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Abstract

Radio frequency (RF) microelectromechanical systems (MEMS) switches are

paramount in importance for improving current and enabling future USAF RF sys-

tems. Electrostatic micro-switches are ideal for RF applications because of their

superior performance and low power consumption. The primary failure mechanisms

for micro-switches with gold contacts are becoming stuck closed and increased con-

tact resistance with increasing switch cycles.

This dissertation reports on the design, fabrication, and testing of micro-

switches with sputtered bi-metallic (i.e., gold (Au)-on-Au-(6.3at%)platinum (Pt)),

binary alloy (i.e., Au-(3.7at%)palladium (Pd) and Au-(6.3at%)Pt), and ternary al-

loy (i.e., Au-(5at%)Pt-(0.5at%)copper (Cu)) contact metals. Performance was eval-

uated, in-part, using measured contact resistance and lifetime results. The micro-

switches with bi-metallic and binary alloy contacts exhibited contact resistance be-

tween 1− 2 Ω and, when compared to micro-switches with sputtered gold contacts,

showed an increase in lifetime. The micro-switches with tertiary alloy contacts

showed contact resistance between 0.2-1.8 Ω and also showed increased lifetime.

Overall, the results presented in this dissertation indicate that micro-switches with

gold alloy electric contacts exhibit increased lifetimes in exchange for a small increase

in contact resistance.

xxiii



ELECTROSTATIC RADIO FREQUENCY (RF)

MICROELECTROMECHANICAL SYSTEMS (MEMS) SWITCHES

WITH METAL ALLOY ELECTRIC CONTACTS

I. Introduction

1.1 Motivation

Electrostatic radio frequency (RF) microelectromechanical systems (MEMS)

metal contact switches are paramount in importance for future miniaturizations of

RF and microwave circuitry and systems [14, 39, 17, 27, 109, 124, 125, 131, 160].

RF MEMS switches are needed building blocks for improving current (i.e., Phase

shifter circuits, tunable RF filters, true-time delay networks, and phased array radar

[53, 69, 70, 87]) and enabling future USAF and DOD systems like the space-based

radar (SBR. SBR data will be used to support the intelligence, surveillance, and

reconnaissance (ISR) missions.

Electrostatic RF MEMS switches, like that shown in Figure 1, are ideally suited

for RF applications because of their small geometries, superior RF performance over

current solid state switching devices like field effect transistors (FET) and positive-

intrinsic-negative (PIN) diodes, and low power consumption [49, 124].

1.2 Problem Statement

Important performance criteria for micro-switch applications are low contact

resistance (< 1 − 2 Ω) and reliability (switch lifetimes > 1011 “cold-switched” or

> 108 “hot-switched” cycles). Hot-switching is defined as switch cycling with a signal

or potential difference across the electric contacts while cold-switching is defined

as device actuation with no signal or voltage potential across the contacts. The
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Figure 1 A captured video image of a cantilever-style, RF MEMS metal contact
switch.

two primary failure mechanisms for MEMS metal contact switches are becoming

stuck closed (i.e., sticking friction or stiction) and increased contact resistance with

increasing switch cycles. Typically, micro-switches use gold-on-gold electric contacts

to achieve low contact resistance. Gold (Au) is used due to its low resistivity and

low susceptibility to oxidation and contaminant gettering. MEMS switches with Au

electric contacts, however, are prone to stiction and wear due to Au’s relative low

material hardness of approximately 1-2 giga pascals (Pa).

Previous attempts to address these micro-switch failure mechanisms have con-

centrated on optimizing mechanical switch designs [101, 116]. In this study, different

electric contact metallurgies, specifically metal alloys, were investigated to improve

micro-switch performance.

1.3 Contributions

The novel contributions of this work, to the MEMS field, follow:

1. analytic contact force models for cantilever-style, electrostatic, micro-switches,

2. an analytic micro-switch contact resistance model for devices with sputtered con-

tact metals,
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3. a binary metal alloy selection methodology for micro-switch electric contacts,

4. measured thin film metal (i.e Au, Ag, Pd, and Pt) and alloy (i.e., Au-Pd, Au-Pt,

and Au-Ag) material properties,

5. co-sputtering fabrication technique for depositing alloy contact metals,

6. an improved hemispherically-shaped upper electric contact geometry,

7. operational RF MEMS metal contact switches with bi-metallic, binary alloy, and

ternary alloy electric contacts, and

8. contact resistance, RF measurements, and micro-switch lifecycle test results of

micro-switches with metal alloy electric contacts.

1.4 Publications

The following papers, listed for the convenience of the reader, were published

by the author during the course of this dissertation research:

Journal Articles:

1. “Modeling and Simulation of Classical Micro-Electro-Mechanical Systems (MEMS)

Actuators” [34],

2. “A Comparison of Micro-Switch Analytic, Finite Element, and Experimental Re-

sults” [32],

3. “Selecting Metal Alloy Electric Contact Materials for MEMS Switches” [29],

Conference Papers:

4. “Finite Element Modeling and Simulation of Micro-Switch Pull-in Voltage and

Contact Force” [31],

5. “Contact Force Models, including Electric Contact Deformation, for Electrostat-

ically Actuated, Cantilever-Style, RF MEMS Switches” [28],

6. “RF MEMS Switches with Metal Alloy Electric Contacts” [30], and

7. “Micro-Switches with Sputtered Au, AuPd, Au-on-AuPt, and AuPtCu Alloy
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Electric Contacts” [33].

1.5 Organization

This document is comprised of eight chapters and two appendices. Chap-

ter one, the introduction, briefly introduces the topic of electrostatic RF MEMS

metal contact switches. Chapter two is a comprehensive literature review of MEMS

switches and related fields. Chapter three is a brief presentation of pertinent theory.

Chapter four summarizes the methodology used to select alloy contact materials.

Chapter five presents an analysis of micro-switch mechanical designs using analytic

equations, a finite element method software tool (i.e., Coventorware), and experi-

mental data. Chapter six is a discussion of the fabrication processes. Chapter seven

presents the experiments and test results. Chapter eight details the overall conclu-

sions including ideas for future research. Finally, a complete listing of the fabrication

process checklists or process followers are provided in the appendices.
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II. Background

This chapter is a presentation of background material pertinent to studying RF

MEMS metal contact switches.

2.1 RF Switches

The ability to switch RF and microwave signals between components and sys-

tems is an important aspect of RF and microwave systems design [14, 120]. For

example, phase shifter circuits can be realized by switching between different RF

components or loads. There are two circuit configurations for RF switches, series

and shunt [17, 160]. Series switches are placed within a transmission line and are

used to physically open or close the signal path, while shunt switches are placed

between the signal line and ground and used to pass or short microwave signals. RF

switches can either be normally open (NO) and actuated closed or normally closed

(NC) and actuated open.

2.1.1 Semiconductor. FETs and PIN diodes are currently used as switch-

ing elements in microwave circuitry. This is primarily because semiconductor de-

vices are easily integrated with planar microwave devices (i.e., co-planar waveguides

(CPW) and monolithic microwave integrated circuits (MMIC)) and have extremely

fast switching times (< 10 ns) [120]. FETs and PIN diodes generally offer high

isolation in the open state (> 20 dB) and low insertion loss (IL) in the closed state

(< 1 dB), however, performance deteriorates rapidly at frequencies higher than a

few giga hertz (Hz). For example, solid state devices operating above 1 GHz will

typical have isolation and IL values of 20− 25 dB and 1− 2 dB, respectively [160].

DC power consumption is relatively high with semiconductor switches (> 10 mW )

[160] and signal bandwidth is limited by the mobility of the semiconductor carriers

(i.e., electrons and holes). Also, intermodulation distortion in semiconductor devices
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is prevalent due to their nonlinear current versus voltage (I-V) characteristics. These

problems can all be alleviated by using mechanical switches.

2.1.2 Electromechanical. Macro-size electromechanical switches, compat-

ible with coaxial cabling or waveguide, can be also be used to switch microwave

energy [49, 120]. Electromechanical RF switches offer excellent isolation (> 70 dB)

and IL (< 0.07 dB) but have relatively slow switching speeds (2− 15 ms), are non-

planar, and not easily implemented with planar RF circuitry [160]. Additionally,

electromechanical switches have improved signal bandwidth and intermodulation

performance over semiconductor switches. Bandwidth improvements result from

using metals, not semiconductors, with higher carrier mobilities. Intermodulation

distortion is minimized with mechanical switching elements because they exhibit

linear I-V characteristics.

Although, macro-switches and relays can be used effectively with RF signals,

they have somewhat limited utility because of their slow switching speeds and bulky,

non-planar fabrication processes. These issues can be addressed by using micro-sized

or MEMS switching devices [17, 63, 172].

2.2 RF MEMS Switches

MEMS is a unique technology that combines many of the advantages of solid

state and electromechanical devices. High isolation (> 40 dB), low IL (≈ 0.1 dB),

extremely low power consumption when electrostatically actuated , high bandwidth

(DC-100 GHz), moderate switching speeds (1 − 10 µs), superior intermodulation

performance, and planar fabrication have all been realized using RF MEMS switches

[124, 125, 123, 160, 170]. There are two classes of RF MEMS switches, capacitive and

metal-to-metal contact. In general, capacitive switches are used in the shunt circuit

configuration while metal contact switches are used in the series circuit configuration.

Metal contact switches work well in the DC-40 GHz frequency range and capacitive
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switches operate best from 5-100 GHz [124]. Table 1 summarizes some of the key

parameters for PIN diodes, FETs, and RF MEMS switches [160, 170].

Table 1 PIN diode, FET, Electromechanical, and RF MEMS parameters.

Parameter PIN diode FET Electromechanical RF MEMS
Isolation 40 dB 20-40 dB > 70 dB > 40 dB

Insertion Loss .5-1 dB .5-1 dB .07 dB .1 dB
Switching Speed 650 ns 3 ns 2-15 ms 1-10 µs

Power Consumption 30-50 mW 5 mW .2-.4 mW ≈ 0 W
Bandwidth 20-2000 MHz 5-4000 MHz DC-26 GHz DC-100 GHz

A brief discussion on MEMS capacitive switches is presented next.

2.2.1 Capacitive. MEMS capacitive switches are used to vary signal

impedance when opened or closed. In the shunt configuration the upstate or unac-

tuated switch will pass RF energy while the downstate or actuated switch will short

RF signals to ground [124, 160]. The main problem with current electrostatic RF

MEMS capacitive switches is charge accumulation in the switch’s dielectric material.

Dielectric charging causes variations in switch actuation voltage and corresponding

changes in open and closed switch capacitance values. Dielectric charging effects

are not usually present in metal contact micro-switches. A comprehensive literature

review on MEMS metal contact switches and related topics is presented next.

2.2.2 Metal Contact. Metal contact micro-switches are opened or closed

to change circuit impedance and route electrical signals. In the series configuration

an open switch behaves like a capacitor and blocks RF energy and when closed acts

like a short and passes RF signals [124, 160].

Peterson theorized that contact force, metallurgy, and geometry were the key

areas that needed further study before reliable electrostatic MEMS contact switches

could be realized [118]. The primary failure mechanisms for RF MEMS contact
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switches are stiction and wear. Many metal contact micro-switch studies have fo-

cused on mechanical switch designs with Au electric contacts [38, 94, 118, 173].

2.2.2.1 Mechanical Designs. Electrostatically actuated metal contact

micro-switches are the most prevalent because they require virtually no power to op-

erate [124]. Electrostatic devices, however, usually require high actuation voltages

(60-120 V ) to achieve low contact resistance. Consequently, innovative electrostatic

mechanical switch designs exhibiting low actuation voltages have been studied ex-

tensively [6, 10, 22, 23, 110, 116, 124, 134]. Much of this work, however, boils down

to an engineering trade off between beam spring constant and switch actuation volt-

age. A problem with this design approach is that by lowering the mechanical spring

constant (i.e., the actuation voltage) the switch restoring force (i.e., through Hooke’s

law) is also lowered which may lead to increased stiction failures.

2.2.2.2 Contact Metals. Very few researchers have investigated using

different electric contact metals or alloys to minimize stiction and improve micro-

switch wear characteristics. Schimkat studied Au, Au-nickel (Ni) alloy (Au-(5%)Ni)

and rhodium (Rh) macro-switch contacts (i.e., not MEMS switches) in a low-force

test configuration. The macro-sized contacts were electrically “cleaned” using a

“Schaltreinigung” technique that consisted of approximately 40 switch cycles with a

50 V DC and 50 mA electrical load in an nitrogen environment. Schimkat found that

Au electric contacts required the lowest contact force to achieve the lowest contact

resistance but also resulted in the highest contact adhesion force. The other contact

metals (Rh and Au-(5%)Ni) resulted in lower contact adhesion but required higher

contact force for low contact resistance [135, 136].

Despite this finding, metal contact micro-switch research has focused on the

mechanical and RF design aspects for micro-switches with Au electric contacts

[20, 44, 45, 52, 55, 61, 85, 103, 129, 150]. Notable exceptions are Majumder et

al.’s and Duffy et al.’s utilization of a “platinum group” and Pt contact metals, re-
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spectively [44, 92]. Additionally, Hiltmann et al. studied micro-switches fabricated

with Au-cobalt (Co) alloy, Pd, and Rh electric contact materials [56]. These metals

were chosen over Au for their increased hardness, lowered adhesion, and improved

wear characteristics. In order to achieve acceptable contact resistance, Majumder

et al.’s micro-switches required multiple (i.e., 4 to 8), parallel contacts and were

packaged in a hermetic environment while Duffy et al.’s MEMS switches required

actuation voltages approximately 45 V higher than the pull-in voltage. Hiltmann et

al.’s switches were large, millimeter-sized micromachined membrane switches (i.e.,

not micro-switches) capable of generating several Newtons of contact force [56]. In

addition, the alloy composition and specific details about the contact material de-

position were not provided [56].

2.2.2.3 Lifecycle Results. Generally, micro-switches with Au electric

contacts are limited to approximately 106 “hot-switched” cycles and greater than

109 “cold-switched” cycles, most likely, because evaporated Au is a soft metal prone

to stiction and wear [10, 22, 55, 61, 90, 94, 95, 92, 173]. Zavracky et al. report

5·108 “hot-switched” cycles and over 2·109 “cold-switched” cycles for micro-switches

packaged in nitrogen and fabricated with sputtered Au contacts [173]. Majumder

et al. reports greater than 107 “hot-switched” cycles and approximately 1011 “cold-

switched” cycles for micro-switches with a “platinum group” contact metal [92, 93].

Hiltman et al. reports greater than 20·106 “hot-switched” cycles for millimeter-sized

micromachined membrane switches with Au-Co alloy, Pd, and Rh electric contacts

[56].

2.2.2.4 Contaminant Films. Contaminant films are normally present

on all electric contact surfaces. The composition and thickness of these films vary

depending on the specific type of contact metal. Gold for example, is a noble metal

that does not have a native oxide but readily adsorbs monolayers of hydrocarbons and

oxygen (due to relative humidity). Silver, on the other hand, adsorbs monolayers
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of hydrocarbons and oxygen and tarnishes (i.e., forming a robust surface film) in

the presence of sulfur [54]. Gold adsorbed films, typically 20-40 Å thick, can be

ruptured (i.e., fritting) with MEMS switches capable of producing hundreds of micro

newtons of contact force [59, 79, 135]. Fritting is defined when contaminant films

are “mechanically ruptured in some spots at contact make or are electrically broken

down when enough voltage is applied” [59]. In some cases, the available contact

force can not penetrate contaminant film layers and achieve good metal-to-metal

contact. When contaminant films cause high contact resistance, electric contacts can

be mechanically or electrically “cleaned” prior to use. Mechanical cleaning involves

“wiping” the contacts together to physically puncture or move away contaminants

and needs to be incorporated into the switch’s mechanical design. Electrical contact

cleaning involves using an electric potential across the switch contacts to induce a

micro-arc and burn off contaminants prior to switch closure [59, 105]. Contaminant

films are, most likely, a contributing factor to the wide variation in published lifecycle

test results.

Controlling contaminant films is an important consideration for achieving high

performance with MEMS switches. As previously discussed, carbonaceous films can

inhibit metal-to-metal contact resulting in high contact resistance. Contaminant

films, however, are useful in micro switches to help control the number of microwelds

and limit contact stiction [62, 157]. Unfortunately, most “hot switching” or attempts

to electrically clean micro-contacts have resulted in accelerated contact wear due to

material transfer.

2.2.2.5 Electric Contact Wear. Other material wear mechanisms in-

clude abrasive, adhesive, fretting, and mechanical or strain-hardening. [59, 67, 71].

Abrasive wear results when one contact is harder or rougher than the other which

causes micro metallic particles to break off. Adhesive wear results when the bonding

energy due to surface free energy states is greater than the mechanical separation

force [2, 4, 18]. Adhesion is further characterized by a force required to pull two
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materials apart or a pull-off force [4]. The Johnson, Kendall, and Roberts (JKR)

and the Derjaguin, Muller, and Toporov (DMT) contact models both consider free

surface energy states while Hertzian mechanics does not [2]. The JKR and DMT

contact models are most appropriate for characterizing nanonewton force interac-

tions like those in atomic force microscopy (AFM). Fretting, is a result of excessive

motion, caused by shock, vibration, or thermal cycling, at the interface of a closed

electric contact [37, 48]. Temperature coefficient of expansion (TCE) mismatches be-

tween contact materials induce vibration through repeated thermal cycling. Strain-

hardening is a result of repeated compression, heating, and plastic material flow

between electric contacts [2, 83]. A result of these wear mechanisms is that micro-

scopic pieces of material remain on the contact surfaces between switch cycles and

create contamination layers composed of metal particles and hydrocarbons [163].

This situation can be modeled by a-spots completely surrounded by insulating rings

of corrosion [147].

2.2.2.6 Modeling. In addition to designing, fabricating, testing actual

MEMS switches, contact force, contact resistance, thermal effects, and RF modeling

are useful for predicting and investigating micro-switch performance [49, 66, 82, 96,

154, 169]. Prior contact force modeling has primarily focused on the mechanical

aspects of the micro-switch design to achieve the necessary contact force for low

contact resistance connections [63, 95]. Majumder et al. modeled micro-switches as

a cantilever beam with a fixed end and a free end and iteratively determined contact

force as a function of the beam’s actuation voltage [95]. Hyman et al. modeled

contact force analytically using Euler-Bernoulli beam theory with Young’s modulus

replaced by the plate modulus [63].

When modeling micro-contact resistance, neglecting ballistic electron transport

[16] and contaminant film resistance [95] underestimates contact resistance for low

contact force applications. Majumder et al. developed a micro-contact resistance

model [95] that considered ballistic and diffusive electron transport by using Wexler’s
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interpolation [167], contact material deformation by using Hertz’s [59] elastic and

Chang et al.’s [25] elastic-plastic (i.e., the CEB model) models, multi-asperity contact

areas using Greenwood and Williamson’s “asperity-based model” [51], and the single

effective asperity contact area based on Holm’s model [59]. Using these models,

Majumder et al. predicted a lower contact resistance bound when using the multi-

asperity model and an upper contact resistance bound when using the single effective

a-spot model [95].

Majumder, et. al.’s model, however, does not account for a contact load discon-

tinuity at the transition from elastic to elastic-plastic material deformation present

in the CEB model. Kogut and Etison addressed this by using finite element methods

and modeling the elastic-plastic region with normalized contact force and area equa-

tions based only on Hertzian elastic contact mechanics equations [72, 73]. Chang

observed that ideal plastic behavior normally occurred at 3Y , not KYY , where KY

is the yield coefficient, and updated the CEB model using a linear interpolation [24].

In addition, Majumder et al.’s model uses a gamma function, needed for

Wexler’s interpolation, that is not well defined (Γ(K = ∞) 6= 0). Majumder et al.’s

Gamma function predicts ballistic and diffusive electron transport when the Knud-

sen number (K) goes to infinity which should be the completely ballistic region (i.e.,

Γ(0) = 1 and Γ(∞) = 0.694). This choice of Gamma function is questionable be-

cause it does not predict the expected completely ballistic and completely diffusive

electron transport when taking the limits of Wexler’s interpolation equation. Mikra-

juddin et al. derived from first principles a well behaved Gamma function that is

used with Wexler’s interpolation to determine size-dependent constriction resistance

[104].

Kogut and Komvopoulos derived an electrical contact resistance (ECR) model

for conductive rough surfaces based on a fractal geometry surface topography descrip-

tion, elastic-plastic deformation of contacting asperities, and size-dependent electri-

cal constriction resistance of micro-contacts comprising the real contact area [75].
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Additional work by Kogut and Komvopoulos resulted in an ECR model for con-

ductive rough surfaces coated with a thin insulating layer based fractal geometry to

describe the surface topography, elastic, elastic-plastic, and fully plastic deformation

of surface asperities, and quantum mechanics considerations for the electric-tunnel

effect through a thin insulating layer [76]. Kogut and Komvopoulos’ ECR models are

based Kogut and Etison’s elastic-plastic normalized force and area model, Sharvin’s

resistance model, and Mikrajuddin et al.’s derived Gamma Function. In addition,

both models (Kogut and Komvopoulos and Majumder et al.) are based on the as-

sumption that surface asperities have sufficient separation and behave independent

of each other.

Majumder et al. measured actuation voltage and contact resistance using

MEMS switches and inferred micro-switch contact force through modeling [95]. Per-

oulis and Katehi measured device RF isolation using a MEMS device and inferred

the contact force and resistance relationship [115]. Hyman and Mehrengany used a

piezo-transducer and a precision balance to bring micro-contacts together and simul-

taneously measure contact force and resistance [62]. Vinci and Bravman reported

on microcantilever beam testing that used a nanoindentor to manipulate micro-sized

devices to determine thin film material properties [162]. Pruitt and Kenny evalu-

ated micro-contacts using silicon cantilever beams with embedded piezoresistive force

sensors [122]. They simultaneously measured contact resistance, using a four-wire

test configuration, and contact force while testing evaporated, sputtered, and elec-

troplated Au films [122]. Beale and Pease studied the effects of contaminant films

on low force contacts by using atomic force microscopy (AFM) cantilevers and a

two-wire resistance measurement scheme [8, 9]. Tringe et al. investigated the con-

tact force and resistance of single asperity Au electric contacts using interfacial force

microscopy (IFM) [157].

2.2.2.7 Other Approaches. Finally, several unique micro-switch stud-

ies have been accomplished. Oberhammer et al. studied a flexible membrane S-
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shaped switch that was actuated between an upper and lower electrode [110, 111].

Surface micromachined flip switches with hinges at the beam root were investigated

Cowan [36] and also by Kading [68]. Ertl et al. fabricated contacts switches with

superior mechanical properties by using a diamond structural layer and electric con-

tacts (i.e., P-doped diamond) [46]. Contact switches based on torsion actuators

have also been studied for their increased restoring force [119, 134]. Electrothermal

[165, 168] and electromagnetic [52, 153] switch actuation schemes have also been

studied. Lateral contacts have been investigated as an alternative to vertical con-

tacts [81, 88, 133, 143]. Lee et al. investigated using an integrated microrelay and

power transistor surge suppression circuit to increase switch contact lifetime [86].

Peroulis et al. proposed a unique solution to the stiction problem by decoupling

the contact and restoring forces with residual stress cantilever beams to generate

the contact force and electrostatic actuation to generate the separation force [117].

Mercado et al. developed an approach to systematically characterize stiction force

due to the contact metals. Their designs, based on this approach, consisted of

micro-switches, with appropriate geometries, that used side placed (i.e., side versus

end contacts) electric contacts to increase mechanical advantage to improve both

contact and restoring forces [101].

2.2.2.8 This Study. Unlike any other work found in the open lit-

erature, metal contact micro-switches (i.e., DC-only and RF-testable) with metal

alloy electric contacts were designed, fabricated, and tested during this dissertation

[30, 33]. While Majumder et al. used “platinum group” contacts and Duffy et al.

used Pt contacts in their micro-switches, in this research micro-switches with sput-

tered bi-metallic (i.e., Au-on-Au-(6.3at%)Pt), binary alloy (i.e., Au-(3.7at%)Pd and

Au-(6.3at%)Pt), and ternary alloy (i.e., Au-(5at%)Pt-(0.5at%)Cu) electric contacts

were developed for the first time [30, 33]. In addition, a binary alloy composition

selection methodology was developed to avoid two-phase alloy regions, intermetallic

compounds, the need for high actuation voltages, and also allow for the testing of
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un-packaged devices [29]. These considerations helped ensure that device fabrication

was consistent and repeatable.

In addition, no other previous micro-switch study has considered the benefits of

using hemispherical-shaped upper and planar-shaped lower contact geometries and

sputtered contact films [30, 33]. Figure 2 is a side view of contact area illustrating the

improved hemispherical-shaped contact geometry and the placement and thicknesses

of the electric contact metals.

Electroplated Au, 5µm
(structural layer)

Sputtered Au, 700Å
(seed metal)

Sputtered alloy, 500Å 
(contact metal)

Evaporated Au, 3000Å

Released device

Air contact gap

Released micro-switch

Upper contact
Lower contact

Figure 2 Depiction of the side view and magnified view of the proposed upper
contact bump/dimple for the MEMS switch test structure.

Sputtered electric contact materials with low surface roughness and tightly

packed material grain structures, used in this work, necessitate using the single

effective a-spot contact area model because the surface asperity independence as-

sumption, used by Majumder et al. and Kogut and Komvopoulos, was no longer

valid [75, 95]. Improved contact force models that consider beam tip deflection,

electric contact material deformation (i.e., elastic, plastic, and elastic-plastic), and

utilize the single effective a-spot contact area model were developed [28, 34, 33].

An analytic micro-switch contact resistance model, based on the the single effective

a-spot contact area model, was developed using Hertz’s [59] elastic, Chang’s [24] im-

provements to the CEB model, Mikrajuddin et al.’s [104] derived gamma function,

15



and Wexler’s [167] interpolation from ballistic to diffusive electron transport [33].

Finally, a nanoindentor was used to manipulate actual MEMS devices to validate

the improved contact force and contact resistance models. The necessary theory

for understanding RF MEMS metal contact switches with regards to this work is

presented in chapter III.
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III. Theory

Relevant theory for modeling, designing, and fabricating RF MEMS metal contact

switches is presented in this chapter. The following section, with italicized keywords,

provides the necessary connection between relevant theory and the micro-switches

investigated in this study. Novel contributions to the MEMS field are presented in

Sections 3.7 (analytic contact force models for cantilever-style, electrostatic, micro-

switches) and 3.10 (an analytic micro-switch contact resistance model for devices

with sputtered contact metals).

3.1 Micro-Switch Physical Description

Electrostatically actuated, cantilever-style, series, DC and RF-testable, MEMS

metal contact switch test structures, shown in Figures 3 and 4, were designed, fab-

ricated, and tested to evaluate using metal alloy electric materials.

Electric Contacts

Co-planar 
waveguide

Ground line

Ground line

Cantilever Beam
75µm wide x 250µm long

Anchor

Drive electrode Signal line

Figure 3 Top view SEM image of an SNM02 RF-testable micro-switch.

The micro-switch mechanical design was based on a cantilever beam model and

the electrical design was based on a parallel plate capacitor model. In addition, RF
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Electric Contacts

Ground line

Cantilever Beam

75µm
wide x 250µm

long

Drive electrode

Figure 4 Isometric view SEM image of an SNM02 RF-testable micro-switch.

models and effects were considered by designing the micro-switches as part of a 50 Ω

characteristic impedance CPW to facilitate RF testing [14]. The MEMS switches

were surface micromachined with an electroplated gold structural layer on highly

resistive sapphire substrates. The SNM02 micro-switch test structure, discussed in

detail in section 5.3, was used to investigate sputtered binary metal alloy contact

materials, hemispherical-shaped upper and planar lower electric contact geometries,

and the effects of mechanical “cleaning” (i.e., “wiping”) on contact resistance during

beam bending. An overview of MEMS fabrication technologies are presented next.

3.2 MEMS Fabrication

MEMS fabrication consists of three basic technologies: bulk micromachining,

micromolding, and surface micromachining. Bulk micromachining is a “substrac-

tive” process that is used to etch MEMS structures into the bulk substrate [80].

Micromolding uses electroplated materials to fabricate high-aspect ratio MEMS de-
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vices [80]. Surface micromaching is an “additive” process and is used to construct

MEMS structures from layers and films deposited onto the substrate [80].

3.2.1 Bulk Micromachining. Bulk micromachining is used to form micro-

sized structures in the bulk of single-crystal wafers by selectively removing or etch-

ing controlled amounts of material. Wet etching uses aqueous chemicals and dry

etching uses vapor or plasma etchants. Wet etching is accomplished, isotropically

or anisotropically, by dipping substrates into etchant baths. Often times isotropic

etching, shown in Figure 5, results in defined structural and sacrificial layers being

undercut.

Figure 5 Isotropic bulk material etching [91].

When single-crystal material is anisotropically etched, the crystal orientation

effects the etch time. For example, the (111) planes of crystalline silicon etches much

slower than other crystal planes resulting in V-shaped or inverted pyramid-shaped

structures (illustrated in Figure 6) depending on the masked area, the etch time,

and the substrate thickness.

Anisotropic wet etchants like potassium hydroxide (KOH), ethylenediamine py-

rocatechol (EDP), tetramethylammonium hydroxide (TMAH), and hydrazine-water

are used for etching silicon substrates [80, 91].
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Figure 6 Anisotropic bulk material etching [91].

The etching process can be made selective when dopants (e.g., heavily doped

regions tend to etch more slowly) are used to create “etch-stops” or even stopped

electrochemically (e.g., etching stops when a region of different polarity is encoun-

tered and a pn junction is formed). An “etch-stop”, illustrated in Figure 7, is a

region where etching slows down or is stopped [80, 91].

Figure 7 Etch stops [91].

Dry etching occurs through chemical or physical interactions between ions in

the plasma or gas and atoms of the substrate. Reactive ion etching (RIE), where

external energy drives chemical reactions in low-pressure reaction chambers, is com-

monly used to dry etch bulk silicon. A variety of chlorofluorocarbon gases, sul-

fur hexafluoride, bromine compounds and oxygen are commonly used as reactants.
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Anisotropic dry etching processes are widely used in MEMS because chemical con-

tamination is minimal and arbitrarily oriented features can be etched. Very deep

silicon microstructures can be obtained by deep RIE or DRIE [80, 91].

Using bulk micromachining, high-aspect ratio structures can fabricated that

range from submicron to full wafer thickness (i.e., ≈ 500 µm) with lateral dimensions

ranging from submicron to wafer diameter. Micromolding is another technology used

to fabricate high-aspect ratio MEMS devices.

3.2.2 Micromolding (LIGA). LIGA (i.e., a German acronym for Lithogra-

phie, Galvanoformung, Abformung) is an example of a micromolding fabrication

process. It was developed in the 1980s using X-ray lithography and electroplating to

form micro-sized metallic parts or precision molds [91]. The LIGA process is detailed

in Figure 8.

Figure 8 Detailed description of the LIGA process [91].
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High-aspect ratio microstructures with heights ranging from hundreds of mi-

crons up to the centimeter scale and submicron lateral resolution are possible using

thick photoresist layers and LIGA’s X-ray lithography technique [91, 47]. In addition,

various materials can be used with LIGA to allow many different device actuation

schemes (i.e., electrostatic, magnetic, piezoelectric, etc.). A major drawback to using

LIGA is the high production costs associated with using X-ray lithography. Surface

micromachining, discussed next, was used to fabricate the devices investigated during

this research.

3.2.3 Surface Micromachining. Unlike bulk micromachining, surface mi-

cromachining is used to build structures onto the substrate’s surface by depositing,

patterning, and etching thin “sacrificial” and “structural” layers. The MEMS devices

are then “released” by removing sacrificial layers and leaving behind free standing

mechanical structures. Figure 9 illustrates a silicon based process flow for a cantilever

beam.

(a)

(b)

(c)

(d)

Silicon substrate

Silicon dioxide “sacrificial” layer

Photoresist layer

Anchor mask

Ultraviolet light

Cantilever beam mask

Polysilicon “structural” layer

Released MEMS cantilever

Figure 9 Example surface micromachining process flow for a cantilever beam.
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Refer to Figure 9 for the following discussion. The sacrificial silicon dioxide

layer is first deposited onto the silicon wafer (a) [91]. The cantilevers anchor is then

patterned in the sacrificial layer using standard photolithography techniques (b)

[91]. Next, the polysilicon structural layer, connected to the substrate at the anchor,

is deposited onto the silicon dioxide sacrificial layer and the beam patterned using

standard photolithography (c) [91]. Finally, the cantilever is released by etching

away the sacrificial silicon dioxide layer (d) [91].

Surface micromachined structures are normally much smaller than bulk micro-

machined or LIGA structures and have an advantage of being more easily integrated

with other solid state components. A drawback for some mechanical sensing and ac-

tuation applications is that surface micromachined devices have lower overall mass

than bulk micromachined or LIGA structures.

Surface micromachining requires a compatible set of structural materials, sac-

rificial materials, and chemical etchants. The structural materials must have suitable

mechanical properties (e.g., elastic modulus, yield point, melting temperature, etc.)

that are suitable for the desired application. In addition, the sacrificial materials

must have good mechanical properties (e.g., good adhesion and low residual stresses)

to avoid device failure during fabrication. The etchants must have selectivity and

be able to etch off sacrificial materials without affecting the structural layers. In ad-

dition the etchants must have proper viscosity and surface tension characteristics to

avoid stiction during the release process. A common set of compatible materials used

in surface micromachining are polysilicon structural layers and silicon dioxide sac-

rificial layers all deposited using low-pressure chemical vapor deposition (LPCVD).

The oxide is readily dissolved in a hydrofloric acid (HF) solution with minimal effect

on the polysilicon layer. The specific process and materials used to fabricate the

device used in this dissertation are presented in chapter VI and in Appendices A

and B.
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Surface micromachined devices are normally two dimensional in the plane of

substrate and other techniques have been developed to extend conventional surface

micromachining into the third dimension. For example, when polysilicon flat plates

are connected to each other and the substrate using hinges, three dimensional struc-

tures can be assembled after release. Once fabrication is complete, MEMS devices

are actuated using various physical phenomena (e.g., electrostatic, magnetic, piezo-

electric, etc.). Electrostatic actuation, based on beam and parallel plate capacitor

models, is commonly used for RF MEMS switches. The beam and parallel plate

capacitor models, used in this research, are discussed next.

3.3 Beam Models

3.3.1 Cantilever Beam. Euler-Bernoulli beam bending theory, based on

small deflection beam theory (i.e., linear analysis), and the principle of superposition,

is used to develop the beam models in this study [142]. Additionally, the beams

are assumed to be flat and not curled due to residual stresses from the fabrication

process. This assumption is substantiated in Figures 3 and 4 and again in chapter

VI.

Prior to micro-switch closure or pull-in, it is assumed that the cantilever be-

haves like a beam, as illustrated by Figure 10, with a fixed end at x = 0, a free end

at x = l, and an intermediately placed external load (Fa) at x = a [124, 142]. The

externally applied load, modeled as a point source, is located above the center of the

switch’s drive electrode.

Using the method of moments, Equation 1 results and is used to determine

maximum beam tip deflection with the intermediately placed load [142, 89]:

d =
Faa

2

6EIz

(3l − a) (1)
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x = lx = 0

a
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Figure 10 Cantilever beam model with a fixed end at (x = 0), a free end at (x = l),
and an intermediately placed external load, Fa.

where, d is the maximum cantilever beam tip deflection, Fa is the externally applied

load, a is the load position, l is the length of the beam, E is the elastic modulus,

and Iz is the area moment of inertia about the z-axis defined in Equation 2:

Iz =
t3w

12
(2)

where, t is the beam’s thickness and w is the beam’s width.

In equilibrium, the beam acts like a spring and the externally applied load is

equal to the beam’s mechanical restoring force resulting in a Hookes’ law relationship

[142, 89].

Fs = kd (3)

where, Fs is the mechanical restoring or spring force of the cantilever beam, k is the

spring constant, and d is the deflection distance at the tip of the cantilever.

The spring constant for the beam shown in Figure 10 is found by solving

Equation 1 for the applied force and substituting Equation 2 for area moment of

inertia, resulting in:
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k1 =
Et3w

2a2(3l − a)
(4)

where, k1 is the spring constant for the model depicted in Figure 10.

An improved beam model that accounts for anchor height is presented next.

3.3.2 Improved Beam Model. The effects of the anchor height on beam

tip deflection were investigated using Meng et al.’s cantilever beam model, shown in

Figure 11, that accounts for elastically restrained beam supports [100].

d

y

x

Fa

x = lx = 0

a

go

L

l

Figure 11 Improved beam model that is fixed to the substrate, has a free end at
(x = l), and an intermediately placed external load, Fa and considers the effects of
the anchor height on beam tip deflection.

The improved beam model assumes the anchor support is fixed to the substrate,

has a straight-edge, forms a 90◦ angle with long section of the beam, has a free end at

(x = l), and has an intermediately placed external load (Fa). In addition, the plate

modulus is used instead of the elastic modulus since the beam’s width is much greater

than its thickness (w > 5t). The externally applied load, modeled as a point source,

is located above the center of the switch’s drive electrode. The devices fabricated in

this study adhere to the assumptions needed for Meng and Mehregany’s improved

beam model [100].
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Using the method of moments, Meng and Mehregany derived Equation 5 (with

a typographical error, which is corrected here) which analytically predicts the max-

imum beam tip deflection with an intermediately placed load [100].

d =
2(1− ν2)

Ewt3
[−L3 + 3aL2 + (L− a)3 + 6aLl]Faa

2 (5)

where, L is the length of the beam, l is the height of the anchor, and ν is poisson’s

ratio.

The spring constant for the beam, shown in Figure 11, is found by solving

Equation 5 for the applied force resulting in:

Fa =
Ewt3d

2(1− ν2)a2[−L3 + 3aL2 + (L− a)3 + 6aLl]
(6)

and then using Hookes’ law to determine

k1a =
Ewt3

2(1− ν2)a2[−L3 + 3aL2 + (L− a)3 + 6aLl]
(7)

where, k1a is the spring constant for the improved beam model.

Parallel plate capacitor models are presented next.

3.4 Parallel Plate Capacitor Models

The cantilever beam and the bottom electrode, shown in Figures 3 and 4, are

modeled as a parallel plate capacitor.

3.4.1 First-Order Parallel Plate Capacitor. The externally applied load

(Fa), modeled as an electrostatic force, was first determined by neglecting fringing

fields and using a simple, first-order parallel plate capacitor description. The charge

on the parallel plate capacitor is as follows:
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Q = CV (8)

where, Q is the charge, C is the capacitance, and V is the voltage across the parallel

plate capacitor. The capacitance of a parallel plate capacitor is given by

C =
εoAsa

g
(9)

where, εo is the permittivity of free space, Asa is the surface area of one parallel

plate, and g is the distance or gap between the plates.

The work (W ) required to slowly charge the capacitor from 0 to Q coulombs

is given by:

W =

∫ Q

0

q

C
dq =

Q2

2C
(10)

where, q is a dummy variable of integration [140].

Substituting in Equation 8 for charge and Equation 9 for capacitance into

Equation 10 results in:

W =
εoAsaV

2

2g
. (11)

Once charged, the work is equated to the potential energy (U) stored in the

capacitor [140, 171]. Equation 12 is the relationship that converts potential energy

into force [140]. The slowly varying force is called an electrostatic force.

Fe =
−dU

dg
(12)

Finally, after substituting Equation 11 into Equation 12, the electrostatic force

due to the charge on a parallel plate capacitor follows:
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Fe =
εoAsaV

2

2g2
. (13)

Fe is represented, on Figure 10, by the externally applied electrostatic load Fa.

A parallel plate capacitor model with a first-order fringing fields correction

term is now presented.

3.4.2 First-Order Fringing Field Correction. Osterberg and Senturia de-

veloped a first-order fringing fields correction term for the well known first-order

parallel plate capacitor model previously discussed [113]. The adjusted model, given

by Equation 14, can be used to account for non parallel electric fields that develop

outside the confines of the parallel plate capacitor (i.e., the cantilever beam and bot-

tom electrode). This situation is often accentuated when oversized bottom actuation

electrodes are used to electrostatically actuate MEMS devices.

FeFF =
εoAsaV

2

2g2
[1 + 0.42

go

w
] (14)

where, FeFF is electrostatic force adjusted with a first-order fringing fields correction

term.

Electrostatic actuation equations, developed using the cantilever beam model

and the first-order parallel plate capacitor model, are presented next.

3.5 Electrostatic Actuation

Electrostatically actuated MEMS switches are prevalent because they require

virtually no power to operate and are easily modeled using analytic equations. The

following electrostatic actuation derivation was accomplished using the cantilever

beam model, presented in section 3.3.1, and the first-order parallel plate capacitor

model, presented in section 3.4.1. The experimental data that justifies using the

first-order parallel plate capacitor model is presented in chapter V, section 5.2.3.1
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while the data justifying the cantilever beam model’s use is given in chapter VII,

section 7.1.1.

In equilibrium, Fe is equal to Fs through Hookes’ law. Equating Equation 13

to Equation 3, letting g = go − d, k = k1, and solving for V yields:

V1 = (go − d)

√
2k1d

εoAsa

(15)

where, V1 is the actuation voltage for the beam illustrated by Figure 10 and go is

the initial gap under the beam.

The deflection distance when the applied electrostatic force overcomes the

beam’s mechanical restoring force and the beam snaps down is called the pull-in

distance. The pull-in distance (dpi) is determined by maximizing V1 with respect to

d resulting in:

dpi =
go

3
. (16)

The beam’s pull-in voltage, defined the same as the pull-in distance (i.e., when

the electrostatic force overcomes the cantilever’s elastic restoring force and the beam

snaps down), is found by substituting Equation 16 into Equation 15 resulting in:

Vpi = (go − dpi)

√
2k1dpi

εoAsa

=

√
8g3

ok1

27εoAsa

(17)

where, Vpi is the pull-in or switch closure voltage.

The following pull-in voltage equation results when using Osterberg and Sen-

turia first-order fringing fields correction term:
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VpiFF =

√
8g3

ok1

27εoAsa[1 + 0.42go

w
]

(18)

where, VpiFF is pull-in voltage adjusted with a first-order fringing fields correction

term.

The electrostatic actuation models developed here assume small-angle beam

bending and neglect electric field nonuniformity due to beam curvature [113]. During

micro-switch operation, the switch’s structural layer or beam is assumed to remain

in the linear elastic region. As the actuation voltage is increased beyond the pull-

in voltage, however, pressure in the electric contact region increases and results

in contact material deformation and variations in electric contact area. Relevant

contact physics, for micro-switches, is discussed next.

3.6 Contact Mechanics

An understanding of contact mechanics or the study of actual physical contact

between two solid bodies is needed to gain insight about electric contacts and contact

resistance [7, 67]. In many cases, the physics developed in Hertzian contact mechanics

is directly applicable for designing micro switch contacts. There are two primary

considerations; 1) how the contact materials deform and 2) the size of the actual

contact area.

Contact material deformation is described as being elastic, plastic, or elastic-

plastic while actual contact area dictates how electrons are transported through

an electrical connection. Electron transport is described as being ballistic, quasi-

ballistic, or diffusive. Each of these topics will be further discussed in the following

sections. Contact force is discussed next.

3.6.1 Contact Force. Contact force (FC) is a compressive force that causes

material deformation similar to that predicted by conventional material tensile test-
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ing. The difference being tensile loads cause material deformation by necking in and

compressive loads cause deformation by bulging [21].

Generally, MEMS switches are electrostatic devices that produce low contact

forces ranging from tens of µN ’s up to a few mN ’s. In micro-switches, contact force

is defined by the mechanical switch design.

At pull-in, illustrated by the dashed line in Figure 10, physical contact between

the switch’s upper (i.e., dimples) and lower electric contacts is first established with

minimal contact force. The resulting contact resistance is usually too high for most

applications [124]. The contact force can be increased (thereby decreasing the contact

resistance) by overdriving the device with increased actuation voltages above Vpi.

As the micro-switch’s actuation voltage is increased, the cantilever beam bends,

contact force increases and material deformation causes the contact area to increase.

Contact area friction, due to cantilever beam bending, tends to mechanically clean

(i.e., “wiping”) contaminant films from the electric contact’s surface.

After pull-in, the switch was initially modeled as a beam with a fixed end at

x = 0, a simply supported end at x = l, and an intermediately-placed external load

(Fa) at x = a as illustrated in Figure 12 [142].

R2 = Fc

y

x

x = lx = 0

Fa

a

g
c

b

Figure 12 Cantilever beam model with a fixed end at x = 0, a simply supported
end at x = l, and an intermediately-placed external load (Fa) at x = a.
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Equation 19 defines the spring constant for the model depicted in Figure 12

[142].

k2 =
−Et3wl3

a2b(3l(b2 − l2) + a(3l2 − b2))
(19)

where, k2 is the spring constant for a cantilever beam with fixed and simply supported

ends.

Unlike the previous beam model, shown in Figure 10, this new beam model

is statically indeterminate and an additional equation is needed to supplement the

static equilibrium equations (i.e.,
∑

Fx = 0,
∑

Fy = 0, and
∑

M = 0) [89]. Using

the principle of superposition, beam tip deflection in Figure 12 is represented by the

sum of two statically determinate systems. The first is identical to Figure 10 and

the second, depicted in Figure 13, is a beam with fixed end at x = 0, a free end at

x = l, and an end load (R2) at x = l.

y

x

x = lx = 0

l

R2

d 
'

Figure 13 Cantilever beam model with a fixed end (x = 0), a free end (x = l), and
an external end load (R2).

Equation 20 is the resulting beam bending equation for maximum tip deflection

for the beam model in Figure 13.

d′ =
−R2l

3

3EIz

(20)
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where, d′ is the tip deflection for an end-loaded beam and R2 is the force at the

beam’s free end.

The final equation, needed to solve the indeterminate system in Figure 31, is

found by assuming zero beam tip deflection and no electric contact material defor-

mation (i.e., zero tip deflection), summing Equations 1 and 20, and solving for the

reaction force (R2) results in

R2 =
Faa

2

2l3
(3l − a). (21)

In micro-switches, the beam reaction force is equal to contact force and the

externally applied load is equal to electrostatic force. The electrostatic force was

modeled by neglecting fringing fields and using a simple, first-order parallel plate

capacitor description. Substituting FC for R2, Equation 13 for Fa, and g = go − d,

in Equation 21 results in:

FC =
εoAsaV

2a2

4l3(go − d)2
(3l − a). (22)

where, FC is the contact force. This simple, static model for micro-switch contact

force does not account for beam tip deflection nor material deformation in the electric

contacts after switch closure. A more detailed contact force model, presented in

section 3.7, results when electric contact material deformation (elastic, plastic or

elastic-plastic [24]) and beam tip deflection are considered [28]. Equation 22 is used

to analytically determine switch contact force and is valid until the overdriven beam

collapses onto the bottom electrode.

Equation 23, the beam collapse voltage, was found using the same procedure

as the one used to find the beam’s pull-in voltage in section 3.5.

Vcpi = (g1 − gc)

√
2k2dc

εoAsa

(23)
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where, Vcpi is the collapse voltage for the pulled-in beam, gc is the collapse distance,

k2 is the spring constant for the beam depicted by Figure 12, and g1 is the initial

gap under the pulled-in beam. The initial gap under the pulled-in beam is found by

equating the ratios of the opposite and adjacent sides of the similar right triangles

formed after beam pull-in.

In metal contact micro-switches, device failure is defined by the collapse volt-

age. At collapse, illustrated by the dashed line in Figure 12, physical contact between

the cantilever beam and the drive electrode is established and the device shorts out.

While micro-switch contact force is defined by the mechanical switch design,

contact area is defined by contact geometry, surface roughness, elastic modulus, and

material hardness. From this description two contact area models, presented next,

have developed: 1) the multiple a-spot and 2) the single effective a-spot.

3.6.2 Contact Area. The multiple asperity model is based on Greenwood

and Williamson’s “asperity-based model” for elastic material deformation and Ab-

bott and Firestone’s “profilometric model” for plastic deformation [1, 12, 51]. The

assumptions used by Greenwood and Williamson follow: 1) rough contact surfaces

are isotropic, 2) all surface asperity peaks are spherical with the same radii of curva-

ture, 3) asperity height is randomly distributed, 4) asperities are far apart and inde-

pendent, 5) material deformation occurs only in the asperities, and 6) no heating oc-

curs. McCool studied anisotropic rough surfaces with randomly distributed elliptical

asperities which revealed exceptional agreement with Greenwood and Williamson’s

simpler model [99]. Greenwood and Tripp showed that two rough contacting surfaces

could be modeled by an equivalent single rough surface contacting a flat, smooth sur-

face [50].

In the single effective asperity model, the individual contact spots are close to-

gether and their interactions are not independent [11]. In this situation, the effective

contact area is defined as the sum, not the parallel combination, of the individual
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contact areas. Figure 14 illustrates the multiple a-spot and single effective a-spot

models and the notions of apparent (ra) and effective contact area radii (reff).

The contact area radius dictates how electrons are transported through elec-

trical connections. A brief discussion about electric contact material deformation

(elastic, plastic, and elastic-plastic) follows.

3.6.3 Contact Material Deformation. Different regions of electric contact

material deformation are highlighted on the generalized stress versus strain plot

shown in Figure 15.

3.6.3.1 Elastic. When two surfaces initially come together, with low

contact force, surface asperities (i.e., a-spots) undergo linear elastic deformation.

Equations 24 and 25 define contact area and force for a single a-spot as a function

of vertical deformation [24].

A = πRα (24)

=

Apparent Radius (ra)
Effective Radius (reff)

d ij

rk

a-spot i

a-spot j
a-spot k

Figure 14 Top view of the multiple asperity (left) and single effective asperity
(right) contact area models.

36



Strain, ε (%)

S
tr

es
s,

 σ
(G

P
a)

• Generalized stress versus strain curve for electric contacts

E

Ideal Plastic BehaviorIdeal
Elastic
Behavior

Elastic-Plastic Behavior

Yield Point, σY (GPa)

(H ~ 3 σY )

Figure 15 Generalized stress versus strain plot for typical electric contact materi-
als.

where, A is contact area, R is asperity peak radius of curvature, and α is asperity

vertical deformation.

FC =
4

3
E ′α

√
Rα (25)

where, FC is the normal contact force and E ′ is the Hertzian modulus derived from

1

E ′ =
1− ν2

1

E1

+
1− ν2

2

E2

(26)

where, E1 is the elastic modulus for contact one, ν1 is Poisson’s ratio for contact one,

E2 is the elastic modulus for contact two, and ν2 is Poisson’s ratio for contact two.

For circular contact areas (i.e., A = πr2), Equations 24 and 25 are related to

the contact area radius (r) through Hertz’s model [59]:

r =
3

√
3FCR

4E ′ . (27)
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Vertical deformation, in terms of contact force, is derived when A = πr2
eff is

substituted into Equation 24, solved for R, and then substituted into Equation 25,

resulting in:

α = (
3FC

4E ′reff

) (28)

where, reff is the effective contact area radius.

3.6.3.2 Plastic. When deformation is no longer reversible and the ap-

plied load is approximately three times the yield stress (σY ) or yield point (Y ), ideal

plastic material deformation begins resulting in a permanent strain after unloading

[59, 155]. Plastic material deformation is modeled using Abbott and Firestone’s

well-known model [1].

This model assumes that contact pressure is sufficiently large and has been

applied long enough for all material creep to cease. Single asperity contact area and

force are defined using Equations 29 and 30:

A = 2πRα (29)

FC = HA (30)

where, H is the Meyer hardness of the softer material [24].

Using Equation 30, circular contact area radius is related to contact force

through Equation 31 [59]:

r =

√
FC

Hπ
. (31)
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Vertical deformation, in terms of contact force, results when Equation 29 is

substituted into Equation 30 and solved for α, resulting in:

α =
FC

2πHR
. (32)

An area discontinuity at the transition from ideal elastic to ideal plastic behav-

ior is revealed when the elastic model from section 3.6.3.1 and this plastic model are

used together [59]. The CEB model, discussed next, addresses this issue by assuming

volume conservation of deformed surface asperities [25].

3.6.3.3 Elastic-Plastic (The CEB Model). Elastic-plastic material

deformation refers to when parts of the contact area are plastically deformed but

encased by elastically deformed material [145]. The CEB model describes material

deformation that occurs between the ideal elastic and ideal plastic regions [21].

Equations 33 and 36 are the CEB model’s contact area and force equations,

respectively [25].

A = πRα(2− αc

α
) (33)

where, αc is the critical vertical deformation point, when elastic-plastic behavior

begins, given as:

αc = R(
KHHπ

2E ′ )2 (34)

where, KH is the hardness coefficient (assumed to be equal to 0.6 at the initial onset

of plasticity [25]) given as:

KH = 0.454 + 0.41ν (35)
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where, ν is Poisson’s ratio.

FC = KHHA (36)

In the CEB model, a contact load discontinuity exists at the transition from

elastic to elastic-plastic material deformation. Kogut and Etison addressed this by

using finite element methods to model the elastic-plastic region with normalized con-

tact force and area equations based on Hertzian elastic contact mechanics equations

[72]. Chang observed that ideal plastic behavior normally occurred at 3Y , not KYY ,

where KY is the yield coefficient, and updated the CEB model using a linear inter-

polation [24]. Chang’s new force equation for elastic-plastic material deformation is

given by Equation 37:

FC = [3 + (
2

3
KY − 3)

αc

α
]Y A. (37)

where, KY = 1.1282 + 1.158ν [24].

The yield strength for most metals is related to its hardness through Equation

38 [24]:

Y = 0.354H. (38)

When KY and Equation 38 are substituted into Equation 37, Equation 39

results:

FC = [1.062 + 0.354(
2

3
KY − 3(

αc

α
))]HA. (39)

Equations 33 and 39 represent the new CEB model [25] updated with Chang’s

improvements [24].
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For circular areas, Equation 39 is used to relate the contact area radius and

the contact force through:

r =

√
FC

Hπ[1.062 + 0.354(2
3
KY − 3(αc

α
))]

. (40)

Vertical deformation, in terms of contact force, is derived when A = πr2
eff is

substituted into Equation 39 and then solved for α, resulting in Equation 41:

α =
(0.354)3αc

1.062 + 0.354KY − ( FC

Hπr2
eff

)
. (41)

Using these material deformation models improved micro-switch contact force

equations are derived next.

3.7 Improved Contact Force Equations

In the following section, contact force models that account for beam tip de-

flection and electric contact material deformation occurring after switch closure are

developed. Previous work by this author showed that contact force, bounded by the

pull-in and collapse voltages, could be analytically modeled using the beam illus-

trated in Figure 12 [31]. Equation 22 is the resulting analytic contact force equa-

tion. This simple model does not consider beam tip deflection or contact material

deformation after the switch is closed.

The new analytic contact force equations, based on an improved cantilever

beam model, are derived by accounting for tip deflection [31] and assuming elastic,

plastic, and elastic-plastic electric contact material deformation [24]. Euler-Bernoulli

beam bending equations, the principle of superposition, material deformation mod-

els, and the the single effective a-spot contact area model are used to derive the new

equations.
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In this study, the hemispherically-shaped electric contacts were covered by

sputtered thin film contact metals with an average surface roughness of approxi-

mately 30 to 50 Å. These low surface roughness values and the compact material

grain structures (≈ 50 nm in diameter), typical of sputtered films, leads to the as-

sumption that the individual contact surface a-spots are not independent and that

the single effective a-spot contact area model best describes the contact areas studied

here. Next an improved cantilever beam model is presented.

3.7.0.4 Improved Cantilever Beam Models. In metal contact micro-

switches, initial switch closure is defined by the pull-in voltage. After pull-in, the

switch is now modeled as a deflected beam with a fixed end, a simply supported end,

and an intermediate external load (Fa), as illustrated in Figure 16.

Fc

y

x

x = lx = 0

Fe

a

g

l

d
c

Figure 16 Deflected cantilever beam model with a fixed end at x = 0, a simply
supported end at x = l, and an intermediately placed external load (Fa) at x = a.

The external load (Fa), modeled as electrostatic force, was found by neglecting

fringing fields and using a first-order parallel plate capacitor description defined by

Equation 13.

Like Figure 12, the beam in Figure 16 is statically indeterminate and another

equation is needed to supplement the static equilibrium conditions. Using superpo-
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sition, beam tip deflection is represented by the sum of two statically determinate

systems shown in Figures 10 and 13. The final equation, needed to solve the inde-

terminate system is found by summing Equations 1 and 20, setting that sum equal

to tip deflection (i.e., the distance between the electric contacts), and solving for the

reaction force, R2, resulting in:

R2 = [
Faa

2

2l3
(3l − a)]− [

3EIzdc

l3
] (42)

where, dc is the gap between the electric contacts. Substituting FC for R2, Equation

13 for Fa, and g = go − d, in Equation 42 results in:

FC = [
εoAsaV

2

4l3(go − d)2
a2(3l − a)]− [

3EIzdc

l3
] (43)

where, FC is micro-switch contact force that accounts for beam tip deflection.

During micro-switch operation, the switch’s structural layer or beam is as-

sumed to remain in the linear elastic region shown on Figure 15. As the actuation

voltage is increased, however, pressure in the electric contact region increases and

the contact area changes due to contact material deformation (discussed in section

3.6.3). The effects of contact material deformation are accounted in the beam model

shown in Figure 17.

Like Figures 12 and 16, the beam in Figure 17 is statically indeterminate

and another equation was needed to supplement the static equilibrium condition.

Equation 44 was developed with the same procedure used to determine Equation 43.

FC = [
εoAsaV

2

4l3(go − d)2
a2(3l − a)]− [

3EIz

l3
(dc + α)] (44)
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R2 = Fc

y

x

x = lx = 0

Fa

a

d

l

d
c

α

Figure 17 Deflected cantilever beam model with a fixed end at x = 0, a simply
supported end at x = l, an intermediately placed external load (Fa) at x = a and
contact material deformation (α) at x = l.

The single effective a-spot contact area model and the material deformation

models discussed in section 3.6.3 form the basis for the analytic contact force equa-

tions derived next.

3.7.0.5 Elastic. When contact areas deform elastically or upon initial

switch closure, a contact force model is derived by substituting Equation 28 into

Equation 44 resulting in:

FCE = [
εoAsaV

2

4l3(go − d)2
a2(3l − a)]−

[
3EIz

l3
(dc +

3FCE

4E ′reff

)]. (45)

Solving Equation 45 for FCE results in:

FCE = 2E ′reff [
( εoAsaV 2

2(go−d)2
)a2(3l − a)− (6E ′Izdc)

(9EIz + 4E ′reff l3)
]. (46)
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3.7.0.6 Plastic. For plastically deforming contact areas a contact

force model is derived by substituting Equation 32 into Equation 44 resulting in:

FCP = [
εoAsaV

2

4l3(go − d)2
a2(3l − a)]−

[
3EIz

l3
(dc +

FCP

2πHR
)]. (47)

Solving Equation 47 for FCP results in:

FCP = πHR[
( εoAsaV 2

2(go−d)2
)a2(3l − a)− (6EIzdc)

(3EIz + 2πHRl3)
]. (48)

3.7.0.7 Elastic-Plastic. For elastic-plastic deformation, a contact

force model is derived by substituting Equation 41 into Equation 44 resulting in:

FCEP = [
εoAsaV

2

4l3(go − d)2
a2(3l − a)]−

[
3EIz

l3
(dc +

(0.354)3αc

1.062 + 0.354KY − ( FCEP

Hπr2
eff

)
)]. (49)

Solving Equation 49 for FCEP results in:

F 2
CEP + C1FCEP = C2 (50)

where

C1 =
Hπr2

eff

2l3
[
εoAsaV

2a2

2(go − d)2
(3l − a)− (1.062)− (0.354)KY]

and
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C2 =
Hπr2

eff

2l3
[6EIz{3(0.354)αc + (0.354)KYdc + (1.062)dc}

−(
εoAsaV

2a2

2(go − d)2
)(3l − a){1.062 + (0.354)KY}].

The new contact force equations were derived by assuming elastic, plastic,

and elastic-plastic electric contact material deformation [24] and by accounting for

beam tip deflection. Beam bending equations, material deformation models, and the

principle of superposition were used to derive the improved contact force equations.

Next, macro-switch contact resistance equations are derived using the material

deformation models described in Sections 3.6.3.1 and 3.6.3.2.

3.8 Macro-Switch Contact Resistance

Contact resistance (RC), defined by Equation 51, results from making electrical

connections and considers the effects of constriction (Rc) and contaminant film (Rcf)

resistances [59]:

RC = Rc + Rcf . (51)

Constriction resistance arises because electrical current can only flow through

a-spots created during switch closure. When contaminant film resistance is neglected,

constriction resistance is equal to contact resistance (i.e., RC = Rc). Constriction

resistance, based on diffusive electron transport, is modeled analytically using Equa-

tion 52 which is based on Maxwellian spreading resistance theory [59]:

Rc =
ρ

2reff

(52)

where, ρ is electrical resistivity.
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When considering circular contact areas, Equations 53 and 54 are the resulting,

well known, macro-switch contact resistance equations that show Rc ∝ F
(− 1

3
)

C for

elastic deformation and Rc ∝ F
(− 1

2
)

C for plastic deformation [59].

RcDE =
ρ

2
3

√
4E ′

3FCR
(53)

where, RcDE is contact resistance for diffusive electron transport and elastic material

deformation and

RcDP =
ρ

2

√
Hπ

FC

, (54)

where, RcDP is the contact resistance for diffusive electron transport and plastic

material deformation. A brief discussion about constriction size and the resistance

resulting from ballistic, quasi-ballistic, and diffusive electron transport follows.

3.9 Electron Transport Theory and Resistance

Micro-switches produce low contact forces which leads to small contact areas.

When contact area radius is compared to an electron’s elastic mean free path (le),

the following electron transport regions are defined: ballistic, quasi-ballistic, and

diffusive [3]. The ballistic region is when the elastic mean free path is greater than

the effective contact radius (i.e., le > reff), the quasi-ballistic region is when le ∼ reff ,

and the diffusive region is when le ¿ reff [3, 95]. The mean free path for most metals

is approximately 500 Å [3]. Figure 18 illustrates the ballistic and diffusive electron

transport regions [3].

Equation 55 or the so-called Sharvin resistance is a semiclassical approximation

for resistance when electrons exhibit ballistic transport behavior [95, 141].

RS =
4ρK

3πreff

(55)
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Figure 18 Schematic illustration of diffusive (left) and ballistic (right) electron
transport in a conductor [3].

where, RS is the Sharvin resistance and K is the Knudsen number given as:

K =
le
reff

. (56)

Wexler derived Equation 57 as an interpolation between the ballistic (i.e.,

Sharvin resistance) and diffusive (i.e., Holm resistance) electron transport regions

[167]:

RW =
4ρK

3πreff

[1 +
3π

8
Γ(K)

reff

le
]

= RS + Γ(K)Rc (57)

where, RW is the so-called Wexler resistance and Γ(K) is a slowly varying Gamma

function of unity order [167].

A detailed analysis of specific asperity size, spacing, and distribution is required

to numerically determine Γ(K), the Gamma function needed to interpolate between

ballistic and diffusive electron transport. Mikrajuddin et al. derived a well behaved

Gamma function that predicts completely ballistic and completely diffusive electron

transport when taking the limits of Wexler’s interpolation equation (Γ(0) = 1 and

Γ(∞) = 0) [104]:
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Γ(K) ≈ 2

π

∫ ∞

0

e−KxSinc(x) dx (58)

where, Sinc(x) is defined as being equal to one when x = 0 and equal to Sin(x)
x

when

x 6= 0 [104]. Figure 19 is a plot of Mikrajuddin et al.’s Gamma function that was

solved using a recursive Newton-Cotes numerical integration formula.

Micro-contact resistance models, considered next, result when diffusive and

ballistic constricted current flow is considered.

3.10 Micro-Switch Contact Resistance

Majumder et al. developed a comprehensive analytic micro-contact resistance

model that considered: size-dependent constriction resistance (i.e., ballistic and dif-

fusive electron transport) by using Wexler’s interpolating equation, contact material

deformation using Hertz’s elastic [59], and Chang et al.’s elastic-plastic [25] (i.e.,

the CEB model) models, multi-asperity based contact areas using Greenwood and

Williamson’s “asperity-based model” [51], and Holm’s single effective asperity con-

tact area model [59]. Contaminant film resistance was neglected in Majumder et

al.’s model.
Gamma vs Knudsen Number

0

0.2

0.4

0.6

0.8

1

0.01 0.1 1 10 100
Knudsen Number (K)

G
am

m
a(

K
)

Diffusive Electron 
Transport Region

Ballistic Electron 
Transport Region

Q
uasi-Ballistic R

egion

Figure 19 A plot of Mikrajuddin et al.’s derived Gamma function.
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Majumder et al. accomplished a semi-qualitative contact surface analysis,

based on scanning electron micrograph (SEM) images, to determine approximate

asperity size, spacing, and distribution [95]. In addition, a slowly varying Gamma

function with the following limits: Γ(0) = 1 and Γ(∞) = 0.694, was used in Wexler’s

interpolation.

In this dissertation, an analytic micro-switch contact resistance model, based

on the the single effective a-spot contact area model, was developed using Hertz’s

elastic [59], Chang’s [24] improvements to the CEB model, Mikrajuddin et al.’s

[104] derived Gamma function, and Wexler’s interpolation from ballistic to diffusive

electron transport [167]. The single effective a-spot contact area model was needed

because sputtered electric contact materials with low surface roughness and tightly

packed material grain structures were used and the surface asperity independence

assumption was no longer valid.

For circular contact areas and elastic material deformation, a contact resistance

equation is derived for the ballistic electron transport region by substituting Equation

27 into Equation 55 resulting in:

RcBE =
4ρK

3π
3

√
4E ′

3FCR
(59)

where, RcBE is the contact resistance for ballistic electron transport and elastic de-

formation.

Equation 60, is a micro-switch contact resistance model for elastic deformation,

results when Equation 59 and Equation 53 are substituted into Equation 57:

RcWE = RcBE + Γ(K)RcDE (60)

where, RcWE is the Wexler resistance for elastic material deformation.
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Equation 61 is a contact resistance equation based on ballistic electron trans-

port and elastic-plastic material deformation and is found by substituting Equation

40 into Equation 55.

RcBEP =
4ρK

3π

√
Hπ[1.062 + 0.354(2

3
KY − 3(αc

α
))]

FC

(61)

where, RcBEP is contact resistance for ballistic electron transport and elastic-plastic

material deformation.

Equation 62 is a contact resistance equation based on diffusive electron trans-

port and elastic-plastic material deformation and is found by substituting Equation

40 into Equation 52.

RcDEP =
ρ

2

√
Hπ[1.062 + 0.354(2

3
KY − 3(αc

α
))]

FC

(62)

where, RcDEP is contact resistance for diffusive electron transport and elastic-plastic

material deformation.

Equation 63, the new micro-contact resistance model for elastic-plastic defor-

mation, results when Equation 61 and Equation 62 are substituted into Equation

57:

RcWEP = RcBEP + Γ(K)RcDEP (63)

where, RcWEP is the Wexler resistance for elastic-plastic material deformation. The

complete micro-switch contact resistance model consists of using Equation 60 for

elastic deformation and Equation 63 for elastic-plastic deformation (i.e., after αc).

Contaminant films are discussed next.
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3.11 Contaminant Films

Contaminant films are normally present on all electric contact surfaces and the

resistance due to contaminant layers, depicted in Figure 20, can be modeled using

Equation 64 [59, 156]:

ρρρρcf1111

ρρρρcf2222

d1111

d2222

2r

Current flow lines

Conducting a-spot

Contaminant films

Figure 20 Illustration of contaminant films, surrounding a conducting a-spot, at
the interface of a pair of electric contacts [156].

Figure 20 shows a single conducting a-spot at the interface of a pair of electric

contacts. Each of the contacts has a surface film of known thickness and resistivity.

Rcf =
d1ρcf1 + d1ρcf2

Acf

(64)

where, d1 is the contaminant film thickness on contact one, ρcf1 is the contaminant

film resistivity on contact one, d2 is the contaminant film thickness on contact two,

ρcf2 is the contaminant film resistivity on contact two, and Acf is the effective area

of the contact that is covered by the contaminant film.

Electric contacts can be mechanically or electrically “cleaned” prior to use.

Mechanical cleaning involves “wiping” the contacts together to physically puncture
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or move away contaminants and needs to be incorporated into the switch’s mechan-

ical design. Electrical contact cleaning involves using an electric potential across

the switch contacts to induce a micro-arc and burn off contaminants prior to switch

closure [59, 135].

Material transfer between the electric contacts can result from electrical clean-

ing with a micro-arc. Material transfer is normally in the direction of positive to

negative contact [59, 54]. Under the influences of an arc, however the direction of

material transfer is reversed and excess contact material left on the positive contact

[54]. A hypothesis for material transfer in thin film electric contact systems is based

on joule heating during current flow which causes pieces of softened contact material

to pull away and break off resulting in material transfer. Contact materials should

ideally have melting points high enough to avoid material transfer due to softening

[54].

Next, a brief discussion about binary metal alloys and their effects on contact

resistance.

3.12 Binary Metal Alloys

According to the Metals Handbook, “no metal has all the desired properties re-

quired to accomplish the objectives of different contact applications” [54]. Intuitively,

this makes good sense because requirements (i.e., service life, load, etc.) change for

different applications. Desired electric contact properties included: low resistivity,

high thermal conductivity, no insulating oxides or sulfides, nominal hardness (i.e.,

higher than gold), and a high melting point.

Although most metals have been tried, silver and its alloys, because of their

superior electrical, mechanical and thermodynamic properties, are the most widely

used macro-switch electric contact materials [59, 144]. One drawback to using silver

is that it tarnishes in the presence of sulfur and forms mechanically robust surface

sulfide layers. Although not a big problem for macro-switches, where many newtons
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of contact force are available to penetrate nonconductive surface layers, in micro-

switches where contact force is often limited to hundreds of µNs, pure silver or

alloys with high percentages of silver are not suitable electric contact materials.

Gold contacts, on the other hand, are widely used in micro-switches due to its

low resistivity, high oxidation resistance and easy integration with available device

fabrication processes. Gold, however, is a very soft metal, has a low melting point

and adsorbs carbonaceous layers. These properties make gold electric contacts prone

to erosion and wear [54]. Although gold is a soft metal, it can be hardened using

alloying elements or solutes such as nickel (Ni), cobalt (Co), palladium (Pd), silver

(Ag) or platinum (Pt) to help minimize contact wear and erosion [54]. The resulting

alloys are best suited for low current applications because of their relatively low

melting points [54]. Au-Pd, Au-Ag, and Au-Pt binary alloys, discussed in detail in

chapter IV, were investigated during this dissertation.

Phase diagrams and bulk resistivity values were used to further investigate bi-

nary alloys and determine specific gold alloy compositions. A wealth of knowledge,

pertinent for designing MEMS switches, is gained by using binary alloy phase dia-

grams [112]. Important considerations, specific for micro-switches, will be discussed.

Using phase diagrams, single-phase alloys and miscibility regions are located. Single

phase alloys (i.e both elements have the same crystal structure) are desired because

metal alloy crystal structures in these areas do not physically change with elevated

temperature. Miscibility gaps or two-phase regions (i.e., mixture of two different

phases) should be avoided because the distribution of each phase, across the micro-

contact, can not reliably predicted during device fabrication. Brittle, highly resistive,

intermetallic compounds (i.e., crystal structure that may be different from either el-

ement) should also be avoided to ensure reliable device fabrication.

Most binary metal alloys obey Nordheim’s rule where the relationship between

resistivity and alloy composition is parabolic and a tradeoff situation exists between

bulk resistivity alloy composition [54]. Often times, material hardness is also in-
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creased with alloying [54, 137]. These engineering tradeoff situations lead to the

idea of using Au alloy micro-switch contact metals.

Schimkat tested gold-nickel alloy (Au-(5%)Ni) macro-switch electric contacts

under low contact force (100 − 600 µN) conditions [135]. He theorized that Au-Ni

alloys were useful micro-relay contact materials. In Figure 21, however, the Au-Ni

phase diagram shows two stable alloy phases across the entire composition range

below 810.3◦C.

Two-Phase Region

Single-Phase Region

Figure 21 Equilibrium binary alloy phase diagram for gold-nickel alloys [112].

The two-phase region, shown in Figure 21, indicates that micro-switch electric

contacts made from Au-Ni alloys will contain unpredictable amounts of each mate-

rial phase. This is problematic because only certain percentages of each phase will

result in low resistivity materials (i.e., the alloy Schimkat tested). This hypothesis is

supported by erratic bulk resistance ratios for Au-Ni alloys, found in the CRC Hand-

book, that do not follow Norheim’s rule [137]. The alloy composition that Schimkat

tested was a stable, two-phase material. Due to variations in metal alloy deposition

processes (i.e., temp, pressure, etc.), however, this precise two-phase Au-Ni alloy,

with a predictable amount of each material phase, is difficult to reliably duplicate
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(especially on micro-sized contact areas) and therefore incorporate into micro-switch

fabrication. Next, a brief discussion about relevant RF modeling and RF effects.

3.13 S-Parameters

The ability to switch RF and microwave signals between components and sys-

tems is an important aspect of RF and microwave systems design. Important RF

switch design considerations are isolation, insertion loss (IL), intermodulation dis-

tortion (IMD), bandwidth, and skin depth [14, 106, 120, 124].

The scattering matrix or S-parameters are used to define coefficients that relate

incident and reflected voltage waves in networks and are used to quantify isolation

and insertion loss [121]. In a non-reciprocal, linear, passive, 2-port network there are

four elements in the S-parameter matrix. Element S11 is called the input reflection

coefficient, S12 the reverse transmission coefficient, S21 the forward transmission

coefficient, and S22 the output reflection coefficient [14, 120]. Insertion loss and

isolation can be defined using either S12 or S21 (depending on which port is defined

as the input) when the micro-switch is open or closed, respectively.

Using a simple, first order model with port 1 as the input and port 2 as the

output, isolation and IL can be found for series contact switches using Equations 65

and 66, respectively [49].

S12 =
jωCoff2Zo

1 + jωCoff2Zo

(65)

where, ω = 2πf and f is the signal frequency in hertz, Coff is the off or open switch

capacitance, and Zo is the transmission line characteristic impedance.

S21 =
2Zo

Ro + 2Zo

(66)

where, Ro is the closed switch resistance.
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For open or unactuated RF switches, high isolation or minimal coupling of

signal from the input to the output port is desirable. For a closed or actuated

switch, low insertion loss or maximum coupling from the input to the output ports

is needed to minimize signal loss.

S-parameters are usually expressed in decibels using Equation 67 [120].

SdB = 20Log|Sxx| (67)

where, SdB is an S-parameter expressed in dB and Sxx is an S-parameter expressed

as the ratio of incident and reflected voltage waves.

More detailed S-parameter and high frequency constriction resistance models

have been developed by Rebeiz [124], Lavers and Timsit [84], Malucci [97], Der-

vos [43], and Kwiatkowski et al. [82]. For example, Equation 68 is a constriction

resistance equation, derived by Kwiatkowski et al., based entirely on S-parameters

[82].

Rc = 2Zo

√
|S11||S22|
|S12||S21| (68)

3.14 Summary

A review of the necessary theory for an overall understanding of RF MEMS

metal contact switches and the direction of this research was presented. Specifi-

cally, MEMS fabrication, electrostatic actuation, contact physics, contact force and

resistance models, contaminant films, and S-Parameters were discussed. After com-

pleting the design, fabrication, and some limited testing, the improved beam model

(section 3.3.2) [100], the parallel plate capacitor models (section 3.4.2) [113], the

contact force models (section 3.7) [28], and the contact resistance models (section

3.10) [33] were investigated further. The results of this investigation are presented

in chapter VII. Chapter IV presents a binary alloy selection methodology and the
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specific binary alloy compositions investigated in this dissertation. The ternary alloy

is discussed in chapters VI and VII.
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IV. Electric Contact Materials Study

This chapter outlines the methodology for selecting binary metal alloy electric con-

tact materials suitable for RF MEMS switches. The general steps of this proce-

dure follow: 1) select candidate alloys by reviewing binary metal alloys, utilizing

equilibrium binary alloy phase diagrams and tabulated binary alloy bulk material

resistivity data, 2) pick an appropriate thin film deposition method and fabricate

test specimens, 3) measure important thin film material properties and 4) predict

contact resistance performance using a suitable model. The novel contributions to

the MEMS field, discussed in this chapter, are the overall binary metal alloy selection

methodology for micro-switch electric contacts, a co-sputtering fabrication technique

for depositing alloy contact metals, and the measured thin film metal (i.e Au, Ag,

Pd, and Pt) and alloy (i.e., Au-Pd, Au-Pt, and Au-Ag) material properties.

4.1 Candidate Alloys

The following hypothesis for incorporating metal alloy contacts was developed:

1) use single-phase, miscible (i.e., alloy elements are completely soluble in each other)

binary alloys, 2) avoid intermetallic compounds, 3) avoid materials combinations

that tarnish, oxidize, or form robust surface films, 4) choose an alloy deposition

technique compatible with available micro-switch fabrication processes. A careful

study of available binary alloy phase diagrams [112] and bulk material resistivity

values, found in the CRC Handbook of Electrical Resistivities of Binary Metallic

Alloys, indicated that Au-Pd, Au-Ag, and Au-Pt alloys were viable micro-switch

electric contacts candidates [137].

Figures 22, 23, and 24 are the equilibrium binary alloy phase diagrams for

Au-Pd, Au-Ag and Au-Pt alloys, respectively. The Au-Pd phase diagram shows

one stable alloy phase below 1064.43◦C and three known regions where intermetallic
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compounds form. Single phase Au-Pd alloys normally result when using Pd concen-

trations of less than ≈ 10at%.

1

AuPd

Figure 22 Equilibrium binary alloy phase diagram for gold-palladium alloys [112].

The Au-Ag phase diagram shows one stable material phase for all alloy com-

positions. The melting temperature for Au-Ag alloys increases from 961.93◦C to

1064.00◦C as the the Au concentration increases from 0 to 100at%. Miscible Au-Ag

alloys with Ag concentrations less than ≈ 30at% are less likely to tarnish in the

presence of sulfur [54]. Based on this decreased likelihood of tarnishing, only Au-Ag

alloys with less than ≈ 15at% silver content were investigated in this study.

The Au-Pt phase diagram shows two stable phases below 1260◦C but only

with platinum (Pt) concentrations greater than ≈ 15at%. Single-phase Au-Pt alloys

result for Pt concentrations of less than ≈ 15at%.

There were several other possible metals that could potentially be alloyed with

gold, platinum, or palladium to form binary alloys useable in micro-switch electric

contacts. The most notable are rhenium (Re), ruthenium (Ru), Rhodium (Rh),

iridium (Ir), copper (Cu), Ni, and Co [124]. Gold-rhenium (Au-Re) and gold-

iridium (Au-Ir) alloys were not considered, in this study, because alloy phase di-
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Figure 23 Equilibrium binary alloy phase diagram for gold-silver alloys [112].

Figure 24 Equilibrium binary alloy phase diagram for gold-platinum alloys [112].

agrams were not available for these material combinations [112]. Phase diagrams

for gold-rhodium (Au-Rh), platinum-rhodium (Pt-Rh), platinum-iridium (Pt-Ir),

palladium-ruthenium (Pd-Ru), and platinum-palladium (Pt-Pd) alloys were avail-

able, however, the bulk material resistivities, found in the CRC Handbook, were
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much greater than those for the Au-Pd, Au-Ag and Au-Pt alloys [137]. Phase dia-

grams were also available for gold-ruthenium (Au-Ru), platinum-rhenium (Pt-Re),

platinum-ruthenium (Pt-Ru), palladium-rhenium (Pd-Re), palladium-rhodium (Pd-

Rh), palladium-iridium (Pd-Ir), rhenium-ruthenium (Re-Ru), ruthenium-iridium (Ru-

Ir), and rhodium-iridium (Rh-Ir) alloys, however, bulk material resistivities were not

available for these alloys [137]. Gold-copper (Au-Cu) binary alloys were not consid-

ered, in this study, because alloys with high concentrations of Cu have a tendency

to form surface films while alloys with low concentrations of Cu are known to form

intermetallic compounds [112]. A gold-platinum-copper (Au-Pt-Cu) ternary alloy

was investigated and the details are discussed in chapter VII. Gold-cobalt (Au-Co)

alloys were also not considered, in this study, because, like gold-nickel (Au-Ni) alloys,

the two-phase region extends across the entire alloy composition spectrum making

reliable, repeatable thin film deposition difficult [112].

In addition, gold-titanium (Au-Ti) alloys were not used as contact metals in

this study. Although titanium (Ti) is a popular adhesion metal for gold, particularly

for lower micro-switch contacts, it is not a suitable electric contact metal due to the

numerous miscibility gaps and intermetallic compounds, shown on Figure 25, that

are always present whenever Au is deposited directly onto Ti.

For example, with a composition of 49at% Au and 51at% Ti, the material

physically changes from the β-Au-Ti alloy to the γ-Au-Ti alloy when the temperature

increases above ∼ 590◦C. Similar metallurgical changes can occur when the gold top

layer is mechanically worn away due to material transfer resulting from contact area

heating (i.e., joule heating due to current flow).

Binary metal alloy literature [65, 105, 164], equilibrium binary alloy phase

diagrams [112], and bulk material resistivity values [137] are important tools for

evaluating potential material combinations for MEMS switch electric contacts. In

addition to using single-phase binary alloys, avoiding intermetallic compounds, and

materials that tarnish, oxidize, or form robust surface films, the alloy deposition
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Figure 25 Equilibrium binary alloy phase diagram for gold-titanium alloys [112].

method must be compatible with the micro-switch fabrication process [128]. This is

discussed next.

4.2 Thin Film Deposition

Thin metal films are routinely deposited using either physical vapor deposi-

tion (PVD) or chemical vapor deposition (CVD) methods [128, 64, 91]. The PVD

techniques of sputtering and evaporation, accomplished under vacuum, can be used

for depositing metal alloy thin films. Alloy deposition using CVD is more difficult

because of its precise stoichiometric dependence.

In general, evaporative metal deposition involves heating a material to its melt-

ing point and allowing the vaporized atoms, traveling in straight lines, to impinge

and condense on a target substrate. Alloys are deposited by using either a single

alloyed material container or by using co-evaporation where two different materials

are heated simultaneously. Precise composition control is difficult when evaporating

a single container alloy because different metals have different vapor pressures and

therefore different evaporation rates. When using co-evaporation obtaining uniform
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alloy composition, across the target substrate, is difficult because of straight line

evaporation patterns and vapor phase material scattering [128].

Sputtering is a process where inert gas ions (i.e., Argon (Ar)) are used to

bombard a material target in the presence of an electric field. Once the ions hit

the target with sufficient energy, material is dislodged due to an exchange of mo-

mentum. The dislodged material is then transported to the substrate ballistically

[91]. Like evaporation, alloys can be sputter deposited using either alloyed material

targets or by co-sputtering individual materials. For alloyed targets, the sputtered

vapor corresponds to the target’s composition. When co-sputtering, the individual

target vapors correspond to the composition percentages of the deposited alloy. Un-

like evaporation, target deposition rates (i.e., and therefore alloy compositions) are

controlled by cathode power settings and are not dependent on the partial pressure

of each alloying element.

In this work, a Denton Discovery-18 sputtering system was used to co-sputter

the thin metal alloy films. Standard operating procedures were followed to charac-

terize the deposition rates for each of the sputter targets needed to deposit alloys.

Deposition rates were determined through an iterative process of choosing a chamber

pressure (to minimize film stress), setting the cathode power for an estimated film

thickness, verifying film thickness using a Tencor P-10 surface profiler, and finally

adjusting the cathode power level. With this data, deposition rate versus cathode

power was plotted and and curve fitted. The curve fit equations were then used to

find a quiescent cathode power level setting for depositing each alloy film. Three dif-

ferent miscible Au-Pd, Au-Ag and Au-Pt alloy test specimens (≈ 500 Å-thick) were

co-sputtered onto three inch silicon (100) test wafers using this procedure. Table 2

summarizes the predicted alloy compositions, cathode power settings, and chamber

pressures used when depositing the thin film alloys.

Material property testing was accomplished next to verify that miscible single-

phase alloys were deposited and that two-phase regions and intermetallic compounds
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Table 2 Predicted alloy compositions, cathode power settings, and chamber pres-
sures used for depositing the thin film alloys.

Predicted Power Settings (W ) Pressure (millitorr)
Au-(1at%)Pt Au/250 - Pt/5 5.24
Au-(2at%)Pt Au/250 - Pt/10 5.24
Au-(5at%)Pt Au/250 - Pt/26 5.22
Au-(1at%)Pd Au/250 - Pd/2 2.54
Au-(3at%)Pd Au/250 - Pd/9 2.56
Au-(5at%)Pd Au/250 - Pd/15 2.55
Au-(5at%)Ag Au/250 - Ag/7 2.36
Au-(7at%)Ag Au/250 - Ag/10 2.36
Au-(10at%)Ag Au/250 - Ag/15 2.34

were avoided. Thin film material properties, not available in the open literature, were

measured directly to ascertain important electrical and mechanical properties.

4.3 Material Property Testing

A premise of this study was that suitable MEMS switch electric contacts

were realizable when using miscible, single-phase alloys and avoiding two-phase re-

gions and intermetallic compounds. X-ray photoelectron spectroscopy (XPS) and

X-ray diffraction (XRD) were used to evaluate microstructure and composition of

co-sputtered metal alloy films (≈ 500 Å thick). A detailed crystallography study

and compositional analysis were not performed. XPS was used to compare actual

atomic composition percentages to those predicted prior to deposition and XRD was

used to measure 2θ peaks (θ is the angle of the incidence and 2θ is the measured

angle of diffraction) which correspond to d-spacing or interatomic spacing for specific

materials. Nanoindenting and four-point probe resistance measurements were used

to assess thin film hardness and resistivity, respectively and a surface profiler was

used to evaluate surface roughness.

Using standard operating procedures, XPS was used to verify the alloy com-

position of each test specimen and investigate the contaminant layers. For example,
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the composition of the Au-(1at%)Pt alloy film was approximately 97.8at% Au and

2.2at% Pt. The alloy composition measurements for the remaining candidate alloys

are presented in Table 3.

Table 3 XPS composition measurements for the Au-Pt, Au-Pd, and Au-Ag alloy
test specimens.

Predicted XPS measured
Au-(1at%)Pt Au-(2.2at%)Pt
Au-(2at%)Pt Au-(6.3at%)Pt
Au-(5at%)Pt Au-(10.1at%)Pt
Au-(1at%)Pd Au-(0.7at%)Pd
Au-(3at%)Pd Au-(1.5at%)Pd
Au-(5at%)Pd Au-(3.7at%)Pd
Au-(5at%)Ag Au-(2.1at%)Ag
Au-(7at%)Ag Au-(5.2at%)Ag
Au-(10at%)Ag Au-(6.4at%)Ag

All of the candidate alloy test specimens were within the single-phase ranges

shown on the phase diagrams (Figures 22, 23 and 24).

A contaminant layer approximately 20 to 40 Å-thick, consisting of carbon (C)

and oxygen (O), was present on each of the test specimens. This contaminant layer

was consistent for all the samples exposed to laboratory ambient and is not indicative

of contamination introduced during deposition or sample mishandling. XPS depth

profiling (i.e., calibrated sputter cleaning) was used to determine the thickness and

composition of the contaminant layer. Sulfur (S) was not present on any of the

samples.

Using standard operating procedures, XRD was used to measure the crystal

orientations (i.e., 2θ peaks) of all the polycrystalline test specimens and evaluate

whether single-phase alloy, two-phase alloy, or intermetallic compounds were de-

posited. The (111) 2θ peaks, for sputtered Au, Pt, and Au-(2.2at%)Pt films, were

approximately 38.30 ◦, 39.92 ◦ and 38.40 ◦, respectively. Since the alloy film had only

a single (111) 2θ line (versus a single (111) peak for each alloy element or one peak
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for each alloy phase), shifted slightly toward the Pt line, intermetallic compounds

were not present. The (111) 2θ peaks, used to evaluate all of the candidate alloys,

are presented in Table 4.

Table 4 XRD (111) 2θ peaks for the Au-Pt, Au-Pd, and Au-Ag alloy test speci-
mens.

Predicted XRD 2θ peaks (◦)
Au 38.30
Pt 39.92
Pd 40.32
Ag 38.42

Au-(2.2at%)Pt 38.42
Au-(6.3at%)Pt 38.36
Au-(10.1at%)Pt 38.46
Au-(0.7at%)Pd 38.36
Au-(1.5at%)Pd 38.40
Au-(3.7at%)Pd 38.42
Au-(2.1at%)Ag 38.39
Au-(5.2at%)Ag 38.40
Au-(6.4at%)Ag 38.40

All of the polycrystalline thin film alloy specimens were tested using XRD and

showed no signs that two-phase alloy or intermetallic compounds were deposited.

The measured Au-Ag alloy 2θ peaks, however, were only slightly offset from the Ag

sample’s 2θ peak and difficult to distinguish between. This was most likely due to

Au and Ag having very close d-spacings and also due to the complete miscibility of

Au-Ag alloys as shown in Figure 23.

Using standard operating procedures, material hardness was measured with an

MTS Nanoindentor IIs. Ten indents were measured on each of the test specimens.

Substrate effects were minimized by limiting the indent depth to approximately 10-

15at% of film’s overall thickness [158]. Table 5 presents the hardness data for the

sputtered Au-Pt, Au-Pd, and Au-Ag alloy test specimens. Au, Pt, Pd, and Ag

measurements are provided for comparison.
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Table 5 Nanoindentor IIs hardness (H) measurements for Au, Pt, Pd, Ag, Au-Pt,
Au-Pd and Au-Ag test specimens.

Material H (GPa) StdDev (GPa)
Au 1.77 0.18
Pt 3.55 0.25
Pd 2.87 0.22
Ag 1.31 0.09

Au-(2.2at%)Pt 1.69 0.11
Au-(6.3at%)Pt 2.19 0.26
Au-(10.1at%)Pt 1.98 0.10
Au-(0.7at%)Pd 1.64 0.07
Au-(1.5at%)Pd 1.87 0.21
Au-(3.7at%)Pd 1.96 0.13
Au-(2.1at%)Ag 1.82 0.10
Au-(5.2at%)Ag 1.68 0.14
Au-(6.4at%)Ag 1.73 0.16

A standard four-point probe system consisting of an Alessi (Cascade) CPS-06

probe station, a Fluke 8842A multimeter, and an HP 6181B DC current source was

used to collect thin film voltage measurements using standard operating procedures.

The applied current was set to 0.05 mA and the resulting voltage measurements

were converted to resistivity using Equations 69 and 70:

Rs = 4.53
V

I
(69)

where Rs is the sheet resistance, V is the measured voltage, and I is the applied

current,

ρ =
Rs

tfilm

(70)

where tfilm is the film’s thickness [15].

Ten evenly spaced measurements were collected, across each of the three inch

metal and alloy test wafers, to ensure uniform material deposition. Table 6 summa-

68



rizes the resistivity data for the Au, Pt, Pd, Ag, and the Au-Pt, Au-Pd, Au-Ag alloy

films.

Table 6 Resistivity measured using the four-point probe method for the Au, Pt,
Pd, Ag, and the Au-Pt, Au-Pd, Au-Ag alloy test specimens.

Material Resistivity (µΩ− cm) StdDev (µΩ− cm)
Au 3.93 0.0004
Pt 13.88 0.0015
Pd 13.75 0.0006
Ag 1.78 0.0001

Au-(2.2at%)Pt 5.83 0.0006
Au-(6.3at%)Pt 7.17 0.0001
Au-(10.1at%)Pt 10.60 0.0015
Au-(0.7at%)Pd 5.14 0.0005
Au-(1.5at%)Pd 5.70 0.0003
Au-(3.7at%)Pd 6.37 0.0002
Au-(2.1at%)Ag 5.28 0.0006
Au-(5.2at%)Ag 5.69 0.0015
Au-(6.4at%)Ag 6.20 0.0004

Lastly, surface roughness root mean square (RMS) values between 30 - 50 Å,

typical of sputtered metal films, were measured for each of the test specimens using

a Tencor P-10 surface profiler and standard operating procedures [128].

Once miscible alloy deposition was verified and the hardness and resisivity

measurements accomplished, a contact resistance metric, described next, was used

to determine which alloy was best suited for incorporation into the micro-switch

fabrication process.

4.4 Contact Resistance Performance Prediction

Holm’s contact resistance model based on plastic material deformation, pre-

sented in chapter III, Section 3.8, was used as the performance metric for selecting

the top alloy candidates. Table 7 is a summary of predicted contact resistance, cal-

culated using Equation 54, measured hardness (Table 5) and measured resistivity

(Table 6) values, for the candidate alloy electric contact materials. A contact resis-
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tance prediction for sputtered gold electric contacts is also provided for comparison.

The contact surfaces were assumed to be “clean” (i.e., free of contaminate film layers)

with a normally applied contact force of 50 µN .

Table 7 Minimum contact resistance (Rc) predictions for candidate electric contact
materials.

Metal/Alloy Predicted Min Rc (Ω)
Au 0.21

Au-(2.2at%)Pt 0.30
Au-(6.3at%)Pt 0.42
Au-(10.1at%)Pt 0.59
Au-(0.7at%)Pd 0.26
Au-(1.5at%)Pd 0.31
Au-(3.7at%)Pd 0.35
Au-(2.1at%)Ag 0.28
Au-(5.2at%)Ag 0.29
Au-(6.4at%)Ag 0.32

Observe from Table 5 that Au-(6.3at%)Pt, Au-(3.7at%)Pd, and Au-(2.1at%)Ag

alloys have the highest measured hardness values for each of the alloy groups (i.e.,

Au-Pt, Au-Pd, and Au-Ag). In addition, each of these compositions have higher

measured hardness than Au and have predicted contact resistance (Table 7) that

is comparable to Au. Based on this, the harder alloys (Au-(6.3at%)Pt and Au-

(3.7at%)Pd) were used as contact materials in MEMS test structures (i.e., micro-

switches) to investigate the feasibility of using alloy electric contacts to validate the

procedure for selecting alloy contact metals.

4.5 Summary

A selection methodology for binary metal alloy micro-switch electric contact

materials was presented in this chapter. Specifically, candidate binary alloys were

investigated, thin film deposition systems reviewed, and thin film material property

testing was accomplished. Using this information and a contact resistance perfor-

mance metric specific binary alloy contact alloys were selected. In chapter V, the
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mechanical design aspects of DC-only micro-switches with Au electric contacts were

analyzed using analytic equations, finite element method (FEM) design tools, and

experimental results.
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V. Modeling and Design

The following chapter outlines the design analysis of an electrostatic, cantilever-style,

DC-only micro-switch using analytic equations, Coventorware (i.e., a finite element

methods design tool), and measured results. The results of this analysis were used to

model and design RF-testable cantilever-style micro-switches. The contribution of

this study is the validation of using simple analytic equations as micro-switch design

tools.

5.1 Background

Initial test structures, for this dissertation, were fabricated using an Air Force

Research Laboratory (AFRL) first generation metal contact photolithography mask

set (i.e., SNM01 designs) and a modified AFRL/SND baseline fabrication process.

The details of the modified fabrication process are discussed in chapter VI. A com-

parison of micro-switch pull-in voltage, collapse voltage, contact force, and contact

resistance, discussed next, was accomplished using SNM01 DC-only micro-switch

test structures with sputtered Au electric contacts. The results of this study val-

idated using analytic equations to design micro-switches for the second generation

mask set (i.e., SNM02 designs) which is discussed in section 5.3.

5.2 SNM01 Micro-Switch Analysis

In this section, DC-only micro-switches with Au electric contacts were analyzed

using analytic equations, FEM design tools, and experimental results. Figure 26 is a

captured video image of a representative micro-switch fabricated using the modified

SNM01 fabrication process similar to that outlined in Table 8.

Analytic equations and FEM modeling and simulation design tools are use-

ful for evaluating MEMS switch designs prior to device fabrication [130, 139]. In

this study, pull-in voltage, collapse voltage, and contact force of cantilever-style,
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Figure 26 A captured video image of an SNM01 micro-switch with a 150 µm wide
drive electrode.

electrostatically actuated, micro-switches were modeled and simulated, using simple

equations and the Coventorware [35] finite element software package. Contact resis-

tance was modeled using Holm’s well known plastic material deformation model [59].

Simulated pull-in voltage, collapse voltage, and contact resistance were compared to

experimental results. Contact force measurements were not collected directly but a

useful contact force range, bounded by pull-in and collapse voltages, was predicted.

Useful contact force range, contact resistance, and mechanical contact cleaning were

further investigated by varying the dimensions of the micro-switch’s drive or actua-

tion electrode.

5.2.1 FEM Design Tool: Coventorware. The SNM01 cantilever-style

micro-switch layout is shown in Figure 27. The beam is 75 µm wide and 400 µm long

and the drive electrode width was varied from 50 - 350 µm. The apparent contact

area is defined by two upper contact dimple areas. Each dimple was approximately

8 µm in diameter and the contact metallurgy was gold-on-gold.

The micro-switch design was drawn using a 2D layout editor [151], converted to

GDS format, and imported into Coventorware [35]. Next, the device foundry process
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Figure 27 Micro-switch layout (a) top view (b) side view.

(Table 8) required by Coventorware to construct the solid model, was defined. The

format of Table 8 is similar to Coventorware’s graphical user interface.

Table 8 Summary of the foundry process defined in Coventorware.

Step Action Material Layer/Mask Type Thickness/Depth (µm)
0 Base GaAs Substrate 20.0
1 Deposit Evaporated Au Contact Stacked 0.3
2 Deposit Air Dielectric Dielectric Stacked 0.001
3 Etch Electrode 0.301
4 Deposit Photoresist Sacrificial Conformal 3.2
5 Etch Anchor 3.2
6 Etch Dimple 1.2
7 Deposit Plated Au Structural Conformal 4.3

The elastic modulus and Poisson’s ratio, needed for the simulations, for the

Au structural layers were 80 GPa and 0.42, respectively. Residual stresses due to
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the fabrication process were assumed to be zero and the released cantilevers were

modeled as perfectly flat beams.

The solid model, generated by combining the 2D layout, the material proper-

ties, and the foundry process, was meshed using Coventorware’s “Free (Tetrahedra)”

and “Manhattan (Brick)” elements. Tetrahedra elements were used to mesh the con-

formal geometry of the structural layer while brick elements were used to mesh the

planarized geometry of the drive electrode. These meshes, created separately, were

combined into a single mesh prior to running each simulation. This procedure pro-

vided the best overall nodal coverage and ensured reliable, repeatable results.

Additionally, linear or parabolic elements can be used with each of these mesh-

ing options. Linear elements consist of 4 node tetrahedrons while parabolic elements

consist of 10 node tetrahedrons [35]. Because they have fewer nodes, linear elements

are “stiffer” than parabolic elements and are suited device parts that do not bend or

flex. Parabolic elements, however more accurately represent bending structures be-

cause of their increased number of nodes. A careful mesh analysis was accomplished

to ensure accurate and timely simulation results.

The mesh analysis used here consisted of establishing realistic boundary con-

ditions, creating a mesh, and then running a Coventorware“pull-in” simulation.

The simulation was iterative and required both voltage and deflection tolerances

to achieve solution convergence. The voltage and deflection tolerance values used

here were 0.5 volts and 10−3µm, respectively. When the software tool calculated a

result within the specified tolerance band the simulation ended. “Default” Coven-

torware meshes with linear elements (i.e., minimum number of nodes) were used

initially for both the structural and drive electrode layers. After each mesh analysis

simulation, the relative mesh quality (i.e., the number of nodes in the structural

layer) was compared to the resulting beam collapse voltage to determine if increased

structural layer mesh quality was needed. Parabolic elements were used on the de-

vice’s structural layer while “default” linear element meshes were used for all the
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drive electrode geometries. Higher quality drive electrode meshes were not needed

because they are stationary, non-moving parts of the device.

A thin dielectric layer, not present in the actual device, was defined on top

of the drive electrode to avoid crashing the simulation upon reaching the beam’s

collapse voltage. The dielectric layer was meshed the same way as the drive electrode.

Figure 28 shows that structural layer meshes greater than about 650 nodes did not

change the collapse voltage by more than one volt. Structural layer meshes created

with 664 nodes and “default” drive electrode and dielectric meshes were used for

all simulations runs. This iterative procedure of comparing simulation results with

mesh quality ensured adequate mesh size while minimizing simulation run times.
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Figure 28 Mesh analysis results using a micro-switch with a 200 µm wide drive
electrode.

The FEM simulations were accomplished using Coventorware’s mechanical

(MEMMech) and combined solution solvers (CoSolveEM). The mechanical solver

was used to set the “fixed end patch” with the “fix all” boundary condition to sim-

ulate the effects of the actual anchor. The “contact area patches” on the bottom of
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the switch’s upper contacts or dimples were also set using MEMMech [35]. Figure

29 is a close-up of a dimple contact surface, located underneath the cantilever beam,

at the bottom of the upper contact.

Free End

Dimple Upper Contact 
(contact area patch)

Cantilever’s underside          
(top electrode voltage patch)

Beam Side

Figure 29 Close-up view of a Coventorware contact surface defined as the bottom
patch an upper dimple contact.

The “fix all” boundary condition held all mechanical degrees of freedom (i.e.,

displacements and rotations) fixed at the beam’s anchor end. The combined solver

was used to generate electrostatic actuation force by applying a constant voltage

between the bottom drive electrode and the cantilever beam.

Properly defined boundary conditions greatly simplify the device’s 3D model

and also help reduce simulation times by reducing the overall number of elements.

For example, in Figure 30 the beam’s anchor or fixed end are not present in the 3D

model because they have minimal influence over beam deflection.

Once an adequate mesh size was defined a Coventorware “pull-in” simulation

with a voltage trajectory ranging from 0 to 75 volts with one volt increments was run.

The resulting Coventorware output file contained the beam’s pull-in voltage, collapse

voltage, and contact force. Contact forces, between the dimple and landing pad

surfaces, were calculated by Coventorware after the beam reached the pull-in voltage
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Figure 30 Coventorware simulation results for micro-switch deflection with pull-in
voltage applied. The cantilever beam’s free end has been deflected approximately
2 µm, illustrated by the lighter color, and the dimples are in physical contact with
the lower landing pads. The device has a 300 µm-wide drive electrode.

and up to the beam’s collapse voltage. As the collapse voltage was approached

significant stress was induced near the anchor and contact ends of the beam as

shown in Figure 31.

Also shown in Figure 31 is the leading edge (near the beam’s tip) of the electric

contacts tending to lift off the planar lower contacts as the beam bends and the

collapse voltage is approached. This observation highlights some important design

considerations, discussed by Mercado et al., about the placement of micro-switch

electric contacts. For example, electric contacts not placed near the beam’s tip and

located on the side of the cantilever exhibit increased contact and restoring forces

due to mechanical advantage [101].

5.2.2 Analytic Equations. For comparison, the cantilever-style micro-

switches were modeled analytically. The pull-in voltage (Vpi and VpiFF), contact force

(FC), collapse voltage (Vcpi), and contact resistance (RcDP) were found using Equa-

tions 17, 18, 22, 23, and 54, respectively. The hardness, elastic modulus, and bulk
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Figure 31 Coventorware simulation results for micro-switch stress with collapse
voltage applied. The cantilever beam has been overdriven with an applied electro-
static force until it collapsed onto the drive electrode. The light areas near the anchor
and the electric contact ends qualitatively illustrate the location of high stress areas
due to actuation and beam bending. The device has a 300 µm wide drive electrode.

resistivity values used for the calculations were 2 GPa, 80 GPa, and 2.2 µΩ − cm,

respectively [59]. The beam dimensions are listed in Table 8.

5.2.3 Experiment. A series of 75 µm wide by 400 µm long micro-switches,

like that shown in Figure 26, were tested to characterize pull-in voltage, collapse volt-

age, and closed switch resistance. The devices were fabricated with drive electrode

widths varying from 50 - 350 µm. During operation a bias voltage was applied be-

tween the cantilever beam and the drive electrode. The metal contact micro-switch

closes when the magnitude of the bias voltage exceeds the pull-in voltage, Vpi. As

the applied bias is increased beyond the pull-in voltage, the contact force increases

and a second threshold is reached when the cantilever beam collapses onto the drive

electrode at Vcpi. The maximum contact force is determined by the maximum volt-

age that can be applied before the beam collapses at the second threshold. Once the

second threshold is reached, the switch shorts out and is no longer operable. The
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voltage range between when the switch initially pulls in and when the beam collapses

onto the drive electrode is the useful operating range of the switch:

Vpi ≤ V < Vcpi. (71)

The switch operating range is characterized experimentally by measuring the

resulting closed switch resistance as the applied drive voltage is increased above the

pull-in voltage.

The switches in this study were experimentally tested at AFRL/SNH by wafer

probing using a Cascade Summit 9000 Microprobe Station with standard micro-

probes. The bias or actuation voltage was applied using an HP 3245A universal

source. Beam resistance measurements were accomplished using an HP 34401A

multimeter in a four-point probe configuration. All of the instruments were con-

trolled with a PC using an IEEE-488 bus. During testing, the applied bias from the

source was swept from 5 to 75 volts in 1 volt increments. Beam deflections were

measured using a Burleigh Horizon interferometric microscope (BHIFM). Figure 32

is a schematic of the experimental setup used to measure closed switch resistance.

Results are discussed next.

5.2.3.1 Results Comparison. The data shown in Figure 33 was ob-

tained from a micro-switch like the one shown in Figure 26. The plot shows the

measured resistance as a function of the applied actuation voltage. The two opera-

tional voltages, shown on Figure 33, are when the beam pulls in (Vpi) and when the

beam collapses (Vcpi). At pull-in, the resistance drops when electrical contact is first

initiated, while at collapse the measured resistance increases sharply indicating that

the beam has collapsed onto the bottom electrode. Once pull-in is achieved, the re-

sistance gradually decreases from approximately 3.0 Ω to approximately 0.3 Ω. The

initial decrease in closed switch resistance is due to contaminant film fritting (i.e.,

the mechanical rupture or electrical break down when enough voltage is applied [59])

80



Drive
Electrode

Cantilever Beam

HP 3245A
Universal Source

IinIout
HP 34401A
Multimeter

V-V+

Anchor

Signal line

Contact Areas

Burleigh Horizon
Interferometric

Microscope

V-V+

Figure 32 Schematic illustration of the circuit used to actuate the micro-switches
and measure the closed switch resistance.

and quasi-metallic contact as the contact force is increased [59]. As metal-to-metal

ohmic contact areas increases with increased contact pressure the contact material

plastically deforms resulting in increased contact area and decreased contact resis-

tance [59]. Maximum contact force (minimum resistance) occurs just prior to the

beam collapsing onto the bottom electrode. Once collapse occurs, the voltage drops

to approximately zero and the resistance rapidly increases because of current flowing

from the drive electrode through the micro-switch. This additional current corrupts

the beam’s four-point probe resistance measurement depicted in Figure 32.

To confirm that the measured voltage going to zero is due to beam collapse

and not a surface breakdown current, an optical profile was taken of two switches.

The first was measured prior to any testing. The second was measured after it had

been tested through collapse. The measured profiles of the two cantilevers are shown

in Figure 34.

The profiles, captured using the BHIFM, show that the unactuated beam has

a slight downward curl. This curvature follows the profile of the sacrificial layer that
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Figure 34 Measured beam deflections obtained using an interferometric microscope
illustrating the curvature of an unactuated and collapsed cantilever beam.

conforms to the underlying electrode layer. The beam that has been collapsed shows

an upward curvature with the lowest point over the drive electrode. This profile is

consistent with the beam having collapsed onto the bottom electrode.

82



Table 9 is a summary of the FEM-based pull-in voltage, collapse voltage, and

maximum contact force simulation results produced using Coventorware. The sim-

ulated pull-in and collapse voltages decrease as the drive electrode width increases.

Also, the maximum contact force, defined as the force one solution step (i.e., one

volt) prior to beam collapse, has a parabolic relationship with the drive electrode

width. A maximum contact force of 35.5 µN , found using Coventorware, occurs

with a drive electrode 150 µm-wide. The corresponding useful contact force range

is between 21 V and 66 V .

Table 9 Coventorware simulation results for pull-in voltage, collapse voltage, and
maximum contact force (FC) for devices with drive electrodes ranging from 50 -
350 µm wide.

Width (µm) Pull-in (V ) Collapse (V ) Max. FC (µN)
50 32 >75 11.0
100 24 >75 27.5
150 21 66 35.5
200 21 59 29.9
250 21 56 29.8
300 20 54 25.4
350 20 53 25.1

Table 10 is a summary of the analytical-based pull-in voltage, collapse volt-

age, maximum contact force, and minimum resistance simulation results. Again,

the simulated pull-in and collapse voltages decrease as the drive electrode width in-

creases. Also, the maximum contact force, defined as the force one volt prior to beam

collapse, has a parabolic relationship with the drive electrode width. A maximum

contact force of 45.4 µN , found using Equation 22, also occurs with a drive electrode

150 µm wide. The corresponding useful contact force range is between 20.3 V and

64.6 V . The minimum contact resistance, found using Equation 54, was 0.14 Ω.

For all the contact resistance calculations, contaminant film resistance (i.e., Rcf) was

assumed equal to 0 Ω.
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Table 10 Analytically calculated pull-in voltage, collapse voltage, maximum con-
tact force (FC), and minimum resistance (Rc) for devices with drive electrodes rang-
ing from 50 - 350µm wide.

Width (µm) Pull-in (Vpi) Collapse (Vcpi) Max. FC (µN) Min. RcDP (Ω)
50 31.4 >75 13.2 0.25
100 23.4 >75 27.3 0.17
150 20.3 64.6 45.4 0.14
200 18.8 46.9 27.9 0.17
250 18.1 37.7 18.8 0.21
300 18.0 32.8 14.2 0.24
350 18.3 30.3 11.7 0.26

Using Equations 17 (Vpi) and 18 (VpiFF), pull-in voltage predictions were com-

pared to measured values. The measurements (from Table 11) were obtained using

SNM01 DC-only devices similar to that shown in Figure 26. The pull-in data from

this style micro-switch was used (versus data collected using an SNM02 micro-switch

like the one shown in Figure 35) because the oversized bottom electrodes provided a

worse case scenario for the first-order parallel plate capacitor model derived in chap-

ter III, section 3.5. Table 11 is a comparison of pull-in voltage predictions, based on

a simple parallel plate capacitor model and a model that accounts for fringing fields,

and measurements.

Table 11 A summary of pull-in voltage predictions, based on a simple electrostatic
force model (Vpi) and a model that accounts for fringing fields (VpiFF), measurements,
and the percent difference for SNM01 micro-switches with drive electrodes ranging
from 50 - 350 µm wide.

Width (µm) Measured (Vpi) % diff. (VpiFF) % diff.
50 25.9 31.4 19.2 32.0 21.1
100 24.3 23.4 3.8 23.8 2.1
150 22.7 20.3 11.2 20.7 9.2
200 22.8 18.8 19.2 19.1 17.7
250 22.8 18.1 23.0 18.4 21.4
300 22.6 18.0 22.7 18.3 21.0
350 21.3 18.3 15.2 18.6 13.5
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The percent difference data, presented in Table 11, shows an 1 − 2% im-

provement (the difference between columns 4 and 6) in predicted pull-in voltage,

when fringing fields are considered using Osterberg and Senturia’s model, for SNM01

micro-switches with bottom electrodes ranging from 100 - 350 µm-wide. The pull-

in voltage prediction for devices with 50 µm wide drive electrodes, however, was

approximately 2% worse. Based on these small differences in predicted pull-in volt-

age, the simpler first-order parallel plate capacitor model was used for all analytic

derivations.

Table 12 is a summary of pull-in voltage, collapse voltage, and minimum con-

tact resistance measurements. Contact resistance was found by subtracting the mea-

sured beam bulk resistance (0.03 Ω) from the resistance value found using the ex-

perimental setup shown in Figure 32. The measured pull-in and collapse voltages

decrease as the drive electrode width increases. Minimum contact resistance values

were measured for devices with 100 µm wide and 150 µm wide drive electrodes. The

useful contact force range was between 24.3 V and 61.0 V for devices with 100 µm

wide drive electrodes and between 22.7 V and 58.3 V for devices with 150 µm wide

drive electrodes.

Table 12 Experimental pull-in voltage, collapse voltage, and resistance measure-
ments for devices with drive electrodes ranging from 50 - 350 µm wide.

Width (µm) Pull-in / StdDev (Vpi) Collapse / StdDev (Vcpi) Min. RC / StdDev (Ω)
50 25.9 / 2.3 61.8 / 4.0 0.35 / 0.06
100 24.3 / 2.7 61.0 / 1.8 0.25 / 0.02
150 22.7 / 0.9 59.7 / 0.1 0.26 / 0.07
200 22.8 / 1.2 59.5 / 0.6 0.30 / 0.08
250 22.8 / 1.4 59.3 / 1.0 0.39 / 0.23
300 22.6 / 0.4 57.9 / 0.9 0.45 / 0.14
350 21.3 / 0.7 58.8 / 1.6 0.79 / 0.12

The FEM and analytically derived relationship between drive electrode width

and pull-in voltage, shown in Tables 9 and 10, agree with the experimental pull-in

voltage measurements found in Table 12. The collapse voltages found using Coven-
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torware (Table 9) agree with the collapse voltage measurements (Table 12). As the

drive electrode width increases, however, the collapse voltage calculated using ana-

lytic equations, agree less and less with Coventorware or the measurements. This is

due to the changing beam shape as the electrostatic force increases and the deformed

beam becoming less accurately represented by Figure 12.

The FEM and analytic contact force calculations have the same trend and

both predict that maximum contact force is generated by overdriving switches with

150 µm wide drive electrodes. Contact force measurements were not available. The

resistance measurements have a similar trend as the the analytically calculated re-

sistance with the minimum resistance measurements corresponding to devices with

100 µm wide drive electrodes. Although the resistance measurements for switches

with a 100 µm wide drive electrodes were slightly lower than for devices with 150 µm

wide drive electrodes the corresponding collapse voltages were higher. This indicates

that more applied voltage was needed with 100 µm wide drive electrode devices than

in the 150 µm wide drive electrode devices to generate the same contact force (and

resulting resistance).

Electrostatically actuated, metal contact, micro-switches depend on having ad-

equate contact force to achieve desired, low contact resistance [59, 62, 94]. Using sim-

ple analytic equations and Coventorware, micro-switches were simulated and approx-

imate pull-in voltage, collapse voltage, and maximum contact force were predicted.

Higher simulated contact force resulted from overdriving the cantilever beams after

initial switch closure or pull-in. Experimentally, overdriving the cantilever beams,

beyond the pull-in voltage, resulted in higher contact force and correspondingly

lower switch resistance measurements. The difference between the pull-in voltage

and beam collapse voltage was defined as the useful contact force range.

The simulation results show that MEMS switches, with this geometry, and a

150µm wide actuation electrode, can achieve the highest contact force when over-

driven and operated within the useful contact force range. Pull-in voltage, collapse
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voltage, and contact resistance measurements agree with simulated results obtained

from analytic equations and Coventorware. Based on this analysis, SNM02 micro-

switch test structures with hemispherical-shaped upper and planar lower electric

contacts were designed utilizing analytic equations.

5.3 SNM02 Test Structures

Electrostatically actuated, cantilever-style, DC and RF-testable micro-switch

test structures, shown in Figure 35, were designed using Equations 17 (pull-in volt-

age), 22 (contact force), 3 (restoring force), 23 (collapse voltage), and 54 (contact

resistance). The devices were designed as part of a CPW pad frame for RF-testability

and therefore were limited in length and width (250 µm long by 80 µm wide) to pre-

serve a 50 Ω RF characteristic impedance. Based on this design constraint and

electric contact cleaning considerations (i.e., friction between the electric contacts

caused by beam bending), contact force was calculated for structures with bottom

electrodes ranging from 50 - 200 µm wide (in 50 µm increments). Micro-switches

with 100 µm wide bottom electrodes were found to maximize contact force.

Electric Contacts

Co-planar 
waveguide

Ground line

Ground line

Cantilever Beam
75µm-wide x 250µm-long

Anchor

Drive electrode Signal line

Figure 35 A captured video image of a cantilever-style, RF MEMS metal contact
switch with contacts at the beam’s end (D77 design).
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Table 13 summarizes the pull-in voltage, maximum contact force, minimum

restoring force, beam collapse voltage, and minimum contact resistance predictions

using analytic equations for micro-switches with 100 µm wide drive electrodes like

that shown in Figure 35.

Table 13 Pull-in voltage, contact force, beam collapse voltage, and contact resis-
tance design predictions for SNM02 cantilever-style test structures shown in Figure
35.

Pull-in voltage 47.2 V
Contact force per contact 28.7 µN

Restoring force per contact 17.5 µN
Collapse voltage 95.7 V

Contact resistance for two contacts 0.074 Ω

In addition, a cantilever-style, micro-switch, shown in Figure 36, with a to-

pography similar to Northeastern University’s micro-switch [95, 173] was designed

in collaboration with the AFRL [166] and was also used to evaluate alloy electric

contact materials studied in this dissertation. The device had two electric contacts

(≈ 8 µm in diameter) symmetrically placed at each side of the cantilever beam (vice

being located at the end of the beam) and 20 µm back from the beam’s tip. The

electrostatic and contact forces were co-located near the beam’s end which increased

the beam’s collapse voltage to greater than 120 V . Mechanical cleaning, however,

was not effective with the side contact design due to the placement of the electro-

static and contact forces in the vicinity of the contact bumps (i.e., the co-located

forces minimized beam bending and mechanical contact wiping).

5.4 Summary

A design analysis of an SNM01 micro-switch was presented in this chapter.

The AFRL/SND baseline micro-switch fabrication process and two other processes

(i.e., the modified SNM01 process and the SNM02 process) for fabricating SNM01
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Figure 36 A captured video image of a cantilever-style, RF MEMS metal contact
switch with symmetric side contacts (D20 design).

and SNM02 designs with alloy contact materials and hemispherically-shaped upper

contact geometries are discussed in the chapter VI.
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VI. Device Fabrication

The following chapter outlines three fabrication process needed to accomplish this

research. The novel contributions to the MEMS field, discussed in this chapter,

are an improved hemispherically-shaped upper electric contact geometry and oper-

ational RF MEMS metal contact switches with sputtered bi-metallic (i.e., Au-on-

Au-(6.3at%)Pt), binary alloy (i.e., Au-(3.7at%)Pd and Au-(6.3at%)Pt), and ternary

alloy (i.e., Au-(5at%)Pt-(0.5at%)Cu) contact metals.

6.1 Background

The three fabrication processes needed to complete this research follow: 1) the

AFRL/SND baseline process developed for the SNM01 mask set, 2) the modified

SNM01 process, and 3) the SNM02 process. The AFRL/SND baseline fabrication

process, discussed in section 6.2 resulted in a protruding ridge around the perimeter

of the upper electric contact and did not allow for using novel contact metals. The

modified SNM01 fabrication process, discussed in section 6.3, was developed (based

on the AFRL/SND baseline fabrication process) to incorporate a hemispherically-

shaped upper contact geometry and to allow for novel contact materials. Next,

an SNM02 process, discussed in section 6.4, was developed (based on the modified

SNM01 process) to utilize the additional SNM02 mask mask layers for inserting novel

contact metals only on the contact areas.

6.2 Baseline Process

Figure 37 is a SEM image of an example RF MEMS metal contact switch,

with gold electric contacts, that was fabricated on a gallium arsenide wafer using the

AFRL/SND baseline process and the SNM01 mask set.

The cantilever beam, shown in Figure 37, appears relatively flat and not curled

up or deformed due to residual stress resulting from device fabrication [5, 47, 148].
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Figure 37 SEM image of an RF MEMS metal contact switch with gold electric
contacts fabricated using AFRL/SND’s baseline process and the SNM01 mask set.

This process feature was made possible because relatively thin (≈ 700 Å) sputtered

Au seed layers were used in conjunction with relatively thick (≈ 5 µm) low-stress,

electroplated Au mechanical structural layers.

Refer to Figure 38 for the following discussion.

The actuation electrode and lower electric contact layers were approximately

3000 Å of evaporated Au patterned using a standard metal lift-off technique (a) [91].

A thin (200 Å-thick) chromium (Cr) or Ti layer was used under the evaporated Au

layer to help the Au remain adhered to the sapphire substrate. The beam’s gap or

sacrificial layer was approximately 3 µm-thick and created using MicroChem’s poly-

dimethylglutarimide (PMGI) based photoresist (b) [102]. The micro-switch’s hinge

geometry was defined in the sacrificial photoresist using standard photolithography

techniques (c) [64]. A timed re-flow in an air oven (without flowing nitrogen) was

used to reform the hinge geometry (d). The upper contact geometry, shown in Fig-

ure 37, was defined by a partial expose, while rotating the wafer, and develop of the

sacrificial photoresist layer (e).
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Figure 38 Illustration of AFRL/SND’s baseline fabrication process (DC-only de-
vices).

After electroplating the cantilever’s gold structural layer (≈ 5 µm-thick) (f),

the devices were released using a CO2 critical point dryer (g).

Table 14 summarizes the layer thicknesses resulting from the AFRL/SND base-

line fabrication process.

Table 14 Summary of layer thicknesses for the AFRL/SND baseline fabrication
process.

Layer Material Thickness
Structural (beam) Plated Gold 5.0µm
Sacrificial (gap) Polymethylglutarimide (PMGI) 3.0µm

Electrode & Lower Contact Evaporated Au 0.3µm
Dimple/Upper Contact Electroplated Au 1.0µm

Although the SND process was repeatable a number of issues needed resolu-

tion before MEMS switches with metal alloy electric contacts could be successfully

fabricated. For example, the upper contacts for micro-switches fabricated using the

SNM01 baseline process exhibited a protruding ridge, shown in Figure 39, around
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Figure 39 Scanning electron micrographs: (a) Folded back AFRL/SND metal con-
tact micro-switch (b) Magnified view of an upper contact bump. Notice the protrud-
ing ridge along the perimeter of the contact area.

the outer perimeter of the dimple contact. The process modifications needed to fab-

ricate SNM01 devices with metal alloy electric contacts and hemispherical-shaped

upper contacts are presented next.

6.3 Modifications for SNM01 Processing

The SNM01 baseline fabrication process was modified to enable fabrication

of micro-switches with sputtered metal alloy electric contacts. First, the processing

step of sputtering the lower contact alloy was added. Since the SNM01 mask set does

not allow selective placement of electric contact metals, the lower contact alloy was

deposited on top of all the evaporated Au base layers (i.e., the anchor and bottom

electrode). The layer thicknesses for the Cr adhesion, the evaporated Au, and the

metal alloy contacts were adjusted to maintain the original SNM01 layer thicknesses
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summarized in Table 14. Also, a Ti lower contact adhesion layer was not used to

avoid problems, discussed in section 4.1, associated with using Au-Ti alloys electric

contact metals.

Due to the conformal nature of the sputtered contact materials, “wings” or

raised metal “edges,” shown in Figure 40, remained after performing metal lift-off.

Ultrasonic treatments and high pressure (40 psi) acetone sprays were helpful but did

not eliminate this problem.

Sputter lift-off 
“wings”

Evaporated Au

E
lectroplated A

u

40 µm

Figure 40 SEM image of “wings” resulting from sputtered metal lift-off. The
cantilever beam was removed to clearly view the bottom contacts.

Next, the wafer rotation step, used during baseline dimple area processing, was

eliminated and the timed reflow, originally used to reform only the hinge geometry,

was accomplished after the partial exposure and develop of the upper contact areas.

By removing the wafer rotation step, only the bottom of the upper contact “well”

was exposed (i.e., Deep UV travels in nearly straight lines in photoresist) and not the

outer walls of the upper contact “wells” which helps minimize the protruding ridge

problem associated with the baseline process. Also, the length of the timed reflow for
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both the hinge and upper contact geometries was investigated. For example, SNM01

SEM images showed an approximate 3 µm shift in the hinge geometry at the corner

of the beam and anchor well. For a 10 µm upper contact diameter, the hypothesized

geometry, assuming that all corners shift by the same amount (i.e., 3 µm), was a

nearly symmetric hemispherical shape with a 3 µm radius. For contact geometries

less than 10 µm in diameter, the upper contact depth was hypothesized to “shrink-

up,” resulting in smaller upper contact bumps. Figure 41 is an SNM01 upper contact

test structure with an array of dimple diameters. From the figure observe that all the

reflowed dimples are hemispherically-shaped and that small diameter upper contacts

result in shorter dimples.

~ 8 µm

SNM01 upper contact 
test structure

Figure 41 SEM of an SNM01 upper contact test structure showing an array of
dimple diameters.

In addition, an oven with flowing nitrogen was used to help minimize contam-

ination from other processes. The resulting reflow times were approximately double

the times needed for the baseline process which used an air oven without flowing

nitrogen.
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Once again, since the SNM01 mask set did not allow for the selective place-

ment of contact metals, the upper contact materials were deposited prior to the

seed layer needed for the electroplated Au structural layer. The contact alloy was

deposited first, followed by the Au seed layer and a thin Ti layer needed to define

the electroplating mold. The layer thickness were chosen to be similar to the base-

line process to avoid fabrication induced stress (and device curling) caused by using

thicker sputtered layers.

The electroplating system, used to deposit the micro-switch structural layer,

was a semi-automated electroplating bath with continuous solution filtering. Four

electrical connections, one in each quadrant of the wafer, was used to bias the wafer.

The resulting electroplated Au films were non-uniform across the wafer. The ap-

proximately shape of the the electroplated Au thickness, across a target wafer, was

paraboloid with the vertex located at the wafer’s center. The edges of the wafer

were approximately 1-1.25 µm thicker than the center of the wafer. The effects of

this non-uniformity are discussed further in chapter VII.

The modified process flow, for the DC-only devices, is summarized in Figure

42. The RF-testable devices, like that shown in Figure 37, were not designed with

an evaporated Au adhesion layer under the electroplated Au CPW or the cantilever

beam’s anchor and resulted in device delamination from the sapphire wafers. Refer

to Figure 42 for the following discussion.

The actuation electrode and lower electric contact layers were approximately

3000 Å of evaporated Au patterned using a standard metal lift-off technique (a) [91].

A thin (200 Å thick) chromium (Cr) layer was used under the evaporated Au layer

to help the Au remain adhered to the substrate. The lower electric contact metal

was sputter deposited (500 Å thick) and patterned using a metal lift-off technique

(b).

The beam’s gap or sacrificial layer was approximately 3 µm thick and created

using MicroChem’s polydimethylglutarimide (PMGI) based photoresist (c) [102].
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Figure 42 Illustration of the modified SNM01 fabrication process.

The micro-switch’s hinge geometry was defined in the sacrificial photoresist using

standard photolithography techniques while the upper contact geometries were de-

fined by a partial expose and develop of the sacrificial photoresist layer (d). A timed

re-flow in an oven with flowing nitrogen was used to reform the hinge and dimple

areas into hemisphere-shaped upper contact bumps (e). The upper contact metals

(500 Å thick) were also sputter deposited, and patterned using standard photolithog-

raphy techniques (e) [64]. The upper contact material, located on the underside of

the cantilever beam, is highlighted in Figure 43.

After electroplating the cantilever’s gold structural layer (≈ 5 µm thick) (f),

the devices were released using a CO2 critical point dryer and tested to ensure proper

operation and performance (g).

Figure 44 is a SEM image of an example metal contact micro-switch that was

fabricated using modified SNM01 fabrication process.

In addition to fabricating micro-switches with binary alloy (discussed in sec-

tion 4.1) electric contacts, a single wafer of SNM01 micro-switches with Au-on-Au-
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Figure 43 SEM image showing the SNM01 hemisphere-shaped upper contacts and
the sputtered electric contact metal. Probing damage occurred while flipping the
cantilever beam for imaging.
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Figure 44 A captured video image of an SNM01 DC-only metal contact micro-
switch with gold electric contacts fabricated using the modified SNM01 process.

(6.3at%)Pt (i.e., bi-metallic) electric contacts and a single wafer of SNM01 micro-

switches with Au-(5at%)Pt-(0.5at%)Cu (i.e., ternary alloy) electric contacts were

also fabricated to briefly investigate the effects of bi-metallic and ternary alloy con-
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tact metals. A ternary alloy phase diagram was not available for the Au-Pt-Cu

alloy [112]. The wafers successfully fabricated using the modified SNM01 process

are summarized in Table 15.

Table 15 Wafers fabricated using the modified SNM01 process.

Wafer ID Contact Metal/Alloy Contact Geometry Gap (µm)
SNM01-17 Au-on-Pd Flat 3
SNM01-18 Au-(3.7at%)Pd Flat 3
SNM01-19 Au-(5at%)Pt-(0.5at%)Cu Hemisphere 3
SNM01-20 Au Hemisphere 3
SNM01-21 Au-(3.7at%)Pd Hemisphere 3
SNM01-22 Au-on-Au-(6.3at%)Pt Hemisphere 3

The modified SNM01 fabrication process followers, developed for this work, are

provided in the Appendix A. The process modifications needed to fabricate SNM02

devices with metal alloy electric contacts and hemispherical-shaped upper contacts

are presented next.

6.4 Modifications for SNM02 Processing

The SNM02 mask set contained additional photolithography mask layers needed

to selectively deposit novel materials onto the electric contacts. The sputtered metal

lift-off issue remained but was compensated for with properly designed upper and

lower electric contact pairs that kept the “wings” away from the actual contacting

areas. The effect of having “wings” is addressed in more detail in chapter VII. The

hinge and upper contact reflow procedure, developed during SNM01 processing, was

also used during SNM02 processing. The upper contact materials were sputter de-

posited and excess metal (outside of the dimple area) was removed using an etch-back

technique. Etchants, normally used to etch away Au seed layers (i.e., Technistrip),

were ineffective in removing the Au contact alloys used in this work. Aqua regia,

diluted with deionized water (DIW), was needed to cleanly etch away excess alloy

materials. Since the upper contact materials were located only on the contact bumps,
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fabrication induced stress (and device curling) normally associated with relatively

thick sputtered layers, was not observed. The issue of electroplating non-unform Au

structural layers was still present. Refer to Figure 45 for the following discussion.

Anchor and dimple patterning

Electroplated structural layer

(a)

(b)

(c)

(d)

(e)

(f)

(g)

Sacrificial photoresist layer

Evaporated gold bottom metal 
(anchor, electrode, and lower contact)

Sputtered contact metal

Sputtered contact metal

Released device

Air contact gap

Re-flowed hinge and upper contact

Released micro-switch

Sapphire Substrate

Sacrificial photoresist

Figure 45 Illustration of the SNM02 fabrication process.

The actuation electrode and lower electric contact layers were approximately

3000 Å of evaporated Au patterned using a standard metal lift-off technique (a) [91].

A thin (200 Å thick) Cr layer was used under the evaporated Au layer to help the

Au remain adhered to the substrate. The lower electric contact metal (500 Å thick)

was sputter deposited and patterned using a metal lift-off technique (b). Due to

the conformal nature of sputtered materials, “wings” or raised metal “edges” remain

after performing sputtered metal lift-off.

The beam’s gap or sacrificial layer thickness was 2 or 3 µm thick and was

created using MicroChem’s polydimethylglutarimide (PMGI) based photoresist (c)

[102]. The different gap thickness were used to investigate its effect on pull-in voltage.

The micro-switch’s hinge geometry was defined in the sacrificial photoresist using

standard photolithography techniques while the upper contact geometries were de-
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fined by a partial expose and develop of the sacrificial photoresist layer (d). A timed

re-flow in an oven with flowing nitrogen was used to reform the hinge and dimple

areas into hemisphere-shaped upper contact bumps (e).

The upper contact metals (500 Å thick) were also sputter deposited, and pat-

terned into the switch’s dimple area using standard photolithography techniques

(e). The excess metal (outside of the dimple area), however, was removed using an

etch-back technique, instead of lift-off, to avoid damaging the sacrificial photoresist

layer. The upper contact material, located only on the hemispherical-shaped upper

contact, is highlighted in Figure 46.

Upper contact alloy
(Au-(6.3%)Pt)

~ 8 µm

Upper contact bumps

Cantilever’s bottom view

~ 5 µm-thick

Figure 46 SEM image of a “flipped” over cantilever showing the alloy contact
material on the hemisphere-shaped upper contact bumps located underneath the
beam.

After electroplating the cantilever’s gold structural layer (≈ 5 µm thick) (f),

the devices were released using a CO2 critical point dryer and tested to ensure proper

operation and performance (g).

Figure 47 is a SEM image of an example metal contact micro-switch that

was fabricated using the SNM02 fabrication process. Notice that the micro-switch
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fabricated using this process is not curled or deformed, which indicates that the

desirable, low stress attribute of the baseline process was maintained.

Electric Contacts

Co-planar 
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Ground line
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75µm-wide x 250µm-long

Anchor

Drive electrode Signal line

Figure 47 SEM image of an RF MEMS metal contact switch fabricated using the
SNM02 process.

The wafers successfully fabricated using the SNM02 process are summarized

in Table 16

Table 16 Wafers fabricated using the SNM02 process.

Wafer ID Contact Metal/Alloy Contact Geometry Gap (µm)
SNM02-1 Au Hemisphere 3
SNM02-2 Au Hemisphere 2
SNM02-5 Au-(3.7at%)Pd Hemisphere 3
SNM02-6 Au-(3.7at%)Pd Hemisphere 2
SNM02-7 Au Hemisphere 3
SNM02-8 Au Hemisphere 2
SNM02-9 Au-(6.3at%)Pt Hemisphere 3
SNM02-10 Au-(6.3at%)Pt Hemisphere 2
SNM02-12 Au Hemisphere 2

The SNM02 fabrication process followers, developed for this work, are provided

in the Appendix B.
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6.5 Summary

The AFRL/SND baseline fabrication process was a valuable starting point

for this research. From this starting point, process modifications for incorporating

sputtered metal alloy electric contacts and hemispherically-shaped upper contacts

while using the SNM01 and SNM02 mask sets were developed. After fabrication,

testing was accomplished to assess the performance of micro-switches with metal

alloy electric contacts and to validate contact force and contact resistance models.

The experiments and test results are discussed in chapter VII.
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VII. Experiments and Results

Once the MEMS switch test structures with metal alloy electric contacts were de-

signed and fabricated, micro-switch performance was assessed by conducting contact

resistance, RF (insertion loss and isolation), and lifecycle tests. In addition, a nanoin-

dentor was used to actuate micro-switches and validate contact force and contact

resistance models. The same experimental setup was used to collect the contact

resistance and lifecycle test data to ensure the results were comparable and that

errors due to changes in the experimental set up were minimized. RF data, collected

at AFRL/SND and AFRL/SNH, was used to substantiate the contact resistance

data. Test results were affected by the non-uniformity of the electroplated Au struc-

tural layer discussed in Section 6.3. The non-uniform structural layer only allowed

comparisons between similar or otherwise “comparable” devices. “Comparable” de-

vices were defined as having the same micro-switch design and roughly the same

pull-in voltage (and therefore approximately the same beam thickness). In addition

to testing, micro-switch contact wear was assessed by investigating switched and

un-switched electric contact pairs. The novel contributions to the MEMS field, dis-

cussed in this Chapter, are contact resistance, RF measurements, and micro-switch

lifecycle test results of micro-switches with metal alloy electric contacts.

7.1 Nanoindentor Tests

Force versus deflection measurements were collected using an MTS Nanoinden-

tor XP to manipulate actual micro-switches, like those shown in Figure 35. Figure

48 is an illustration of the experimental setup.

Prior to running the experiment the nanoindentor’s piezoelectric indentor head

was calibrated using the MTS calibration procedure. The indentor tip was then

aligned with the optical microscope to ensure that the tip was accurately positioned

over the center of the micro-switch during each test run. Nanoindentor test runs
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Figure 48 Experimental test setup used to simultaneously measure applied actua-
tion force and contact resistance using a micro-switch.

were automated and could not be viewed in real-time optically. During each ex-

periment, the nanoindentor’s tip was positioned over the cantilever beam and used

to push it down a fixed distance (i.e., the gap distance), at a constant rate, while

measuring applied force. After reaching the fixed distance, a short hold segment (3-5

sec) was initiated prior to unloading the indentor head. The unload segment was

set at a constant rate twice that of the load segment. This timing was needed in

order to actuate the micro-switch slowly enough to collect stable resistance data and

also avoid the nanoindentor’s pre-programmed time limit for individual indents. A

multimeter was used to measure resistance while the micro-switch closed.

The nanoindentor’s surface-finding algorithm was set to a low sensitivity value

(5 %) to ensure that the micro-switch being tested was not destroyed by the rela-

tively high indentation forces associated with locating a surface. Consequently, a

false prediction of the beam’s surface was routinely observed during each experimen-

tal run. Engineering judgement was needed, during data reduction, to determine

when the nanoindentor’s tip impacted the beam surface and began to actuate the

device. A spherical indentor tip with a 25 µm radius of curvature was used to ensure
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minimum material indentation of the top surface of the cantilever beam. Minimum

indentation was verified by performing a test indent, using the same parameters as

the experiment, on an unused portion of the micro-switch’s CPW which is made of

the same material as the beam (i.e., electroplated Au).

The micro-switch test samples (6 individually wired micro-switches) were pre-

pared by wire bonding the anchor and signal lines to a printed circuit board test

fixture. The leads from the test fixture where connected to an HP3458A multi-

meter to measure closed switch resistance, in-situ, while actuating the device with

the nanoindentor. The test equipment was connected to an IEEE 488 bus and the

resistance measurements were collected using a PC. The nanonindentor’s control

computer was used to collect the force versus deflection measurements. The time

of first measured resistance was noted while conducting the experiment and used

to sync the nanoindentor and resistance data during data reduction. Contact re-

sistance was found by subtracting the measured beam resistance (1.0 Ω) from the

closed switch resistance measurements.

7.1.1 Beam Models. Figures 49 and 50 are representative plots of indentor

tip deflection versus applied force and contact resistance data. Standard error bars

are plotted on the measured data. The data shown on Figure 49 was collected

while actuating a beam with an intermediate load positioned above the center of the

actuation electrode. The data shown in Figure 50 was collected while actuating a

beam with an end-load positioned between the upper contacts.

For comparison, Euler-Bernoulli models for a beam with fixed and free ends

(Figure 10) and a beam with fixed and simply supported ends (Figure 12) are also

plotted on Figures 49 and 50 [142]. From zero to approximately 1400 nm the beams

are being actuated through an air gap and the measured spring constants are ap-

proximately 11.4 N
M

for the intermediately loaded beam and 11.3 N
M

for the end

loaded beam. This compares to 16.3 N
M

and 13.0 N
M

from the intermediate and end
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Figure 49 Representative plot of modeled and measured force versus indentor tip
deflection and contact resistance data with the beam (i.e., D77 design) being actuated
with an intermediate load using a nanoindentor (i.e., center of the beam and center
of the bottom electrode).

loaded beam models, respectively. From approximately 1400 nm to approximately

1900 nm the micro-switch’s upper and lower electric contacts are touching and once

ohmic contact is established, at approximately 1600 nm, contact resistance is mea-

sured. The slope change at approximately 1400 nm indicates that the beam tip had

traversed the air gap and that the micro-switch was closed. The force and contact

resistance measurements will be compared to a contact resistance model in Section

7.1.4. The measured spring constant for a closed micro-switch with intermediate

and end loads were approximately 202.1 N
M

and 217.0 N
M

, respectively. This com-

pares to 233.3 N
M

and 176.8 N
M

from the intermediate and end loaded beam models,

respectively.

Overall, the measured and modeled spring constant data agree. Differences

are primarily attributed to the models predicting beam tip deflection while the mea-
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Figure 50 Representative plot of modeled and measured force versus indentor tip
deflection and contact resistance data with the beam being actuated with an end
load using a nanoindentor (i.e., center of the beam between the upper contacts).

surements were of the nanoindentor’s tip movement. This claim is substantiated by

the end load models, plotted on Figure 50, agreeing more closely with data than the

intermediate load models, plotted on Figure 49. Variations in Young’s modulus for

Au (80 GPa was used in all the calculations), variations in micro-switch geometry

(i.e., gap thickness, beam length, width, and thickness due to fabrication), variations

in nanoindentor tip placement during each indent (i.e not located precisely at the

beam’s center) may also be contributing factors.

7.1.2 Improved Beam Model. Figure 51 is a representative plot of modeled

and measured indentor tip deflection versus applied force data.

For comparison, the model for intermediately loaded cantilever beam with a

fixed end and a free end (Figure 10) is plotted along with the the improved beam

model (Figure 11). The improved beam model’s spring constant is approximately
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Figure 51 Representative plot of modeled and measured force versus indentor tip
deflection data with the beam being actuated with an intermediate load using a
nanoindentor (i.e., center of the beam and center of the bottom electrode).

15.7 N
M

. Recall that the measured and simple cantilever spring constants were ap-

proximately 11.3 N
M

and 16.3 N
M

, respectively. The percent difference between the

simple cantilever model and the improved beam model spring constants was approxi-

mately 3.8%. Based on this small difference, Meng and Mehregany’s improved beam

model was not used. In addition, Rayleigh and Timoshenko beam theories were not

invoked and the simple cantilever model using Euler-Bernoulli beam bending theory

was used for all the analytic derivations [145, 155].

7.1.3 Contact Force Models. In Section 3.7, contact force models that

account for beam tip deflection and electric contact material deformation occurring

after switch closure were developed. Previous work by this author, showed that

contact force could be analytically modeled using the beam illustrated in Figure 12

[31]. Equation 22 is the resulting analytic contact force equation.
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The new analytic contact force equations, based on an improved cantilever

beam model (Figure 17), are derived by accounting for tip deflection [31] and as-

suming elastic, plastic, and elastic-plastic electric contact material deformation [24].

Euler-Bernoulli beam bending equations, the principle of superposition, material de-

formation models, and the single effective a-spot contact area model are used to

derive the new equations.

Figure 52 is a representative nanoindentor tip deflection versus contact force

plot (normalized for two contacts) that compares measured data and modeled values

found using Equations 22, 43, and 47. Contact resistance data is plotted on Figure

52 for reference.
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Figure 52 Representative plot of measured and modeled contact force versus in-
dentor tip deflection data for an intermediate load. Contact resistance data is plotted
for reference.

Figure 52 shows the modeled and measured contact force data to have the

same slope. In addition, the contact force predicted using Equation 22 is shown to
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overestimate the measured contact force by approximately 45% while the contact

force predicted using Equation 43 is within 1% of the measured value. Contact

force predictions found using Equation 47 virtually superimpose (percent difference

of ≈ 0.11%) those found using Equation 43. This indicates that contact material

deformation has little effect on micro-switch contact force. Based on this, Equa-

tion 43 was used to predict micro-switch contact force needed for modeling contact

resistance.

7.1.4 Contact Resistance Model. The analytic micro-switch contact resis-

tance model, presented in Section 3.10, was used to investigate contact resistance

data collected while actuating micro-switches with a nanoindentor. Figure 53 is a

representative contact force versus contact resistance plot (normalized for two elec-

tric contacts) that compares measured data and modeled, using Equation 53 and

Equations 59 through 63, results. Indentor tip deflection versus contact force mea-

surements and predictions, found using Equation 43, are also provided on Figure 53

for comparison.

Figure 53 shows good agreement between the modeled and measured contact

resistance data. The measured contact resistance, however, does not coincide with

micro-switch closure indicated by the slope change on Figures 49 and 50. This may

be caused by ohmic contact initially being inhibited due to contaminant film layers

present on the contacts [77, 78]. Ohmic contact, however, was observed once the

contaminant layers were ruptured, resulting in metal-to-metal contact. The force

needed to rupture the contaminant film layers, annotated on Figure 53 as FR, and

create ohmic contact was approximately 15 µN . This result agrees with Hyman et

al.’s observations [62].

In addition, since the two data sets were collected using the same micro-switch

with approximately 45 minutes between experiments, contaminant films of approxi-

mately the same thickness (i.e., several monolayers of adsorbed contaminants) were
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Figure 53 Representative plot of contact resistance versus contact force measure-
ments and modeled data. Contact force versus indentor tip deflection data are
plotted for reference.

certainly present during each experiment [59, 62]. This hypothesis is substantiated

by FR being approximately the same for each experiment (i.e., the first experiment

did not “clean” the contacts for the second experiment). Once ohmic contact was

established, a small contaminant film resistance contributed to the measured contact

resistance. As expected, this resistance, annotated on Figure 53 as Rcf , decreases as

the contact force increases. Next, micro-switch contact resistance, RF, and Lifecycle

test results are presented.

7.2 Contact Resistance Tests

A series of 20 SNM01 micro-switches, like that shown in Figure 44, and 20

SNM02 micro-switches, like that shown in Figures 35 and 36 (i.e., 10 of each design),

were tested to experimentally characterize the contact resistance for micro-switches
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with Au and Au alloy electric contacts. The SNM01 micro-switches were fabri-

cated with sputtered Au, bi-metallic (i.e., Au-on-Au-(6.3at%)Pt), binary alloy (i.e.,

(Au-(3.7at%)Pd), and ternary alloy (i.e., Au-(5at%)Pt-(0.5at%)Cu) electric contacts

while the SNM02 micro-switches were fabricated with sputtered Au and binary alloy

(i.e., Au-(6.3at%)Pt and Au-(3.7at%)Pd) electric contacts.

The micro-switches were tested at AFRL/SND by wafer probing using a Alessi

Rel-4100A Microprobe Station with standard microprobes. The actuation voltage

was applied using an HP 3245A universal source and a Krohn-Hite wideband am-

plifier. Closed switch resistance was measured using an HP 3458A multimeter in a

four-point probe configuration. Contact resistance was determined by subtracting

the measured resistance of the cantilever beam from the measured closed switch resis-

tance values. Data were collected each time the actuation voltage was incremented.

Figure 54 is a schematic illustration of the experimental setup.

Actuation Electrode
Cantilever Beam

HP 3245A 
Universal Source

I+HP 3458A 
Multimeter

V- V+

Anchor

Signal line

Contact Areas
V- V+

Wideband 
Amplifier

I-

Figure 54 Experimental test set up used to measure contact resistance and collect
micro-switch lifecycle data.

During contact resistance testing of the SNM01 micro-switches, a voltage rang-

ing from 0 to 120 V in 0.5 V increments was applied between the cantilever beam

and the actuation electrode. The micro-switch closed when the actuation voltage
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exceeded the pull-in voltage. As the applied voltage was increased, beyond the pull-

in voltage, contact force increases and contact resistance decreases. This test was

accomplished twice for each micro-switch with approximately 10-15 seconds between

the experiments. The average minimum contact resistance data, with 120 V of ap-

plied actuation voltage, are summarized in Table 17. Beam collapse was not observed

while testing these micro-switches.

Table 17 Average minimum contact resistance measurements for SNM01 micro-
switches.

Metal/Alloy Rc / StdDev Rc / StdDev
Experiment 1 Experiment 2

Au 0.94 / 0.20 0.83 / 0.19
Au-(3.7at%)Pd 1.23 / 0.13 1.17 / 0.16

Au-on-Au-(6.3at%)Pt 1.13 / 0.19 0.99 / 0.07
Au-(5at%)Pt-(0.5at%)Cu 0.34 / 0.33 0.33 / 0.30

Table 17 shows that the average minimum contact resistance (for the binary

alloy contacts) measured during experiment one was higher than that measured

during experiment two. This may be a result of adsorbed contaminant film layers

being “wiped” away from the electric contact’s surface during the first experiment.

Table 17 also shows that the micro-switches with ternary alloy contacts have lower

measured average contact resistance with larger standard deviations. This may

be an indication that the ternary alloy, deposited during device fabrication, was a

two-phase or a three-phase alloy with different micro-switches containing a different

percentage of each material phase.

Table 17 also shows the contact resistance standard deviation for micro-switches

with Au-(5%)Pt-(0.5%)Cu contacts have the highest standard deviation. This will

be address later.

Contact resistance data, from a representative micro-switch with Au electric

contacts, and simulated contact resistance, calculated using Equations 60 and 63,

and measured material properties, are plotted on Figure 55.
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The data presented on Figure 55 shows a sharp decrease in contact resistance

at approximately ≈ 93 V for micro-switches tested the first time. This drop in

measured contact resistance was consistent and occurred between 90 V and 98 V

for all the SNM01 micro-switches tested. This anomaly may have been caused by

a difference in upper contact height where only one contact actually conducts (i.e.,

modeled as a single series resistor) from pull-in to ≈ 90 V and the second contact

conducts after the observed sharp decrease in contact resistance (i.e., modeled as a

parallel resistor network). Another explanation of this anomaly is the rupturing or

fritting of a contaminant film layer [59]. This claim is substantiated by less drastic

drops in contact resistance during experiment two where the contaminant film was

“cleaned” off during the first experiment. Also, since none of the SNM01 micro-

switches exhibited beam collapse mechanical contact cleaning due to contact friction

(caused by beam bending) was mostly likely minimal. This device failed due to

stiction.
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Figure 55 Contact resistance data for a representative SNM01 micro-switch with
sputtered Au electric contacts.
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Figure 56 Contact resistance data for a selected SNM01 micro-switch with Au-
(5at%)Pt-(0.5at%)Cu electric contacts.

Figure 56 shows measured and simulated contact resistance for micro-switches

with Au-(5at%)Pt-(0.5at%)Cu electric contacts. The measurements, shown on Fig-

ure 56, are somewhat lower than the simulated values and fritting is less obvious.

This may be a result of the single effective asperity model, used in this study, not

accurately representing the actual contact area for micro-switches with contact alloy.

Recall that Majumder et al. showed a contact resistance lower limit using the multi-

ple asperity-based model and an upper limit using the single effective asperity-based

mode.

In addition, during experiment one a resistance increase from 0.20 to 0.22 Ω was

measured at ≈ 93 V . Localized contact area heating may have caused either a change

in ternary alloy phase or the formation of an intermetallic compound resulting in this

small resistance increase. This hypothesis is supported by data, collected during the

second experiment, that are higher than data collected during the first experiment

(i.e., between 70 V and 93 V ). For actuation voltages higher than ≈ 93 V the

measured resistance values from both experiments agree. This may indicate that
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the contact material experienced a phase change during experiment one and was

in a stable state during experiment two. This anomaly could also be explained by

material deformations caused by non-uniform contact pressure or contact surface

changes caused by material transfer.

This anomaly was not observed in micro-switches with binary alloy contacts,

most likely, because their alloy compositions avoided miscibility gaps and the forma-

tion of intermetallic compounds [112].

During contact resistance testing of the SNM02 micro-switches, a voltage rang-

ing from 0 to 110 V in 0.5 V increments was applied between the cantilever beam

and the actuation electrode. As the applied bias was increased beyond the pull-in

voltage, the contact force was increased until the beam, shown in Figure 35, collapsed

onto the drive electrode at the collapse voltage. Once collapsed, the micro-switch

shorted out and was no longer operable. Beam collapse was not observed in the

micro-switches, shown in Figure 36, due to the mechanical switch design (i.e., the

electrostatic and contact forces were co-located in the vicinity of the electric contact

bumps). The maximum contact force and minimum contact resistance occurred just

prior to the beam collapse voltage or at the maximum applied voltage. As the ap-

plied voltage was increased, beyond the pull-in voltage, contact force increased and

contact resistance decreased. Table 18 summarizes the minimum average contact

resistance measurements.

Contact resistance versus actuation voltage data, for selected micro-switches,

are plotted on Figures 57 (SNM02 D77 design) and 58 (SNM02 D20 design).

Figure 57 (SNM02 D77 design) shows that pull-in and beam collapse voltages

are located at the lower end of the voltage axis (higher contact resistance values)

and the higher end of the voltage axis (lower contact resistance values), respectively.

Minimum contact resistance is observed immediately prior to reaching the beam

collapse voltage. Once the beam collapses onto the actuation electrode, the D77

micro-switch shorts out and is no longer operable. The pull-in voltage, collapse
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Table 18 Average minimum contact resistance measurements for SNM02 micro-
switches.

Metal/Alloy Min Ave Rc (Ω) / StdDev (Ω)
Experimental

D77 micro-switch design
Au 1.20 / 0.04

Au-(6.3at%)Pt 1.59 / 0.40
Au-(3.7at%)Pd 1.75 / 0.27

D20 micro-switch design
Au 1.53 / 0.50

Au-(6.3at%)Pt 1.74 / 0.17
Au-(3.7at%)Pd 1.82 / 0.25
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Figure 57 Contact resistance versus actuation voltage data plots for selected
SNM02 D77 design micro-switches. the pull-in voltage, collapse voltage, and mini-
mum contact resistance are labelled for the micro-switch with Au contacts.

voltage, and minimum contact resistance, for a micro-switch with sputtered Au

electric contacts, are highlighted on Figure 57.

Figure 58 (SNM02 D20 design) shows pull-in voltages, located at the lower end

of the voltage axis, and minimum contact resistance values, located at the higher end

of the voltage axis. A sharp decrease in contact resistance, labelled as the “wings”

collapse voltage’ on Figure 58, was observed. This anomaly may have been caused by

a difference in upper contact height where only one contact actually conducts (i.e.,

modeled as a single series resistor) until the abrupt change and the second contact
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Figure 58 Contact resistance versus actuation voltage data plots for selected
SNM02 D20 design micro-switches.

conducts after the sharp decrease in contact resistance (i.e., modeled as a parallel

resistor network). This anomaly could also be explained by the SNM02 D20 micro-

switch upper contacts impacting the bottom contact “wings” prior to reaching the

planar portion of the bottom contact. The height of the “wings,” estimated using

SEM images, ranged from approximately 0.2-0.5 µm. Figure 59 shows an SNM02

D20 micro-switch electric contact pair from a device with Au-(6.3at%)Pt contacts

and ≈ 8.8 · 108 switch cycles. Material transfer, from the lower contact “wing” to

the upper contact hemisphere is highlighted.

Upper contact Lower contact

Material transfer from 
lower contact “wing” Lower contact “wing” 

mechanically worn

~ 10 µm5 µm

Figure 59 A captured video image illustrating contact wear of an SNM02 D20
Au-(6.3at%)Pt electric contact pair with ≈ 8.8 · 108 switch cycles.
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The measured contact resistance values for micro-switches with metal alloy

electric contacts were higher than for devices with Au electric contacts. In addition,

the SNM01 design did not exhibit beam collapse and had the best contact resistance

performance. This may be due to the mechanical design of the switch which enabled

mechanical contact cleaning (i.e., “wiping”) and provided adequate contact force.

The SNM02 D77 design exhibited collapse due to mechanical switch design (i.e., the

beam was longer and less stiff than the SNM01 devices) and the beam’s geometry.

The useful voltage range (between the pull-in and collapse voltages) was sufficient,

however, for evaluating the contact resistance effects of using alloy electric contacts.

The SNM02 D20 designs did not exhibit beam collapse but the contact resistance

performance was significantly less than expected until reaching the “wings” collapse

voltage. RF data, collected from devices fabricated during this study, is discussed

next.

7.3 RF Tests

A limited amount of full wafer, automated RF insertion loss and isolation test-

ing was accomplished at AFRL/SND by probing selected devices with an Electroglas

2001X automatic RF probe station and measuring RF data with an HP8510C net-

work analyzer. The micro-switches were actuated using an Agilent 33250A arbitrary

function generator, a wideband amplifier, using a PC connected via an IEEE 488

computer interface. The S-parameters were measured at 10 GHz using a calibrated

-10 dBm signal while the micro-switches were open (isolation) and closed (insertion

loss) with pull-in voltage applied. Insertion loss data with increased contact force

(i.e., actuation voltages greater than the pull-in voltage) were not collected during

the full wafer RF tests. Table 19 summarizes the full wafer S-parameter data.

The non-uniform electroplated Au structural layer skewed the full wafer RF

data. This is evidenced by the large standard deviation values. The RF data,

however, does correspond to the contact resistance values presented in Section 7.2.
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Table 19 Full wafer RF insertion loss and isolation measurements collected at
10 GHz.

Metal/Alloy Pull-in / StdDev (V ) IL / StdDev (dB) Isolation / StdDev (dB)

SNM02 D77
Au 53.6 / 14.4 0.8 / 0.3 18.7 / 1.2

Au-(6.3at%)Pt 55.3 / 11.3 0.9 / 0.3 18.8 / 1.2
Au-(3.7at%)Pd 31.6 / 8.9 0.2 / 0.2 13.5 / 2.0

SNM02 D20
Au 47.0 / 7.5 0.8 / 0.2 23.1 / 0.4

Au-(6.3at%)Pt 60.0 / 8.9 1.1 / 0.3 22.4 / 0.4
Au-(3.7at%)Pd 34.5 / 9.6 0.7 / 0.3 19.3 / 0.7

Additional S-parameter testing on selected micro-switches was accomplished

at AFRL/SNH. This testing, with actuation voltages greater than the pull-in volt-

age, was done using an Agilent network analyzer and Cascade Microtech probes.

A Short, Open, Load, Thru (SOLT) calibration was performed using a Cascade

Microtech impedance standard substrate. Device actuation voltages were applied

using a coaxial needle probe and an Agilent HP3245A Universal Source. Table 20

summarizes the S-parameter data that was collected at AFRL/SNH.

Table 20 RF insertion loss and isolation measurements, from selected micro-
switches, collected at 10 GHz.

Design Actuation (V ) IL (dB) Isolation (dB)

SNM02 D77 with Au contacts
0.0 19.5
40.0 1.6
50.0 0.5
60.0 0.4
70.0 0.3
80.0 0.2
90.0 0.1

SNM02 D20 with Au contacts
0.0 22.0
80.0 0.2
90.0 0.2
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The RF insertion loss performance for the SNM02 D77 and D20 designs were

similar. With actuation voltages equal to 80.0 V and 90.0 V the insertion loss mea-

surements ranged from approximately 0.1-0.2 dB at 10 GHz for both the D77 and

D20 designs. This result was consistent with the contact resistance data presented

in Section 7.2 that shows contact resistance measurements between ≈ 1 − 2 Ω. In

addition, the data in Table 20 shows the same trend as that shown in Section 7.2

where increased actuation voltages resulted in lower insertion loss (or contact re-

sistance). A rule of thumb for comparing RF insertion loss and contact resistance,

based on Equations 66 and 67, is that 0.1 dB of IL is ≈ 1 Ω of contact resistance.

7.4 Micro-Switch Lifetime Tests

During lifecycle testing of SNM01 devices with alloy contacts, the micro-

switches were actuated with a 50% duty cycle square wave input. The waveform’s

“on” voltage level was set to the pull-in voltage plus approximately 1-3 V for in-

creased contact force. The input waveform was a square wave with a frequency that

was set below the beam’s resonant frequency (50 kHz). The micro-switches were

cycled continuously until they failed open (i.e., infinite resistance) or closed (i.e.,

stuck down). Contact resistance data were collected every 30 seconds by increasing

the input waveform’s duty cycle to 90% and lowering its frequency to 1 Hz for 2 sec-

onds. The multimeter’s open circuit voltage (≈ 8.2 V current limited to 10 mA) was

present on the electric contacts for all the switching events (i.e., “hot-switching”).

The environment was lab ambient with average temperatures and relative humidities

ranging from ≈ 68−72◦C and 25-35%, respectively. The failure criteria for this test-

ing was measured contact resistance greater than ≈ 2 Ω for closed micro-switches and

contact resistance less than ≈ 1 Ω for open micro-switches (i.e., devices that failed

due to stiction). The micro-switches with Au, binary alloy (i.e., Au-(3.7at%)Pd),

and bi-metallic (i.e., Au-on-(Au-(6.3at%)Pt)) contacts failed closed while the micro-

switches with ternary alloy (i.e., Au-(5at%)Pt-(0.5at%)Cu) failed open.
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Micro-switch contact resistance versus the number of switch cycles is plotted for

selected SNM01 devices on Figure 60. The raw data was curve fitted with trendlines

for micro-switches with different contact metals.
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Figure 60 SNM01 micro-switch contact resistance versus switch cycles data plot.

The micro-switches with bi-metallic (Au-on-Au-(6.3at%)Pt) and binary al-

loy (Au-(3.7at%)Pd) contacts resulted in contact resistance between 1 − 2 Ω and,

when compared to micro-switches with sputtered Au electric contacts, exhibited

increased switching lifetimes. The micro-switches with ternary alloy (Au-(5at%)Pt-

(0.5at%)Cu) electric contacts resulted in contact resistance ranging from 0.2–1.8 Ω

and, when compared to micro-switches with sputtered Au electric contacts, exhib-

ited increased switching lifetimes. This was most likely due to the increased material

hardness of the sputtered metal alloys. The measured Meyer hardness of evaporated

Au, sputtered Au, Au-(3.7at%)Pd, Au-(6.3at%)Pt, and Au-(5at%)Pt-(0.5at%)Cu

thin films were approximately 1.0 GPa, 1.7 GPa, 1.9 GPa, 2.0 GPa, and 2.2 GPa,

respectively.

The micro-switch with Au-(5at%)Pt-(0.5at%)Cu contacts exhibited increased

contact resistance with increased numbers of switch cycles. The plot on Figure 60
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shows a steady rise in contact resistance between 107 and 7.1·108 switch cycles. This

may indicate that a carbon-based contaminant film was developing with increased

switch cycles or possibly that a material phase change occurred. A detailed investi-

gation of ternary alloys, not accomplished in this study, is recommended in Chapter

VIII.

The same procedure was used during the SNM02 micro-switch lifecycle test-

ing. The failure criteria was adjusted to measured contact resistance values greater

than approximately 3.5 Ω for closed micro-switches (due to the increased contact

resistance exhibited by the D20 designs possibly due to the sputter lift-off “wings”)

and contact resistance less than ≈ 1 Ω for open micro-switches (i.e., devices that

failed due to stiction). Contact resistance versus switch cycle raw data, for selected

micro-switches, was curve fitted and the resulting trendlines were plotted on Figure

61. The D77 micro-switch with Au contacts failed closed while the micro-switch

with Au-(6.3at%)Pt contacts failed open. The D20 micro-switches, with Au and

Au-(6.3at%)Pt contacts, failed closed.
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Figure 61 SNM02 micro-switch contact resistance versus switch cycles data plot.
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SNM02 micro-switches fabricated with Au-(3.7at%)Pd electric contacts were

not effectively lifecycle tested because all of the devices exhibited lower than expected

restoring force due to having a thinner than expected (i.e., ≈ 3.2 − 4.2 µm versus

≈ 5 µm for all the other wafers) electroplated Au beam thickness. The low restoring

force was evidenced by the lower pull-in voltages (≈ 15−25 V ), for micro-switches on

the Au-(3.7%)Pd wafer, than for micro-switches (≈ 40− 60 V ) on the other wafers.

Generally, micro-switches with evaporated Au electric contacts are limited to

approximately 106 “hot-switched” cycles because evaporated Au is a soft metal and

prone to wear [92]. Majumder et al. reports greater than 107 “hot-switched” cy-

cles and approximately 1011 “cold-switched” cycles for devices with a “platinum

group” electric contact metal [92]. The SNM02 (D77 design) micro-switches with

Au-(6.3at%)Pt contacts were “hot-switched” and resulted in contact resistance be-

tween 1.5− 2.2 Ω and, when compared to micro-switches with sputtered Au electric

contacts, increased switching lifetimes. The SNM02 (D20 design) micro-switches

with Au-(6.3at%)Pt contacts resulted in contact resistance between 2.2− 3.3 Ω and,

when compared to micro-switches with sputtered Au electric contacts, also exhibited

increased switching lifetimes. Once again, this was most likely due to the increased

material hardness of the sputtered alloy contact films. The measured Meyer hard-

ness of evaporated Au, sputtered Au, and co-sputtered Au-(6.3at%)Pt thin films

(500 Å-thick) were approximately 1 GPa, 1.7 GPa and 2.0 GPa, respectively.

7.5 Wear Assessment

Gold-platinum alloy Au-(6.3at%)Pt electric contact wear was assessed by com-

paring thin film material properties, micro-switch lifecycle test results, and SEM

images (i.e., qualitative analysis) of switched and not yet switched micro-switch con-

tacts. A quantitative contact surface composition analysis was attempted but not

successfully completed.
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Figure 62 are SEM images of an SNM02 (D77 design) micro-switch showing

the structural and electric contact layers.
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Figure 62 SEM images of an SNM02 micro-switch structural and electric contact
layers: (a) Top view of the electroplated Au structural layer with a view of the
evaporated adhesion and sputtered lower electric contact layers. (b) View of the
underside of a beam revealing sputtered contact metal on top of the un-switched
hemisphere-shaped upper contacts.

Figure 62 (a) shows the top view of the electroplated Au structural layer, the

evaporated adhesion layer, and the sputtered lower electric contact layer. Sputter

lift-off “wings,” discussed earlier, are also noted on the image. The sputtered lower

contact metal is well adhered to the evaporated Au adhesion layer and shows no signs

of delamination. The hemisphere-shaped upper contacts, shown in Figure 62 (b),

have not been switched yet and show sputtered contact metal only on the contact

bumps. The sputtered contact metal (i.e., alloy) is also well adhered to the seed

metal with no indications of delamination. The seed metal, located on the underside

of the entire beam, is needed for electroplating the micro-switch’s Au structural

layer.
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Figure 63 are SEM images of an SNM02 micro-switch’s upper contacts made

from Au-(6.3at%)Pt contact material that has been cycled for 2.7 · 108 “hot-switch”

cycles.

Sputtered 
Contact Metal

~ 8 µm

Contact Bumps

~ 8 µm

Figure 63 SEM images of an SNM02 micro-switch’s underside revealing sputtered
contact metal (Au-(6.3at%)Pt) on top of hemisphere-shaped upper contacts. The
device has been actuated for 2.7 · 108 “hot-switch” cycles.

Contact wear is clearly noted on both contacts while actual material transfer

is only shown on the top contact. Despite this, the contact metal remains well

adhered to the contact bump and shows no signs of rubbing off or delamination due

to repeated switch cycling.

Figure 64 are SEM images of a matched set of upper and lower electric contacts

(Au-(6.3at%)Pt) for an SNM02 micro-switch that has been cycled for 2.7 · 108 “hot-

switch” cycles. Material transfer, from lower to upper contact, is clearly noted on

Figure 64.

SEM/ energy dispersive x-ray analysis (EDX) data showed evidence of the in-

dividual alloy components (i.e., Au and Pt) and the presence of contaminants (i.e., C
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Lower contact area

Upper contact hemispheres

Material transfer

90 µm

40 µm

~ 8 µm

Figure 64 SEM images of a matched set of SNM02 micro-switch Au-(6.3at%)Pt
electric contacts that have been actuated for 2.7 · 108 “hot-switch” cycles.

and O) in the contact area. Carbon and oxygen contaminant layers, normally found

on test samples exposed to laboratory ambient, are not necessarily indicative of the

contaminant films theorized to cause micro-switch failures. XPS analysis, used for

evaluating the thin alloy film test specimens in Chapter IV, was planned but the min-

imum spot size (i.e., 100 µm in diameter) was too big to collect meaningful data from

the small (i.e.,≈ 1 − 2 µm in diameter) contact area. Auger electron spectroscopy

(AES) was accomplished using a smaller spot size (i.e 15 µm in diameter) but, un-

fortunately, substrate charging caused the electron beam to wander. The wandering

beam caused significant problems because longer dwell times were required (with the

smaller spot size) to achieve an adequate number of counts necessary for a surface

composition analysis. Therefore, the precise composition of the worn electric contact

material is not known.
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Figure 65 are SEM images of SNM02 (design D77) micro-switch lower contacts

(Au-(6.3at%)Pt) with increasing numbers of switch cycles.

~ 6 µm

40 µm90 µm

~ 3 µm

(a) (c)(b)

Figure 65 SEM images of SNM02 micro-switch lower contacts (Au-(6.3at%)Pt)
with the following numbers of switch cycles: (a) zero switch cycles (b) 1.0 · 108

switch cycles (c) 2.7 · 108 switch cycles.

Figure 65 compares the lower contacts of three different micro-switches with

different numbers of cycles. The micro-switch lower contact, shown in Figure 65

(a), was not operated while the micro-switches shown in Figures 65 (b) and 65 (c)

were lifecycle tested until achieving 1.0 · 108 (i.e., still operable) and 2.7 · 108 (i.e.,

failed open with Rc > 1 · 1038 Ω)) cycles, respectively. The wear spot on the top

lower contact appears to be increasing in diameter with increased numbers of switch

cycles while the bottom lower contact shows no visible signs of wear. In addition, the

failure that occurred while testing this device in Figure 65 (c) was catastrophic did

not show a gradual decline in performance. This seems to indicate that a micro-arc

due to “hot-switching”, not mechanical wear, caused the failure.
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Figure 66 are magnified SEM images of the wear spot from the micro-switch

that failed at 2.7 · 108 switch cycles. The flowing material indicates thermal cycling

occurred and substantiates the micro-arc failure mechanism hypothesis.

Material flow due to 
thermal event

Substrate damage40 µm

Figure 66 Magnified SEM images of the wear spot for the SNM02 micro-switch
with Au-(6.3at%)Pt contacts that failed with 2.7 · 108 switch cycles.

In addition, since the micro-switch was still functioning mechanically (but still

failed open with high closed switch resistance) it appears that an organic based

surface film was also developing with increasing switch cycles [126] or possibly a

highly resistive intermetallic compound or oxide layer formed on the contact’s surface

due to thermal cycling or material diffusion [146, 147]. This helps explain why the

micro-switch failed open after the micro-arc even though the bottom lower contact

still appeared useable.

Figures 67 and 68 are SEM images of electric contact pairs from the same

SNM02 (design D20) micro-switch with Au-(6.3at%)Pt contact materials that failed

due to stiction at 8.8 · 108 switch cycles. The contact pair in Figure 67 shows

a catastrophic failure, similar to that shown in Figure 66, while Figure 68 shows

mechanical wear due to switch cycling.

Note on Figure 68 that the lower contact “wing,” due to sputter lift-off, ap-

pears mechanically worn down and a ring of transferred material is shown around
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Upper contact Lower contact

Material transfer

Material flow due to micro-arc

2 µm5 µm

Figure 67 SEM images of an SNM02 (D20 design) micro-switch’s upper and lower
electric contact pairs (i.e., top). The device failed closed with approximately 8.8 ·108

switch cycles. The catastrophic results of micro-arc damage are highlighted. The
contact metals are Au-(6.3at%)Pt.

Upper contact Lower contact

Material transfer from 
lower contact “wing” Lower contact “wing” 

mechanically worn

~ 10 µm5 µm

Figure 68 SEM images of an SNM02 (D20 design) micro-switch’s upper and lower
electric contact pair (i.e., bottom). The device failed closed with approximately
8.8 · 108 switch cycles and mechanical wear due to switch cycling is evident. The
contact metals are Au-(6.3at%)Pt.

the perimeter of the upper hemisphere-shaped contact. This indicates that the hemi-

sphere made repeated contact with the “wing” which supports the claim made in

section 7.2 about reduced contact resistance performance.
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7.6 Summary

In this Chapter micro-switch performance was evaluated by conducting contact

resistance, RF (insertion loss and isolation), and lifecycle testing. Contact resistance

testing showed that micro-switches with sputtered metal alloy electric contacts result

in slightly higher contact resistance values than micro-switches with sputtered Au

electric contacts. Lifecycle testing indicates that switching lifetimes, when compared

to micro-switches with sputtered Au electric contacts, are increased by a factor of

approximately 2-7 times depending on the alloy and the micro-switch’s mechanical

design. The RF test results corroborated the contact resistance results and observa-

tions.

A qualitative electric contact wear assessment was accomplished by comparing

thin film material properties, lifecyle test results, and SEM images of worn contacts

from failed micro-switches. Although SEM images reveal much about micro-switch

operation and electric contact wear, a quantitative surface composition analysis is

needed before a complete assessment and thorough evaluation of contact wear can

be finalized. This work, however, does indicate that using harder electric contact

materials results in longer lived devices. The overall conclusions of this dissertation

and some ideas for future research are presented next.
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VIII. Conclusions

8.1 Overall Summary

In this dissertation, the design, fabrication, and testing of RF MEMS contact

switches with metal alloy electric contacts was presented. Analytic contact force and

contact resistance models were developed and resulted in predictions that agreed

with measurements. A binary alloy selection methodology was developed for picking

suitable micro-switch electric contact materials. In addition, bi-metallic and ternary

alloy electric contacts were briefly investigated. Overall, the results show increased

lifetimes at the expense of a small increase in contact resistance for devices with

bi-metallic, binary alloy, and ternary alloy contacts. A brief summary of specific

results and analysis accomplished is presented next.

8.1.1 Alloy Selection Methodology. After reviewing the macro-switch litera-

ture, the following hypothesis for incorporating metal alloy micro-switch contacts was

developed; use single-phase, miscible binary alloys; avoid intermetallic compounds;

avoid materials combinations that tarnish, oxidize, or form robust surface films; and

choose an alloy deposition technique compatible with accessible micro-switch fabrica-

tion processes. Based on this information, the following alloy selection methodology

was developed: 1) utilize equilibrium binary alloy phase diagrams and binary alloy

bulk material resistivity data to choose alloy compositions, 2) pick an appropriate

thin film deposition method and fabricate test specimens, 3) measure important

thin film material properties, and 4) predict contact resistance performance using

a suitable model [29]. Using this methodology, micro-switches with Au-(6.3at%)Pt

and Au-(3.7at%)Pd electric contact metals were designed, fabricated, and tested

[30]. In addition, a brief investigation of micro-switches with bi-metallic (Au-on-

Au-(6.3at%)Pt) and ternary alloy (Au-(5at%)Pt-(0.5at%)Cu) electric contacts was

accomplished [33].
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8.1.2 Micro-Switch Modeling and Design. Electrostatic, micro-switch test

structures (using the SNM01 mask set) were fabricated and analyzed using analytic

equations, a FEM design tool (i.e., Coventorware), and measurements [31, 32, 34].

The results and lessons learned from this analysis were used to design the micro-

switch test structures for the SNM02 mask set [30, 166] and helped with developing

the SNM02 fabrication process.

After completing the design, fabrication, and some limited testing, the follow-

ing modeling improvements were investigated: (1) the improved beam model [100],

(2) the parallel plate capacitor model that includes a first order fringing fields correc-

tion term [113], (3) contact force models [28], and (4) a contact resistance model[33].

Each of the models was validated using measured data. The improved beam and

parallel plate capacitor models provided only a small improvement to predictions

while the improved contact force and contact resistance models closely matched the

micro-switch geometry and resulted in agreement between predicted and measured

values.

8.1.3 Device Fabrication. The AFRL/SND baseline fabrication process was

a valuable starting point for my this research. From this starting point, process modi-

fications for incorporating sputtered metal alloy electric contacts and hemispherically-

shaped upper contacts while using the SNM01 and SNM02 mask sets were developed.

8.1.4 Experiments and Results. Micro-switch performance was evaluated

by conducting contact resistance, RF (insertion loss and isolation), and lifecycle test-

ing. Contact resistance and lifecycle testing showed that while micro-switches with

sputtered metal alloy electric contacts resulted in slightly higher contact resistance

values (than micro-switches with sputtered Au electric contacts) their switching life-

times were increased by a factor of approximately 2-6 times (than micro-switches

with Au electric contacts) depending on the specific alloy and the micro-switch’s

mechanical design. The RF test results corroborated the contact resistance results
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and observations. A qualitative electric contact wear assessment was accomplished

by comparing thin film material properties, lifecyle test results, and SEM images of

worn contacts from failed micro-switches.

The specific contributions of this dissertation to the MEMS field and some

opportunities for future research are presented next.

8.2 Contributions

The novel contributions of this work, to the field of MEMS, follow:

1. analytic contact force models for cantilever-style, electrostatic, micro-switches,

2. an analytic micro-switch contact resistance model for devices with sputtered con-

tact metals,

3. a binary metal alloy selection methodology for micro-switch electric contacts,

4. measured thin film metal (i.e Au, Ag, Pd, and Pt) and alloy (i.e., Au-Pd, Au-Pt,

and Au-Ag) material properties,

5. co-sputtering fabrication technique for depositing alloy contact metals,

6. an improved hemispherically-shaped upper electric contact geometry,

7. operational RF MEMS metal contact switches with bi-metallic, binary alloy, and

ternary alloy electric contacts, and

8. contact resistance, RF measurements, and micro-switch lifecycle test results for

the aforementioned micro-switches.

8.3 Ideas for Future Research

The results provided in this dissertation demonstrate that micro-switch lifetime

performance is improved when metal alloy electric contact materials are used. This

work also serves as a stepping stone for other researchers to build upon. As such,

the following ideas for future research are provided.
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8.3.1 Electric Contact Materials. The binary alloy compositions studied

here were chosen to avoid miscibility gaps, two-phase regions, intermetallic com-

pounds, and be harder that Au. These limitations were put into effect to ensure

compatibility with the available micro-switch fabrication process. Shimkat’s work

with Au-(5%)Ni alloys, however, indicates that a specific two-phase region binary

alloys may also be useful for micro-switch electric contacts [135, 136]. In addi-

tion, other material combinations, two-phase regions, and intermetallic compounds

with unique material properties can be investigated as micro-switch electric contact

materials. Additionally, although briefly investigated in this study, bi-metallic and

ternary alloy electric contacts still remain largely unexplored as micro-switch electric

contact materials.

8.3.2 Fabrication, Modeling, and Design. Although many fabrication pro-

cess improvements were incorporated into the AFRL/SND baseline process, the pro-

cess can still be improved. For example, the non-uniform electroplated structural

layer needs to be addressed and corrected before a reliable, high yield process is plau-

sible. Further improvements to the sputtered material lift-off process are needed. In

this study, the effects of sputter lift-off “wings” were minimized by using oversized

lower contacts. An improved sputter lift-off process will allow for more creative

mechanical designs like the SNM02 D20 design. Fabrication process improvements

will lead to meaningful reliability testing (versus single device lifetime testing) and

commercially viable devices [41, 42, 57].

The analytic equations used in this research did not consider contact adhesion

or contact friction. Improved models will consider these effects as well as trying to

increase contact and restoring forces by using mechanical advantage [40, 60, 71, 74,

98, 101, 114, 159, 152, 161]. RF effects and beam dynamics could also be investigated

in future micro-switch modeling efforts [38, 84, 124, 139].
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8.3.3 Failure Mechanisms and Wear. The underlying physics of the micro-

switch failure mechanisms and wear progression is not well understood [62, 81].

Macro-switch studies have investigated physical wear patterns and contact surface

compositional changes [13, 26, 58]. Micro-switch contact surface composition anal-

yses with small spot size are needed to assess metallurgy changes and contaminant

film growth that occur during micro-switch lifetime. AES and EDX was attempted,

in this study, but substrate charging skewed the data. Specific test structures, that

provide a ground for electrons and avoids substrate charging, could be designed and

fabricated (along with micro-switches) to allow for more efficient AES analysis.

8.3.4 Testing. Contact resistance, RF insertion loss and isolation, micro-

switch force versus deflection/resistance (using a nanoindentor), and lifetime testing

was accomplished during this study. Additional testing will reveal more device oper-

ating characteristics. For example, switching speed, impact velocity, contact bounce,

squeeze film damping tests will shed light onto beam dynamic behavior while hys-

teresis and contact adhesion tests will uncover additional information about contact

metallurgy behavior. In addition, RF test structures for determining parasitic resis-

tance and inductance will result in more efficient RF testing. Additional nanoinden-

tor testing on actual micro-switches will assist in beam, contact force, and contact

resistance modeling and design improvements [71, 145].

8.3.5 Systems Approach. The results presented in this study show micro-

switch lifetime improvements when using alloy electric contacts. The effects of me-

chanical micro-switch design and the operating environment (i.e., packaging) were

not emphasized in this work. The best results will, most likely, be a result of taking a

systems approach to micro-switch design. For example, improved mechanical designs

(high restoring and contact force, low insertion loss, and low isolation) [101, 166] with

improved contact metallurgies (harder metals with lower adhesion) [29, 30, 33, 136]

all packaged (encapsulation and wafer bonding) [19, 138] in a suitable environment
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are needed before highly reliable and commercially viable RF MEMS metal contacts

switches are to be realized. Some groups have taken this approach and show promis-

ing results [90, 93]. The ultimate success of RF MEMS metal contact switches,

however, will only be demonstrated when reliable RF circuitry and systems are re-

alized [14, 39, 70, 108, 107, 124, 127, 132, 149, 160].
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Appendix A. Modified SNM01 Process Followers 

 

Init. Process Step Notes 
 

 INSPECT WAFER: 
❏ Note any defects 
 
 

 SOLVENT CLEAN: 
❏ 20 sec acetone rinse at 500 rpm 
❏ 20 sec isopropyl rinse at 500 rpm 
❏ Dry with nitrogen at 500 rpm 
❏ Dry wafer with nitrogen on clean texwipes  

Start Date 
 
 
 
Start Time 

 OXIDE REMOVAL: 
❏ 30 sec dip (1:10) BOE:DI Water 
❏ 3x  DI Water bucket rinse 
❏ Dry wafer with nitrogen on clean texwipes 

  

 DEHYDRATION BAKE: 
❏ 1 min 110 °C Hot plate bake  

  

 PMGI COAT : 
❏ Flood wafer with SF-11 PMGI 
❏ 30 sec spin at 4,000 rpm, ramp=200 
❏ Use edge bead remover (EBR) to remove PMGI on backside (1 min @ 20°C)  
❏ 2 min 270 °C  hot plate bake 

  

 1813 COAT: 
❏ Flood wafer with 1813 
❏ 30 sec spin at 4,000 rpm, ramp=200 
❏ 75  sec 110°C hot plate bake 
❏ Use acetone to remove 1813 on backside 

  

 EXPOSE 1813 with BOTTOM METAL MASK: 
❏    No alignment for first level mask 
❏    3.0 sec exposure, 0 focus on stepper 

 
SNM01 \DC 
 

 

 1813 DEVELOP: 
❏ 30 sec develop with 351:DI Water (1:5) at 500 rpm 
❏ 30 sec DI Water rinse at 500 rpm 
❏ Dry with nitrogen at 500 rpm 
❏ Dry wafer with nitrogen on clean texwipes 

  

 INSPECT RESIST: 
❏ Inspect photoresist under microscope (use yellow filter) 

  

 DEEP UV EXPOSE: 
❏ 600 sec Deep UV exposure @ 35 mW/cm2, 254 nm 

  

 PMGI DEVELOP 
❏ 30 sec SAL 101 spin develop at 500 rpm 
❏ 30 sec DI rinse at 500 rpm 
❏ Dry wafer with nitrogen on clean texwipes 

  

 INSPECT RESIST: 
❏ Inspect photoresist under microscope 

  

 ASHER: 
❏ 4 min, 200 W, 400 sccm O2, LFE Barrel Asher 

  

 PRE-METAL DIP: 
❏ 30 sec Dip (1:10) BOE:DI Water 
❏ 3x DI Water bucket rinse 
❏ Dry wafer with nitrogen on clean texwipes 

  

 BOTTOM METAL DEPOSITION: 
❏ Evaporate 500 Å Cr / 4000 Å Au 
❏ Sputter 50 Å Metal/Alloy 

  

 MEASURE STEP HEIGHT: 
❏ Measure step height of sputtered metal/alloy (Si Mech Piece) 
 
Mid: _________Top (flat):__________Bot:_________ Lt:_________ Rt:_________ 
 

  

Figure 69 Modified SNM01 bottom metal process follower (page 1/2).
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 LIFT-OFF BOTTOM METAL: 
❏ Heat 1165 remover to 90 °C  
❏ Use tape to remove excess metal with wafer on vacuum chuck (Tape lift-off) 
❏ Visually inspect for metal removal 
❏ 20 sec spray with acetone gun at 1000 rpm (pressurized @ 40 psi) 
❏ 20 sec spray with acetone bottle at 500 rpm 
❏ 30 sec spray with isopropyl alcohol at 500 rpm 
❏ Dry with nitrogen at 500 rpm 
❏ Dry wafer with nitrogen on clean texwipes 
❏ Visually inspect for metal removal 
❏ Ultrasonic cleaner for 5-15 minutes (acetone) 
❏ 20 sec spray with acetone gun at 1000 rpm (pressurized @ 40 psi) 
❏ 20 sec spray with acetone bottle at 500 rpm 
❏ 30 sec spray with isopropyl alcohol at 500 rpm 
❏ Dry with nitrogen at 500 rpm 
❏ Dry wafer with nitrogen on clean texwipes 
❏ Visually inspect for metal removal 

  

 1165 STRIP PMGI: 
❏ 2 min 90 °C 1165 remover  
❏ 3x DI water bucket rinse 
❏ Dry wafer with nitrogen on clean texwipes  

  

 INSPECT WAFER: 
❏ Inspect for resist removal 

  

 LIFT-OFF BOTTOM METAL (Cont.): 
❏ Ultrasonic cleaner for 5-10 minutes (acetone) 
❏ 20 sec spray with acetone gun at 1000 rpm (pressurized @ 40 psi) 
❏ 20 sec spray with acetone bottle at 500 rpm 
❏ 30 sec spray with isopropyl alcohol at 500 rpm 
❏ Dry with nitrogen at 500 rpm 
❏ Dry wafer with nitrogen on clean texwipes  
❏ Visually inspect for metal removal 

  

 MEASURE STEP HEIGHT: 
❏ Measure step height of DC metal 
 
 
Mid: _________Top (flat):__________Bot:_________ Lt:_________ Rt:_________ 
 

  

 INSPECT WAFER: 
 
❏ Inspect wafer for stringers 

Stop Date 
 
 
Start Time 
 

 

 

Figure 70 Modified SNM01 bottom metal process follower (page 2/2).
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Init. Process Step Notes 
 

 DEHYDRATION BAKE:  
❏ 1 min 110°C Hot plate bake  

 PMGI COAT #1:  
❏ Flood wafer with SF-11 PMGI 
❏ 30 sec spin at 4,000 rpm, ramp=200 
❏ Use edge bead remover (EBR) to remove PMGI on backside (1 min @ 20°C)  
❏ 2 min 270 °C hot plate bake 

Start Date  
 
 
Start Time  

 

 PMGI COAT #2:  
❏ Flood wafer with SF-11 PMGI 
❏ 30 sec spin at 4,000 rpm, ramp=200 
❏ Use edge bead remover (EBR) to remove PMGI on backside (1 min @ 20°C)  
❏ 2 min 270 °C hot plate bake 

  

 PMGI COAT #3:  
❏ Flood wafer with SF-11 PMGI 
❏ 30 sec spin at 4,000 rpm, ramp=200 
❏ Use edge bead remover (EBR) to remove PMGI on backside (1 min @ 20°C)  
❏ 2 min 270 °C hot plate bake 

  

 1813 COAT:  
❏ Flood wafer with 1813 
❏ 30 sec spin at 4000 rpm, ramp=200 
❏ 75 sec 110 °C hot plate bake 
❏ Use acetone to remove 1813 on backside 

  

 EXPOSE 1813 with POST MASK:  
❏ Align to Bottom Metal alignment mark 
 ❏    3.0 sec Exposure, 0 Focus on Stepper 

 

SNM01 \PST 

 

 1813 DEVELOP:  
❏ 30 sec develop with  351:DI (1:5) at 500 rpm 
❏ 30 sec DI rinse at 500 rpm 
❏ Dry with nitrogen at 500 rpm 
❏ Dry wafer with nitrogen on clean texwipes  

  

 INSPECT LITHOGRAPHY:  
❏    Place wafer flat towards top of microscope 
❏    Inspect wafer alignment with yellow filter on microscope 

 ❏    Check Lithography : ❏    Open  ❏    Clean  ❏    Sharp Definition 
❏    Measure vernier alignment on edge reticles in center row                  (Left) Theta 

(Right) X Alignment 
(Right) Y Alignment 

❏    Rework wafer if alignment is off more than 0.6 µm  

 
 
 
 
YLeft   = 
XRight  = 
YRight  = 
θθθθ = YRight  - 
YLeft  = 

 

 1ST DUV CYCLE (~1.2µm / cycle)  
❏ 200 sec Deep UV exposure @ 35 mW/cm2, 254 nm 

  

 PMGI DEVELOP:  
❏ 30 sec SAL 101 spin develop at 500 rpm 
❏ 30 sec DI water rinse at 500 rpm 
❏ Dry wafer with nitrogen on clean texwipes  

  

 INSPECT RESIST: 
❏ Inspect photresist  

  

 2ND DUV CYCLE:  
❏ 200 sec Deep UV exposure @ 35 mW/cm2, 254 nm 

  

 PMGI DEVELOP:  
❏ 30 sec SAL 101 spin develop at 500 rpm 
❏ 30 sec DI water rinse at 500 rpm 
❏ Dry wafer with nitrogen on clean texwipes  

  

 INSPECT RESIST: 
❏ Inspect photresist  

  

 3D DUV CYCLE:  
❏ 30 sec Deep UV exposure @ 35 mW/cm2, 254 nm 

  

Figure 71 Modified SNM01 post and dimple process follower (page 1/3).
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 PMGI DEVELOP: 
❏ 30 sec SAL 101 spin develop at 500 rpm 
❏ 30 sec DI water rinse at 500 rpm 
❏ Dry wafer with nitrogen on clean texwipes  

  

 INSPECT RESIST: 
❏ Inspect photresist  

  

 STRIP 1813: 
❏ 20 sec  acetone gun at 1000 rpm 
❏ 20 sec  acetone rinse at 500 rpm 
❏ 20 sec Isopropanol rinse at 500 rpm 
❏ 10 sec DI rinse at 500 rpm 
❏ Dry with nitrogen at 500 rpm 
❏ Dry wafer with Nitrogen on clean texwipes 

  

 INSPECT RESIST: 
❏ Inspect photoresist for 1813 removal 

  

 MEASURE STEP HEIGHT: 
❏ Measure step height of sputtered metal (Si Mech Piece) 
 
Mid: _________Top (flat):__________Bot:_________ Lt:_________ Rt:_________ 

  

 ASHER: 
❏ 4 min, 200 W, 400 sccm O2, LFE 

  

 MEASURE STEP HEIGHT: 
❏ Measure step height of sputtered metal (Si Mech Piece) 
 
Mid: _________Top (flat):__________Bot:_________ Lt:_________ Rt:_________ 

  

 DEHYDRATION BAKE (If needed): 
❏ 1 min 110°C Hot plate bake  

  

   1813 COAT: 
❏ Flood wafer with 1813 
❏ 30 sec spin at 4000 rpm, ramp=200 
❏ Use acetone to remove 1813 on backside 
❏ 75 sec 110 °C hot plate bake 

  

 EXPOSE 1813 with DIMPLE MASK: 
❏ Align to Bottom Metal alignment mark 
 ❏    3.0 sec Exposure, 0 Focus on Stepper 

 

SNM01\DMP 

 

 1813 DEVELOP: 
❏ 30 sec develop with  351:DI (1:5) at 500 rpm 
❏ 30 sec DI rinse at 500 rpm 
❏ Dry with nitrogen at 500 rpm 
❏ Dry wafer with nitrogen on clean texwipes  

  

 INSPECT LITHOGRAPHY: 
❏    Place wafer flat towards top of microscope 
❏    Inspect wafer alignment with yellow filter on microscope 

❏    Check Lithography : ❏    Open  ❏    Clean  ❏    Sharp Definition 

  

 MEASURE STEP HEIGHT: 
❏ Measure step height of sputtered metal (Si Mech Piece) 
 
Mid: _________Top (flat):__________Bot:_________ Lt:_________ Rt:_________ 

  

 1ST PARTIAL DUV EXPOSE 
❏ 150 sec Deep UV exposure @ 35 mW/cm2, 254 nm 

  

 1ST PMGI DEVELOP: 
❏ 100 sec SAL 101 immersion develop with agitation 
❏ Replace SAL 101 after 2 develop cycles 
❏ 3x DI bucket rinse 
❏ Dry wafer with nitrogen on clean texwipes  

  

 MEASURE STEP HEIGHT: 
❏ Measure resist step height in three locations 
 
        Top   _______          Middle  _________        Bottom  ________ 

  

Figure 72 Modified SNM01 post and dimple process follower (page 2/3).
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 2ND PARTIAL DUV EXPOSE (If needed) 
❏ 50 sec Deep UV exposure @ 35 mW/cm2, 254 nm 

  

 2ND PMGI DEVELOP: 
❏ 100 sec SAL 101 immersion develop with agitation 
❏ Replace SAL 101 after 2 develop cycles 
❏ 3x DI bucket rinse 
❏ Dry wafer with nitrogen on clean texwipes  

  

 MEASURE STEP HEIGHT: 
❏ Measure resist step height in three locations 
 
        Top   _______          Middle  _________        Bottom  ________ 

  

 STRIP 1813: 
❏ 15 sec acetone gun at 1000 rpm 
❏ 15 sec acetone bottle at 500 rpm 
❏ 20 sec Isopropanol rinse at 500 rpm 
❏ 10 sec DI rinse at 500 rpm 
❏ Dry with nitrogen at 500 rpm 
❏ Dry wafer with Nitrogen on clean texwipes 

  

 INSPECT RESIST: 
❏ Inspect photoresist for 1813 removal 

  

 MEASURE STEP HEIGHT: 
❏ Measure resist step height in three locations 
 
        Top   _______          Middle  _________        Bottom  ________ 

  

 ASHER: 
❏ 4 min, 200 W, 400 sccm O2, LFE 

  

 MEASURE STEP HEIGHT: 
❏ Measure PMGI step height in three locations 
 
        Top   _______          Middle  _________        Bottom  ________ 

  

 POST REFLOW & INSPECT WAFER: 
❏ 3-4 MIN at 250 °C oven bake  USE NITROGEN OVEN AND METAL TRAY 
     Center the oven tray, Start timer after door is closed 
❏ Inspect for resist reflow.  Reflow again if necessary 

Reflow Time:  

 MEASURE STEP HEIGHT: 
❏ Measure resist step height in three locations 
 
        Top   _______          Middle  _________        Bottom  ________ 

  

 HARD BAKE: 
❏ Place in  90 °C  hot air oven 60 min before seed la yer deposition 
❏ Skip this step if reflow just completed or if seed layer depositon follows. 

Stop Date 
 

Stop Time 

 

 

 

Figure 73 Modified SNM01 post and dimple process follower (page 3/3).
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Init. Process Step Notes 
 

 ASHER:  
❏ 4 min, 200 W, 400 sccm O2, LFE 

 PRE-METAL DIP: 
❏ 30 sec BOE : DI water (1:10) 
❏ 3x bucket DI water rinse 
❏ Dry wafer on clean texwipes with Nitrogen 

Start Date  
 
 
 
Start Time  

 SEED LAYER DEPOSIT  
❏ Alloy/ Au / Ti              300Å / 400Å / 200Å 

  

 DEHYDRATION BAKE:  
❏ 1 min 110°C hot plate bake  

  

 9260 COAT   
❏ Flood wafer with 9260 resist.  Cut-off pipette at first indentation 
❏ 30 sec spin @ 5000 rpm, Ramp=200 
❏ 2 min 110°C hot plate bake 
❏ Use acetone swab to remove 9260 on backside 

  

 EXPOSE 9260 TO BRIDGE MASK: 
❏ Align to Bottom Metal alignment mark 
 ❏ 15.0 sec Exposure, 0 Focus on stepper 

 
SNM01_RF_ 

 

 9260 DEVELOP:  
❏ 3.0 min (210 sec) bucket develop in fresh  AZ400k:DI (1:4) with Hand Agitation 
❏ 3x bucket rinse 
❏ Dry wafer with nitrogen on Texwipes  

  

 INSPECT LITHOGRAPHY:  
❏    Place wafer flat towards top of microscope 
❏    Inspect wafer alignment with yellow filter on microscope 

 ❏    Check Lithography : ❏    Open  ❏    Clean  ❏    Sharp Definition 
❏    Measure vernier alignment on edge reticles in center row                  (Left) Theta 

(Right) X Alignment 
(Right) Y Alignment 

❏    Rework wafer if alignment is off more than 0.6 µm  

 
 
 
 
YLeft   = 
XRight  = 
YRight  = 
θθθθ = YRight  - YLeft  = 

 

 CLEAR PLATING CLIP AREA:  
❏ Remove four small areas with acetone dampened swab for plating clips 

  

 1400-27 COAT BACKSIDE:  
❏    Coat wafer backside with 1400-27 using large swab. 
❏    Dry photoresist with Nitrogen to help coat edges 

  

 BACKSIDE RESIST BAKE:  
❏    1 min 90°C  Oven Bake    (Wafer upside down in Fluo roware container) 

  

 ASHER:  
❏ 4 min, 200 W, 400 sccm O2, LFE 

  

 TITANIUM ETCH: 
❏ 90 sec 1:10 BOE:DI  (until clear) 
❏ 10 sec DI  bucket rinse 
❏ 10 sec 1:10 BOE:DI  
❏ 4X DI bucket rinse 
❏    Dry with nitrogen on clean texwipes 

  

 INSPECT WAFER:  
❏ Make sure Ti layer is completely removed. 

  

 MEASURE RESIST STEP HEIGHT:  
❏ Measure step height and record in table 

  

 ELECTROPLATE STRUCTURAL LAYER:  
❏ Power on the plating bath and wait for temp to rise 
❏ Power on the Dynacomm controller and start the software 
❏    Set current density (mA/cm2), average current (mA), and Amin in software 
❏    Load wafer and immerse into the plating bath solution 
❏     ______ min plate time at at _______mA to give about ___ µm  total thickness 
❏ 2X DI bucket rinse 
❏    Dry wafer with nitrogen on clean Texwipes 
❏    Turn off plating system (if finished plating) 

  

 MEASURE STEP HEIGHT:  
❏ Measure step height and record in table 

  

Figure 74 Modified SNM01 structural layer process follower (page 1/2).
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 REMOVE 9260 
❏    Remove 1400-27 from wafer backside with acetone soaked swap.  Wipe 
thoroughly so all resist is removed. 
❏    30 sec spray with acetone bottle at 500 rpm 
❏    30 sec isopropyl alcohol at 500 rpm 
❏    10 sec DI  bottle 
❏    Dry with nitrogen at 500 rpm 
❏    Dry wafer with nitrogen on clean Texwipes 

  

 INSPECT WAFER: 
❏ Make sure resist is completely removed. 

  

 MEASURE STEP HEIGHT: 
❏     Measure metal height and record in table 
❏  Record result in plating log book 

  

 TITANIUM LAYER ETCH: 
❏ 45–90 sec 1:10 BOE:DI  (Etch until clear + 5-10 sec longer) 
❏ 10 sec DI  bucket rinse 
❏ 10 sec 1:10 BOE:DI  
❏ 3X DI bucket rinse 
❏ Dry with nitrogen on clean Texwipes 

  

 INSPECT WAFER: 
❏ Make sure Ti layer is completely removed. 

  

 SEED LAYER ETCH: 
❏ Immerse in Technistrip   (Etch until clear + 30 sec longer) 
❏ 3x DI  bucket rinse 
❏ Dry with nitrogen on clean Texwipes 

  

 INSPECT WAFER: 
❏ Make sure seed layer is completely removed. 

  

 MEASURE STEP HEIGHT: 
❏     Measure metal height and record in table 

  

 ALLOY LAYER ETCH: 
❏ Immerse in Aqua Regus (HCL:HNO3) (30 sec) 
❏ 3x DI  bucket rinse 
❏ Dry with nitrogen on clean Texwipes 

  

 INSPECT WAFER: 
❏ Make sure alloy layer is completely removed. 

  

 MEASURE STEP HEIGHT: 
❏     Measure metal height and record in table 

Finish Date 

 

Finish Time 

 

 

ETCH TABLE Center Top Bottom Left Right 

PR Ht Before Plating      
PR Ht After Plating      
Au Ht After PR strip      
Au Ht After Seed Etch      

 

Au Ht After Alloy Etch      

 
 

Figure 75 Modified SNM01 structural layer process follower (page 2/2).
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Init. Process Step Notes 
 

Start Date 
 
 
Start Time 

 REMOVE PMGI (Release):    
❏ Place sample in room temp 1165, cover beaker with foil, place on hot plate.  Set 

hot plate to 125°C  (150 ml of 1165, 1000 ml beaker .  30 minute 1165 strip. 
❏ Wet transfer from 1165 beaker to 1st IPA in Petri dish, 30 s soak 
❏ Wet transfer to 2nd IPA in Petri dish, 30 s soak 
❏ Wet transfer to 3rd IPA in Petri dish, 30 s soak 
❏ Wet transfer to 4th IPA in Petri dish, 30 s soak 
❏ Wet transfer to 1st methanol in Petri dish, 30 s soak 
❏ Wet transfer to 2nd methanol in Petri dish, 30 s soak 
❏ Wet transfer to 3rd methanol in Petri dish, 30 s soak 
❏ Wet transfer to 4th methanol in Petri dish, 30 s soak 
❏ Remove wafer from 4th methanol dish and place in CO2 dryer.  Fill chamber with 

methanol to cover the wafer.  Immediately cover CO2 dryer and start process. 

 

 ❏ CO2 critical point dryer. 
 

 INSPECT WAFER: 
 

 

 ASHER: 
❏ 4 min, 200W, 500 sccm, O2, LFE 

Finish Date 

 

Finish Time 

 

 

Figure 76 Modified SNM01 release process follower (page 1/1).
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Appendix B. SNM02 Process Followers
 

 

Init. Process Step Notes 
 

 INSPECT WAFER: 
❏ Note any defects 

 SOLVENT CLEAN: 
❏ 20 sec acetone rinse at 500 rpm 
❏ 20 sec isopropyl rinse at 500 rpm 
❏ Dry with nitrogen at 500 rpm 
❏ Dry wafer with nitrogen on clean texwipes  

Start Date 
 
 
 
Start Time 

 OXIDE REMOVAL: 
❏ 30 sec dip (1:10) BOE:DI Water 
❏ 3x  DI Water bucket rinse 
❏ Dry wafer with nitrogen on clean texwipes 

  

 DEHYDRATION BAKE: 
❏ 1 min 110 °C Hot plate bake  

  

 PMGI COAT : 
❏ Flood wafer with SF-11 PMGI 
❏ 30 sec spin at 4,000 rpm, ramp=200 
❏ Use edge bead remover (EBR) to remove PMGI on backside (1 min @ 20°C)  
❏ 2 min 270 °C  hot plate bake 

  

 1813 COAT: 
❏ Flood wafer with 1813 
❏ 30 sec spin at 4,000 rpm, ramp=200 
❏ 75  sec 110°C hot plate bake 
❏ Use acetone to remove 1813 on backside 

  

 EXPOSE 1813 with BOTTOM METAL MASK: 
❏    No alignment for first level mask 
❏    3.0 sec exposure, 0 focus on stepper 

  

 1813 DEVELOP: 
❏ 30 sec develop with 351:DI Water (1:5) at 500 rpm 
❏ 30 sec DI Water rinse at 500 rpm 
❏ Dry with nitrogen at 500 rpm 
❏ Dry wafer with nitrogen on clean texwipes 

 
SNM02 \DC 
 

 

 INSPECT RESIST: 
❏ Inspect photoresist under microscope (use yellow filter) 

  

 1ST DEEP UV EXPOSE: 
❏ 200 sec Deep UV exposure @ 35 mW/cm2, 254 nm 

  

 1ST PMGI DEVELOP 
❏ 30 sec SAL 101 spin develop at 500 rpm 
❏ 30 sec DI rinse at 500 rpm 
❏ Dry wafer with nitrogen on clean texwipes 

  

 2ND DEEP UV EXPOSE: 
❏ 200 sec Deep UV exposure @ 35 mW/cm2, 254 nm 

  

 2ND PMGI DEVELOP 
❏ 30 sec SAL 101 spin develop at 500 rpm 
❏ 30 sec DI rinse at 500 rpm 
❏ Dry wafer with nitrogen on clean texwipes 

  

 DEEP UV EXPOSE: 
❏ 600 sec Deep UV exposure @ 35 mW/cm2, 254 nm 

  

 PMGI DEVELOP 
❏ 30 sec SAL 101 spin develop at 500 rpm 
❏ 30 sec DI rinse at 500 rpm 
❏ Dry wafer with nitrogen on clean texwipes 

  

 INSPECT RESIST: 
❏ Inspect photoresist under microscope 

  

 ASHER: 
❏ 4 min, 200 W, 400 sccm O2, LFE Barrel Asher 

  

 PRE-METAL DIP: 
❏ 30 sec Dip (1:10) BOE:DI Water 
❏ 3x DI Water bucket rinse 
❏ Dry wafer with nitrogen on clean texwipes 

  

 BOTTOM METAL DEPOSITION: 
❏ Evaporate 500 Å Cr / 4000 Å Au 

  

Figure 77 SNM02 bottom metal process follower (page 1/2).
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 BOTTOM METAL LIFT-OFF: 
❏ Heat 1165 remover to 90 °C  
❏ Use tape to remove excess metal with wafer on vacuum chuck (Tape lift-off) 
❏ Visually inspect for metal removal 
❏ 20 sec spray with acetone gun at 1000 rpm (pressurized @ 40 psi) 
❏ 20 sec spray with acetone bottle at 500 rpm 
❏ 30 sec spray with isopropyl alcohol at 500 rpm 
❏ Dry with nitrogen at 500 rpm 
❏ Dry wafer with nitrogen on clean texwipes 
❏ Visually inspect for metal removal 

  

 1165 STRIP PMGI: 
❏ 2 min 90 °C 1165 remover  
❏ 3x DI water bucket rinse 
❏ Dry wafer with nitrogen on clean texwipes  

 INSPECT WAFER: 
❏ Inspect for resist removal 

Stop Date 
 
 
Start Time 
 

 
 
 

Figure 78 SNM02 bottom metal process follower (page 2/2).
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Init. Process Step Notes 
 

 DEHYDRATION BAKE: 
❏ 1 min 110 °C Hot plate bake  

 PMGI COAT : 
❏ Flood wafer with SF-11 PMGI 
❏ 30 sec spin at 4,000 rpm, ramp=200 
❏ Use edge bead remover (EBR) to remove PMGI on backside (1 min @ 20°C)  
❏ 2 min 270 °C  hot plate bake 

Start Date 
 
 
 
 
Start Time 

 1813 COAT: 
❏ Flood wafer with 1813 
❏ 30 sec spin at 4,000 rpm, ramp=200 
❏ 75  sec 110°C hot plate bake 
❏ Use acetone to remove 1813 on backside 

  

 EXPOSE 1813 with CONTACT METAL MASK: 
❏    No alignment for first level mask 
❏    3.0 sec exposure, 0 focus on stepper 

 
SNM02 \RF 
 

 

 1813 DEVELOP: 
❏ 30 sec develop with 351:DI Water (1:5) at 500 rpm 
❏ 30 sec DI Water rinse at 500 rpm 
❏ Dry with nitrogen at 500 rpm 
❏ Dry wafer with nitrogen on clean texwipes 

  

 INSPECT LITHOGRAPHY: 
❏    Place wafer flat towards top of microscope 
❏    Inspect wafer alignment with yellow filter on microscope 

 ❏    Check Lithography : ❏    Open  ❏    Clean  ❏    Sharp Definition 
❏    Measure vernier alignment on edge reticles in center row                  (Left) Theta 

(Right) X Alignment 
(Right) Y Alignment 

❏    Rework wafer if alignment is off more than 0.6 µm  

 
 
 
 
YLeft   = 
XRight = 
YRight = 
θθθθ = YRight - 
YLeft = 

 

 1ST DEEP UV EXPOSE: 
❏ 200 sec Deep UV exposure @ 35 mW/cm2, 254 nm 

  

 1ST PMGI DEVELOP 
❏ 30 sec SAL 101 spin develop at 500 rpm 
❏ 30 sec DI rinse at 500 rpm 
❏ Dry wafer with nitrogen on clean texwipes 

  

 2ND DEEP UV EXPOSE: 
❏ 200 sec Deep UV exposure @ 35 mW/cm2, 254 nm 

  

 2ND PMGI DEVELOP 
❏ 30 sec SAL 101 spin develop at 500 rpm 
❏ 30 sec DI rinse at 500 rpm 
❏ Dry wafer with nitrogen on clean texwipes 

  

 INSPECT RESIST: 
❏ Inspect photoresist under microscope 

  

 ASHER: 
❏ 4 min, 200 W, 400 sccm O2, LFE Barrel Asher 

  

 PRE-METAL DIP: 
❏ 30 sec Dip (1:10) BOE:DI Water 
❏ 3x DI Water bucket rinse 
❏ Dry wafer with nitrogen on clean texwipes 

  

 CONTACT METAL DEPOSITION: 
❏ Sputter         Å of ____ 

  

Figure 79 SNM02 contact metal process follower (page 1/2).
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 CONTACT METAL LIFT-OFF: 
❏ Heat 1165 remover to 90 °C  
❏ Use tape to remove excess metal with wafer on vacuum chuck (Tape lift-off) 
❏ Visually inspect for metal removal 
❏ 20 sec spray with acetone gun at 1000 rpm (pressurized @ 40 psi) 
❏ 20 sec spray with acetone bottle at 500 rpm 
❏ 30 sec spray with isopropyl alcohol at 500 rpm 
❏ Dry with nitrogen at 500 rpm 
❏ Dry wafer with nitrogen on clean texwipes 
❏ Visually inspect for metal removal 
❏ Ultrasonic cleaner for 5-15 minutes (acetone) 
❏ 20 sec spray with acetone gun at 1000 rpm (pressurized @ 40 psi) 
❏ 20 sec spray with acetone bottle at 500 rpm 
❏ 30 sec spray with isopropyl alcohol at 500 rpm 
❏ Dry with nitrogen at 500 rpm 
❏ Dry wafer with nitrogen on clean texwipes 
❏ Visually inspect for metal removal 

  

 1165 STRIP PMGI: 
❏ 2 min 90 °C 1165 remover  
❏ 3x DI water bucket rinse 
❏ Dry wafer with nitrogen on clean texwipes  

  

 INSPECT WAFER: 
❏ �Inspect for resist removal 

  

 CONTACT METAL LIFT-OFF (Cont.): 
❏� Ultrasonic cleaner for 5-10 minutes (acetone) 
❏ �20 sec spray with acetone gun at 1000 rpm (pressurized @ 40 psi) 
❏ �20 sec spray with acetone bottle at 500 rpm 
❏ �30 sec spray with isopropyl alcohol at 500 rpm 
❏ �Dry with nitrogen at 500 rpm 
❏� Dry wafer with nitrogen on clean texwipes  
❏� Visually inspect for metal removal 

  

 MEASURE STEP HEIGHT: 
❏ Measure step height of contact metal 
 
 
Mid: _________Top (flat):__________Bot:_________ Lt:_________ Rt:_________ 
 

 INSPECT WAFER: 
❏ Inspect for stringers 

Stop Date 
 
 
Start Time 
 

 

 

Figure 80 SNM02 contact metal process follower (page 2/2).
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Init. Process Step Notes 
 

 DEHYDRATION BAKE:  
❏ 1 min 110°C Hot plate bake  

 PMGI COAT #1:  
❏ Flood wafer with SF-11 PMGI 
❏ 30 sec spin at 4,000 rpm, ramp=200 
❏ Use edge bead remover (EBR) to remove PMGI on backside (1 min @ 20°C)  
❏ 2 min 270 °C hot plate bake 

Start Date  
 
 
Start Time  

 

 PMGI COAT #2:  
❏ Flood wafer with SF-11 PMGI 
❏ 30 sec spin at 4,000 rpm, ramp=200 
❏ Use edge bead remover (EBR) to remove PMGI on backside (1 min @ 20°C)  
❏ 2 min 270 °C hot plate bake 

  

 PMGI COAT #3:  
❏ Flood wafer with SF-11 PMGI 
❏ 30 sec spin at 4,000 rpm, ramp=200 
❏ Use edge bead remover (EBR) to remove PMGI on backside (1 min @ 20°C)  
❏ 2 min 270 °C hot plate bake 

  

 1813 COAT:  
❏ Flood wafer with 1813 
❏ 30 sec spin at 4000 rpm, ramp=200 
❏ 75 sec 110 °C hot plate bake 
❏ Use acetone to remove 1813 on backside 

  

 EXPOSE 1813 with POST MASK:  
❏ Align to Bottom Metal alignment mark 
 ❏    3.0 sec Exposure, 0 Focus on Stepper 

 

SNM02 \PO 

 

 1813 DEVELOP:  
❏ 30 sec develop with  351:DI (1:5) at 500 rpm 
❏ 30 sec DI rinse at 500 rpm 
❏ Dry with nitrogen at 500 rpm 
❏ Dry wafer with nitrogen on clean texwipes  

  

 INSPECT LITHOGRAPHY:  
❏    Place wafer flat towards top of microscope 
❏    Inspect wafer alignment with yellow filter on microscope 

 ❏    Check Lithography : ❏    Open  ❏    Clean  ❏    Sharp Definition 
❏    Measure vernier alignment on edge reticles in center row                  (Left) Theta 

(Right) X Alignment 
(Right) Y Alignment 

❏    Rework wafer if alignment is off more than 0.6 µm 

 
 
 
 
YLeft   = 
XRight  = 
YRight  = 
θθθθ = YRight  - YLeft  = 

 

 1ST DUV CYCLE (~1.2µm / cycle)  
❏ 200 sec Deep UV exposure @ 35 mW/cm2, 254 nm 

  

 PMGI DEVELOP:  
❏ 30 sec SAL 101 spin develop at 500 rpm 
❏ 30 sec DI water rinse at 500 rpm 
❏ Dry wafer with nitrogen on clean texwipes  

  

 INSPECT RESIST: 
❏ Inspect photresist  

  

 2ND DUV CYCLE:  
❏ 200 sec Deep UV exposure @ 35 mW/cm2, 254 nm 

  

 PMGI DEVELOP:  
❏ 30 sec SAL 101 spin develop at 500 rpm 
❏ 30 sec DI water rinse at 500 rpm 
❏ Dry wafer with nitrogen on clean texwipes  

  

 INSPECT RESIST: 
❏ Inspect photresist  

  

 3D DUV CYCLE:  
❏ 30 sec Deep UV exposure @ 35 mW/cm2, 254 nm 

  

 PMGI DEVELOP:  
❏ 30 sec SAL 101 spin develop at 500 rpm 
❏ 30 sec DI water rinse at 500 rpm 
❏ Dry wafer with nitrogen on clean texwipes  

  

Figure 81 SNM02 post and dimple process follower (page 1/3).
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Init. Process Step Notes 
 

 DEHYDRATION BAKE:  
❏ 1 min 110°C Hot plate bake  

 PMGI COAT #1:  
❏ Flood wafer with SF-11 PMGI 
❏ 30 sec spin at 4,000 rpm, ramp=200 
❏ Use edge bead remover (EBR) to remove PMGI on backside (1 min @ 20°C)  
❏ 2 min 270 °C hot plate bake 

Start Date  
 
 
Start Time  

 

 PMGI COAT #2:  
❏ Flood wafer with SF-11 PMGI 
❏ 30 sec spin at 4,000 rpm, ramp=200 
❏ Use edge bead remover (EBR) to remove PMGI on backside (1 min @ 20°C)  
❏ 2 min 270 °C hot plate bake 

  

 PMGI COAT #3:  
❏ Flood wafer with SF-11 PMGI 
❏ 30 sec spin at 4,000 rpm, ramp=200 
❏ Use edge bead remover (EBR) to remove PMGI on backside (1 min @ 20°C)  
❏ 2 min 270 °C hot plate bake 

  

 1813 COAT:  
❏ Flood wafer with 1813 
❏ 30 sec spin at 4000 rpm, ramp=200 
❏ 75 sec 110 °C hot plate bake 
❏ Use acetone to remove 1813 on backside 

  

 EXPOSE 1813 with POST MASK:  
❏ Align to Bottom Metal alignment mark 
 ❏    3.0 sec Exposure, 0 Focus on Stepper 

 

SNM02 \PO 

 

 1813 DEVELOP:  
❏ 30 sec develop with  351:DI (1:5) at 500 rpm 
❏ 30 sec DI rinse at 500 rpm 
❏ Dry with nitrogen at 500 rpm 
❏ Dry wafer with nitrogen on clean texwipes  

  

 INSPECT LITHOGRAPHY:  
❏    Place wafer flat towards top of microscope 
❏    Inspect wafer alignment with yellow filter on microscope 

 ❏    Check Lithography : ❏    Open  ❏    Clean  ❏    Sharp Definition 
❏    Measure vernier alignment on edge reticles in center row                  (Left) Theta 

(Right) X Alignment 
(Right) Y Alignment 

❏    Rework wafer if alignment is off more than 0.6 µm 

 
 
 
 
YLeft   = 
XRight  = 
YRight  = 
θθθθ = YRight  - YLeft  = 

 

 1ST DUV CYCLE (~1.2µm / cycle)  
❏ 200 sec Deep UV exposure @ 35 mW/cm2, 254 nm 

  

 PMGI DEVELOP:  
❏ 30 sec SAL 101 spin develop at 500 rpm 
❏ 30 sec DI water rinse at 500 rpm 
❏ Dry wafer with nitrogen on clean texwipes  

  

 INSPECT RESIST: 
❏ Inspect photresist  

  

 2ND DUV CYCLE:  
❏ 200 sec Deep UV exposure @ 35 mW/cm2, 254 nm 

  

 PMGI DEVELOP:  
❏ 30 sec SAL 101 spin develop at 500 rpm 
❏ 30 sec DI water rinse at 500 rpm 
❏ Dry wafer with nitrogen on clean texwipes  

  

 INSPECT RESIST: 
❏ Inspect photresist  

  

 3D DUV CYCLE:  
❏ 30 sec Deep UV exposure @ 35 mW/cm2, 254 nm 

  

 PMGI DEVELOP:  
❏ 30 sec SAL 101 spin develop at 500 rpm 
❏ 30 sec DI water rinse at 500 rpm 
❏ Dry wafer with nitrogen on clean texwipes  

  

Figure 82 SNM02 post and dimple process follower (page 2/3).
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 2ND PMGI DEVELOP: 
❏ 100 sec SAL 101 immersion develop with agitation 
❏ Replace SAL 101 after 2 develop cycles 
❏ 3x DI bucket rinse 
❏ Dry wafer with nitrogen on clean texwipes  

  

 MEASURE STEP HEIGHT: 
❏ Measure resist step height in three locations 
 
        Top   _______          Middle  _________        Bottom  ________ 

  

 STRIP 1813: 
❏ 15 sec acetone gun at 1000 rpm 
❏ 15 sec acetone bottle at 500 rpm 
❏ 20 sec Isopropanol rinse at 500 rpm 
❏ 10 sec DI rinse at 500 rpm 
❏ Dry with nitrogen at 500 rpm 
❏ Dry wafer with Nitrogen on clean texwipes 

  

 INSPECT RESIST: 
❏ Inspect photoresist for 1813 removal 

  

 MEASURE STEP HEIGHT: 
❏ Measure resist step height in three locations 
 
        Top   _______          Middle  _________        Bottom  ________ 

  

 ASHER: 
❏ 4 min, 200 W, 400 sccm O2, LFE 

  

 MEASURE STEP HEIGHT: 
❏ Measure PMGI step height in three locations 
 
        Top   _______          Middle  _________        Bottom  ________ 

  

 POST REFLOW & INSPECT WAFER: 
❏ 3-4 MIN at 250 °C oven bake  USE NITROGEN OVEN AND METAL TRAY 
     Center the oven tray, Start timer after door is closed 
❏ Inspect for resist reflow.  Reflow again if necessary 

Reflow Time:  

 MEASURE STEP HEIGHT: 
❏ Measure resist step height in three locations 
 
        Top   _______          Middle  _________        Bottom  ________ 

  

 HARD BAKE: 
❏ Place in  90 °C  hot air oven 60 min before seed la yer deposition 
❏ Skip this step if reflow just completed or if seed layer depositon follows. 

Stop Date 
 

Stop Time 

 
 
 

Figure 83 SNM02 post and dimple process follower (page 3/3).
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Init. Process Step Notes Date 
Time 

 HARD BAKE: 
❏ Place in  90 °C  hot air oven 60 min before seed la yer deposition 
❏ Skip this step if reflow just completed or if seed layer depositon follows. 

 CONTACT METAL DEPOSITION: 
❏ Sputter         Å of ____ 

Start Date 
 
 
Start Time 

 1813 COAT: 
❏ Flood wafer with 1813 
❏ 30 sec spin at 4000 rpm, ramp=200 
❏ Use acetone to remove 1813 on backside 
❏ 75 sec 110 °C hot plate bake  

 

 

 

 EXPOSE 1813 with REVERSE DIMPLE MASK: 
❏ Align to Bottom Metal alignment mark 
❏    3.0 sec Exposure, 15 Focus on Stepper 

 
SNM02 \RDMP 

 

 1813 DEVELOP: 
❏ 30 sec develop with  351:DI (1:5) at 500 rpm 
❏ 30 sec DI rinse at 500 rpm 
❏ Dry with nitrogen at 500 rpm 
❏ Dry wafer with nitrogen on clean texwipes 

 
 
 
 
 

 

 INSPECT LITHOGRAPHY: 
❏    Place wafer flat towards top of microscope 
❏    Inspect wafer alignment with yellow filter on microscope 
❏    Check Lithography : ❏    Open  ❏    Clean  ❏    Sharp Definition 
❏    Measure vernier alignment on edge reticles in center row                  (Left) Theta 

(Right) X Alignment 
(Right) Y Alignment 

❏    Rework wafer if alignment is off more than 0.6 µm 

 
 
 
 
YLeft   = 
XRight = 
YRight = 
θθθθ = YRight - YLeft = 

 

 MEASURE STEP HEIGHT: 
❏ Measure step height in three locations 
 
 
Mid: _________Top (flat):__________Bot:_________ Lt:_________ Rt:_________ 
 

  

 INSPECT RESIST: 
❏ Inspect photoresist under microscope (use yellow filter) 

  

 CONTACT METAL ETCH BACK: 
❏ 1–2 min immersion etch in Technistrip   (Etch until clear + 30 sec longer) 
❏ or 30 sec immersion etch in Aqua Regus (Etch until clear) 
❏  3x DI  bucket rinse 
❏ Dry with nitrogen on clean Texwipes 

  

 INSPECT WAFER: 
❏ Make sure seed layer is completely removed. 

  

 STRIP 1813: 
❏ 20 sec acetone gun at 1000 rpm 
❏ 20 sec acetone bottle at 500 rpm 
❏ 20 sec Isopropanol rinse at 500 rpm 
❏ 10 sec DI rinse at 500 rpm 
❏ Dry with nitrogen at 500 rpm 
❏ Dry wafer with Nitrogen on clean texwipes 

  

 INSPECT RESIST: 
❏ Inspect photoresist for 1813 removal 

  

 MEASURE STEP HEIGHT: 
❏ Measure contact metal step height in three locations 
 
        Top   _______          Middle  _________        Bottom  ________ 
 

Finish Date 

 

Finish Time 

 
 
 

Figure 84 SNM02 dimple etch back process follower (page 1/1).
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Init. Process Step Notes 
 

 ASHER: 
❏ 4 min, 200 W, 400 sccm O2, LFE 

 PRE-METAL DIP: 
❏ 30 sec BOE : DI water (1:10) 
❏ 3x bucket DI water rinse 
❏ Dry wafer on clean texwipes with Nitrogen 

Start Date 
 
 
 
Start Time 

 SEED LAYER DEPOSIT 
❏ Sputter  Au / Ti              700Å / 200Å 

  

 DEHYDRATION BAKE: 
❏ 1 min 110°C hot plate bake  

  

 9260 COAT   
❏ Flood wafer with 9260 resist.  Cut-off pipette at first indentation 
❏ 30 sec spin @ 5000 rpm, Ramp=200 
❏ 2 min 110°C hot plate bake 
❏ Use acetone swab to remove 9260 on backside 

  

 EXPOSE 9260 TO BRIDGE MASK: 
❏ Align to Bottom Metal alignment mark 
 ❏ 15.0 sec Exposure, 0 Focus on stepper 

 
SNM02 \BR 

 

 9260 DEVELOP: 
❏ 3.0 min (210 sec) bucket develop in fresh AZ400k:DI (1:4) with Hand Agitation 
❏ 3x bucket rinse 
❏ Dry wafer with nitrogen on Texwipes  

  

 INSPECT LITHOGRAPHY: 
❏    Place wafer flat towards top of microscope 
❏    Inspect wafer alignment with yellow filter on microscope 

 ❏    Check Lithography : ❏    Open  ❏    Clean  ❏    Sharp Definition 
❏    Measure vernier alignment on edge reticles in center row                  (Left) Theta 

(Right) X Alignment 
(Right) Y Alignment 

❏    Rework wafer if alignment is off more than 0.6 µm  

 
 
 
 
YLeft   = 
XRight = 
YRight = 
θθθθ = YRight - YLeft 
= 

 

 CLEAR PLATING CLIP AREA: 
❏ Remove four small areas with acetone dampened swab for plating clips 

  

 1400-27 COAT BACKSIDE: 
❏    Coat wafer backside with 1400-27 using large swab. 
❏    Dry photoresist with Nitrogen to help coat edges 

  

 BACKSIDE RESIST BAKE: 
❏    1 min 90°C  Oven Bake    (Wafer upside down in Fluo roware container) 

  

 ASHER: 
❏ 4 min, 200 W, 400 sccm O2, LFE 

  

 TITANIUM ETCH: 
❏ 90 sec 1:10 BOE:DI  (until clear) 
❏ 10 sec DI  bucket rinse 
❏ 10 sec 1:10 BOE:DI  
❏ 4X DI bucket rinse 
❏    Dry with nitrogen on clean texwipes 

  

 INSPECT WAFER: 
❏ Make sure Ti layer is completely removed. 

  

 MEASURE RESIST STEP HEIGHT: 
❏ Measure step height and record in table 

  

Figure 85 SNM02 structural layer process follower (page 1/2).
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 ELECTROPLATE STRUCTURAL LAYER:  
❏ Power on the plating bath and wait for temp to rise 
❏ Power on the Dynacomm controller and start the software 
❏    Set current density (mA/cm2), average current (mA), and Amin in software 
❏    Load wafer and immerse into the plating bath solution 
❏     ______ min plate time at at _______mA to give about ___ µm  total thickness 
❏ 2X DI bucket rinse 
❏    Dry wafer with nitrogen on clean Texwipes 
❏    Turn off plating system (if finished plating) 

  

 MEASURE STEP HEIGHT:  
❏ Measure step height and record in table 

  

 REMOVE 9260 
❏    Remove 1400-27 from wafer backside with acetone soaked swap.  Wipe 
thoroughly so all resist is removed. 
❏    30 sec spray with acetone bottle at 500 rpm 
❏    30 sec isopropyl alcohol at 500 rpm 
❏    10 sec DI  bottle 
❏    Dry with nitrogen at 500 rpm 
❏    Dry wafer with nitrogen on clean Texwipes 

  

 INSPECT WAFER:  
❏ Make sure resist is completely removed. 

  

 MEASURE STEP HEIGHT:  
❏     Measure metal height and record in table 
❏  Record result in plating log book 

  

 TITANIUM LAYER ETCH: 
❏ 45–90 sec 1:10 BOE:DI  (Etch until clear + 5-10 sec longer) 
❏ 10 sec DI  bucket rinse 
❏ 10 sec 1:10 BOE:DI  
❏ 3X DI bucket rinse 
❏ Dry with nitrogen on clean Texwipes 

  

 INSPECT WAFER:  
❏ Make sure Ti layer is completely removed. 

  

 SEED LAYER ETCH:  
❏ Immerse in Technistrip   (Etch until clear + 30 sec longer) 
❏ 3x DI  bucket rinse 
❏ Dry with nitrogen on clean Texwipes 

  

 INSPECT WAFER:  
❏ Make sure seed layer is completely removed. 

  

 MEASURE STEP HEIGHT:  
❏     Measure metal height and record in table 

Finish Date  

 

Finish Time  

 

ETCH TABLE  Center Top Bottom Left Right 

PR Ht Before Plating      
PR Ht After Plating      
Au Ht After PR strip      
Au Ht After Seed Etch      

 

Au Ht After Alloy Etch      

 

Figure 86 SNM02 structural layer process follower (page 2/2).

156



Init. Process Step Notes 
 

Start Date 
 
 
Start Time 

 REMOVE PMGI (Release):    
❏ Place sample in room temp 1165, cover beaker with foil, place on hot plate.  Set 

hot plate to 125°C  (150 ml of 1165, 1000 ml beaker .  30 minute 1165 strip. 
❏ Wet transfer from 1165 beaker to 1st IPA in Petri dish, 30 s soak 
❏ Wet transfer to 2nd IPA in Petri dish, 30 s soak 
❏ Wet transfer to 3rd IPA in Petri dish, 30 s soak 
❏ Wet transfer to 4th IPA in Petri dish, 30 s soak 
❏ Wet transfer to 1st methanol in Petri dish, 30 s soak 
❏ Wet transfer to 2nd methanol in Petri dish, 30 s soak 
❏ Wet transfer to 3rd methanol in Petri dish, 30 s soak 
❏ Wet transfer to 4th methanol in Petri dish, 30 s soak 
❏ Remove wafer from 4th methanol dish and place in CO2 dryer.  Fill chamber with 

methanol to cover the wafer.  Immediately cover CO2 dryer and start process. 
 

 

 ❏ CO2 critical point dryer. 
 

 INSPECT WAFER: 
 

 

 ASHER: 
❏ 4 min, 200W, 500 sccm, O2, LFE 

Finish Date 

 

Finish Time 

 

 

Figure 87 SNM02 release process follower (page 1/1).
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119. Plötz, F., S. Michaelis, H.-J. Timme, J. Binder, and R. Noé. “Surface-
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