
and return loss at higher frequencies. (b) In the up-state, Configuration-3 presents
return loss better than -0.4 dB at 10 GHz. The isolation is also better than the other
configurations by about 4 dB over the bandwidth.
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Figure 4.6: Multiphysics electrothermal FEA resultsfor 1 sinto the on-state. The HFSS
high power electric field distribution was imported to ANSYS as a boundary condition for
joule heating. Contact area temperature distribution for (a) unforced (b) forced cooling
(3 GHz, 30 W incident RF power, 1.34 Q modeled contact resistance, 300 K ambient
temperature, 0.22 m/s upward flow).

4.2.  Fabrication and assembly

For the micro-relay, the contact bridges were serially fabricated using HEDM in
high purity Pt-Rh (Alfa Aesar Corp., 80:20 concentration, 99.99% purity) down to 30 pm
final thickness using 50-pum thick stock metal foils. The lowest available discharge
energy of 24.5 nJ was used at contact bridges to ensure smooth surface finish. Surface
roughness on the bottom, unmachined, side of the contact bridges was measured using

Zygo NewView 5000 interferometer. Average roughness R, was approximately 25 nm.
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The heat sinks were also fabricated using hEDM from 1 mm-thick Al 3003 alloy
foil (99% purity). The discharge energy was increased to 16.5 pJ for faster machining of
the fins. A through hole of 250 um diameter was machined at the base of the heat sink
for the subsequent assembly of the micro-rod and the contact bridge.

The cantilever spacer was also fabricated using HEDM down to 110 pm thickness
from 125 pm-thick stainless-steel (SS304) stock foil. For each micro-relay, two
perforations of 300 pum diameter were positioned on the cantilever spacers to allocate the
alignment posts for the attachment to the cantilever, and to the pull-in electrode below.

The cantilever and the ground spacers were photochemically machined from 50
pm-thick SS304 foils (Kemac Technology Inc., CA). Two perforations of 300 pm
diameter were located on the cantilever for the assembly over the cantilever spacer and
the PCB, whereas another perforation of 250 pum diameter was situated towards the tip of
the cantilever for subsequent assembly of the contact bridge, the micro-rod and the heat
sink. Similarly two perforations of 300 um diameter were positioned on the ground
spacers for the attachment to the ground electrode.

A 500 pum-thick Rogers 4003 was used as the substrate for the RF transmission line
(Advanced Circuits Inc., CO). Cu traces (70 pum-thick) provided the bias electrodes and
the surface microstrip. In such PCBs, 4 um-thick Ni was used as an adhesion layer on the
Cu base, and 0.15 pum-thick outer gold layer provided a low resistivity electrical contact.
Cu/Ni/Au metal tracing with the same thicknesses was used on the plated vias whereas
isolated vias were left unplated.

Alignment posts were fabricated using HEDM from 300 um diameter gold wire,

and tightly fitted into the isolated vias on the PCB (Fig. 4.7(a)). Conical wire tips
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facilitated the alignment and the insertion of the perforated components. The cantilever
spacers and the ground spacers were assembled over the posts (Fig. 4.7(b)) and fixed by
applying an electrically conductive epoxy (Creative Materials, volume resistivity: 300 uQ-
cm). The assembly of the cantilever and the heat sink followed this (Fig. 4.7(c)). The heat
sink was attached onto the cantilever by aligning the perforation at its base to the one on
the cantilever tip, and securing with high temperature epoxy (Cotronics Duralco 4703, 645
K maximum temperature). The flatness of the cantilever as well as the electrode gap of 10
pm was maintained during the assembly process with the help of a high resolution laser
displacement sensor (Keyence LK-G32) raster scanning over the region and giving
continuous feedback. The contact bridge was aligned and placed on the transmission line.
The sapphire micro-rod was then tightly fitted into the overlapping perforations on the heat
sink and the cantilever. It rested on the blind hole at the center of the contact bridge,
further aligning it for a precise contact. High temperature epoxy was applied to fix the
parts (Fig. 4.7(d)).

A total of five devices were fabricated and assembled. The distribution of those
devices is as follows: one device for DC on-state resistance characterization and
hysteresis study; one device for small-signal characterization; two devices for high power

testing and for thermal characterization; and one device for lifetime characterization.
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Figure 4.7: Assembly sequence for the RF micro-relay: (a) alignment posts inserted. (b)
Cantilever and ground spacers (SS304) aligned on top of the posts through the perforations
and anchored with electrically conductive epoxy. (c) The cantilever and the heat sink
placed on top. Interelectrode gap of 10 pm and stacked PCB-spacer-cantilever structure
are shown in the inset. (d) The contact bridge placed on the signal line and coupled with
the cantilever through an embedded micro-rod fixed with epoxy in the mid-section of the
heat sink, ensuring uniform contact when actuated. Contact gap is shown in the inset.
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4.3. Experimental evaluation

4.3.1. Electrical testing

Electrical testing of the micro-relay consisted of DC, small-signal RF and high
power RF characterizations. The actuation concept and the test circuit for the micro-relay
are shown in Fig. 4.8(a). The inputs are the actuation voltage (Vg), the electrical ground,
and two-port RF in and RF out which were applied on the pull-in electrode, the DC
ground electrode, and on the transmission line through SMA type connectors,
respectively. RF signal was replaced with a line current (limited to 10 V compliance) for
DC ohmic-contact characterization. The cantilever isolation is monitored by voltage
Viso. Under normal operation no current flow across the isolation resistor, Riso (1 MQ),
is expected. Therefore, Vg and V,so are normally the same. The leakage current will
cause a voltage drop across Riso if the cantilever is shorted to the DC ground electrode,
and result in a V,so lower than Vg. DC ground was applied on the ground electrode with
a 20 kQ resistor. Testing circuitry also included a 1 pF DC blocking capacitor that was
surface mounted between the pull-in electrode and the DC blocking electrode. All the
tests were run in air ambient at atmospheric pressure with unpackaged devices.

The on-state resistance of the micro-relay, Ron, was characterized in DC by an |-
V sweep. The components of Ron included contact resistance, contact bridge resistance,
and the parasitics due to assembly imperfections. The pull-in voltage for the micro-relay
was 90 V and the corresponding on-state resistance for tested devices was approximately
11 Q. Ron was reduced to 1.8 Q for an actuation voltage of 130 V. Past this point, Ron

did not decrease significantly (Fig. 4.9). Turn-on times were approximately 12-13 ms.
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Figure 4.8: (a) Circuitry for testing of three-terminal RF micro-relay. Actuation voltage,
Vs was used for the electrostatic actuation. V,sp was monitored to detect any leakage
with a 1 MQ resistor, Riso, and was always equal to Vs. Ron was the on-state resistance
and included the contact resistance, the bridge resistance and the parasitics. A 1 pF
surface mount capacitor was used for DC blocking. RF input and outputs were realized
via SMA coaxial connectors. (b) High power RF test setup (limited to 30 W of maximum

RF power at 3 GH2).
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Figure 4.9: Experimental results for micro-relay showing the change of on-state
resistance with actuation voltage after a four probe DC |-V test. Pull-in occurred at 90
V. Further increase of Vg yielded higher contact force on signal line hence lower on-
state resistance. Contact resistance was approximately 1.8 Q and did not vary
significantly past 130 V.

Figure 4.10 shows the tip displacement of the cantilever under hysteresis
condition. The displacement was recorded using the laser displacement sensor. For
hysteresis, the voltage was swept from 0 V to 150 V and back to 0 V. The pull-in voltage
was around 90 V, in good agreement with 85 V design value. The turn-off voltage was
approximately 62 V, indicating that the mechanical spring constant was 159 N/m
following equation 3.4. This is slightly larger than the simulated value of 142 N/m,
possibly due to structural assembly flaws. Actuation force and recoil forces are extracted
as 4.5 mN and 3 mN from (3.4).

Small-signal RF analysis involved experimental characterization of S-parameters
at 32 UW power, and comparison to previously performed small-signal analysis for the
Configuration-3. In the down-state, characteristic impedance of the contact bridge was

64 Q (Fig. 4.11(a)). The down-state insertion loss was better than -0.2 dB and -0.4 dB

for up to 5 GHz and 10 GHz, respectively (Fig. 4.11(b)). In the up-state, 110 fF
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capacitance was extracted from the simulations (Fig. 4.12(a)). The isolation was better

than -25 dB and -13 dB up to 5 GHz and 10 GHz, respectively (Fig. 4.12(b)). Overall,

experimental data was in good agreement with HFSS.
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Figure 4.10: Switching hysteresis. Vertical displacement at the tip of the cantilever was
recorded using a laser displacement sensor with OV-150V—0V actuation voltage sweep.
Device pull-in and turn-off voltages were 90 V and 62 V, respectively. Device stiffness of
159 N/m was extracted.
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Figure4.11: (a) Equivalent circuit for the switch in the down-state. An actuation voltage
of 130 V was maintained. Characteristic impedance of the contact bridge was 64 Q. (b)
Down-state small-signal analysis for 500 MHz10 GHz with 32 pW power.
Experimental data compared with HFSS.  The down-state insertion loss was below -0.2

dB for upto 5 GHz
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Figure 4.12: (a) Equivalent circuit for the switch in the up-state. Up-state capacitance of
110 fF was extracted from the full-wave ssimulations. (b) Up-state small-signal analysis
for 500 MHz10 GH with 32 uW power. Experimental data compared with HFSS. The
isolation was better than -25 dB up to 5 GHz

The high power testing setup is shown in Fig. 4.8(b). The test consisted of
discrete power sweep through 11 gain levels up to 30 W of incident RF power at 3 GHz
which was the amplifier limit (Amplifier Research 30W1000B). Changes in the down-
state insertion loss and the up-state isolation were observed under hot switching
conditions for two on-state times; 1 s and 20 s. For down-state, V¢ was maintained
constant at 130 V. During the tests, heat management with upward forced cooling (0.22
m/s air flow) was used by suspending the mini-fan above the device. The effect of
prolonged on-state times on S,; was observed. For 1 s on-state times, insertion loss in the
down-state was better than -0.25 dB for up to 10 W of RF power and it decayed down

pass -0.4 dB at around 18.5 W where the device failed due to microwelding. The up-state
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isolation was approximately -26 dB over the power sweep range. Only minimal
fluctuations were present and self-actuation was not observed (Fig. 4.13(a)). For 20 s on-
state times, insertion loss in the down-state degraded noticeably faster to near -0.4 dB at 7
W at which point the device failed. Sy similarly remained around -26 dB for up to 30 W

and no self-actuation was observed (Fig. 4.13(b)).

4.3.2. Thermal testing

The characterization of the micro-relay contact temperatures was performed with
1 s and 20 s on-state times under the forced air cooling conditions. A preliminary
assessment of the thermal conditions was done by measuring the contact temperature at
the end of each 1 s and 20 s actuation time periods during which varying levels of RF
power were maintained. The thermal and high power testing described previously were
carried out simultaneously on the same devices. The measurements were performed
using an infrared thermometer (Optris LaserSight, 1 mm laser diameter). The ambient
temperature was 300 K. The laser was directed at the contact regions and average contact
temperature was measured at the end of each actuation cycle. The experimental results
were compared with the thermal model.

Figure 4.14 shows the average contact temperatures. Failures associated with
microwelding at 18.5 W and 7 W occurred past 400 K for devices with 1 s and 20 s on-
state times, respectively. The experimental results and the thermal model overall agreed

well.
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Figure 4.13: High power testing for the RF micro-relay. Tests were realized at 3 GHz
and up to 30 W of RF power (test setup limit), at 130 V actuation voltage and in air
ambient. Heat management was used throughout the testing with upward forced cooling
(compatible with Sunon UF3A3 mini fan, 10x10x3 mm® size, 0.22 m/'s air flow). (a)
Testing with 1 s on-state times. Insertion loss in the down-state was below -0.25 dB for
up to 10 W and decayed down pass -0.4 dB at around 18.5 W where the device failure
occurred due to microwelding. The up-state isolation was around -26 dB throughout and
self-actuation was not observed. (b) Testing with 20 s on-state times. The down-state
insertion loss decayed significantly faster down to approximately -0.4 dB at 7 W where
microwelding occurred. The up-state isolation was around -26 dB up to 30 W and no

failures were observed.
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Figure 4.14: Average contact temperature for 1 s and 20 s on-state times in air ambient

with the forced cooling. Contact temperatures were measured using an infrared

thermometer. Experimental data was compared with the thermal model. The device with

1 sand 20 son-state times failed at 18.5 Wand 7 W, respectively.

4.3.3. Lifetime testing

The lifetime characterization of the micro-relay was realized under the hot
switching conditions. Continuous RF power of 1 W was applied at 3 GHz. The micro-
relay was operated at 0.5 Hz frequency with 50% duty cycle following 1 s on-state times.
Actuation voltage, Vs was maintained at 130 V during the on-state. The test was carried
out in air ambient with forced cooling. S»; for both the up-state and the down-state was
recorded up to the point of device failure. The down-state insertion loss was near constant
below -0.2 dB and increased notably past 2800 cycles (Fig. 4.15). The device failure
occurred in the down-state at the 3074™ cycle with -1dB insertion loss. The up-state
isolation was degraded slightly from -26 dB and it was recorded -22.5 dB at the point of

failure.
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Figure 4.15: Lifetime characterization of the micro-relay. The test was run under the hot
switching conditionsin air ambient with forced air cooling. Test conditions included 1 W
of RF power at 3 GHz and 130 V actuation voltage. The switching frequency was 0.5 Hz
and duty cycle was 50%. A drastic increase in the down-state insertion loss was observed
past 2800 cycles leading to failure in the 3074" cycle at nearly -1 dB. Isolation was
reduced dightly to -22.5 dB at the point of failure.

4.4. Discussion and conclusions

Electrostatically actuated micro-relays with Pt-Rh contacts were directly
assembled on a PCB iteratively optimized for RF performance. Unpackaged test
structures with 6.4 mm? footprints and 90 V pull-in voltage, were tested for small-signal
performance and high power handling capability in an air ambient. For small-signal, the
down-state insertion loss and the up-state isolation were better than -0.2 dB and -25 dB
up to 5 GHz, respectively. Experimental data was in good agreement with HFSS. High
power testing was performed for up to 30 W at 3 GHz for both 1 s and 20 s on-state
times. Heat management was employed through forced air cooling using a commercially
available mini-fan placed above the devices. Elongated on-state times lead to an early
device failure. Microwelding occurred in the down-state at 18.5 W and 7 W for 1 s and
20 s on-state times, respectively. No self-actuation was observed in the up-state. It is
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envisioned that shorter on-state times can potentially provide higher peak power
handling.

The lifetime of an unpackaged micro-relay operating in air was 3074 cycles under
the hot switching conditions of 1 W RF power. One of the potential contributors
degrading device lifetime is the frictional polymerization introduced in the previous
chapter. Device packaging is essential to potentially eliminate this phenomenon and to
elongate the device lifetime.

The test structures evaluated in this study were comparable in size with the
packaged RF MEMS devices. The power handling was 4x-5x higher than that reported for
other RF MEMS relays of similar size [Cou04, Shi07]. Conversely, on-state resistances
were relatively high.

The main goal of this effort has been to investigate the RF power handling limits of
micro-relays with bulk foil contact elements. Based on the performance of the RF micro-
relays described in this chapter, the use of chemically inert and mechanically robust bulk

foil alloys such as Pt-Rh appears promising for high power applications.
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CHAPTER 5
BATCH FABRICATED HIGH POWER RF MICRO-RELAYSWITH DIRECT
ON-PCB PACKAGES

This chapter describes a process for batch mode manufacturing, assembly and
packaging of RF micro-relays directly on PCB substrates. A multi-layer PCB design
allows for the use of subsurface metal layers to transmit the RF signal into and out of the
sealed encapsulation. Challenges addressed in this chapter include the demonstration of
batch manufacturing process, device encapsulation, and design optimization of the
transmission line to minimize losses due to multi-layer structure®. Section 5.1 addresses
the micro-relay design. Section 5.2 describes the batch fabrication and assembly process
for the device whereas Section 5.3 presents experimental evaluation for DC, small-signal,
high power and lifetime characterization. Discussion and conclusions are provided in

Section 5.4.

5.1. Design

The packaged batch micro-relays are designed in 4x1 array structures (Fig. 5.1).
Individual Pt-Rh contact bridges, detailed later in this section, are located on a Parylene
coated 50 pm-thick SS304 cantilever frame which carries four cantilevers. Four gold

posts (1 mm height, 500 um diameter each) align and firmly hold the cantilever frame over

'RF design and testing for the device presented in this chapter were carried out with the help of Mr. Sangjo
Choi, under the guidance of Prof. Kamal Sarabandi.
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cantilever frame support traces on a multi-layer PCB. A liquid crystal polymer (LCP)
based lid is used to package the device directly onto the PCB.

The individual micro-relay which is singulated from 4x1 array structures is shown
in Figure 5.2. The device footprint, defined by the footprint of the cantilever, is 8.4 mm?.
The cantilever has three distinct regions which are shown in Figure 5.3. The first
region includes a slot (1 mm x 250 um) located towards the anchoring edge which
facilitates the fixing of the beam on the PCB. The second region constitutes a recess
area of 2.23 mm? and 4 pm depth in the middle of the cantilever for the actuation gap,
whereas the third region has a recess of 28 um depth at the distal end, for the placement
of the Pt-Rh contact bridge. Parylene deposition is preferred for the electrical isolation
of the cantilever from the RF path, due to its excellent insulation properties [Vps11l]. A
Parylene thickness of 3 um is chosen. A Parylene-free opening is located on the
cantilever to allow for the electrical connection.

A 25 um-thick rectangular Pt-Rh contact bridge is located inside the 28 pm-
deep recess below the tip of the cantilever for the electrical contact. Parylene coating
on the cantilever isolates the contact bridge from the DC path. The contact bridge has a
through hole of 300 um diameter in the center for epoxy application during the
assembly to the cantilever. Four contact dimples of 40 um diameter are defined on the
contact bridge to electrically short the open ends of the transmission line underneath it.
The height of the dimples is designed 10 pm to reduce the capacitance between the
transmission line and the contact bridge, hence increase the up-state isolation. The

bottom of the contact bridge levels with the cantilever and allows for 3 pm contact gap
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as per the Parylene thickness. Figure 5.4 shows A-A’ cross section as noted in Figure

5.2.

Cantilever frame
(55304 with
Parylene matingr\"“"

-
_________
...........
__________
_______

Contact bridge

Cantilever frame
support

Alignment
post (Au)

Figure 5.1: Exploded view of the 4x1 array batch micro-relays. Individual Pt-Rh contact
bridges are placed on a Parylene coated steel cantilever frame which carries four
cantilevers. Gold posts align and hold the cantilever frame on a multi-layer PCB.
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Figure 5.2: Exploded view of the single packaged micro-relay. Pt-Rh contact bridge is
placed at the tip of the Parylene coated steel cantilever. The assembly is then mounted
on a three-layer PCB. An LCP based lid completes the package. Device footprint (as
defined by the footprint of the cantilever) is 8.4 mn?. A-A’ cross section is shown in

Figure 5.4.

2 mm

Figure 5.3: Dimensions for the cantilever and the contact bridge
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Figure 5.4: A-A’ cross section as noted in Figure 5.2. PCB substrate is neglected. The
actuation gap is 7 um as a result of 4 pm of machined recess and 3 pm Parylene
thickness. The contact gap is defined by the Parylene thickness alone and is 3 pum.

The cantilever-contact bridge assembly is positioned on a multi-layer PCB
orthogonally with respect to the transmission line. The PCB uses a 600 pum-thick Rogers
4003 substrate with Cu/Ni/Au traces and provides a reduced loss at microwave
frequencies. The substrate is composed of three layers (each 200 pm thick) to
accommodate multi-layer tracing. The PCB traces are otherwise similar to the optimized
ones described in the previous chapter and can be divided into four regions. The first
region includes two transmission line segments with 50 Q characteristic impedance and
provides input and output paths for the RF signal. At the end of open lines, the terminals
fork out to accommodate regions for contact dimples (150 pm x 150 pum each). The
transmission line segments are located on two layers: the top-layer and the layer-2 which
is at 200 pum depth from the substrate surface (Fig. 5.5). This design approach is used to
enable the location of a package lid on top of the device which would directly sit on the
PCB substrate. Blind vias of 150 um diameter connect the top layer with the layer-2

transmission line. The vias are plated with Cu/Ni/Au traces.
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The second region includes the DC ground electrode. The ground layer across the
cantilever is designed on the top layer of metal in the PCB. The DC signal is transferred
on to layer-2 through blind vias of 250 pm diameter. DC ground is shunted to the RF
ground plane through plated vias. The connection is provided by 250 pum diameter through
vias.

The third region includes the pull-in electrode which is used to electrostatically
actuate the cantilever. It is also placed onto both top layer and the layer-2 to allow for the
package lid. The fourth region includes an L-shaped electrode, similar to the one
described in Chapter 4, which allows for the placement of a DC-blocking capacitor and
also acts as a shield to minimize RF signal coupling from the transmission line. In this
design, the multi-layer transmission line is one of the major contributors to high RF
signal reflection. The current transmission line design is obtained through an iterative
optimization study to enhance RF switching performance. The simulations are described

toward the end of this section.

DC-block
= RF ground
500 pm
Through —

vias Blind vias

Figure 5.5: DC and RF lines shown in separation from the PCB substrate. All the vias
are plated with Cu/Ni/Au traces. Through vias connect the top layer to the bottom layer
whereas blind vias connect the top layer to the layer-2.
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A 1 mm-tall lid (Stratedge Corp.) with 0.5 mm wall thickness is preferred to
package the device. LCP based Vectra A130 was preferred to eliminate RF signal
coupling due to its low loss tangent of 0.002 and very high electrical resistivity (10%
Q-cm) [Prol1]. Nitrogen was chosen as encapsulated gas. The edges of the lid contain
an epoxy preform with a wavy profile, allowing the gas intake prior to curing, after which
it levels with the substrate and seals the device. Figure 5.6 shows the dimensions of the

package lid whereas Figure 5.7 shows the drawing of an assembled and packaged device.

7.8 mm
- |

0.5n 1 mm

nm
— <

\ Wavy epoxy preform
Figure 5.6: Package lid dimensions. Wavy epoxy preform allows gas intake.

Package lid

Figure 5.7: Assembled, singulated and packaged micro-relay. The package lid is shown
in transparent.

99



ANSYS Workbench Finite Element Analysis was used to perform the
electrostatic modeling for the RF micro-relay. The displacement and the stress
distribution are shown in Figure 5.8(a) and (b), respectively. The model consisted only
of the micro-relay and partial transmission line. All other components were neglected.
The “fixed geometry” boundary condition was applied around the anchor slot on the
cantilever. The Parylene coating was modeled as a 3 pm-thick solid body enveloping the
cantilever. The “bonded contact” boundary conditions were used between the cantilever
and the contact bridge, and the transmission line. Extracted pull-in voltage for 3 pum tip
displacement was 72 V. Uniform tip displacement is shown in the Figure. The
displacement above the ground electrode was less than 2 um. This suggested that the
pull-in would be prevented. The stiffness of the micro-relay including the Parylene
coated cantilever and the contact bridge was 110 N/m. Figure 5.8(b) shows the same
stress distribution over four contact dimples. The contact force per contact region was
0.55 mN (with 2.2 mN evenly distributed over four contact regions) for an increased
actuation voltage of 100 V. The extracted turn-on time from dynamic analysis was 9 ms.

The multi-layer transmission line was optimized to reduce the fringing and the RF
coupling. Geometric refinement considered a thru-line optimization. All the traces on
the PCB as well as the package were included in the model however the cantilever and
the contact bridge were excluded. Iterative RF simulations were performed in HFSS and
S11 was monitored. A total of 41 transmission line configurations were studied however
only 5 configurations are presented here since the remaining configurations presented

only a minimal geometric variation.
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Figure 5.8: Electrostatic FEA for the micro-relay. (a) Tip displacement was 3 um for 72
V pull-in voltage. (b)Post-contact stress distribution. All four contact points had the
same stress.  Smulated total contact force was 2.2 mN (evenly distributed over four
contact regions) for an increased actuation voltage of 100 V.
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Figure 5.9 shows the thru line configurations. All the lines were matched to 50 Q
characteristic impedance. Geometric considerations included mainly design limitations
imposed by the PCB manufacturing process. Two main limitations were the minimum
via diameter of 125 pm and the minimum layer thickness of 100 pm which defined the
minimum via height. Table 5.1 summarizes via dimensions and configurations.
Configuration-1 used a single point connection between the top layer and the layer-2, by
a single via with a 400 um diameter. The length of the line segment on the layer-2 was
designed as 4.2 mm to match with the line segment length at the top layer.
Configuration-2 employed a via array in a 4x1 configuration, each via with 250 pm
diameter whereas Configuration-3 has six vias of 225 um diameter in 3x2 configuration.
Layer-2 line segments for Configuration-4 were shorter than Configurations 1-3. Two
vias of 200 um diameter were placed side by side. Configuration-5 was the final layout
geometry in a thru line configuration. The length of the layer-2 line segment was
shortened to 1.1 mm, wide enough for the placement of the package lid. Via diameter
was reduced to 175 um and via height was increased to 200 pm as per to follow available

dielectric layer thickness.

Table 5.1: Via dimensions and configurations for the thru line optimization

Configuration Via Via diameter Via Via Layer-2 line
count (um) height (um) configuration length (mm)

1 1 400 150 Single via 4.2

2 4 250 150 4x1 inline 3.8

3 6 225 100 3x2 4

4 2 200 150 2x1 2

5 2 175 200 2x1 1.1
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Configuration

Configuration-5

Figure 5.9: Geometric configurations for the thru transmission lines used in RF
optimization study.

Figure 5.10 shows the S;; for 10 GHz bandwidth for each thru line configuration.
Configuration-5 resulted in smallest reflection with approximately -28 dB at 10 GHz.
The resonance which occurred around 7 GHz was eliminated with the use of an external

capacitor which is described in the testing section.
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Figure 5.10: Full-wave HFSS simulation results showing S;; for five configurations. The
cantilever and the contact bridge were discarded in simulations. Configuration-5
provides the smallest reflection with nearly -28 dB at 10 GHz

5.2.  Fabrication and assembly

The contact bridges for the micro-relay were serially fabricated using HEDM in
80:20 Pt-Rh (Alfa Aesar Corp., 99.99% purity). The thickness of the stock metal foils
was 25 pum. Initially a through hole of 300 um diameter was created in the center of the
structure. This was followed by 10 pm recesses to define the 40 um diameter contact
dimples. Since the height of the dimples was not modified, surface roughness of the
contact dimples was same as the surface roughness of the virgin stock foil. The
roughness was measured using Zygo NewView 5000 interferometer. Average roughness
R, was approximately 26 nm.

The cantilever frame was photochemically etched from 50 pum-thick SS304 foils
(Kemac Technology Inc., CA). Perforations of 500 um diameter were located on the four
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corners of the frame for batch assembly onto the PCB. In addition, slots of 250 um
diameter and 1 mm length were located on the individual cantilevers for the assembly
over the PCB.

Etched cantilever frames were then serially machined using hEDM to create
recesses of 4 um and 28 pm, in the middle and at the tip of the cantilevers, respectively.
Lowest available discharge energy of 18 nJ was used for minimized stress on the
cantilevers. The cantilever frames were thoroughly cleaned in an ultrasonic tank with
kerosene based EDM oil, acetone, IPA and de-ionized water, in specified order.
Following this, the cantilever frames were deposited with 3 um-thick C-type Parylene.

A three-layer 600 pm-thick Rogers 4003 was used as the substrate dielectric
(Circuit Express, AZ). On all three layers, Cu traces (70 pm-thick) provided the bias
electrodes, the transmission line segments, and blind and through vias. A 4 pm-thick Ni
was used as an adhesion layer on the Cu base, and 0.15 um-thick outer gold layer provided
high conductivity electrical contacts. All the individual components are shown in Figure
5.11(a).

For the device assembly, the contact bridges were placed inside the recessed
regions at the tip of the cantilevers and fixed by applying high temperature epoxy
(Cotronics Duralco 4703, 645 K maximum temperature) around the through hole (Fig.
5.11(b)).

To batch assemble the cantilever frame and the PCB, alignment posts were
fabricated using LEDM from 500 um diameter gold wire, and tightly fitted into the vias on
the PCB. The cantilever frame with mounted contact bridges were assembled over the

posts (Fig. 5.11(c)) and epoxy was applied around the posts to fix the frame. In addition,
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epoxy was applied on the cantilever frame support traces for added mechanical strength
during device singulation process. Part of the Parylene was manually removed with
tweezers from the top of the cantilever to create a location for the electrical connection.
The individual cantilevers were fixed onto the PCB by applying electrically conductive
epoxy (Creative Materials, volume resistivity: 300 pQ-cm) around the slots. Device
singulation cutting lines are shown in the Figure 5.11(c) inset. A linear shear blade was
used to cut along the lines and singulate the devices. Residual connection tab parts on the
cantilevers were deburred using a dremel tool.

For device packaging, Vectra A130 lid was aligned onto the single devices and
press fitted using a mini spring clamp with 4.5 N pressing force. The device was then
placed in a vacuum oven. The pressure inside the oven was first reduced to
approximately 5 Pa at room temperature. Following this, the vacuum was choked and the
nitrogen was leaked inside the oven up to the atmosphere pressure. The oven
temperature was then adjusted to 160 ° C and the package lids were cured for 1 hour.
After the curing, the spring clamps were removed. Figure 5.11(d) shows packaged
devices.

A total of 5 devices were fabricated and assembled. The distribution of those
devices is as follows: two devices for DC on-state resistance characterization, hysteresis
study, and for small-signal characterization with and without the package; one device for

high power testing, and two devices for the lifetime characterization at 1 W and 10 W.
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(a) Package lid

Cantilever frame

(b)

Pt-Rh contact
bridge
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Figure 5.11: Assembly sequence for the batch RF micro-relay. (a) Individual

components are shown. (b) Cantilever frames deposited with Parylene and assembled

with contact bridges. (c) Cantilever frame-PCB assembly. (d) Packaged single devices.
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5.3. Experimental evaluation

5.3.1. Electrical testing

Electrical testing of the batch fabricated micro-relay consisted of DC, and RF
characterizations in both small-signal and high power. RF test circuit for the micro-relay
is similar to the circuit presented in the previous chapter. Testing circuitry and the
actuation concept are shown in Fig. 5.12(a). Small-signal two-port RF in and out were
supplied on the transmission line from a network analyzer through SMA type coaxial
connectors. Small-signal power was 32 uW. For electrostatic actuation, an actuation
voltage (V) was applied on the pull-in electrode. A solder joint was created between the
Parylene-free opening on top of the cantilever and the pull-in electrode. DC ground was
applied on the ground electrode with a 20 kQ resistor. For contact resistance
characterization, a line current replaced the RF signal for a four probe I-V test. The
current source was limited to 10 V compliance. Although the bottom of cantilever is
fully coated with Parylene, the cantilever isolation was monitored by the voltage Viso
with an isolation resistor Riso (1 MQ). A surface mount DC blocking capacitor was
placed between the pull-in electrode and the DC-block pad. A 10 pF capacitor was
chosen to eliminate the resonance shown in Figure 5.10.

The tip displacement hysteresis of the micro-relay is shown in Figure 5.13. The
displacement was recorded using the laser displacement sensor (Keyence LK-G32, 50 nm
resolution). The actuation voltage was swept from 0 V to 120 V and back to 0 V. The
pull-in and turn-off voltages were 78 V and 40 V, respectively. Total device stiffness of
125 N/m was extracted following equation 3.4 . Actuation force and recoil forces are

extracted as 6 mN and 3.4 mN.
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Figure 5.12: (a) Testing circuitry for batch fabricated RF micro-relay. Actuation
voltage, Vs was used for the electrostatic actuation. Viso was monitored to detect any
leakage with a 1 MQ resistor. On-state resistance Ron included the contact resistance,
the bridge resistance and the parasitics. A 10 pF surface mount capacitor was used for
DC blocking. (b) High power RF test setup (limited to 30 W at 3 GH2).

The on-state resistance, Ron included the contact resistance, the contact bridge
resistance, and the parasitics. Figure 5.14 shows the experimental results. The total

series on-state resistance at 78 V pull-in was approximately 15 Q. As the actuation
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voltage was increased, Ron Was reduced sharply and saturated around 1.1 Q for 115 V.

Past this voltage, no significant change was observed. Measured turn-on times were

approximately 10 ms.
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Figure 5.13: Displacement hysteresis for the micro-relay. Actuation voltage was swept
0V—=120V-0V. Device pull-in and turn-off voltages were 78 V and 40 V respectively.
Combined stiffness of Parylene coated cantilever and the contact bridge was 125 N/m.
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Figure 5.14: Experimental results showing the change of total series on-state resistance
with increasing actuation voltage. Test was run on packaged devices with nitrogen at
atmospheric pressure. On-state resistance at pull-in was 15 Q. Further increase of
actuation voltage resulted in a lower resistance due to larger contact forces. On-state
resistance saturated past 115 V and was approximately 1.1 Q.
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For small-signal RF analysis, S-parameters were characterized in the down-state
and in the up-state with 32 pyW of RF power and experiments were compared to the
simulations. Small-signal tests were run on both unpackaged devices in air ambient and
on packaged devices in nitrogen both at atmospheric pressures. The effect of the
package lid on RF performance was observed. Figure 5.15 and Figure 5.16 show the
RF performance for the unpackaged and packaged devices, respectively.

For the unpackaged micro-relay, the down-state insertion loss was better than -
0.2 dB and -0.65 dB for up to 5 GHz and 10 GHz, respectively (Fig. 5.15(a)). In the
up-state, the isolation was better than -18 dB and -12 dB up to 5 GHz and 10 GHz,
respectively (Fig. 5.15(b)). Overall, experimental data was in good agreement with
HFSS.

For the packaged micro-relay, down-state insertion loss was better than -0.25 dB
at 5 GHz whereas it reduced to past -0.6 dB at 10 GHz (Fig. 5.16(a)). Up-state
isolation was better than -15 dB at 5 GHz and -12 dB at 10 GHz (Fig. 5.16(b)).

Experimental data, overall agreed well with the simulations.
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Figure 5.15; Small-signal analysis with 32 uW for the unpackaged micro-relay in air
ambient at atmospheric pressure. Experimental data compared with HFESS. (a) In the
down-state, the insertion loss was better than -0.2 dB for up to 5 GHz (b) Up-state

isolation was better than -18 dB up at 5 GHz
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Figure 5.16: Small-signal analysis with 32 uW for the packaged micro-relay in nitrogen
at atmospheric pressure. Experimental data compared with HFSS (a) Down-state
insertion loss was better than -0.25 dB at 5 GHz (b) In the up-state, isolation was better

than -15 dB for upto 5 GHz

Figure 5.17 shows small-signal analysis for another packaged micro-relay
fabricated in a separate batch. RF performance is consistent with the device

characterized in Figure 5.16 both in the down-state and in the up-state.
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Figure 5.17: Small-signal analysiswith 32 uW for another packaged micro-relay to show
consistency among fabricated devices. Experimental result and HFSS data for the device

(@) in the down-state and (b) in the up-state.

The setup for the high power handling test is shown in Fig. 5.12(b). A discrete
power sweep was performed through 12 gain levels from 1 W up to 30 W of RF power at
3 GHz which was the testing setup limit (Amplifier Research 30W1000B). Only Sy; was
monitored in the down-state and in the up-state due to non-reciprocal nature of the power

amplifier. Test was performed on the packaged micro-relay. Hot switching conditions



were followed with continuous RF power and 1 s on-state times. The actuation voltage
was set to 120 V for minimum on-state resistance. Figure 5.18 shows the experimental
results. In the down-state, insertion loss was better than -0.2 dB for up to 5 W of RF
power. Past this point, insertion loss deteriorated continuously down to -0.9 dB, and the
micro-relay failed due to contact microwelding at 20 W. The up-state isolation was
approximately constant at -21 dB over the power sweep range. Maximum variation was

below 1 dB and self-actuation was not observed.
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Figure 5.18: High power handling test for the packaged RF micro-relay (nitrogen in
atmospheric pressure). Tests were performed at 3 GHz and up to 30 W of RF power (test
setup limit), at 120 V actuation voltage, and 1 s on-state time. Insertion lossin the down-
state was below -0.2 dB for up to 5 W and decayed down to -0.9 dB at 20 W where the
device failed due to microwelding. The up-state isolation was approximately -21 dB over
the 12 gain steps and self-actuation was not observed.

The output power was estimated using the input power and S-parameters

following the relationship below [Poz05]:
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In the above equation, S;; and S;; are the down-state insertion loss at high power
and return loss at small-signal, respectively. The equation considers a non-reflection case
where the constant S;; value of -22.7 dB at 3 GHz was used from the small-signal
analysis since the high power test only included S,; characterization at different power
levels. It should be noted that the S;1 contribution to the output power has only a minor
effect when compared to S,;, which is strongly related to contact degradation at high
power levels. Figure 5.19 shows the input-output power relation. Output power was
relatively linear with the input power up to 13 W. Beyond this power level, output power

was reduced due to the degraded down-state insertion loss close to the point of failure.
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Figure 5.19: Output power estimated from the input power, down-state small-signal S;1
and down-state high power ;. Output power exhibited a relatively linear relationship
with the input power up to approximately 13 W, beyond which the linearity was distorted
due to dominant effect of down-state S; which degrades significantly at the point of
failure at 20 W.
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5.3.2. Lifetime testing

Packaged micro-relays with nitrogen at atmospheric pressure were tested for the
lifetime. Two experiments were conducted under hot switching conditions. The first
experiment considered 1 W of continuous RF power supplied at 3 GHz. The switching
frequency was set to 0.5 Hz frequency with 50% duty cycle as per 1 s on and 1 s off
times. The second experiment considered 10 W of continuous RF power supplied at 3
GHz with a switching frequency of 0.2 Hz and 2% duty cycle, resulting in 0.1 s on-time
and 4.9 s off-time. Similar to high power testing, the actuation voltage was kept at 120
V for both experiments. Figure 5.20 shows the Sy; for the up-state and the down-state.
For 1 W power, the device failed at the 10,913" cycle in the down-state where insertion
loss was below -0.9 dB. The up-state isolation remained within £3 dB of -21 dB
throughout the test (Fig. 5.20(a)). For 10 W power, the device failed after 8,414 cycles in

the down state with similar insertion loss and isolation values to 1 W case (Fig. 5.20(b)).

5.3.3. Package testing

Package testing for the devices followed MIL-STD-883G hermeticity standards
(Polaris Electronics Corp., KS). A total of nine packages — filled with nitrogen at
atmospheric pressure — were tested. Test consisted of He bombing of packages at 60 Psi
pressure for 1 hour. The packages were then removed from bombing chamber and placed
in a vacuum chamber at 1 Pa for He detection. The packages were tested at three
different time intervals to allow for any He residue that might be trapped in the epoxy to
be released. He detection was done right after the bombing, 30 minutes after the

bombing and 60 minutes after the bombing and was repeated for certain devices. The
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testing scheme and results are summarized in Table 5.2. The pass/fail threshold for this
standard was 5 x10® atm cc/s. The packages 1-3 failed when tested right after the
bombing potentially due to trapped He still present on the epoxy. Package 2 passed the
test when re-tested after 60 minutes of bombing and package-3 passed when re-tested
after both 60 minutes and 30 minutes of bombing. Packages 5,6, and 8 and 9 also passed
the test similarly after 30 minutes and 60 minutes of bombing, respectively.

Packages were observed under the optical microscope after testing for any cracks or
deformation as a result of high pressure He bombing which might lead to
misinterpretation of the results. No such deformations were observed for any of the nine

packages (Fig. 5.21).

5.4. Discussion and Conclusions

This chapter introduced a process to batch assemble multiple micro-relays with
Pt-Rh contacts on PCBs. Multi-layer PCB structure allowed for the direct integration of
a lid for the device packaging. Singulated micro-relays had a footprint of 8.4 mm?. The
pull-in voltage was 78 V, within 10% of modeled value of 72 V. The small difference
can be related to minimal gap changes during the assembly process. On-state resistance,
Ron, included the contact resistance, the contact bridge resistance, and the parasitics. On-
state resistances as low as 1.1 Q were observed for an increased actuation voltage of 115

\2
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Figure 5.20: Hot switching lifetime characterization of packaged micro-relays operating in

nitrogen at atmospheric pressure. Actuation voltage was set for 120 V. (a) Test with 1 W
continuous RF power supplied at 3 GHz. Switching frequency was 0.5 Hz with 1s on and
off-times. The device failed after 10,913 cycles in the down-state. (b) Test with 10 W
continuous RF power at 3 GHz. Switching frequency was 0.2 Hzwith 0.1s on and 4.9s off-
times. The devicefailed after 8,414 cyclesin the down-state. For both cases, insertion loss
was below -0.8 dB at the point of failure whereas isolation remained within £ 3 dB of -21
dB and self-actuation was not observed.
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Table 5.2: Package test results for nine packages tested for helium detection immediately
after bombing, 30 minutes after bombing and 60 minutes after bombing

Immediately 30 min 60 min

Package | afterbombing | afterbombing | afterbombing

# (10-8 atm cc/s) | (108 atm cc/s) | (108 atm cc/s)

1 50 10 6

2 10 8 4

3 8 5 1

4 9 6

5 4 1

6 5 2

7 7

8 5

9 3

Cured epoxy

Figure 5.21: Device packages were observed under optical microscope after testing for
any deformation or crack formation in the cured epoxy as a possible reason for high
pressure He bombing. No such defects were observed for any of the nine packages.

120



Both unpackaged and packaged devices were tested for small-signal RF testing at
32 uW. Unpackaged devices operated in air ambient at atmospheric pressure whereas
packaged devices operated in nitrogen at atmospheric pressure. For unpackaged devices,
down-state insertion loss and up-state isolation were better than -0.2 dB, and -18 dB for
up to 5 GHz, respectively. On the other hand, for packaged devices, down-state insertion
loss and up-state isolation were better than -0.25 dB, and -15 dB for up to 5 GHz,
respectively. The packaged test structures only introduced minimal degradation in RF
performance mainly due to the insulation properties and very low loss tangent of the LCP
package lid used. Overall, experimental data was in good agreement with HFSS.
Maximum deviation for the down-state and the up-state was 0.1 dB and 5 dB,
respectively. The reason for such deviation was the resonance possibly induced due to
the assembly imperfections.

High power test was performed on the packaged devices operating in nitrogen at
atmospheric pressure for up to 30 W at 3 GHz. The power and the frequency limits were
due to the amplifier used in this study. For 1 s on-state times, the device failed in the
down-state at 20 W and exhibited an Sy of -0.9 dB. The failure was due to the
microwelding of the contacts under extreme local heating. Up-state isolation was nearly
constant at approximately -21dB and no self-actuation was observed.

A packaged micro-relay operating in nitrogen at atmospheric pressure had a
lifetime of 10,913 cycles under the hot switching conditions for 1 W of continuous RF
power with 1 s on and off times. Another packaged micro-relay operating at 10 W

continuous RF power with 0.1 s on and 4.9 s off times, operated up to 8,414 cycles.
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Longer lifetimes can potentially be achieved by reducing the on-state times under the
temperature rise time at the contact points.

Possible improvements to dissipate the heat generated at the contacts more
effectively and increase the power handling include use of multiple vias next to contact
regions as heat escape paths and alternative substrates with high thermal conductivity
such as alumina and multi-layer low temperature co-fired ceramics [But08], [Kim09],
[Tsall, Gun, Uhl10].

Another possible improvement for higher RF power handling is to implement a 75
Q impedance on transmission line, using impedance matching transformers right before
the contacts, and convert the impedance back to 50 Q after, for system level integration.
Such an implementation would increase the root mean square (RMS) voltage at the
transmission line but reduce the RMS current which has dominant effect in contact
heating. The current reduction would result in a lower heat dissipation of the switch.
This implementation may then be limited by the self-actuation voltage of the device.

The feasibility of batch fabrication and assembly of high power micro-relays as
well as direct on-PCB device packaging were evaluated in this work. Based on the
performance of the RF micro-relays presented in this chapter, the preliminary batch

process provides an alternative for bulk foil device implementation.

122



CHAPTER 6

CONCLUSIONS AND FUTURE WORK

This chapter provides the conclusions of the research presented in this thesis and

discusses some future directions.

6.1. Conclusions

This research effort aimed at investigating the feasibility of using bulk foil Pt-Rh
contacts on micro-relays for high power DC and RF applications. Pt-Rh is a chemically
inert and mechanically robust material which can withstand harsh environment and
conditions. Pt-Rh alloy has excellent compromise between electrical resistivity and
hardness. These properties render the material resistant to softening, melting and
microwelding at very high temperatures which might occur in high power signal
transmission in DC and RF switches. Therefore Pt-Rh is an ideal candidate for use in
high power DC and RF micro-relays as contact material.

Three primary goals were established during the course of this study. The first one
was to show the feasibility of proposed bulk foil Pt-Rh as a candidate contact metal for
high power DC switching. The second one, as an extension to first goal, was to show the
performance of Pt-Rh contacts for high power RF switching. The third goal was to develop

a process to fabricate the micro-relays in batch and package them directly on PCBs.
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For the first goal, electrostatically actuated micro-relay test structures were
designed and fabricated. Design consisted of a double-cantilever structure with a Pt-Rh
contact cantilever placed beneath an aluminum actuation cantilever that presses onto the
former. A heat sink was located onto the actuation cantilever, directly above the contact
point to dissipate local heating induced during high power switching. The entire micro-
relay stack was manually assembled on a PCB for easy integration. The device had a
footprint of 6.5 mm?. The contact metal to mate with Pt-Rh was Au because of its
widespread use in PCB manufacturing. In addition, the use of Au with Pt-group metals is
known to alleviate the effects of frictional polymerization; the formation of a contaminant
film due to absorption of organic vapor from the air under fretting conditions with shear
or normal force. Devices with stainless steel 316L contact cantilevers were also
fabricated to benchmark the performances with Pt-Rh.

The micro-relay contact resistance was estimated theoretically using Holm’s
permanent deformation model and was found 620 mQ for 2.2 mN of total contact force.
An empirical determination of contact resistance included pressing a contact cantilever
against the signal line using of a precise force gauge. A total series resistance of 0.8 Q
was found.

The on-state resistance, Ron, Of the fabricated devices included the contact
resistance, cantilever resistance and resistance of the signal lead transfer points at the
anchor regions. For an actuation voltage of 160 V, the measured on-state resistances were
approximately 1.5 Q and 1.25 Q for SS316L and Pt-Rh micro-relays, respectively.
Experimentally found on-state resistances were higher than empirically estimated 0.8 Q

(for Pt-Rh micro-relays) possibly due to the added parasitic resistances during manual
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assembly.

For high power tests, devices were operated until the point of failure. Failures
due to localized heating occurred at 1.8 A and 2.6 A for SS316L and Pt-Rh devices,
respectively. Pt-Rh micro-relays failed at a higher power than SS316L micro-relays due
to lower electrical resistivity and thermal conductivity of SS316L when compared to Pt-
Rh. Contact temperatures were experimentally measured and overall, they were in good
agreement with the simulations. The heat management was used on the fabricated
devices through forced cooling with a commercial mini-fan positioned in close proximity
to the device. Pt-Rh devices with forced cooling exhibited a current rating of 2.8 A in
50.7 KPa nitrogen. The use of forced cooling suppressed contact temperature rise by
approximately 20 K.

A lifetime test was also carried out. An unpackaged Pt-Rh micro-relay operated
in 50.7 KPa nitrogen for 2226 cycles under 1 A line current.

For the second goal, micro-relays with SS304 cantilevers and Pt-Rh contact
metals were fabricated and assembled on a PCB. The PCB was subjected to a sensitivity
study and an iterative optimization for increased RF performance. Test structures with
6.4 mm? footprints had 90 V pull-in voltage. Unpackaged devices were tested in an air
ambient and atmospheric pressures.

For small-signal tests, the down-state insertion loss and the up-state isolation were
better than -0.2 dB and -25 dB up to 5 GHz, respectively. Experimental data was
compared with HFSS and overall was in good agreement. High power testing was also
performed on unpackaged devices for up to 30 W at 3 GHz for both 1 s and 20 s on-state

times. Similar to DC micro-relay, forced air cooling was used on the devices. During
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high power tests, microwelding occurred in the down-state at 18.5 W and 7 W for 1 s and
20 s on-state times, respectively. No self-actuation was observed in the up-state for both
cases.

A lifetime test was performed on an unpackaged micro-relay operating in air
ambient and at atmospheric pressure. Hot switching conditions were followed under 1 W
of continuous RF power. The micro-relay test structure failed in the down-state after
3074 cycles due to microwelding.

For the third goal of this work, a process was developed to batch assemble
devices in 4x1 array structures. A SS304 cantilever frame which carried four cantilevers
with Pt-Rh contact bridges was assembled on a multi-layer PCB. The PCB consisted of
three layers to allow segments of the transmission line and the DC path to connect
beneath the surface. This configuration was essential to directly assemble a package lid
on the PCB substrate. The package lid was chosen Vectra A130, an LCP based plastic
for minimized RF performance deterioration. The transmission line segments were
optimized for reduced impedance mismatch and reflection.

The footprint of a singulated test structure was 8.4 mm®. The contact resistance
and the pull-in voltage for the fabricated devices were lowest among the three designs, 78
Vand 1.1 Q for 115V, respectively.

Small-signal RF tests were performed both for unpackaged devices operating in
air ambient and atmospheric pressure and packaged devices operating in nitrogen and
atmospheric pressure. For packaged devices, down-state insertion loss and up-state
isolation were better than -0.25 dB, and -15 dB for up to 5 GHz, respectively. It was

observed that RF performance of the packaged micro-relays were similar to the ones
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without the packages. All the experimental data was compared to simulations and
overall, both were in good agreement.

Packaged devices were also subjected to a high power test for 1 s actuation times
up to 30 W of RF power at 3 GHz. The test structures failed in the down-state due to
microwelding at 20 W with a measured S; of -0.9 dB. There was no self-actuation in the
up-state.

A lifetime test was carried out on a packaged micro-relay with nitrogen in
atmospheric pressure. The devices were tested under hot switching conditions for 1 W (1
s on-state time) and 10 W (0.1 s on-state time) of power and failed in the down-state after
10,913 and 8,414 cycles respectively.

Low power lifetime study was not carried out in this work due to the lack of

utility of the presented devices at low power levels.

6.2. Futurework

In addition to the selection of hard metals with low electrical resistivity as contact
materials, large contact forces are required to enhance high power handling capability for
ohmic-contact micro-relays. Large contact forces are essential to break surface
contaminations due to the humidity and hydrocarbons which are present in unpackaged
devices but also to reduce the contact resistance for both unpackaged and packaged
devices. As mentioned before, a lower contact resistance is highly desirable to reduce
joule heating at the contact points and increase power handling. Therefore, a potential
improvement for achieving very low contact resistance (<100 m€) and very high power
handling (>10 A DC, 100 W RF) is by employing actuation forces in the order of tens of
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mN. Large actuation forces can potentially be obtained by bi-stable latching
mechanisms. Bi-stable mechanisms are favorable in switching technologies since they
primarily offer zero stand-by power. Unlike in most electrostatically actuated switches
where a certain amount of actuation voltage is required to keep the switch at on-state, bi-
stable mechanisms can exhibit a snapping action on and off the signal line with no
external force required to keep the beam in its current state. Large displacements coming
with bi-stable actuation are also desirable from an RF performance point of view. In the
up-state, with a large enough displacement away from the transmission line, the
capacitance would be minimized and a very large isolation can be attained. Reciprocally,
in the down-state, large actuation forces would reduce insertion loss due to a lower
contact resistance.

Figure 6.1 shows a typical potential energy/force-displacement curve for a bi-
stable mechanism. Units and material selection are arbitrary. The force offered by the
bi-stable element to an actuator that is pushing it from the initial open position (in which
it is fabricated) to the closed position is highly non-linear with the displacement. The
reaction force (which is negative) initially increases in magnitude to a value Fnin, and
then decreases to zero at its unstable equilibrium point. After passing this position, the
reaction force changes signs, indicating that the switch would close by itself. The
positive force is the reaction force encountered in the opening of the switch when pushed
from the opposite direction. The force on the closed contact can be tailored by
positioning the bi-stable element at the distance from signal line that corresponds to the
desired positive force. The two valleys in Figure 6.1(a) show the stable positions that

would exist in the absence of external forces. In the case of the Si devices in Figure
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6.1(b), reaction force is 1 mN at 9 um displacement point. Reaction force is higher for Si

structure due to higher Young's modulus.
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Figure 6.1: (a) Potential energy (S) and (b) reaction force plots (S and Ni) for a typical

bi-stable element

Bi-stable mechanisms require large actuation forces to overcome potential energy
barrier and snap into stable regions. Electrostatic actuation does not traditionally
generate very large forces and might not be sufficient to drive bi-stable elements. Other
actuation methods such as electrothermal actuation and magnetic actuation can be
explored to overcome this force barrier. Previous studies showed feasibility to achieve

bi-stable latching operations in microstructures [Que04, Mic05, Mic06].
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Another potential future direction involves an improved fabrication and assembly
process for higher throughput and yield. It is envisioned that automated pick-and-place
assembly with robotic micro-grippers and conceivably a vision feedback mechanism
might completely eliminate assembly imperfections contingent to manual assembly. For
an automatic micro-relay assembly, individually fabricated pieces can be kept in different
buffered containers. A vision control system can then detect each piece depending on the
shape and position, and a robotic micro-gripper can pick-and-place those pieces into a
full device assembly. The automated assembly scheme can even potentially allow the
assembled device to be carried onto a testing bench and subjected to required mechanical

and electrical tests prior to product release.
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APPENDIX A
DESIGN OPTIMIZATION OF A CANTILEVER FOR LOW PULL-IN

VOLTAGE

This section presents a theoretical model and an optimization process for a
cantilever design to achieve low pull-in voltage. The theoretical contribution for the
study has been led by Mr. Subhajit Banerjee, under the supervision of G. K.
Ananthasuresh, both with Indian Institute of Science, Bangalore.  Experimental
evaluation of the theoretical model has been performed by the author of this thesis.
Section A.1. provides a theoretical background for the mechanical cantilever design.
This includes formulations for 1D lumped and distributed models. Section A.2. presents
the theory for a structural optimization. Section A.3. describes geometric variations for

the optimization and presents an experimental evaluation for the theoretical modeling.

A.1l. Cantilever Design
The optimization process considered a set of variations based on the cantilever
design presented in Chapter 4. General cantilever design principles are described in this

section. The design process included coupled electromechanical analysis in terms of:
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1. 1D lumped model,
2.1D distributed model
Schematics of the current design are shown in Figs. A.1(a) and A.1(b). The

design considered only the cantilever and neglected the contact bridge, heat sink and the

micro-rod.
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Figure A.1: Schematic of the existing design. (a) Top view, (b) side view
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Figure A.2: A spring restrained parallel plate capacitor

A.1.1. Formulation for 1D lumped model

Figure A.2 represents an approximate 1D model of an electrostatically actuated
cantilever. Here, the elastic properties of the cantilever are lumped into a linear
translational spring, with stiffness k. The electrostatic interaction between the cantilever
and the electrode underneath is lumped as a capacitance between parallel plates. The
undamped dynamic response of the system to an actuation voltage ¢ is obtained by

solving the governing differential equation of motion which is given below:

= | 1 5 1 €A .
L = Kinetic Energy - Potential Energy = —ma® — (—A':r‘) — —,Lcr)) (A1)
2 2 2 {\fj(] — ,_'E.')

where, mis the lumped inertia of the system, xis the representative displacement
along the chosen degree of freedom, &g is the vacuum permittivity, A is the overlapping
area between the electrodes, and go is the initial gap between the electrodes. The
equation A.1 can be rearranged into:

1 €A .
_L(L}Z

2(go—)? (A2

ma + kx =

The above equation provides the simplest, most intuitive, and analytically
solvable model.
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The cross-sectional area of the cantilever, as shown in Figure A.1 varies along its
length. This variation needs to be taken into account while calculating the stiffness. In
Fig. A.3, let L be the total length of the beam and | the length of the electrode underneath
it. The electrode is placed at a distance d from the fixed end and along a direction
parallel to x axis. Here, it will be assumed that the initial load, (i.e., before bending),

will be uniformly distributed over the beam. Therefore, the intensity of this
1 g,A
2 g,
will act throughout the entire range of deformation. If Pis a virtual load applied at x = L

uniformly distributed load (q) is: ¢* . Itis further assumed that this same load q

to obtain the tip deflection, then the strain energy of the beam in bending is:

"I (2))? AL ()2 L=b 1 h Lo ()] LMy ()2
U= / L)) e / D@L s / AL@L oy / A g, a3)
Jo 2EIzz Ja  2EIzz Javi  2E1zz Ji—v 2E1;79

Referring to Fig. A3, |_,(X) :\;v(x)t3/12 (parts 1, 2, and 3), and 1_,(x) = bt3/12 (part 4)
are the area moment of inertias of the tapered and the prismatic section of the beam,

respectively.

My, MR MMy

] 2 S ] a4

Figure A.3: Various parts of the beam, showing individual moments for each parts.

The moments of the various parts i.e., part 1, 2, 3, and 4 in Fig. A.3 are:
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1 .
Mi(z) = 5ql* + ql(d — 2) + P(L — x)

1, f
Ms(z) = §q(l“ +(x—d)?) —ql(d— ) + P(L — z) (A.9)
M;s(z) = P(L — x)
11[4(3) = J[; (CL‘)
The deflection at the end point of the cantilever can be calculated from

Castigliano’s second theorem (i.e., &

en

ooints = [Qj ). The cantilever stiffness for the
” P Jeo

given loading condition (i.e., electrode location and voltage difference), is calculated as:

ql
6endpoint

k= (A.5)

A.1.2. Formulation for 1D distributed model
Euler-Bernoulli beam equation can be used on the existing design for 1 D

distributed model. The Euler Bernoulli beam equation can be written as:

o /- L OPw(x.t) QPw(x.t) o
2 (Li’//[.i’ )T) + pu ?‘T =0 Ve [0,d,
({]EE'(,I’) 5
=  YVa 1.d+1],
2(g0 — u.‘(i’-f))zo veldd+]
=0 Yeeld+1, L]

where w(x, t) denotes the transverse deflection of any point on the beam at a distance x
from the fixed end, p is cantilever beam material density. Depending on the beam width,

Young’s modulus is:

a e ) VY w>5t e, wide beams, (A.6)
— 2

=F Voow <5t i.e., narrow beams

E =

Y

The 1D distributed model can be solved by the displacement-based beam finite

element method coupled with electrostatic analysis. Iterative relaxation scheme is used
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to solve the coupling between electrical and mechanical domains. Solving the
corresponding Dirichlet boundary value problem, with the tip contacting after removing
the actuation voltage, yields the recoil force with which the switch will come out of
contact from the transmission line. Figure A.4(a) shows the cross section of the
cantilever with actuation gap (g.) and contact gap (gc) whereas Figure A.4(b) exhibits
Dirichlet boundary value problem and recoil force. The variation of pull-in voltage with
the actuation gap for the existing design is shown in Figure A.5. The model considers
that the actuation gap is always larger than the contact gap. Calculated recoil force for

the actual design was 3.5 mN.

(a) |_(b) Frecoit e

8a 1 g(.

Figure A.4: Model used for beam FEM showing (a) actuation and contact gaps (b)
Dirichlet boundary value problem with recoil force
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Figure A.5: Variation of pull-in voltage with different actuation and contact gaps
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A.2. Structural optimization

As mentioned in the introductory chapters, power handling of the ohmic-contact
type MEMS switches is limited by the interface problems at hot switching conditions,
such as melting of contact materials at high temperatures and an increase of contact
resistance beyond useful range.

With the aforementioned limitations in mind the present section focuses on
obtaining a design which would have:

e Low pull-in voltage
e Large recoil force at no-load condition. This will alleviate the adhesion problem
at the contact region.

For the optimization process, Euler Bernoulli beam equation was assumed to be
valid throughout the formulation. Considering a certain maximum volume of material
(Vmax) having Young’s modulus E and Poisson’s ratio v, the micro-relay should undergo a
deflection A under the action of a voltage difference ¢. It was also considered that the
width and the thickness of any section of the switch is are w(x) and t, respectively. The
cross-sectional area is A = w(X)t. The area moment of inertia of any cross-section of the

switch is then given by:

3 2

| =——:where ¢ =—
12 12

The structural optimization problem statement can be constructed as:

where it is defined as:

1 1 L —a)?
_— f (L= 4 (A7)
F Recoil FAa 0 A

Minimize

recoil
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A is subject to:

L
Mym,
Alz/_\—f T g < 0
o A

Fo
(A.8)

L
As :/ Adr — Ve < 0
0

where,
M; is the bending moment due to the mechanical load applied by the voltage bias, and m,
is the bending moment due to a virtual unit load applied at the end of the micro-relay.

Data is:
E

1-7)

ot A\, L. FE. v, E(:

) (for wide beams)

The solution considered SS304 cantilever material, 50 pm thickness, andA = 8
pum. Solving with A; # 0 and Az # 0 (i.e., both of the constraints are active), yields the
shape shown in Fig. A.6(a). For the same data set, but with A; = 0 and A, #0 (i.e.,
volume constraint is inactive whereas the end-point deflection constraint is active) will
yield the shape shown in A.6(b). Pull-in voltage was found 50 V.

The design optimization using tapered profiles motivates a pull-in voltage

analysis for different shapes.
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Figure A.6: Result of structural optimization problem. (a) Shape-1, 41 # 0 and A> # 0, (b)
Shape-2 A; =0 and A, #0.

A.3. Investigation of various shapes
A.3.1. Theoretical model

This section presents the determination of the pull-in voltage for six
configurations, each having the same volume of material with the original design

presented in Chapter 4. Figure A.7 represents the generic shape of such configurations.
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Figure A.7: Generic shape of the optimized structure. (a) Sde view, (b) top view.
The critical lengths 1;-l¢ are presented in the table below:

Table A.1: Critical lengths for the optimized design.

Length | Value (um)
1 500
P 500
I3 1430
l4 130
5 600
le 200
L 3400

The angle 6 represents the slope of the tapered profiles. A negative slope is
defined as the angle of the tapered side wall deviating from the horizontal line in a
counter clockwise direction as for the configuration in Figure A.7. A positive slope is
defined as the angle deviating in a clockwise direction.

For each of the six shapes considered, the thickness was fixed to 50 pm. In
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addition, the end having width W; was fixed, while the other end (width W) was in the
free condition. Width W, was varied uniformly from 572 pum to 2292 um to generate six
different shapes. Width W; was calculated so as to keep the volume to be equal to the
original design. The clearance everywhere was set to 10 um. The material was selected
as SS304 as in the original design. The values of the slope, Wy and W; for six
configurations are tabulated below (Table A.2).

Table A.2: Sope and width values for different configurations

Configuration Slope (in deg.) W, (in pm) | W, (in pm)
1 -13.71 2231.34 572.14

2 -6.11 1769.29 1041.69

3 -0.92 1462.58 1353.78

4 1.70 1308.43 1510.39

5 6.9 1000.53 1823.33

6 14.47 538.48 2292.88

Figure A.8 shows pull-in voltage calculations following 1D beam FEM solution

introduced earlier.

Pull-in voltage (V)
&

P et e T e

20 I I I T 1
1 2 3 4 5 6

Configuration #
Figure A.8: Modeled pull-in voltages for six configurations
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A.3.2. Experimental evaluation

This section presents the implementation of all six configurations to
experimentally evaluate pull-in voltages modeled in the previous section. Figure A.9
shows the design of Configuration-2 which is chosen randomly. A solid cantilever is
located on a PCB circuit. A pair of alignment posts is used to align and fix the cantilever
in its place. A pull-in electrode is used as a gate terminal and biased with a source
electrode for electrostatic actuation. A contact pad is located on the PCB underneath the
distal end of the cantilever. It acts as a drain terminal. Following sub-sections details

fabrication and testing for the structure.

Gate pull-in ~ Cantilever
electrode

Alignment

posts Source
< electrode

1000 pm
—_—

Drain contact pat

2 Jum recess
Figure A.9: Exploded view of the test structure for Configuration-2. Gold posts align
and hold the cantilever over gold-coated copper traces on the PCB. The cantilever has
two recessed regions with depths 6 um and 4 um over the ground electrode and contact
pad, respectively (shown upside down in the inset).

A.3.2.1. Fabrication

The cantilever was photochemically etched from 50 pm-thick SS304 foils
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(Kemac Technology Inc., CA). The recesses of 6 um and 4 um were machined using
MEDM. Perforations of 300 pm diameter were located for the alignment and the
attachment on the PCB (Fig. A.10(a)).

A 600 um-thick Rogers 4003 was used as the substrate (Advanced Circuits Inc.,
CO). Metal interconnect traces of 70 pum-thick Cu provided bias electrodes and contact
pad. In such PCBs, 4 um thick Ni was used as an adhesion layer on the Cu base, and 0.15
pm thick outer gold layer provided an electrical contact. Through vias were located on the
PCB for the subsequent attachment of the cantilever.

For the assembly, alignment posts (1000 pm-height; 300 um-diameter), were
machined from gold wire using HEDM, and tightly fitted into the isolated-vias on the PCB
(Fig. A.10(b)). Conical wire tips facilitated the insertion of the cantilever. The cantilever
was assembled over the posts and fixed by applying conductive epoxy (Creative Materials).
The flatness of the cantilever was maintained during the assembly process with the help of
a high resolution laser displacement sensor (Keyence LK-G32).

The test circuit (Fig.A.11(a)-(b)) used the variable gate actuation voltage (V) and
constant drain voltage (Vp) as inputs. Output voltage Vour was monitored to detect the
pull-in. Vg was increased in 50 mV steps from 30 V to 45 V. When the test structure was
in off-state Vour was equal to zero (denoted as Vout—orr). When a pull-in occurred, Vour
was approximately Vp/2 = 1 V due to the relationship given in Fig. A.11b (denoted as
Vout-on). Ron represented the on-state resistance and included contact resistance and the

parasitics. Test was run in air ambient and atmosphere.
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Figure A.10: $M mcrographs for Conflguratl on- Zt&st gructure. (a) Cantilever is shown
upside down with recessed regions. (b) Assembled structure with 6 pum gap between the
cantilever and the ground electrode shown in the inset.
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A.3.2.2. Testing

Pull-in

N

Vour orf =0 Vour on=Vp._1TMQ
2 MQ + Ron

Vour

time

Figure A.11: (a) Circuitry for testing, using variable gate actuation voltage (Vg), and
constant drain voltage Vp as the input. Ron was the on-state resistance, and was
combination of contact resistance and all the parasitic resistances. (b) Actuation concept
showi ng VouT-oFr and VouT-onN conditions

Figure A.12 shows the pull-in behavior of the Configuration-2 test structure. The
pull-in occurred at 40.95 V. Further increase in actuation voltage caused the Vouyr to
remain constant at approximately 1 V since Ron was negligibly low compared to fixed
resistors. The experimental data was in good agreement with the theoretically modeled

pull-in voltage of 37.81 V by only a 7% deviation. Figure A.13 shows the experimental

pull-in voltages of all six configurations and compare them to modeled values. Table A.3
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summarizes the data for all the configurations including actuation and recoil forces

estimated from pull-in and turn-off voltages in the hysteresis study.

Q- foe et
Pull-in
4095V
0.8 F-mmmmmmmmm e
g 0.6 -
5
S 04 f-mmmmm e
0,2 -===mrmmmmmmemmm e n e e r e e s e e e -
0
30 33 36 39 42
Vg (V)

Figure A.12: Experimental result showing change of Vour with the actuation voltage.
Vout was zero until pull-in occurred at 40.95 V. Beyond this point, Vout remained

constant at approximately 1 V.
B0 pmmm
45 A A Experimental
T 4 Model
o A0 e
S ¢ R
< 35 e AT s
30 o _._ _____________________
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2D oo +
20 T T T T 1
1 2 3 4 5 6
Configuration #

Figure A.13: Experimentally found pull-in voltage compared to model for all six

configurations

Table A.3: Summary of pull-in and turn-off voltages and associated actuation and recoil

force estimates for all six configurations
Pull-in Voltage Pull-in Voltage Error Turn-off Actuation Recoil Turn-on
(Model) (V) (Experiment) (V) % Voltage (V) | force (mN) | force (mN) | time (ms)
44.69 46.25 3.491 31.15 2.09 0.81 4-5
37.81 40.95 8.305 28.25 1.65 0.79 4-6
33.44 35.75 6.908 26.65 1.27 0.72 5-6
31.25 34.1 9.120 26.05 1.16 0.69 5-7
28.44 32.8 15.331 25.15 1.08 0.64 5-8
24.06 28.15 16.999 20.05 0.81 0.52 6-8
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