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ABSTRACT

This thesis presents the modeling and analysis of scalable arcless micromechanical
switches for power applications. The proposed switching system consists of Total
Cross Tied (TCT) array of electrostatically actuated micromechanical switches, which
operates under hot switching condition.

A conceptual model of scalable Total Cross Tied (TCT) array configuration of
micromechanical switches has been introduced to enhance higher rating. Performance
of mechanical switch, solid-state switch and micromechanical switch array are
compared for 400V, 6A DC system and 230V, 6A AC system using MATLAB Simulink
and literature data. This provides the voltage, current and power characteristics of the
micromechanical switch array. The comparative study shows that the proposed switch
array gives better performance in terms of voltage drop, leakage current and power loss.
This work identifies four parts of the micromechanical switch at which arc might occur.
Driving electrode is one of the arc occurring part, which is supplied with DC voltage.
It is a non-touching electrode. Breakdown arc occurs in this electrode, which is due to
breakdown voltage and electric field. This work presents breakdown voltage and
breakdown electric field based on modified Paschen curve for Al, Cu, Au and Pt
materials for the gap between 0.5um and 30um. This curve provides the boundary
between the arc and arcless region. This work proposes to design and analyze arcless
driving electrode using mathematical modeling and Finite Element Modeling (FEM)
simulations. The electric field distribution across the driving electrode during ON-state
and OFF-state of the micromechanical switch are obtained. The influences of contact
gap and contact size are also simulated. The arc occurrences for driving electrodes at
various voltages are also simulated and results are presented.

Further this work proposes to design arcless microelectrical contact based on
electrothermal behavior using mathematical modeling and FEM simulations. The
microelectrical contact is a touching electrode which is responsible for allowing and
interrupting electric current. This work explores various parameters which are
responsible for the ignition of arc. Pre-breakdown and breakdown arc occurs in
microelectrical contact which is due to metal vapors and ionization of air gap
respectively. The ON-state resistance and current carrying capability of the

microelectrical contact are presented for smooth surface and rough surfaces.
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Simulation has been carried out to estimate the steady state and transient temperature
distributions for the design of arcless microelectrical contact. The OFF-state
capacitance and electric field are calculated and simulated for the arcless
microelectrical contact. The analysis is carried out for materials such as Al, Cu, Au
and Pt. This analysis identifies the voltage, current and power rating of the arcless
microelectrical contact.

This work also proposes to design micromechanical switch and analyze its
electromechanical performance parameters using mathematical modeling and FEM
simulations. The performance characteristics such as spring constant, driving voltage,
force, switching speed, capacitance and Q factor are investigated. This work presents
the influence of electromechanical parameters in the design of arcless
micromechanical switch. The switching characteristics of a single switch with the
rating of 12V, 0.2A are obtained. The arcless nature of the switch during hot
switching is extensively analyzed. A scalable TCT array of 140V, 3A rating using
15%12 switches has been designed. Simulation has been carried out to obtain the
switching characteristics of the TCT array using MEMS+ and Cadence virtuoso tools.
The results show the feasibility of using TCT array of micromechanical switches for

arcless power switching applications.
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CHAPTER 1
INTRODUCTION

Switches are important components in electrical system, which are used to make and
interrupt the electric current. The first manually operated mechanical switch was invented
in 1884 by John Henry Holmes and was used for turning oN and OFF lights (Dummer et
al., 1997). In 1889, mechanical switches were used to connect and disconnect telephone
lines (Dryburgh et al, 2004). Manual operation became more complicated and
impractical in applications such as electric power circuit protection and
telecommunication systems. To overcome this challenge, automatically controllable
mechanical switches were developed and operated magnetically. The magnetic field
induced by current carrying coil was used for making mechanical contact which allows
the electric current. These automatically controlled switches were also used as circuit
breakers to protect the electrical circuits from short circuit and overcurrent fault. These
switches can also be used as relays for isolating a particular region of the electrical
circuit. These switches are used in vehicles, electric power distribution system, lighting
systems and telecommunication systems. The low ON-state resistance and high isolation
are the major advantages of these switches and have limitations with respect to size,

speed, material usage, arc and scalability.

1.1 Miniaturization

Miniaturization is making of very small things with an excellent understanding of the
deliberate application, scaling laws, material properties and diverse manufacturing
options.

1.1.1 The third industrial revolution

In 1765, invention of steam engine replaced human and animal power by machine power
and led to the first industrial revolution. In 1850’s, steam power was replaced by electric
power and leads to second industrial revolution. In 1959, miniaturization concept was
proposed by Feynman and the technological development was initiated with the invention
of transistors by W. Schockley, J. Bardeen and W.H. Brattain in 1947. Microsystems

technology was originated in 1982 that produces device components that range from one
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micrometer to one millimeter. Microstructures have been manufactured using
microfabrication techniques. This third industrial revolution led to a consecutive
advancement of microelectronic devices, microsensors, microactuators, micromotors,
micropumps and microswitches (Hsu, 2002). These microdevices have been successfully
commercialized with the advantages of less material requirement, scalability, mass
production, low production cost, easy transportation, less space requirements and
packaging of more functional components in a single device.

1.1.2 Solid-state switches

Microelectronic switches such as transistor, Metal Oxide Field Effect Transistor
(MOSFET) are semiconductor based solid-state switches. These solid-state switches
became more popular from 1960’s. These switches have no moving mechanical parts and
current flow is controlled by charge carrier movement. Compared to mechanical
switches, solid-state switches have the advantages of longer life time, less noise, faster
response, arcless and less weight. These switches hold huge market demand. The solid-
state switches have the disadvantages of short channel effect, leakage current, voltage
drop, sensitivity to ambient temperature and power loss (Song and Yoon, 2016;
Steeneken et al., 2007). These are more suitable for frequent switching and very high
speed applications.

1.1.3 Micromechanical switches

Micromechanical switch uses mechanical moving structure to connect and disconnect the
electrical circuit in order to control the current flow. These switches can be automatically
controlled by electrostatic, thermal, magnetic and piezoelectric actuation techniques.
These switches are faster than mechanical switches due to low mechanical inertia. Also
these switches have less thermal distortion and less mechanical vibration due to low
mass. The advantages of micromechanical switches are zero leakage current, freedom in
selecting the substrate, insensitive to radiation, low ON-state resistance, fast switching,
high isolation, low power loss, linearity and scalability. These switches have combined
advantages of mechanical switches and solid-state switches (Song and Yoon, 2016).
Micromechanical switches for Radio Frequency (RF) switching applications are well
developed and commercialized. These switches have capacitive contact to achieve high

isolation (Persano et al., 2016). For RF applications, these switches need to connect and



disconnect the signal with low power and high frequency in the range of 3kHz to

300GHz. These switches can also be used in logic circuits and memory devices.

1.2 Micromechanical Switches for Power Applications

For power applications, the micromechanical switches should have metal to metal
contact. The micromechanical switch has combined advantage of mechanical and solid-
state switches in terms of fast switching, low ON-state resistance, high OFF-state isolation
and smaller size. But, at the time of switching, power appears across the metal to metal
contact and which leads to arc. This arc damages the metal contact and reduces the
lifetime of the switch. Arc is an important factor which causes failure of the switch and
reduces the life time. These switches can be commercialized for power applications, if
the reliability and lifetime of the switch has been improved. Hence it is important to
design an arcless micromechanical switch for power applications. These switches are
more suitable for power applications in which non-frequent switching is required. They
can be used as microcircuit breaker, microisolators, and microrelays. The most suitable
application of these switches is battery life extension, overcurrent and short circuit
protection. In addition, they can be also used for high power handling systems (General
Electric, 2016).

General Electric lab has developed tiny micromechanical switches with unique material.
These switches are thinner than a human hair and can control the flow of current. Keimel
et al. (2012) reported that 200 micromechanical switches can able to withstand 350V and
10A. General Electric lab has designed 1kW rating relay using 400 micromechanical
switches (General Electric, 2016). The micromechanical switch array handling 1kW power
is shown in Figure 1.1. This research shows that the micromechanical switches can
operate for billions of cycles under extreme operating conditions while maintaining low
ON-state contact resistance.

Bachman et al. (2012) reported a magnetically actuated micromechanical switch, which
is able to handle 0.97A, 10.2W at 10.6V DC and 15W at 110V Ac. This micromechanical
switch is capable of turning ON and OFF 15W incandescent lamp at 120V and is shown in

Figure 1.2.



Figure 1.1: A die containing 400 micromechanical switches on the top of a US dime

(General Electric, 2016)

Figure 1.2: Micromechanical switch turning ON incandescent light bulb

(Bachman et al., 2012)

1.3 Arcless Switching

Arcs in mechanical switches are well researched, but arc analysis in micromechanical
switches attracts the attention of researchers (Slade, 2013). In micromechanical switches,
the arcless switching is achieved by cold switching. Micromechanical switches connected
in parallel with solid-state devices result an arcless switching and is called cold
switching. In cold switching, the switch is actuated without applying DC or AC power
across the contact during actuation. That is, power across the contact forcefully made to
zero at the time of switching. Hence switch failures such as mechanical structural fatigue,
contact stiction, thermomechanical damage etc., can be avoided (Yang et al., 2010).
Although cold switching of micromechanical switch has enriched advantages in some

aspect, they also have some concerns, such as increase in number of devices and device



size (Karady et al, 2006). Use of parallel connected solid-state devices, increases the
resistance of the switching system and leads to increase in losses and heat. This may lead
to additional requirement of heat sink units. Because of solid-state devices, the leakage
current problem is still present. The leakage current leads to OFF-state power losses. In
cold switching, arcless switching is achieved with compromising the ON-state resistance
and isolation.

Hot switching is less researched for micromechanical switches. In this arcless switching
can be achieved while maintaining low ON-state resistance and high OFF-state isolation.
Arcless switching through hot switching in micromechanical switch is an interesting area
which can improve the lifetime of the power switching system.

To design an arcless micromechanical switch, the various parts of the switch which
produce arc and the parameters influence on the ignition of arc have to be analyzed for
various states of the switch. Arc analysis for micromechanical switch during hot
switching is challenging. Scalable micromechanical switch array needs to be designed to
achieve the required rating for high power applications. The arcless scalable switching
array can be achieved for higher rating with individual arcless micromechanical switches.
The fundamental challenges of switch miniaturization and arcless switching will be

solved by interdisciplinary research of device modeling, design, analysis and materials.

1.4 Scope for Applications

One of the most important applications of micromechanical switches are replacement of
automotive relays. A car uses approximately 15 relays for the basic operations like
lighting headlamps, intermittent wipers, horn etc. The number of relays increase from 50
to 150 because of increased sophistication like car antennas, power windows, power
seats, car stereos, door locks, defoggers, power sunroofs, interior lighting etc. Hence
there is a huge market demand for micromechanical switches so that the weight of the
car, power loss can be reduced thereby improving efficiency with improved automobile
performance (Wood et al., 1998; Takahashi et al., 2004). The absence of leakage current
increases the battery life and is the promising application in battery operated electric
vehicles. Also, the automated micromechanical switches can be used in handheld

electronic devices, industrial equipments, protection devices, battery life extension



systems, industrial power control, satellite, aircrafts, space power system, shipboards,
energy scavenging system, residential and commercial applications, high power
distribution system and lighting systems etc., (Song and Yoon, 2016; General Electric,
2016). Such switches can be used in System on Chip (SoC) for power drain circuits,

power quality and clock gating applications (Mathuna et al., 2012).

1.5 Research objectives and Scope

This thesis presents the modeling and analysis of scalable arcless micromechanical

switches for power application. The objectives of the thesis are as follows:

Objective 1: To develop and analyze conceptual model of scalable Total Cross Tied
(TCT) array of micromechanical switches for electric power applications and compare
it’s performance with the conventional mechanical switches and solid-state switches. To
study various types of micromechanical switches and to identify the suitable

micromechanical switch for power switching applications.

The micromechanical switches suitable for power applications with required actuation
principle has been identified. Using different device parameters, comparative study of
mechanical, solid-state and TCT array of micromechanical switches has been carried out

using MATLAB Simulink to understand the performance of micromechanical switches.

Objective 2: To design an arcless driving electrode and to analyze its breakdown arc

occurrence using mathematical modeling and FEM simulation.

The driving electrode is the actuation electrode. The voltage across this electrode drives
the micromechanical switch. This electrode is a non-touching electrode. The type of arc
which occurs in these electrodes has been identified as breakdown arc and its
characteristics have been presented. The critical parameters which induce the arc have
been identified and the electric field is captured for various materials to design arcless

driving electrodes.



Objective 3: To design arcless microelectrical contact with floating electrode
configuration and to analyze the pre-breakdown and breakdown arc occurrence using

mathematical modeling and FEM simulation.

The microelectrical contact with floating electrode is responsible for the current flow.
The pre-breakdown arc and breakdown arc characteristics have been discussed. The
parameters inducing these two types of arc have been identified. Extensive FEM based
electrothermal analysis using COMSOL multiphysics simulation has been carried out for
various materials to design arcless microelectrical contact. Along with this the ON-state

resistance and current carrying capability have been predicted.

Objective 4: To design an electrostatically actuated arcless micromechanical switch for
power application and to analyze the electromechanical characteristic during hot
switching. Also to develop scalable TCT micromechanical switch array configuration for

achieving a high power rating.

A complete electrostatically actuated micromechanical switch of rating 12V, 0.2A has
been designed. The electromechanical characteristics such as actuation voltage, force,
switching speed and quality (Q) factor has been obtained using mathematical modeling
and Coventor MEMS+ FEM simulation. The system level simulation has been carried out
to analyze the switching characteristics using Coventor MEMS+, Cadence virtuoso and
MATLAB Simulink. Scalable TCT micromechanical switch array has been designed for
the rating of 140V, 3A.

1.6 Organization of Thesis

This research work is presented in seven chapters. The brief description is as follows:

Chapter 1 is an introduction to switch, miniaturization, solid-state and micromechanical
switches. It discusses the motivation and scope for applications. An overview of

micromechanical switches for power switching applications, challenges, microelectrical



contact, arcless switching through hot switching and scalability are discussed. Also, the

objectives and scope of the thesis are presented.

Chapter 2 consists of a comprehensive literature review that further justifies the
significance of the proposed work, particularly with respect to the research objectives
presented in Chapter 1. Literature on related fields like mechanical switches, solid-state
switches, types of micromechanical switches, actuation techniques, electrostatically
actuated switch, breakdown arc, pre-breakdown arc (metal arc), contact physics,
materials, scalability, resistance, isolation, switching speed, current carrying capability,
cold & hot switching, electrothermal and electromechanical behaviors are presented.
Discussion about the simulation tools such as MATLAB Simulink, COMSOL
multiphysics, Coventor MEMS+, and Cadence virtuoso which have been used to achieve

the objectives are also presented. Based on the literature review, the gaps are identified.

Chapter 3 proposes scalable TCT array configuration of micromechanical switches for
power applications. The device parameters of mechanical switches, solid-state switches,
and micromechanical switches are identified, and their performance characteristics are
obtained for load conditions, and the results are compared. It gives an idea about the
leakage current and power loss. In depth study of various micromechanical switches
actuation techniques discusses the suitability of electrostatically actuated switches for

power applications.

Chapter 4 describes a non-touching electrode which is used as driving electrode. The
breakdown arc in microgap is discussed with respect to modified Paschen curve. The
applicability of this concept in the design of arcless micromechanical switch has been
discussed. The boundary to be maintained to achieve arcless driving electrode is
identified. The importance of capacitance and electric field in achieving arcless driving

electrode is also discussed.

Chapter 5 An FEM based electrothermal analysis has been carried out to predict the
current carrying capability and power withstanding capability of the microelectrical
contact. The FEM analysis results are validated using mathematical model. The

possibility of occurrence of pre-breakdown arc and breakdown arc are also discussed.
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The voltage, current, and power limit to achieve arcless switch through hot switching are

extensively presented.

Chapter 6 presents the modeling and analysis of electrostatically actuated arcless
micromechanical switch and analyze its electromechanical characteristics for power
switching applications. The micromechanical switch uses the arcless driving electrode
designed in chapter 4 and the arcless microelectrical contact designed in chapter 5. The
influences of switching speed, Q factor on the design of arcless micromechanical
switches are discussed. Scalability of microelectrical switches for various rating and the

application areas are discussed in detail.

Conclusion and future work are presented in chapter 7.



CHAPTER 2
LITERATURE SURVEY

This chapter provides further justification to the significance of the research objectives
presented in Chapter 1 for the modeling and analysis of scalable, arcless, electrostatically
actuated micromechanical switches for power applications. On view of this, the literature
survey is classified into following categories: classification of switches, micromechanical
switches for power applications, challenges, switching modes of the micromechanical

switches, methodology and simulation tools. Also the research gaps have been identified.

2.1 Classification of Switches

Switches are devices, which are capable of making, carrying and interrupting the electric
current flow in an electrical system. These switches can be used to interrupt both AC and
DC electrical signals. Since the invention of electricity, switches have been studied
extensively. These switches are broadly classified into four categories: 1. mechanical
switches (Burkes et al., 1978), 2. solid-state switches (Etal, 1967), 3. hybrid switches
(Paice et al.,, 1984), and 4. micromechanical switches (Keimel et al., 2012). These
switches also can be used as relays, circuit breakers, connectors and isolators. Switches
were used in many applications such as industrial, commercial, residential and vehicles
etc., (Leviton, 2016).

2.1.1 Mechanical switches

In early 19" century, mechanical switches are operated manually and are used for turn-oN
and turn-OFF electrical lamps (Dummer et al., 1997). Mechanical switches use moving
metal contact structures to make and interrupt current flow in the electrical circuit. The
metal contact structure is called as electrical contact (Holm, 2000). During ON-state of
the switch, these electrical contacts touch each other and allow the electric current. The
current flow depends on the ON-state resistance of the electrical contact. The ON-state
resistance is very low of the order of few milli ohms (Slade, 2013). During OFF-state of
the switch, the contacts won’t touch each other. This physical separation leads to infinite
resistance and high isolation. These switches can be operated manually or automatically.

Automatically controlled switches are mainly operated magnetically (Advameg, 2016).
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During the switching period, arc occurs across the electrical contact and leads to contact
erosion (Slade, 2013). Arc can be controlled by switching at the natural zero crossing
point for AC current. Arc is a serious issue in DC switching.

Arc in mechanical switches

During opening of current carrying switch, the medium in between the electrical contacts
become highly ionized. The interrupting current gets low resistive path through the
medium. Hence, current continues to flow even when the contacts are physically
separated. The path between contacts becomes heated and it glows due to current flow,
this phenomenon is called arc (Slade, 2013). Anarcis an electrical breakdown of
medium between the contacts, which produces an electrical discharge. The current
through a normally non-conductive media such as air produces plasma and the plasma
may produce visible light. If the circuit carrying current is interrupted by a switch an arc
occurs for the duration ranging from 10 to 100 milliseconds (Holm, 2000). The study on
arc has been carried out extensively by the researchers for mechanical switches. Atalla
(1958) presented the theory behind arc formation during opening and closing of the
electrical contact of the mechanical switch. It is reported that for arc occurrence the
temperature should rise to the boiling temperature of the metal contact. Atalla (1953)
reported that for centimeter gaps, the breakdown arc is initiated when the electric field
ranges between 0.6x10° V/em and 30x10° V/em. The electric field required to initiate
breakdown arc are identified as 2.4x10° V/em, 4.2% 10° V/em, 3% 10° V/em, 2x 10° V/em
and 4.9x10° V/cm for carbon, Nickel, Palladium, Silver and Tungsten metals. Boyle and
Kisliuk (1955) presented the breakdown electric field of contacts separated by centimeter
gap at high pressure. At high pressure the breakdown electric field of steel and
Aluminium are 1.1x107 V/em and 9.3x10° V/em respectively. Abou-Seada (1984)
reported that the breakdown voltage is 30kV for point to plane air gap of 6cm at 200kHz
frequency. Sekikawa and Kubono (2004) investigated the voltage and current
characteristics of breaking arc generated between opening contacts at constant velocity of
1 cm/s in air medium. The destructive effects of the arc are minimized by using multiple
break contacts (Morel et al.,, 1991), contacts immersed in oil or gas (Czarnecki and
Corporation, 2013), arc path deionization (Andronachi and Istrate, 2015), and magnetic

blow out of arc (Sawa et al., 2015).
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Wear occurs at the time of opening and closing of electrical contact. Due to the roughness
of the surface, only a small portion of the contacts touches and entire current flows
through this part of the contact. Switching high current leads to degradation or damage of
electrical contact (Slade, 2013). Enough high voltage across the contact generate arc and
destroy the electrical contact. Aluminium and copper are commonly used contact
materials in mechanical switches (Holm, 2000). Li et al., (2015) presented non-contact
arc study for DC electrical systems (Li et al., 2015). Arc model has been extensively
studied for mechanical switches. Mayr arc model and casie arc model has been developed
for Ac switches (Tseng et al., 1997). Ammerman et al., (2010) developed arc models for
DC switches with the gap of Imm to 10mm.

2.1.2 Solid-state switches

Solid-state switches are semiconductor based electronic devices, in which switching
action has been carried out without the movement of electrical contact. Electric current
flow is due to electron movement under certain operating conditions. Since it does not
have any moving parts, there is no arc. These solid-state switches are called as static
switches (Van, 1978; Etal, 1967)). Advanced power semiconductor based solid-state
devices such as thyristors, Bipolar Junction Transistor (BJT), Gate Turn OFF thyristor
(GTO) etc., have replaced the mechanical switches in the applications which were needed
frequent switching. Boudreaux and Nelms (1996) examined MOSFET, Insulated Gate
Bipolar Transistor (IGBT), and MOS-Controlled Thyristor (MCT) device for operation in
the range of 200V to 400V and 1A to S0A. These solid-state switches are commonly used
in power converters and power conditioning circuits (Rashid, 1993; Mohan et al., 2003).
These solid-state switches are also used for relay and circuit breaking applications. Also
these devices have been used from low voltage system of 12V to High Voltage Direct
Current (HVDC) and High Voltage Alternating Current (HVAC) systems (Meyer et al.,
2006). These switches provide more efficiency, easier control and faster switching.
Kapoor et al., (2012) reported that solid-state switches have low power rating, high
leakage current, high ON-state resistance and high power losses when compared to the
mechanical switches. Since the ON-state conduction loss is more, heat sink is also needed
(Mu et al., 2009). This increases the cost of the overall switching system. Arcless

switching using power semiconductor switching devices increases the feasibility for
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aircraft applications. But the power losses cause severe thermal problems for high current
applications (Atmadji and Sloot, 2005). The current and voltage rating, power losses,
blocking voltage, turn-ON time, turn-OFF time, trigger mechanism, allowable transient
overvoltage, maximum dV/dt and dI/dt, etc., has to be taken in to consideration while
selecting solid-state switches for power applications (Rashid, 1993). These switches used
for battery operated system, reduces the battery lifetime because of the leakage current
and high ON-state resistance.

2.1.3 Hybrid switches

Paice et al., (1984) presented the hybrid switch in which both mechanical and solid-state
switches are connected in parallel. The mechanical switch provides a path for the
continuous current. The solid-state switch operates to bypass the current only at the turn-
ON and turn-OFF time of the main switch. This provides zero current or voltage across the
mechanical switch during switching period and leads to arcless switching. This switch
motivated technically by having the advantages of both mechanical and solid-state
switches by eliminating the disadvantages. Hybrid switch uses mechanical switch and
Integrated Gate-Commutated Thyristors (IGCTs) has been reported (Meyer and Rufer,
2006). Theisen et al., (1986) presented a 270V DC hybrid switch. A single phase AC
hybrid switch has been successfully designed and tested with a rating of 240V/16A
(Shammas, 1994). Atmadji and Sloot (2005) discussed a hybrid switch that is capable of
interrupting 20V/4A and 270 V/1500A. They have discussed the suitability of hybrid
switches for aerospace applications. Also reported that, an arc appeared on the contacts
for microseconds time and the contact erosion reported is very less when compared with
mechanical switches. The hybrid switch cannot eliminate arcing completely due to the
inductive nature of the circuits and contact bounce. Swingler and McBride (2008)
reported the arcing and arc erosion reduction using hybrid switching. Bielinski et al.,
(1985) reported that these switches have the disadvantages such as large number of
components, complex structure, leakage current in the OFF-state, power losses in the ON-
state and inadequate switching performance. Shukla and Demetriades (2015) suggested
that mechanical switches are more suitable than solid-state and hybrid switches for high

power application.
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2.1.4 Micromechanical switches

Recent technological developments have increased research opportunities in the field of
micromechanics. Microfabrication technology allows batch manufacturing of
microdevices, which reduces the production cost (Xia et al., 2014). Khoshnoud and de
Silva (2012) reported the use of microdevices as sensors and actuators. Different
actuation and sensing properties such as piezoelectric, electrostatic, thermal,
electromagnetic and optical have been discussed by researches for last 20 years. The
choice of microdevices and actuation scheme depends on the requirement of the
particular application (Baglio et al., 2008). More reported microdevices are
microswitches, micromirrors, microsensors, micropumps, microvalves and microgrippers
(Zhou, 2008). The microscale structures obey the physical phenomena of macroscale,
but the influence changes relatively because of the variation in the weight (Baglio et al.,
2008).

A micromechanical switch uses micromechanical movement to connect and disconnect
the signals. These micromechanical switches are classified into series and shunt switches.
The series configuration is commonly used to pass signals along the signal path when the
micromechanical switch is actuated. But the shunt configuration is commonly used to
connect the signal to the circuit ground (Rebeiz, 2003). Zavracky et al., (1999) discussed
the use of micromechanical switches for microwave applications. The micromechanical
switches have wide applications in the aerospace, military and commercial sectors and
also have large potential market (Rebeiz et al., 2013). Capacitive and ohmic contacts are
commonly used in micromechanical switches. In a capacitive contact, the signals are
separated by a dielectric material and form a capacitor. These contacts allow only high
frequency signals. Hence it is more suitable for RF applications such as mobile phone
antennas, telecommunication systems, satellite communication and wireless ports
(Rebeiz, 2003). Micromechanical switches for high frequency application are well
explored. Dielectric charging and contact degradation are the challenges in capacitive
contact switches (Souchon et al, 2013). Radant (2003) have developed and
commercialized micromechanical switches for RF applications. This device is ideally
suited for many applications, such as RF and microwave multi-throw switching, radar

beam steering antennas, phase shifters, RF test instrumentation, telecommunications and

14



broadband wireless access. Arc problem is also present in RF microswitches and
researchers working on arcless switching in RF applications (Ruan et al, 2016).
Capacitive contacts cannot be used for DC and AC switching applications. Goggin et al.,
(2015) discussed about commercialization of micromechanical switch for power

applications.

2.2 Micromechanical Switches for Power Applications

Micromechanical switches can be used for AC and DC power switching applications. Ma
et al. (2016) designed a microrelay with the switching time of 180us and contact
resistance of 1€2. This switch uses Au contact of thickness 0.3 um and capable of
carrying 0.02A current. These switches have wide applications in aerospace, military,
commercial sectors and lighting applications. Zavracky et al., (1997) presented the
micromechanical switch with the size of 30um wide and 65um long, handling 5 nA at
200V. The orr-state voltage withstanding capability of this switch is 100V with the
leakage current of 20fA. Khushalani et al., (2016) presented 20mA, 10mW, 170mgQ
micromechanical switch for power switching applications. Ma et al., (2015) presented
50mA, 2V microrelay for space power system. Lewis et al., (2015) presented S0mA, 4V,
5Q, switch for DC power switching. Keimel et al., (2012) designed 1€2, 3us switch for bc
power switching applications. Beckman et al., (2012) presented 0.97A, 10.6V, 15W and
3ms micromechanical switch for lighting applications. Park et al., (2012) investigated the
use of micromechanical switches for energy scavenging applications. Yeatman (2007)
discussed about thermally actuated switch for circuit applications. Micromechanical
switches can be used for battery life extension, power gating and clock gating in Very
Large Scale Integrated (VLSI) circuits (Raychowdhury et al., 2013; Shobak et al., 2011;
Kam et al.,, 2013). These switches can be used in Field Programmable Gate Array
(FPGA) routing switches for leakage power reduction (Satish, 2012). In these switches
microelectrical contact allows and interrupts DC and AC electrical signals. Song and Yoon
(2016) reported that microswitches can also be used for logic and memory applications.
Lifetime of these switches depends upon the lifetime of their electrical contacts (Basu et
al., 2013a). But these switches are not commercialized because of reliability and

lifetime.
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2.2.1 Challenges

There are many factors which can cause failure in micromechanical switches. The
reliability and lifetime of the micromechanical switches has been mainly affected by both
electrical and mechanical stress. The electrical stress causes welding, melting, arcing and
degradation of the microelectrical contact which leads to failure of micromechanical
switches. Mechanical stress causes deformation and wear of micromechanical switches
(Song and Yoon, 2016). One or both mechanisms combined together may also lead to
failure of the switch. The contact material, surrounding temperature and pressure also
plays an important role in the reliability (Toler et al., 2013). One of the important
parameter which lead to failure is arc in micromechanical switch. To commercialize the
micromechanical switch it is required to design reliable and low loss switches with high
contact force (Mckillop et al., 2007). Also the reliability mainly depends on the switching
mode of operation. Designing an arcless switch for high power rating is not feasible. But
we can design arcless low power switches and connect then in array to increase the power

handling capability.

2.3 Switching Modes

Irrespective of the actuation technique, microelectrical contact may undergo two
switching modes. They are called cold switching and hot switching. These switching
modes are applicable for DC, low frequency AC and RF switching applications (Kim et al.,
2008). Both switching modes cause damage to the microelectrical contact. The reliability
of the microelectrical contact is more in cold switching than hot switching (Basu et al.,
2014).

2.3.1 Cold switching

In cold switching, the switching action has been carried out with the absence of electrical
signal across microelectrical contact. Electronic devices are used to bypass the electrical
signal. At the time of switching these devices force zero power across the microelectrical
contact (Hennessy et al., 2013). This is very much similar to hybrid switching. Cold
switching leads to struck open failure and wear on the microelectrical contact (Basu et al.,

2014). The reliability and lifetime of the micromechanical switches are discussed under
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cold switching condition (Newman et al., 2008). Radant (2003) has commercialized cold
switching micromechanical switches for DC applications.

2.3.2 Hot switching

In hot switching, switching action has been carried out with the presence of electrical
signal across the microelectrical contact (Hennessy et al., 2013). During hot switching,
welding and material transfer of microelectrical contact leads to struck-close failure.
Field evaporation, field emission, arc and metal bridge are responsible for material
transfer (Basu et al., 2014). Lee et al., (2001) presented the arc discharge and erosion
behavior of silver electric contacts between static microgap. Song et al., (2013) discussed
the improvement of hot switching lifetime of DC micromechanical switches using a drain
voltage sustaining capacitor. Reliability in hot switching ruthenium microcontacts has
been discussed (Basu et al., 2013b). Lewis et al., (2015) evaluated the voltage transients
during the switching of microrelay contacts. Rumbach and Go, (2012) discussed about
breakdown of microgaps, field emission and microdischarges. Basu et al.,
(2014) presented hot switching damage mechanism of microswitches. The contact
material plays a major role in hot switching. Microelectrical contact material should have
good conductivity, low sensitivity to oxidation and chemical inertness (Mulloni et al.,
2011). Coutu et al, (2004) discussed various possible contact materials for
microelectrical contact. The force applied on the contact, gap and Q factor are some of
the important parameters to be taken in to account while designing arcless
micromechanical switches (Song and Yoon, 2016). Therefore, microwelding and arc
would be eliminated, if the voltages, current and power are limited within the boundary

(Jau, 2013).

2.4 Modeling and Design Challenges

The view, understanding, prediction, visualization, control and behavior of microdevices
in the microdimensions are challenging. Multiphysics modeling is required, because
coupling among different domains such as solid mechanics, heat transfer, structural
mechanics, electrothermal and electromechanical are involved (Batra et al., 2007). To
realize the potential and growth of micromechanical switches, modeling, analysis, and

design techniques are required to address electrical, mechanical and thermal behaviors.
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The behavior of the overall switch is not limited to the analysis of separate mechanical
and electrical behavior, but the simultaneous combination of mechanical, electrical and

thermal behaviors (Dewey et al., 2001).

2.5 Methodology

Microsystems fabrication technology has developed significantly in past ten years. But
even now microsystem design is a challenging task. Micromechanical system design
generally involves highly customized analyses, which are very complicated and often
non-repeatable (Schwarz, 1998). Microsystem design and fabrication processes require
experts from interdisciplinary research areas. Hence, there is a need for more structured
design methodology and supporting tool set for micromechanical systems that promotes
higher levels of abstraction and behavioral design (Dewey et al., 2001). In order to
accurately describe the switch behavior, performance modeling has to be carried out (Zhu
and Espinosa, 2004). In order to increase efficiency and effectiveness of the design
process, appropriate models are needed. To generate new design solutions, models of
certain level of abstraction are required. In addition to this, computer-aided models
enable the prediction of electrical, thermal and mechanical performance of the
micromechanical switches. At the same time, a Finite Element Model (FEM) is built in
order to investigate the behavior of designed micromechanical switch.

Conceptual model is a model made of the composition of concepts and literature data,
which are used to know and understand the physical structure and performance of the
system. The conceptual model plays an important role in the overall system development.
The conceptual model is not fully developed model. But if the conceptual model is
implemented properly, it should satisfy the fundamental objectives (Sokolowski and
Banks, 2010).

Modeling and simulation facilitate the designers to test whether the design specifications
are met by using virtual rather than physical experiments. The designers can be able to
predict the performance of particular system using modeling. This significantly reduces
the design cycle and reduces the cost of design. It also provides the immediate feedback
on design decisions which, in turn, promises more comprehensive exploration of design

alternatives and a better performing final design. Simulation is particularly important for
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the design of multidisciplinary, multiphysics systems in which components from different
disciplines such as mechanical, electrical, thermal, plasma and material are tightly
coupled to achieve required system performance (Sinha et al., 2001).

The field distribution can be evaluated using numerical techniques, such as Boundary
Element Method, Charge Simulation Method, Finite Difference Method and FEM. FEM
modeling is more suitable for electrostatic field, electrothermal and electromechanical
problems because it involves accurate discretization of the domain. The FEM modeling
is comparatively simple technique for predicting the field and temperature of the highly
curved and thin contact surfaces with different materials (Shi et al., 2009). It is also a
flexible method that is well suited to problems with complicated geometry (Eiser et al.,
2016). The FEM analysis is a numerical technique used for finding approximate solutions
to boundary value problems and has been widely used in magnetic and electric field
analyses. It is a technique to solve partial differential equations. In this large problem is
subdivided in to smaller parts called finite element. Simple equations are used to model
the smaller parts. The simple equations that model these smaller parts are then assembled
into a larger system of equations that models the entire problem. This method has the
advantages of accurate representation of complex geometry, inclusion of material
properties, easy representation of the total solution and captures the local effects
(Johnson, 2009). FEM modeling can be used to predict the resistance for complex
geometry (Toler et al., 2013). COMSOL multiphysics (COMSOL Inc, 2014), ANSYS
(ANSYS, 2016), Coventor (Coventor Inc, 2016) are commonly used FEM tools. The
system level simulation is required to validate the functional behaviors of

micromechanical switches (Soul and Dey, 2013).

2.6 Simulation Tools

The research objectives stated in chapter 1 are achieved using the following software
simulation tools.

2.6.1 MATLAB Simulink

MATLAB Simulink was developed by MathWorks, which block diagram environment is
used to model, simulate and analyze multi-domain systems. It is customized with set of

block libraries. To develop electrical system, Simscape Power Systems module of
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Simulink can be used (MathWorks, 1994). Lee et al. (2016) has obtained the transient
current interruption characteristics of circuit breaker using Simulink. Khan et al. (2015)
investigated transient impedance and current interruption characteristics of hybrid circuit
breaker for DC applications using MATLAB Simulink.
2.6.2 COMSOL Multiphysics
COMSOL Multiphysics is a FEM based simulation tool used to model and simulate
multiphysics based problems (COMSOL Inc, 2014). It is based on advanced numerical
method and has more than 30 add-on products. This tool has modules and physical
interfaces for mechanical, fluid, plasma, chemical and electrical applications. Geometry
selection, assigning material, meshing, setting physics and boundary conditions,
studies, solvers, post processing, and visualizations are the various steps involved in the
modeling and simulation (COMSOL Inc, 2014). 2D and 3D analysis can be carried out
for wide ranges from micrometer to meter scale. Batunlu and Albarbar (2016) carried
out electrothermal analysis for IGBT using COMSOL to predict the heat distribution. Lu
et al. (2016) computed the temperature profile and voltage dependence of temperature
rise of the microchannel. Arnaud and Branco (2016) evaluated transient temperature
characteristics and distribution subjected to sinusoidal field for Yttrium Barium Copper
Oxide (YBCO) bulk magnet. Hajjaj et al. (2016) designed electrostatically actuated
resonators using COMSOL multiphysics and simulated beam displacement and
temperature corresponding to applied voltage. Li et al. (2016) carried out electrothermal
co-simulation of 3D carbon based heterogeneous using COMSOL multiphysics FEM tool
to obtain static and transient temperature profile. In this research work, COMSOL
multiphysics are used for FEM modeling of driving electrode and microelectrical contact.
This tool uses following work flow for the FEM modeling using multiphysics
simulation.

1. Set up the model environment
Create geometrical object
Specify material properties
Define physics boundary conditions

Create the mesh

S

Run the Simulation and process results
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To ensure the grid independence of the predicted values, the mesh has to be generated
and the number of mesh elements needs to be increased (extremely course, extra course,
courser, course, normal, fine, finer, extra fine and extremely fine in COMSOL) until no
further noticeable change in the model prediction has been observed. At this point
adding mesh is no longer beneficial and hence the result is grid (mesh) independent.

2.6.3 Coventor MEMS+

Coventor MEMS+ is a higher order finite element software tool. This can be used to test
and validate microphysics such as mechanics, eletrostatic, contact and piezoelectric
models. It can be used for designing microsystem based devices such as microsensors,
microphones, micromirrors, microswitches and energy harvesters etc. Fast microsystem
simulation at system and device level can be carried out by MEMS+ (Coventor Inc,
2016). Model order reduction techniques are employed to reduce the complexity of the
multi degree-of-freedom models, to speed up simulation time and to provide a path for
designing microstructures together with electronic hardware (Schropfer et al., 2016).
MEMS+ designs can be directly imported in to MATLAB Simulink and Cadence
Virtuoso. Muley, Naveed, and Shingare (2013) designed RF switch using Coventor
MEMS+ tool. The static and transient characteristics of the RF switch such as actuation
voltage, quality factor and switching time are also obtained using this tool.

MEMS+ for MATLAB Simulink

Using MEMS+ for MATLAB and Simulink, the microstructure designed in MEMS+ can
be interfaced with Simulink and MATLAB script. Hence external control and signal
processing circuit can be connected and steady-state and transient analysis can be carried
out. MATLAB Simulink results can be loaded back in to the MEMS+ Scene3D module
for 3D viewing (Coventor Inc, 2016).

MEMS+ for Cadence

Solution for coupled MEMS+IC design can be obtained using MEMS+ for Cadence
Virtuoso. The microstructures designed in MEMS+ can be automatically converted in to
Integrated Circuits (IC) compatible models and parametric layout (Pcells) for the
Cadence Virtuoso design environment. The system level simulations can be carried out

by this tool (Coventor Inc, 2016).
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Ekwinska et al., (2015) presented the design of micromechanical system integrated with
circuit components. Torri et al., (2015) carried out the design of a micromechanical
switch based Complementary Metal Oxide Semiconductor (CMOS) autonomous
switched oscillator and obtained transient response characteristics using MEMS+ and
Cadence. Parent et al., (2015) designed a gyroscope using MEMS+ and Simulink. In this
work this tool is used to design and analyze the micromechanical switch and to obtain its

electromechanical characteristics.

2.7 Research Gaps in the Literature
Micromechanical switches offer various advantages over mechanical, solid-state and
hybrid switches. These switches can be integrated on chip with electrical and electronic
devices. These switches can offer better battery life extension because of low resistance
and high isolation. Commercializing such switches will be beneficial for less frequent AC
and DC switching applications. These switches will find wide range of applications in
satellites, aircraft, automobiles, handheld electronic devices, battery operated systems,
electric vehicles and power distribution system. Arcless design of micromechanical
switches place an important role in commercialization. In general the area of arcless
micromechanical switches has been subject of intense research and novel application in
recent years. Following are the research gaps identified through critical literature review.
1. Performance parameters of scalable array configuration of micromechanical
switch needs to be compared with the mechanical, solid-state and solid-state
switch array. The structure and actuation mechanism of the micromechanical
switch more suitable for power switching applications needs to be presented
through conceptual modeling and analysis. All the possible arc occurrence parts
of the micromechanical switches have to be identified.
2. Occurrence of breakdown arc for microgap at the driving electrode of the
micromechanical switch needs to be examined and analyzed.
3. Electrothermal analysis of microelectrical contact formed by the fixed and
floating electrodes needs to be investigated to achieve arcless switching. The
current carrying capability and voltage withstanding capability also needs to be

investigated.
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4. Electromechanical properties and arcless nature of micromechanical switches
during hot switching needs to be investigated. Also the behavior of the
micromechanical switch in TCT, scalable array configuration needs to be
analyzed under load condition.

Research towards these gaps would help to identify the micromechanical switch suitable
for power applications. And also would help to identify the arc ignition parts of the
micromechanical switch. This would also help to design arcless micromechanical switch

which can be further used in scalable array configuration to get the required power rating.
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CHAPTER 3
CONCEPT OF SCALABLE TOTAL CROSS TIED
MICROMECHANICAL SWITCH ARRAY

3.1Introduction

Switches are important component in electrical system. Various types of switches such as
mechanical, solid-state, hybrid and micromechanical switches have been used for power
applications. In chapter 2, the types of switches, their performance characteristics and
application areas are discussed in detail. The micromechanical switches can be
commercialized, if their failure mechanisms are addressed (Spengen et al., 2010).

It is known that that micromechanical switches have the advantages of low ON-state
resistance, very high OFF-state resistance, high isolation, no leakage current, less power
loss, fast switching, high linearity, small size and low cost in bulk production (Park et al.,
2012; Yeatman, 2007). They are capable of handling low power. The micromechanical
switch can be designed for 150V, 100mA (Karady et al., 2005). We propose Total Cross
Tied (TCT) array configuration of micromechanical switches to achieve higher power
rating. The proposed array is a reliable structure which uses low rating switches to
enhance the power rating.

The TCT array configuration has been explored for photovoltaic applications (Bastidas et
al., 2013). Chakraborty et al., (2013) discusses the TCT array for solid-state electronic
switches for renewable energy and distribution systems.

In order to investigate the behavior of the proposed TCT array configuration of
micromechanical switches, the conceptual model has been developed. The performance
of these switches needs to be compared with mechanical and solid-state switches. To
compare the behavior of these switches, an equivalent DC power circuit is considered and
results are obtained using MATLAB Simulink for the rating 400V/ 6A. Similarly, the
performance characteristics are obtained for AC equivalent electrical system for 230V/6A
rating. This analysis is required to know the behavior of the TCT array with DC and AC

load conditions. This analysis would give more confident to proceed with the design of
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arcless micromechanical switch for power applications, if the results are in agreement
with the reported results.

Micromechanical switches are widely used for RF, low frequency, sensing and actuation
applications. Micromechanical switches for power applications are reported for various
ratings of 50mA, 2V (Ma et al., (2015), 50mA, 4V (Lewis et al., 2015) and 0.97A, 10.6V
(Beckman et al., 2012). There are many actuation mechanisms used for the
micromechanical switches. It is essential to carryout extensive analysis for selecting
suitable actuation (driving) technique for power applications. Various parameters need to
be considered while selecting the actuation technique. This chapter also discusses the
micromechanical switch actuation technique suitable for power applications.

The structure of the micromechanical switches and the parts which are responsible for
producing arc also needs to be analyzed. The structure of the switch suitable for power

applications and the parts at which arc may occur is also presented in this chapter.

3.2 Characteristic of DC Electrical System

A DcC electrical circuit considered to evaluate the characteristics of various switches is

shown in Figure 3.1. The DC system contains a voltage source £, resistance R and

inductance L are connected in series with a resistive load R, through a switch.

Figure 3.1: Equivalent DC electrical system

The circuit is described by the equation
E =Ri+L(di/dt)+V,, +R,i (3.1)
Where i is the current flows through the circuit, #is the time and V,, is the switch

voltage

Before current interruption, the switch is in ON-state, henceV,, =0andi, =i. Since the

switch is in series, i =i, =i, . Wherei,, and i, are the current flows through the switch
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and load respectively. During switching period, the current is interrupted, thus the switch
voltage V,, increases from zero to maximum and switch current i, falls from i to zero.
At the same time, the load voltage V, and load current i, become zero and the load is
completely isolated from the supply. After current interruption, the switch is in orr-state,
hence V,,, is maximum andi,,, =0. The power loss P, across the switch is given by
P, =V X, . The parameter values considered for the DC equivalent system is given in

Table 3.1.

Table 3.1: Parameters of DC equivalent system

Parameter Symbol | Value | Unit

Source Voltage E; 400 \%

Load Resistance R, 67 Q
Resistance R 1 Q
Inductance L 0.01 H

The performance of the equivalent DC system is analyzed with mechanical, solid-state,
solid-state array and proposed TCT array of micromechanical switches for the rating of
400V/6A. For this analysis the corresponding switch parameters are taken from the
reported literatures as sample. The performance parameters are obtained through
simulation using MATLAB Simulink. Simulation has been carried out for the time period
of 0 to 0.01s. The switch is kept in ON-state for the time less than 0.005s. At 0.005s,
control signal is given to the switch to make it OFF.

3.2.1 Mechanical switches

The DC equivalent circuit with mechanical switch is shown in Figure 3.2. The mechanical
switches have fixed and moving contacts called anode and cathode. The gap forms
between fixed and moving contact during OFF-state. The heavy mechanical structure
reduces the controllability. Placing switches in parallel to increase the current rating is
not efficient due to slow switching speed. The slow switching speed of these switches
causes asynchronous switching problem and thus one switch may carry the entire current
at the beginning of turn-on state.

But it can be connected in series, in order to increase the voltage rating. The sample

parameter of the mechanical switch is identified from the literature as 400V, 6A and ON-
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state resistance 0.03Q (MINIATURE, 2006). The simulations are carried out and the results

are presented in Figure 3.3.
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Figure 3.3: Simulated waveforms of DC system with mechanical switch

The simulation result in Figure 3.3(a) shows that, the voltage and current of the load

starts reducing from 400V and 6A respectively at 0.005s. The load voltage and current

reaches zero at 0.006s. Hence the switching period is 0.001s and the load is completely

isolated from the supply. Figure 3.3(b) shows that the switch voltage increases from
0.18V to 400V and the switch current reduces from 6A to OA. Hence it is found that the

ON-state voltage drop is 0.18V and the OFF-state leakage current is zero. Figure 3.3(c)

shows that the on-state, switching period and OFF-state power losses are 1.05W, 740W

and OW respectively.
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3.2.2 Solid-state switches
Power MOSFET, IGBT, IGCT and GTO are various solid-state switches. A DC system
using power MOSFET is shown in Figure 3.4. The symbol D, S and G are the drain,

source and gate terminals of the power MOSFET. Rs and Cs are the snubbers for power

MOSFET.

Figure 3.4: DC system with solid-state switch

The data of power MOSFET is taken as 400V, 6A, 1Q from the literature (IRF730A ) and

simulation has been carried out and results are shown in Figure 3.5.
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Figure 3.5: Simulated waveforms of DC system with power MOSFET switch

Figure 3.5(a) shows that, the load voltage and current starts reducing from 380V and
5.7A respectively at 0.005s. The load voltage and current reaches 20V and 0.3A at
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0.0053s. Hence the switching speed is 300us and the load is not completely isolated from
the supply side. Figure 3.5(b) shows that the switch voltage increases from 13.15V to
380V and the switch current reduces from 5.7A to 0.3A. It is found that the on-state
voltage drop is 13.15V and the orr-state leakage current is 0.3A. Figure 3.5(c) shows that
the on-state, switching period and orr-state power loss are 115W, 3700W and 75W
respectively.

3.2.3 Solid-state switch array

The commonly available solid-state switch ratings are low. To reach the higher switch
rating, solid-state switch array can be made by connecting low rating switches in array.
During the operation, the operating voltage and current of the all switches must be evenly
distributed and balanced across each of the individual solid-state switch. The low rating
switches generally having high on-state resistance, leads to high voltage drop and power
loss. The OfFr-state leakage current reduces the isolation and also causes power loss.
During switching period, the peak voltages appear across each switch which increases the
power loss of the switch array considerably. Hence the heat generated by the array has
been increased significantly. The high power losses and negative temperature coefficients
of semiconductor devices limit their scalability (Baek, Yoo and Kim, 2001. Modern
electronic devices and controllers increase the controllability of solid state switches.

A DC system using m x n array of MOSFET switches as a solid-state switch is shown in
Figure 3.6. The sample data of MOSFET is taken as 40 V, 0.1A, 8Q (EN65554 D,
2013) from the literature. 60x10 array MOSFET switches are connected to scale up the
rating 400V/ 6 A.

Figure 3.6: DC system with solid-state switch array
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Figure 3.7: Simulated waveforms of DC system with array of solid-state switches

The simulation result in Figure 3.7(a) shows that, the load voltage and current are

interrupted at 0.005s and reduces to 24V and 0.5A respectively. The switching time in

solid-state array is also 0.0053s and the load is not isolated completely from the supply

side. Figure 3.7(b) shows that, the switch array voltage increase from 55V to 372 V and

the switch array current reduces from 5.5A to 0.4 A. Hence it is found that the on-state

voltage drop is 55V and the OFF-state leakage current is 0.4A. From Figure 3.7(c), ON-

state, switching period and OFF-state power losses of the solid-state switch array are
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found as 275W, 2250W and 155W respectively. The Figure 3.7(d) shows that the voltage
across the single switch increase from 5.5 to 35V and the current flowing through the
single switch reduces from 0.08A to 0.007A. Hence it is identified that the on-state
voltage drop across the single switch is 5.5V and the OFF-state leakage current is 0.007A.
From Figure 3.7(e) the ON-state, switching period and OFF-state power loss of a single
switch are found as 0.5W, 3.7W and 0.25W respectively.

3.2.4 Proposed scalable TCT micromechanical switch array configuration

Karady et al., (2005) explored Series-Parallel (SP) array topology of micromechanical
switches. Photovoltaic, renewable and power distribution systems are using SP array
(Bastidas et al., 2013; Chakraborty et al., 2013). In this topology, the switches are
connected in series to form sub-modules (strings) and these sub-modules are connected in
parallel. The disadvantage of this topology is that the failure of single switch may leads to
the failure of the complete string. This is mainly implemented for cold switching
conditions. Karady et al., (2005) proposes SP topology to achieve 8A, 4000V for AC
power application through cold switching. Karady and Heydt (2006) designed 7.2 kV,
630A Ac circuit breaker using SP array of 3006300 micromechanical switches. Also
suggested that 250x50 micromechanical switches can be fabricated in one wafer. Keimel
et al., (2012) designed a 350V, 10A SP topology switching system for DC cold switching.
The TCT array configuration has been explored in photovoltaic and solid-state switching
applications (Bastidas et al., 2013; Chakraborty et al., 2013). Ramaraj et al., (2014)
suggested that the TCT array almost doubles the life time of the system.

Figure 3.8 shows the proposed TCT micromechanical switch array configuration which is

scalable to high power rating according to the requirement. S, is an individual switch and

these switches are connected in series and parallel to create a switch array. All these

switches are interconnected as shown in Figure 3.8. To meet the required current rating,

the low current rating switches S,,,.8,,..c..... S, are connected in parallel. Thus the total

current rating of switch array is equal to the sum of current ratings of all the parallel

switches and is given by

L, = il (3.2)
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Where I, is the current flowing through each row switches. To reach the required voltage
rating, low voltage rating switches S, ,......... S, are connected in series.

Now, the total voltage across the switch array V', is

Viwa = Z;’C (3.3)
<

Where V', is the voltage across each column switches. In TCT array, the node points of

the switch array are connected. Hence failure of one switch can not affect the

performance of the array. The Power rating of the switch array P, , 1is given by

PSW{J = Iswa X I/swa (3'4)
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Figure 3.8: DC system with scalable TCT m x n array configuration of micromechanical

switches

Micromechanical switches can be designed with low rating. To achieve high rating and
reliability they are connected in array. This array increases the number of devices. But the
microsystem bulk fabrication technology is in favor of making many devices in a single
wafer and leads to small size, weight, cost and less power consumption. The advantages
of TCT micromechanical switch array is that failure of one switch will not affect the
performance of the overall switch array.

The TCT micromechanical switch array is scalable to the required power rating. For
example, 40V/0.1A micromechanical switches can be connected in the array of 30x5 to

achieve 200V/ 3A rating and 15x10 to enhance 100V/ 6A rating.
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To study the characteristics of TCT micromechanical switch array, simulation has been

carried out using 40V, 0.1A, 0.01Q micromechanical switches (Rebeiz, 2003; Hyman

and Mehregany, 1999). 40 V/ 0.1A micromechanical switches are connected in 60x10

array configuration to achieve 400 V/ 6A.
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Figure 3.9: Simulated waveforms of DC system with TCT array of micromechanical

switch configuration

33



From Figure 3.9(a), it is found that the load voltage and current are interrupted and
reduces from 398V, 6A to 0V, OA. It shows that the load is completely isolated from the
supply side. Figure 3.9(b) shows that, the switch array voltage increases from 0.01V to
400V and the current reduces from 6A to 0A. Hence the ON-state voltage drop is 0.01V
and the OFF-state leakage current is 0A. When the TCT array switches from OFF-state to
ON-state, the peak current of 18A flows through the array at 0s. During transition from
ON-state to OFF-state, peak current of 11A flows through the TCT array at 0.005s. From
Figure 3.9(c) it is identified that the ON-state and OFF-state power losses of switch array
are 0.055W and 0 W respectively. When the TCT array switches from OFF-state to ON-
state, peak power of 0.18W appears across the array. Power of 0.09W appears across the
array during the transition of array from ON-state to OFfF-state. Figure 3.9(d) shows that
the switch voltage increases from 0.001V to 40V and switch current reduces from 0.1A to
0A. Hence the ON-state voltage drop is 0.001V and the OFF-state leakage current is OA.
During the transition from OFF-state to ON-state of a single switch, peak current of 0.5A
flows through the switch at 0s. During transition from ON-state to OFF-state, peak current
of 0.18A flows through the switch at 0.005s. Figure 3.9(e) gives the ON-state and OFF-
state power losses of each micromechanical switch as 0.0001W and OW respectively.
When the single switch switches from OFF-state to ON-state, peak power of 0.3mW
appears across the switch. Power appears across each switch of the array during the
transition from ON-state to OFF-state is 0.19mW.

3.2.5 Comparative analysis of switches in DC system

The results obtained from above analysis are summarized and presented in Table 3.2. The
ON-state and OFF-state parameters of the electromechanical switches, solid-state switch
and solid-state switch array are compared with the proposed scalable TCT
micromechanical switch array configuration. The voltage drop and power loss of
micromechanical switch array in the on-state is 0.01 and 0.055 respectively. The on-state
voltage drop of TCT micromechanical switch array is 18 times lesser than mechanical
switch. The OFF-state current and power loss are equal to zero. Hence it is clear that the
proposed system will give better performance in terms of voltage drop, leakage current
and power loss. The simulation result shows the voltage, current and power

characteristics of single switch and TCT array of switches. It also shows that, peak power
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appears across the switch during switching period. The results obtained through the
conceptual model are used for further analysis towards the design of scalable, arcless

micromechanical switches for power applications.

Table 3.2: Simulation results and quantitative comparison for DC system

Solid- Proposed Scalable
Solid-
Mechanical state TCT
State Parameters state
switch _ switch micromechanical
switch _
array switch array
Voltage drop (V) 0.18 13.15 55 0.01
ON
Power loss (W) 1.05 115 275 0.055
Leakage current (A) 0 0.3 0.4 0
OFF
Power loss (W) 0 75 155 0

3.3 Characteristics of AC System

An equivalent AC system is considered to evaluate the characteristics of various switches,

and 1s shown in Figure 3.10. The AcC system contains a sinusoidal voltage source E, (rms),

resistance R and inductance L are connected in series with a resistive load R; through a

switch.
E =E sinwt (3.9

Where E is the maximum source voltage, @ is the angular frequency and ¢ is the time.

Figure 3.10: AC equivalent electrical system
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The parameter values considered for the AC equivalent circuit is given in Table 3.3. The
source voltage considered is £, =230V (rms). The simulation has been carried out using

MATLAB Simulink tool for analyze the characteristics of various switches. The

simulation carried out between 0 and 0.06s. The control signal is given to open the
switch at 0.025s.

Table 3.3: Parameters of AC system

Parameter Symbol | Value | Unit

Source Voltage E, 325 \Y%

Load Resistance R, 67 Q
Resistance R 1 Q
Inductance L 0.01 H

This equivalent AC system is analyzed with mechanical, solid-state and proposed scalable
TCT array of micromechanical switches for the rating of 230V (rms), 6A. This supply
has the maximum voltage of 325V. The performance parameters are obtained through
simulation using MATLAB Simulink. Simulation has been carried out for the time period
of 0 to 0.06s. The switch is kept in ON-state for the time period less than 0.25s. At 0.025s,
control signal is given to the switch to make the switch OFF.

3.3.1 Mechanical switch

The switch parameter of 325V (max), 6A, 52.1m€Q (ABB, 2011) has been considered and
simulation is carried out to evaluate the characteristics of mechanical switch. The
simulation has been carried out for the circuit given in Figure 3.10 with the mechanical
switch and the results are shown in Figure 3.11. Figure 3.11(a) shows the AC source
voltage. Figure 3.11(b) shows that at 0.025s, the load voltage and load current starts
reducing and become zero at 0.03s. The switching speed is obtained as 5Sms. Figure
3.11(c) shows that the maximum switch voltage increases from 0.3V to 325V and the
maximum switch current reduces from 6A to 0A. The maximum ON-state voltage drop is
0.3V and ofF-state leakage current is zero. Figure 3.11(d) shows the maximum ON-state,

switching period and OFF-state power loss are 1.25W, 70W and OW respectively.
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Figure 3.11: Simulated waveforms of AC system with mechanical switch

3.3.2 Solid-state switch

(y) ua1m)) peoT

An Ac system using GTO as a solid-state switch is shown in Figure 3.12. Two GTOs are

connected in anti-parallel to block positive cycle and negative cycle voltages. A, K and G

are the anode, cathode and gate terminals of the power GTO. The simulation uses power

GTO parameters 325V, 6A, and 5Q (Woodworth, 1981).

X A
G -
G
A \_\r K
d!
R Cy

SwW

Figure 3.12: Ac system with GTO switch
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From Figure 3.13(b) it is identified that the load voltage and current are interrupted at
0.025s and reduce to non-zero value, hence the switching speed is 600us. Figure 3.13(c)
shows that the maximum switch voltage increases from 28V to 313V, the maximum
switch current reduces from 5.4A to 0.2A. The maximum on-state voltage drop and OFF-
state leakage current are identified as 28V and 0.2A respectively. Figure 3.13(d) shows
the maximum power loss during on-state, switching period and orr-state are 105W,

11300W and 26 W respectively.
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Figure 3.13: Simulated waveforms of AC system with solid-state switch

3.3.3 Proposed scalable TCT micromechanical switch array

For analysis a 33V, 0.4A (max), 0.01Q (Rebeiz, 2003; Hyman and Mehregany, 1999)
micromechanical switch has been considered and 15%10 switches are connected as a TCT
array to achieve the rating of 325V/6A. Simulation has been carried out for the proposed

circuit shown in Figure 3.8 with the AcC supply and results are shown in Figure 3.14.
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Figure 3.14: Simulated waveforms of AC system with TCT array of micromechanical

switch configuration

Figure 3.14(a) shows the source voltage. Figure 3.14(b) shows that, maximum load
voltage increases from 325V to OV and the maximum load current reduces from 5.8 to
OA. Figure 3.14(c) shows that, the maximum array voltage increase from 0.03V to 325V

and the maximum array current reduces from 5.8A to OA. Hence the maximum on-state
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voltage drop is 0.03V and the maximum OFF-state leakage current is OA. Figure 3.14(d)
shows that the ON-state and OFF-state power loss of switch array are 0.16W and OW
respectively. Figure 3.14(e) shows that the switch voltage increases from 0.0035V to
32.5V and the switch current reduces from 0.39A to OA. The switch voltage drop and
leakage current are 0.0035V and OA respectively. Figure 3.14(f) shows that the ON-state
and OFF-state power losses are ImW and OW respectively.

3.3.4 Comparative analysis of switches in AC system

The results are summarized and presented in Table 3.4. The ON-state and OFF-state
parameters of the mechanical and solid-state switches are compared with the proposed
scalable TCT micromechanical switch array configuration. The voltage drop and power
loss of micromechanical switch array in the ON-state is 0.03V and 0.16W. The voltage
drop of micromechanical switch array is 10 times lesser than mechanical switch. The
power loss of the micromechanical switch array is 7.8 times lesser than mechanical
switches. For micromechanical switch array, the OFF-state current and power loss are
zero. Hence it is clear that the proposed system will give good performance in terms of
voltage drop, leakage current and power loss.

In micromechanical switches, the physical gap provides isolation and zero leakage
current. But in case of solid-state switches, Absence of physical gap increases the
resistance and reduces the isolation. Also the solid-state devices made up of
semiconductor materials which have very high resistance. This leads to high voltage and
power losses. In micromechanical switches the conducting parts are made up of
conductive materials which have less resistance. This results in low voltage drop and
power losses.

Figure 3.4: Simulation results and quantitative comparison for AC system

Solid- | Proposed Scalable TCT
Mechanical
State Parameters state micromechanical
switch
switch switch array
o Voltage drop (V) 0.3 28 0.03
N
Power loss (W) 1.25 105 0.16
Leakage current (A) 0 0.2 0
OFF
Power loss (W) 0 26 0
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3.4 Actuation Techniques of Micromechanical Switch for Power

Applications
A micromechanical switch has ON-state and OFF-state. Switching between these two states
can be achieved through the movement of a free moving cantilever beam. The movement
can be obtained using different types of actuation mechanisms like piezoelectric, thermal,
magnetic and electrostatic.
3.4.1 Piezoelectric micromechanical switches
The piezoelectric effect was discovered by Piere and Jacques Curie. Certain materials
such as quarts, piezoceramics, piezopolymers, piezocomposites and single-crystal
materials produces mechanical stress on their surface on the application of electric
charges and vice versa. This phenomenon is called the piezoelectric effect. Materials
showing this phenomenon also conversely have a geometric strain proportional to an
applied electric field. The Piezoelectric effect is extensively utilized in various devices
such as transducers, sensors and actuators (Kanno, 2013). In piezoelectric
micromechanical switches, very high driving voltage is required even for very small
displacement 1pum (Yoichi, 2006). This high voltage leads to occurrence of arc.
3.4.2 Thermally actuated micromechanical switches
Yeatman, (2007) developed thermally actuated micromechanical switches for power
applications. In thermally actuated micromechanical switches, the beam movement is
due to the thermal expansion. The thermal switches having large current handling
capability but the switching speed is very low in the range of 100pum to 5000pum. This is
due to the time required to heat the structure (Geear et al., 2004). If the switching speed is
less, then the possibility for occurrence of arc is more (Kaiser, 2005).
3.4.3 Electromagnetic micromechanical switches
Magnetic micromechanical switches having the cantilever beam structure has the ability
to bend in the application of a magnetic field. A permanent magnet is placed near the
microstructure to actuate the beam and closes the switch. This creates closed current
conduction path. A coil is used to open the switch by creating a magnetic field equal and
opposite to the field produced by the permanent magnet, which restores the beam due to
spring force and thereby creating a dynamic equilibrium. The switches are coupled by the

permanent magnet in the normally closed position. Magnetically actuated switches have
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relatively less switching speed in the range of 100us to 2000us. The on-state current
handling capability is 0.01A to 1A with a low contact resistance. The voltage handling
capability is low when compared to electrostatic switches (Raychowdhury et al., 2013;
Shobak et al., 2011). The structure of electromagnetic micromechanical switch is more
complex. The size of these switches are comparatively 20 times more than piezoelectric,
thermal and electrostatic micromechanical switches. These switches may lead to arc due
to low switching speed.

3.4.4 Electrostatic micromechanical switches

Electrostatic switches need actuation (driving) electrodes, which are placed at the bottom
of cantilever beam and top of silicon base. When an actuation signal is applied across the
driving electrode, the beam is pulled down by induced electrostatic force. Hence, current
flow is permitted by the connection of the microelectrical contact. Reducing the voltage
across the driving electrode leads to opposing electrostatic force leads to upward
movement of beam. Hence, current flow gets interrupted. Electrostatically actuated
switches have dominated in many applications due to their linearity, very low OFF-state
capacitance and relatively fast switching speed in the range of 0.1-200us. The on-state
current handling capability is around 0.4A with a low contact resistance. The OFF-state
isolation is higher and the voltage handling capability varies from 20 to 300V. ON-state
resistance of electrostatic switch is in the range of 10-200m€2 and OFF-state capacitance is
in femto Farad. The contact gap of these switches is from 2pum to 7um (Raychowdhury et
al., 2013, Shobak et al., 2011).

Electrostatic actuation does not consume current, hence the power consumed for
actuation is zero. These switches are compatible with electronic chip fabrication. Ma et
al., (2015) and Keimel et al.,, (2012) explored the use of electrostatically actuated
micromechanical switches for power applications. Electrostatic micromechanical
switches have simple, fabrication compatible structure and scalability supportive (Song,
2016).

Table 3.5 summarizes the characteristics for different types of micromechanical switches.
The comparison clearly indicates that electrostatically switches are very promising for
low on-state resistance, fast switching speed, compatible manufacturability and

integrability with VLSI circuits. From above mentioned switches, electrostatic actuated
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switches have reliable design, good performance and are entering into volume production
for commercial applications. The electrostatically actuated micromechanical switches
also produces arc. But arcless switching can be achieved through proper design of the

micromechanical switch.

Table 3.5: Comparison of micromechanical switches on the basis of actuation technique
(Keimel et al., 2012; Lu et al., 2006; Shalaby et al., 2009; Song et al., 2012;
Raychowdhury et al., 2013; Wong, Lang, and Schmidt, 2000; Shobak et al., 2011;Song,

2016)
Piezoelectric Thermal Magnetic Electrostatic
Switch Criteria
switch switch switch switch
ON-state resistance (£2) 500 0.05 - 0.25 50 m 10 - 200 m
Current handling (mA) 1 - 1000 10 - 2000 10 - 2000 0.1-400
Switching time (us) 10 - 500 100 - 5000 100 - 5000 0.1-200
Actuation voltage (V) 5-50 0.5-5 1-5 5-100
Bias Current (mA) 0 0.5-5 20 - 150 0
Area (um®) 200 x 200 200 x 200 5000 x 4000 250 x 250
Size Small Small Large Medium
Manufacturability Incompatible | Compatible Incompatible Compatible
Integra‘t;iiiictzizo VLSt Incompatible | Incompatible | Incompatible Compatible

3.5 Proposed Electrostatically Actuated Micromechanical Switch

Micromechanical switches use mechanical movement to achieve ON-state and OFF-state in
the electrical system. Micromechanical switches are categorized by their configuration as
shunt and series. Based on the nature of the switching contact, these switches are
classified in to capacitive and metal-metal contact. Usually shunt switches are based on
fixed-fixed beam and are more suitable for capacitive switching for high frequency and
RF applications. The series type switches uses cantilever beam fixed at one end and the
other end is freely moving (Noel, 2016; Rebeiz, 2003). For power switching applications,

the contact should be metal-metal contact type. Cantilever based switches are preferred
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because of its simple configuration and easy wiring (Khushalani, Pande, and Patrikar,
2016). The proposed structure of electrostatically actuated micromechanical switch is
shown in Figure 3.15.

The electrostatically actuated micromechanical switch has a silicon base. The
micromechanical switch has a cantilever beam which is anchored at one end and the other
end is freely moving. The electrostatic actuation is carried out by a set of driving
electrode, one on the base and another is fixed on the bottom of the cantilever beam. The
upper and lower driving electrodes are connected to the positive and negative terminal of
the DC voltage source. The microelectrical contact is placed at the tip of the cantilever
beam which allows and interrupts the electric current in a DC and AC system. The
microelectrical contact has two fixed electrodes and a floating electrode. The bottom of
the free end of the cantilever beam has floating electrodes. One of the fixed electrode
connected to the source is anode and the electrode which is conneced to the negative
terminal of the source is cathode. Anode and cathode are fixed on the silicon base. The
floating contact is neither connected to the positive nor to the negative of the source.
When driving (actuation) voltage is applied between driving electrodes, driving force
develops and pulls the cantilever beam down. Hence the floating electrode come in
physical contact with the anode and cathode, the switch become on-state. This creates a
continous current conduction path in the electrical system. The driving voltage can be
reduced to move the beam up and the micromechanical switch become OFF-state and

hence the current flow gets interrupted.

Anchor

y Driving Electrode

_ Cantilever Beam

7 Microelectrical Contact

Cathode

Figure 3.15: Electrostatically actuated micromechanical switch

44



This micromechanical switch can be used for both AC and DC power switching
applications. During the switching operations, arc may occur in the micromechanical
switch. Both AC and DC power can leads to arc. The presence of arc leads to damage and

failure of the switch.

3.6 Arcless Switching

In case of Ac, switching at natural zero crossing of sinusoidal voltage or current
waveform may leads to arcless switching. Arc occurs, if the switching has been carried
out at non-zero point. But, the arc get extinguished quickly at the next natural zero
crossing point of the supply voltage or current (Meyer, Kowal, and De Doncker, 2006).
Achieving arcless switching in DC electrical system is challenging because of the non-
zero steady supply voltage (Saeedifard et al., 2010). Hence further analysis has been
carried out for DC power switching.

3.6.1 DC power switching

The recent development of power electronic based converters, solar power generating
systems and electrical energy storage devices increases the opportunities of DC electric
power system. Shipboard power systems, electric aircrafts, battery operated systems,
electric traction systems, battery protection, home appliances, smart grid and residential
microgrid etc., are utilizing DC power in order to take advantage on efficiency, flexibility
and quality. Hence, there has been ample attention to develop DC switching devices
(Tabari and Yazdani, 2015; Huang et al., 2015; Meyer, Kowal, and De Doncker, 2006).
In order to reduce the electric power consumption, the demand based switching of these
applications is needed and has to be controlled automatically to make the system smarter.
Therefore, a good functionality current interrupting device with high reliability is needed.
Reliability depends on many factors. One of the important factor is occurrence of arc.
For the micromechanical switch shown in Figure 3.15, arc occurs in four parts of the

switch.
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3.6.2 Arc occurring parts

Arc can occur in four parts of the micromechanical switch.

Driving Electrode

Driving electrode has non-touching contacts. The driving voltage is given across the
electrode which moves the cantilever down. The driving voltage can cause ionization of
air present between the driving electrodes. The detailed analysis is carried out in chapter
4.

Microelectrical contact

The microelectrical contact is responsible for allowing and interrupting the electric
current. During ON-state, it is a touching contact. As observed in Figure 3.9(d), section
3.2.4, the current flows through the microelectrical contact and the voltage across the
contact is zero. Hence the current carrying capability needs to be analyzed. If the current
flows through the microelectrical contact exceeds the current carrying capability, which
leads to contact welding. Also, from Figure 3.9(e), section 3.2.4, it is observed that peak
power appears across the microelectrical contact during switching. This power increases
the temperature and leads to melting and evaporation of the microelectrical contact. This
causes pre-breakdown (metal) arc. The detailed investigation has been carried out in
chapter 5.

Anode-cathode

During OfF-state, the floating electrode won’t touch the anode and cathode. Hence, at this
stage microelectrical contact is a non-touching contact. As observed in Figure 3.9(d),
section 3.2.4, the voltage appears across the microelectrical contact and the current is
zero. This voltage may cause arc across anode and cathode due to ionization of air. The
arcless design of anode-cathode is also analyzed in chapter 5.

Driving electrode and microelectrical contact

Arc may even occur between driving electrode and the microelectrical contact. As
observed in Figure 3.9(d), section 3.2.4, voltage appears across the microelectrical
contact. The potential difference between driving electrode and the microelectrical
contact also may causes occurrence of arc. This is also due to ionization of air present

between the contacts.
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3.7Conclusion

The following conclusions were made from the conceptual modeling and analysis of TCT

array configuration of micromechanical switches.

Scalable TCT array configuration using mxn micromechanical switches has been
proposed to increase the power rating.

Micromechanical switches with the rating of 40V, 0.1A, 0.01Q are connected in
60x10 scalable TCT array configuration to achieve 400V, 6A DC system. The
array gives voltage drop of 0.01V, power loss of 0.055W and leakage current of
OA. It is observed that peak power appears across the switch during switching
period. The conceptual configuration of TCT array of micromechanical switch is
compared with mechanical, solid-state and solid-state array switches. The
proposed array gives 10 times less leakage current, voltage drop and power losses
than mechanical switches.

Micromechanical switches with the rating of 33V, 0.4A, 0.01Q are connected in
15%10 scalable TCT array configuration to achieve rating of 325V, 6A AC system.
The maximum voltage drop, power loss and leakage current are obtained as
0.03V, 0.16W and 0A respectively.

It is found that electrostatic switches are more suitable for power switching
applications because of zero actuation power, switching speed in the order of
microseconds and CMOS compatible fabricatability.

The structure of the micromechanical switch suitable for the power application is
presented. The arc occurrence parts of the micromechanical switch also has been
presented. The detailed analysis in these arc producing contacts are presented in

the following chapters.
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CHAPTER 4
MODELING AND ANALYSIS OF ARCLESS DRIVING
ELECTRODE

4.1 Introduction

TCT array configuration of micromechanical switch and the structure of electrostatically
actuated micromechanical switches are described in chapter 3. For power switching
applications, each switch present in the array should be arcless in order to enhance
reliability. In an electrostatically actuated micromechanical switch, arc occurrence is very
significant in the driving electrode and in the microelectrical contact. In order to achieve
arcless switching both driving electrode and microelectrical contact should be arcless. In
this chapter, the design of arcless driving electrode is discussed in detail.

Driving electrodes form a non-touching metal plate. Voltage applied across the driving
electrode results in driving force. This force moves the cantilever beam downwards so
that the switch become on-state. Release of voltage moves the beam upward and the
switch is in orr-state. During orr-state of the switch, the driving electrode has the parallel
plate structure and in the on-state, it forms a non-parallel plate structure. Since the driving
electrode is a non-touching contact, no current flows through the contact. Hence the
power consumed or dissipated across the electrode is zero (Sterner et al., 2010). But
driving voltage appears across the driving electrodes.

The voltage applied across the non-touching electrodes creates electric field. This electric
field ionizes the air between the electrodes and leads to breakdown arc. The voltage at
which arc occurs is called as breakdown voltage and the electric field at which arc occurs
is called breakdown electric field (Okawa et al., 1988). The breakdown voltage for
centimeter and millimeter gap is extensively studied by Paschen curve (Kuffel et al.,
2000). For micrometer gaps, the breakdown voltage is discussed using Paschen curve and
modified Paschen curve (Go and Pohlman, 2010).

In this chapter, the structure of the driving electrode during orr-state and on-state are
discussed. The modified Paschen curve is presented for Al, Cu, Au and Pt driving

electrodes for air medium at room temperature and atmospheric pressure. The boundary
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between arc and arcless region are identified. The capacitance and electric field during
orr-state and on-state are obtained for various size of the driving electrode with various
gaps. The capacitance and electric fields are obtained using mathematical modeling and
the results are compared with FEM simulation. The electric field distribution is also
obtained for different voltage levels. The occurrence of arc in the driving electrode is
discussed. This analysis also can be applicable for the design of devices such as

microactuators and microsensors in which micro gaps are present.

4.2 Structure of the Driving Electrode

The structure of driving electrode present in the proposed electrostatically actuated
micromechanical switch is given in Figure 4.1. The driving electrode has parallel plate
arrangement. One of the plate is fixed on the cantilever beam, along with cantilever
movement, this plate also moves. Another plate of the driving electrode is fixed on the
base. The driving electrode is a non-touching electrode and made up of conducting metal.

It is considered that both plates are of same dimension and similar material. During orr-

state, the air gap of g, is present between the driving electrodes as shown in Figure
4.1(a). L, 1s the length, ¢, is the thickness and W, is the width of the driving electrode.

During on-state, the air gap of g, and g,,1s present between the driving electrodes as

shown in Figure 4.1(b).

i+

H

=%
g
=%
[

|H

=
=%
=
o

< Ld — \< «— Ld —_—
(a) (b)

Figure 4.1: Driving electrode during (a) OFF-state (b) on-state
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The driving voltage applied across the electrodes produces electric field. This electric
field depends on the capacitance of the driving electrode. Hence in order to design arcless
driving electrode, the capacitance and electric field appears across the electrodes needs to
be analyzed. This analysis is carried out for both orr-state and on-state of the
micromechanical switch.
The capacitance and electric field of the driving electrode are obtained using
mathematical modeling and the results are verified using FEM simulation. This analysis
has been carried out for three cases with different size of the driving electrode. Also
these three cases are analyzed for four different voltage levels and the occurrence of
breakdown arc is discussed using modified Paschen curve. The dimensions of considered
three cases are given as follows:

Case 1: L; =30um, W,=30um, ¢, =2pm

Case 2: L, =30pum, W, = 60um, ¢, = Sum

Case 3: L; = 50pm, W, =50pm, ¢, = 10pm

4.3 Breakdown Arc Analysis

In general, air is an insulator. However, when high voltage appears across the electrodes,
the air present between the electrodes becomes relatively conductive. This phenomenon
is called as the electric breakdown of the air. If the voltage is sufficiently high, electrical
breakdown of the air occurs and leads to electrical spark or arc which bridges the gap.
The electrical breakdown voltage is the voltage at which arc appears between two
electrodes separated by gaseous medium. The breakdown voltage depends on the medium
between electrodes, temperature, pressure and material of the electrode. In general, the
electrical breakdown is based on Townsend (avalanche) breakdown in air. The
application of voltage across the electrodes induces electric field. Due to this electric
field, the electrons gain enough energy between successive collisions with neutral atoms
to ionize the atoms. This ionization releases additional electrons which also accelerate,
collide with atoms and cause more ionization. This resulting avalanche leads to arc.
Paschen curve and modified Paschen curve gives the breakdown voltage, which is

the voltage required to produce electric arc (Go and Pohlman, 2010).
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4.3.1 Breakdown arc analysis using Paschen curve

The breakdown voltage has been explored for gap formed by sphere-sphere, needle- plate
and plate-plate electrodes (Chen et al., 2006; Lee et al., Chung, 2001). The breakdown
voltage for centimeter and millimeter gap is given by the Paschen’s law. It states that the

breakdown voltage V, is the function of the product of the air pressure and the gap

between the electrodes, and written as V, = f(pg,), where p is the pressure and g, is
the gap between the electrodes (Kuffel et al., 2000). Paschen curve law has been
successfully employed in millimeter scale gaps and centimeter gaps.

The Paschen curve describes the gaseous breakdown voltage across the gap between two
contact electrodes. Breakdown voltage is the maximum voltage which the electrode can

withstand without any arc. The V, breakdown voltage for microgap is given by

_ Bpg, 4.1
(C+n(pg,)) 1
C=In(4/In(1+1/ 7)) 4.2)

For air 4 = 15 cm™Torr !, B = 365 Vem™ Torr” and y = 0.01(Tirumala, 2010). The

Figure 4.2 shows the Paschen curve for microgap at the pressure of 1 atmospheric air.

1600

1400‘_ == Breakdown Voltage

1200

1000 —
800 -

600 —

400 L_//

200

Breakdown voltage (V)

O T T T T T T T T T T T 1
0 5 10 15 20 25 30

Gap (pm)
Figure 4.2: Paschen curve (Kuffel et al., 2000)
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As the contact gap decreases from 30 um, the breakdown voltage decreases. However, at
contact gap of 7.5um, breakdown voltage reaches a minimum of 330V. As we scale
down to smaller gaps below 6 pm, the Paschen curve indicates the breakdown voltage to
be very high. The Paschen curve failed to predict the behavior in gaps lower than 6pum.
4.3.2 Breakdown arc analysis using modified Paschen curve

Modified Paschen curve presents the breakdown voltage for micrometer gap. Modified
Paschen curve for various gas medium such as air, Neon, Argon are reported for various
pressure (Go and Venkattraman, 2014). Strong et al., (2008) suggested that modified
Paschen curve is a standard curve used to obtain the breakdown voltage. Since arc
analysis is carried out for four materials such as Al, Cu, Au and Pt throughout, modified
Paschen curve has to be obtained for these materials. In order to design an arcless driving
electrode, the breakdown voltage of air for micrometer gaps are obtained for the metals
Al Cu, Au and Pt using numerical equations.

The voltage across the micro air gap g, separated by electrode generates ions by electron
impact, results in primary ionization. Go and Pohlman (2010) presented, Townsend’s first

ionization coefficient & as follows
a=Ape el (4.3)
The secondary electron emission due to bombarding ions is given by Townsend's second

ionization coefficient y;, which is defined as the ratio of secondary emission current j,,
and incident ion current j,,, (Storozhev and Surzhikov, 2015)

Vi = Jsee| Jion (4.4)
y; for the materials Al, Cu, Au and Pt are 0.035, 0.025, 0.02 and 0.017 respectively (Bell,
1991).

In microgaps, field-emitted electrons occurs due to an approaching ion causes ion-

enhanced field emission results effective secondary emission coefficient y,, and this

phenomena is absent in larger gaps.

The secondary emission current j.. and enhanced field emission current j,, forms the

net emission current j,,
jemit = jsec + jﬂd (45)
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The emission of an electron is enhanced by an incident ion and an approaching ion. The

net effective secondary emission coefficienty,,, is given as the ratio of the current of

field emitted electron current j,,,, and incident ion current j, ,

Y net :jemit/jion :jsec+jﬂd/ji0n :7/i+7/eﬁ“ (46)
The ratio of the current of field emitted electron current j;, and incident ion current j,,

gives the effective secondary emission coefficient 7, . This is given by

Veir =J | Jion =K & (4.7)

Where constant K =10" and the coefficient £ can be obtained in terms of apparent

applied field
E=(6.85x10")¢"?/8 (4.8)
Where ¢=4 el is the work function of the cathode and £ =50 is the geometrical

enhancement factor, and hence £ ~ 10’ (Boyle and Kisliuk, 1955).
The breakdown criterion is then based on the mathematical condition where the current
increases to

y;(e“ -1 =1 (4.9)
Using breakdown criterion and the solution of «« , the relation between breakdown voltage

V), and contact gap g, is given by
7+ Ke_Egd/Vh)[eApgdéB”gf‘”“ _1} =1 (4.10)

The equation 4.10 is solved using Newton-Raphson method. This is a simple, iterative
and powerful technique to solve the equations numerically. The Newton-Raphson
equation used to solve the above equations is given in Appendix A. The MATLAB M-
file program used to obtain modified Paschen curve using Newton-Raphson method is
given in Appendix B. The analysis has been carried out for 0.5um to 30um. The resulting
curve obtained is shown in Figure 4.3 and this is the modified Paschen curve which gives

the breakdown voltage for Al, Cu, Au and Pt.
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Figure 4.3: Modified Paschen curve for the materials Al, Cu, Au and Pt

Figure 4.3 shows that when contact gap increases from 0.5um to 6um, the breakdown
voltage also gradually increases to 250V, 275V, 290 and 300 V for Al, Cu, Au and Pt
respectively. When contact gap increases from 6um to 30um, breakdown voltage reduces
and then again increases. Between 7um tolOpum the drop in breakdown voltage occurs
because transition of small gap to the large gap. Hence above 9um, the modified Paschen
curve is similar to Paschen curve. The modified Paschen curve consists of three regions:

Gaps greater than 10 um, a plateau between 5 pm to 10 um and a steep decline for gaps

less than 5 pm. The contribution of ion-enhanced field emissiony,,; is considerable at

small gaps and slowly decreases at large gaps. But in the larger gaps, the secondary

emission y; 1s significant. Gap below 5um are influenced by ion enhanced field emission

and is independent of material. Gaps above 10pum are dominated by secondary electron
emission which depends on material. The gap between Sum to 10pum is the region which

has influence of both ion enhanced field emission and secondary electron emission.
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This curve gives the boundary between arc and arcless region. In electrostatically
actuated micromechanical switch, the gap ranges between 1pm and 7pum (Rebeiz, 2003).
For the contact gaps less than 5 um, the breakdown voltage is a linear function of gap.

V,=Sxg, (4.11)
Where S is the slope of approximately 60V/um. The breakdown arc analysis also can

be carried out using breakdown electric field as a function of gap.

4.3.3 Analysis of breakdown electric field as a function of electrode gap

The breakdown electric field £, is given as

E =V, /g, (4.12)

(7, +Ke 2 [eApgd i 1} -1 4.13)
The curve obtained is shown in Figure 4.4, which gives, the breakdown electric field as
the function of electrode gap ranges from 0.5um to 30um. The breakdown electric field
obtained for the materials Al, Cu, Au and Pt. The electrode gap and material has

sufficient influence on the breakdown electric field.
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Figure 4.4: Breakdown electric field as a function of electrode gap
If the electric field across the contact gap is higher than breakdown electric field of air, an
arc discharge begins. The breakdown electric field curve creates a boundary between

arcing and arcless region. The area below the curve is arcless region and area above the
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curve is arcing region. Platinum has higher breakdown electric field among the materials
Al, Cu, Au and Pt. Aluminum has the least value of breakdown electric field. As gap
increases from 0.5pum to 30pum, the electric field varies from 7e’V/m to le’V/m.

Figure 4.3 Shows that the smaller gap withstands less voltage without arc. But Figure 4.4
shows that smaller gap withstand high electric field. These curves provide the breakdown
voltage and electric field as a function of gap and also provide the boundary between arc
and arcless region. Now it is required to find the electric field appears across the driving
electrodes and to check whether the electric field is in arcless region. The driving voltage
appears across the driving electrodes produces electric field which depends on the
electrode dimensions. Depends on the dimension of the driving electrode lower voltage
can cause higher electric field and higher voltage can cause lower electric field. Hence it
is important to analyze the voltage appearing across the driving electrode and electric
filed produced by the electrode. Both voltage and electric field should fall in the arcless
region.

4.4 Arc Analysis during OFF-State

During orr-state, the driving electrode behaves as a parallel plate capacitor. The
capacitance and electric field of the driving electrode are modeled to achieve arcless
driving electrode. Also it is required to visualize the distribution of electric field.

4.4.1 Mathematical Modeling

The capacitance of the driving electrode C, during orr-state is given as

ke, L, W
C, =L, +Cy | (4.14)
84
Cy=1+34 4 B 27l (4.15)
L, =L, g4
g 2t t, )
Cpp==%LIn| 1+ 4L +2 [L+-L (4.16)
B2 ¥ 8a 8a &u

Where ¢, is the permittivity of air, £ is the relative permittivity of air. ke,L, W, /g, 1is the

normal capacitance of the parallel plate electrode, Cy is the fringing field due to the
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finite dimensions of the driving electrodes and C,, is the fringing field associated with

the thickness of the driving electrode (Leus and Elata, 2004).
The amount of charge that can be placed on the plates is proportional to the voltage

pushing the charge on to the positive plane. The charge on the driving electrode Q, is
given by

Q,=C)V, (4.17)
The electric field E, between the driving electrodes is given by

Qi

= =d 4.18
L, W, & ( )

£y

It 1s noted that the electric field appearing across the driving electrodes, depends on the
size of the driving electrode and the voltage applied across the driving electrodes.

4.4.2 Simulation

With the objective of comparing the calculated capacitance and electric field, the
COMSOL Multiphysics FEM tool has been used. The FEM analysis uses Maxwell’s
equation to obtain the capacitance and electric field of the driving electrode. These are
given in Appendix C. The surface plots obtained using COMSOL Multiphysics tool and
the values are obtained from the plots.

The capacitance and electric field of the driving electrode for the gaps 1um to 30um are
obtained using mathematical model and COMSOL FEM simulations. In order to obtain
the electric field for various sizes of the driving electrode, the voltage across the driving
electrode is kept at 1V.

The capacitance considered for three cases considered are given in Figure 4.5. The
capacitance varies between 18.69¢™°F to 5.488¢™'°F for case 1, 1.75¢™F to 1.27¢"°F for
case 2, and 5.03¢"*F to 0.267¢"*F for case 3 as shown in Figure 4.5 (a), (b) and (c)
respectively.

The maximum electric field at unit voltage (1V) for 3 cases of driving electrode are
obtained using methematical modeling and FEM simulation are given in Figure 4.6. For
all 3 cases, when the electrode gap varied from lum to 30um, the calculated electric
field varies from 1.09¢® V/m to 0.68¢> V/m for case 1, 1.12e° V/m to 0.7227¢” V/m for
case 2 and 1.05¢° V/m to 0.559¢” V/m for case 3 are shown in Figure 4.6(a), (b) and (c)
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respectively. The results show that the driving electrode material does not have any

influence on the capacitance and electric field across the electrodes.
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Figure 4.5: Capacitance of the driving electrode (a) Case 1: L, =30um, W,=30um, ¢,

=2pm, (b) Case 2: L, =30pum, W, =60um, ¢, =5um(c) Case3: L, =50pum, W, =
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In order to design an arcless driving electrode, it is important to visualize the electric field
distribution in the 3D structure. To visualize the capacitance, voltage, and electric field
distribution the surface and slice plots are obtained using FEM analysis for case three
with the gap of 8um and are shown in Figure 4.7. The surface plot given in Figure 4.7(a)
shows that the capacitance 0.49¢'*F is equally distributed in the surface and Figure
4.7(b) shows the surface plot for the applied voltage of 1V. The slice plot shown in
Figure 4.7(c) shows the distribution of applied 1V and Figure 4.7(d) shows the electric
field distribution. The maximum electric field of 1.53e¢’V/m and the electric field are

equally distributed across the gap of the driving electrode.
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Figure 4.7: orr-state FEM analysis (a) surface plot of capacitance (b) surface plot of

voltage (c) slice plot of voltage (d) slice plot of electric field
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4.4.3 Effect of voltage
In order to analyze breakdown arc, the effect of voltage needs to be analyzed. This
analysis is carried out for all the three cases stated in section 4.2 with four voltage ranges.
The occurrence of arc across the driving electrode is analyzed for four voltage ranges and
are given as follows:

Range A: 1to 30 V

Range B: 1to 150 V

Range C: 1to 300 V

Range D: 1to 450 V

The electric fields are obtained for all four voltage ranges by using Equation 4.16 and
4.17. The results are also obtained using simulation. The occurrence of arc in the driving
electrode with various combinations of voltage and gaps are considered and analysis has
been carried out. The electrode gap is varied from 1pum to 30um in steps of 1um. At the
same time the voltage across the electrode is varied from 1V to 30V in steps of 1V, 5V to
150V in steps of 5V, 10V to 300V in steps of 10V, and 15V to 450V in steps of 15V for
the range A, B, C and D respectively. The variation in electrode gap and voltage for

range A is shown in given in Figure 4.8

20V, 20 pm

.

30V, 30 pm

Figure 4.8: Variations in electrode gap and voltage for the range A
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In order to analyze the arc occurrence in the driving electrode the electric fields obtained

are superimposed on the breakdown electric field curve and is shown in Figure 4.9. This

shows the calculated

and simulated electric field across the contact gap for various

voltage ranges and materials.
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Figure 4.9: Arc analysis during orr-state for (a) case 1 (b) case 2 and (¢) case 3

Figure 4.9(a) shows that for case 1, the electric field for voltage range A and B are in the
arcless region. For voltage range C and D, arc occurs above 17um and 1lum
respectively, since it is operating in the arc region. Similarly Figure 4.9(b) shows that for
case 2, the electric field for voltage range A and B are in the arcless region. Arc occurs
for voltage range C and D, because it is operating in the arc region. Figure 4.9(c) shows
that for case 3, the electric field for voltage range A, B, C and D are in the arcless region.
This contact works in the arcless region even at 450V.

It is noted that the size of the driving electrode and voltage applied across the driving
electrode are responsible for arcless design of driving electrode. At particular voltage,

higher the size of the driving electrode, chance of arc occurrence is less.

4.5 Arc Analysis during ON-State

During on-state, the driving electrode behaves as a non-parallel plate capacitor. During
ON-state of the micromechanical switch the gap between the driving electrodes are not

uniform. The structure of the non-parallel plate driving electrode is shown in Figure
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4.1(b). The gap across one edge is g,, and the other edge is g,,. The capacitance and

electric field of the driving electrode are simulated to achieve arcless driving electrode. In
order to analyze the occurrence of arc in the driving electrode, case a, b and ¢ with
various gap between driving electrode are considered and are given by

Case a: case 1 with g,,=2 umand g,, = 10pm
Case b: case 2 with g,,=0.5umand g,, = 12um
Case c: case 3 with g, =3pmand g,,= 13um

The slice plots are obtained using FEM analysis for case c¢ are shown in Figure 4.10. The
surface plot from Figure 4.10(a) shows that the capacitance of 5.43¢"°F is equally
distributed in the surface and Figure 4.10(b) shows the voltage distribution when 1V is
applied between the electrodes. The slice plot shown in Figure 4.10(c) shows the voltage
distribution of applied 1V and Figure 4.10(d) shows the electric field distribution. These
visuals give a clear picture of the distribution of voltage and electric field.

The maximum electric field of 2.89¢’V/m and the electric field are not equally
distributed across the gap of the driving electrode. The maximum electric field appears

across the smaller gap (g,) and less in the larger gap(g,,). So the breakdown arc

analysis for the smaller gap is sufficient. If arc doesn’t occur in the smaller gap, arc
would not occur in the larger gap due to the electric field. The capacitance and
maximum electric field per unit voltage are obtained for the case a, b and ¢ are given in
Table 4.1. It is noted that in case 2, smaller gap results in high capacitance and less

isolation. It is also obseved that more electric field appers across the smaller gap.

Table 4.1: Capacitance and electric field during on-state

Case | Capacitance (F) | Electric field (V/m)
1 2.29¢™" 2.31¢°
2 6.45¢" 1.13¢°
3 5.43¢" 2.89¢
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Figure 4.10: on-state FEM analysis results (a) surface plot of capacitance (b) surface plot

of voltage (c) surface plot of voltage (c) surface plot of electric field

4.6 Discussion on Breakdown Arc

This chapter considered the driving electrode during on-state and orr-state. Modified
Paschen curve has been plotted for Al, Cu, Au and Pt. The boundary between arc and
arcless region are identified. Analysis of electric field appears across the driving
electrode is carried out for on-state and orr-state. Also the breakdown electric field has
been plotted for the materials and detailed study for design of arcless driving electrode
has been carried out. In order to analyze the occurrence of arc due to applied voltage and

the electric field produced, detailed analysis is presented in this section.
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During orr-state, for the case three with the gap of 8um is considered. Voltage of 50V,
250V and 400V are applied across the driving electrode. These driving voltages are
superimposed on modified Paschen curve and the results are given in Figure 4.11. It
shows that, 50V won’t cause arc since it is in arcless region. Arc occurs at 400V, because
it is in the arc region for all the materials. For Au and Pt driving electrodes, arc won’t
occur at 250V because it falls in the arcless region. Arc occurs at 400V for Al and Cu

driving electrode.
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Figure 4.11: Arc analysis during OFF-state using modified Paschen curve for 50V,

250V and 400V at 8um

At 50V, 250V and 400V, the electric field is obtained as 0.38%10’V/m 1.9x10” V/m and
3.09x10"V/m respectively. These are superimposed with breakdown electric field curve
as shown in Figure 4.12. This shows that, the electric field produced by 50V and 250V
may not lead to arc for all the materials. The electric field produced by 400V may not

produce arc for Au and Pt, but arc may produce arc for Al and Cu.
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Figure 4.12: Arc analysis during OFF-state using breakdown electric field for

50V, 250V and 400V at 8um

Table 4.2: Occurrence of arc during orr-state

Electric field Arc due to Arc due to electric
Voltage Material
(V/m) voltage field
Al NO NO
; Cu NO NO
50V 0.38x10
Au NO NO
Pt NO NO
Al YES NO
; Cu YES NO
250V 1.9x10
Au NO NO
Pt NO NO
Al YES YES
400V ; Cu YES YES
3.09%x10
Au YES NO
Pt YES NO

YES means arc occurs and No means arc does not occurs
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The arc occurrence due to voltage and electric field are summarized in Table 4.2. From
this it is clear that the driving voltage less than the breakdown voltage can also cause arc
due electric field and vice versa.  Hence it is preferred to choose the electrode which
won’t cause arc due to voltage and electric field.

Similar analysis has been carried out during on-state for case a, b and c. The voltage of
50V, 250V and 400V are given across the driving electrode. These voltages are
superimposed with modified Paschen curve as given in Figure 4.13 and the arc
occurrence is discussed. Also the electric field is obtained for these voltages and the
results are superimposed with the breakdown electric field as shown in Figure 4.14.
Figure 4.13 and 4.14 shows that, below 4um, the material does not have influence on the
breakdown voltage and breakdown electric field. The arc occurrence due to both

breakdown voltage and breakdown electric field is discussed in Table 4.3.
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Figure 4.13: Arc analysis for 50V, 250V and 400V during on-state
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Figure 4.15: Arc analysis during on-state for 50V, 250V and 400V using

breakdown electric field

Table 4.3: Electric field and arc occurrence during on-state

Arc Arc occurrence
Electric
Case Voltage occurrence due to electric
field (V/m)
due to voltage field
50V 11.55x10° NO NO
Case a 250 57.75x10° YES NO
400V 92.4x10° YES YES
50V 56.6x10° YES NO
Case b 250 283x10° YES YES
400V 452x10° YES YES
50V 11x10° NO NO
Case ¢ 250 55x10° YES NO
400V 88x10° YES YES

This results shows that when the driving voltage is less than the breakdown voltage, the

electric field may cause arc. Also when the driving voltage is more than the breakdown
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voltage, the electric field may not cause arc. Hence while designing an arcless driving
electrode both voltage and electric field has to be taken in to consideration. The size of
the driving electrode and voltage combination has to be carefully selected while

designing the micromechanical switch for arcless switching.

4.7 Conclusion
The conclusions of this chapter are as flows:

e Modified Paschen curve and breakdown electric field curve has been obtained for
Al Cu, Au and Pt at room temperature and atmospheric pressure. The boundary
between the arc region and arcless region has been presented. At the gap of 6um,
the breakdown voltages are obtained as 250V, 275V, 290V and 300V for the
materials Al, Cu, Au and Pt respectively. It is found that the breakdown voltage is
60V/um for the gap less than 6pum.

e The breakdown electric field is obtained for 1um to 30um gap and the electric
field varies from 7¢’ V/m to le’ V/m. It is found that both voltage and electric
field needs to be analyzed to design arcless driving electrode. It is found that the
breakdown voltage and breakdown electric field are high for Pt and low for Al.

e The structure of the driving electrode has been presented for on-state and orr-
state. Three cases are presented with different electrode dimensions and four
voltage levels. It is found that higher the size of the driving electrode, the chances
of arc occurrence is less.

e The ON-state breakdown arc has been analyzed for various size and gap of the
driving electrode. It is found that smaller gap may leads to arc. If the smaller gap
point on the driving electrode does not produce arc, the larger gap point may not

produces arc. The occurrence of arc has been discussed for 50V, 200V and

400V.

® Detailed investigation has been carried out during orr-state and on-state to
analyze the occurrence of arc due to applied voltage and electric field produced.
It is found that even if the contact voltage is less than breakdown voltage, the

electric field can cause breakdown arc.
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CHAPTER S

MODELING AND ANALYSIS OF ARCLESS
MICROELECTRICAL CONTACT

5.1 Introduction
Commercialization of micromechanical switches are challenging because of life time and
reliability issues. Reliability of electromechanical switch depends on many parameters
such as structure, electrical, mechanical, material, operating conditions, environment and
fabrication process. Among these, electrical and mechanical parameters plays important
role in the reliability. Micromechanical switches use microelectrical contact which allows
and interrupt electric current. Reliable operation of the micromechanical switches can be
achieved if the microelectrical contact is reliable.
The reliability of microelectrical contact is mainly affected due to two reasons. One is
contact welding and the other is contact arc. During ON-state, electric current flows
through the contact which depends on the resistance of the microelectrical contact. The
current and resistance cause voltage-drop and power dissipation. This leads to increase in
temperature of the microelectrical contact. If the temperature reaches the melting
temperature of the contact material, leads to contact welding. The contact will be always
in the ON-state and failed to move to the OFF-state. This is called contact welding or struck
close state (Slade, 2014). In electrostatically actuated micromechanical switches arc
occurrence is very significant in both driving electrode and microelectrical contact. The
design of arcless driving electrode has been discussed in chapter 4. In microelectrical
contacts arc can occur during the following states (Balachandra and Nagabhushana,
1993):

1. Switching state: The vaporization of cathode material causes pre-breakdown arc.

2.0FF-state: The voltage and electric field across anode and cathode ionize the medium

present in the contact gap can initiate breakdown arc.

Contact resistance is an important factor for the reliability and life of the microelectrical
contact (Aronstein and Hare, 2005). The temperature distribution is a very essential factor

in the occurrence of arc (Li et al, 2011; Wang et al., 2014). The current carrying
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capability of microelectrical contact and arc are limited by temperature (Kim et al.,
2002). So it is very important to predict the temperature, while designing the micro
electrical contact for power switching applications (Li Hongtao et al., 2013; Hwang et al.,
2013).

In this chapter, analysis of electrothermal characteristics of 3D microelectrical contact for
arcless DC switching has been carried out. Structure of 3D microelectrical contact is
presented. Also ON-state parameters such as radius of contact spot, contact resistance,
temperature and current carrying capability for smooth and rough surface are analyzed.
The steady state and transient temperature of microelectrical contact are analyzed to
achieve arcless switching. The power rating of the contact is also discussed. The OFF-state
capacitance and electric field are discussed to design arcless contact. Voltage, current and
power characteristics of microelectrical contacts are observed to verify the occurrence of

pre-breakdown and breakdown arc.

5.2 Structure of Microelectrical Contact

The schematic representation of the 3D microelectrical contact geometry suitable for
micromechanical switch is shown in Figure 5.1. The microelectrical contact has two fixed
electrodes and one moving electrode. The fixed contact connected to positive and
negative of the DC source is known as anode and cathode respectively. The moving
contact is a floating (overlapping) contact. The floating contact is neither connected to
positive nor to negative of DC source. When the floating contact moves down and come
in physical contact with fixed contact, the switch become on-state. This creates a

continous current conduction path between electrodes.

Moving contact

Fixed contact /

Figure 5.1: Structure of 3D microelectrical contact
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For the design of arcless microelectrical contact, the electrothermal properties are
analyzed for the following states of the switch.

1. ON-state

2. Switching state

3. OFF-state
In the on-state, the floating contact is in touch with the fixed contact. The contact
resistance appears at the microelectrical contact. The contact resistance and temperature
has high influence on the reliability and life of the electrical contact. Temperature is a
very important parameter in the design of on-state microelectrical contact. The current
carrying capability and reliability also depends on temperature distribution. If the
temperature of the contact increases above the melting temperature of the contact
material, electrodes get welded with each other and it get damaged. For designing reliable
contact, it is very important to keep the temperature below the softening temperature of
the contact material.
As the floating electrode of the microelectrical contact moving upwards, the current
flowing through the microelectrical contact decreases. At the same time the voltage
appearing across the microelectrical contact increases. Hence power appears across the
contact. This phenomenon has been observed in Figure 3.3 of chapter 3. As power
increases, temperature of the microelectrical contact also increases and reaches the
melting temperature of the contact material. If the contact spot melts, a molten metal
bridge forms between the electrodes. When the microelectrical contact reaches its
evaporation temperature of the material, the molten metal bridge would evaporate,
release electrons and produces arc (slade, 2004; Timron, 2005). The conventional model
of breaking contact process is softening, melting, metal bridge formation, boiling,
vaporization, arc ignition and isolation. In this work, the conventional breaking contact
model is considered for various stages and is shown in Figure 5.2. If the temperature of
the contact spot is limited below the evaporation temperature, there would not be any arc.
If the temperature of the microelectrical contact is below melting temperature, molten

metal bridge would not form.
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The microelectrical contact needs some time to reach melting and boiling temperature.
The corresponding time is called heating time (time lag). So arc can be avoided by faster

switching of the contact.

ON-state Switching state OFF-state
— @’ ) = ==
VTV v @ AP P £
Melting Expanding —molten Evaporation Arc discharge

metal bridge

Figure 5.2: Various states of the microelectrical contact

During OFfF-state, the floating contact won’t touch the fixed contact. Hence capacitance
appears across these contacts. The physical separation of electrodes results in high
isolation and zero leakage current. But the voltage appears across the fixed electrical
contact creates electric field across the air gap which can cause a breakdown arc. When
the contact opens to interrupt the current, voltage and electric field between the contacts
gradually increases. During such an event, when the voltage across the electrodes reaches
the breakdown voltage or electric field between the contacts reaches the breakdown

electric field of the corresponding gap, ionization of air occurs and an arc ignites.

5.3 ON-State

The current carrying capability and power withstanding capability are depends on the
contact resistance, force, temperature and material of the microelectrical contact.

5.3.1 Contact resistance

Smooth surface

The 3D structure of a microelectrical contact in the ON-state and its equivalent circuit
model with current flow directions are shown in Figure 5.3(a) and (b). Anode, cathode
and moving contact are made of the similar conducting material. The contact resistance is
initially calculated based on the following assumptions. The structures of electrodes are
ideal. The surface of electrode is perfect and smooth. The surfaces are mated perfectly.

The contact resistance R, of the microelectrical contact is given by
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R = pt, | Ligx W,) (5.1)

R, = pt. /[(LMc_ZLFc)XWc] (5.2)

R.=(R/2)+R,+(R/2) (5.3)

Where L, is the length of the fixed contact, L, is the length of moving contact, ¥, is

the width of the contact, 7, is the thickness of the contact and g, is the gap between the
fixed contact and p, is the electrical resistivity of the contact material.

The dimensions of the microelectrical contact used in this study are: fixed contact L,

=15pm, W, =30um, ¢, =5um each and floating electrode L, =35um, W, =30um, ¢,

=5um. Gap between fixed contact g, is Sum and the electrodes are considered to be

homogenous. The analysis has been carried out for the materials Al, Cu, Au and Pt.

LMc

W, -
X -
+ ~

W,

(b)

Figure 5.3: (a) oN-state microelectrical contact with smooth surface (b) Equivalent

circuit model
The contact resistance of the microelectrical contact for the materials Al, Cu, Au and Pt

are calculated using Equation 5.3. The calculation and simulation results are given in

Table 5.1.
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Rough surface

The surfaces of the microelectrical contact are generally very rough. It has peaks and
troughs. During ON-state, contact occurs between the discrete spots of the microelectrical
contact. For simplicity, it can be assumed that the contact spot is circular (Slade, 2014).
The microelectrical contact with rough surface can be described with two contact spots as

shown in Figure 5.4.

Figure 5.4: Microelectrical contact with rough surface

The ON-state contact resistance of the considered microelectrical contact is given by

cr
2a, 2a, a,

_pC‘ pC _pC
St T (5.4)

Where q, is the radius of the contact spot. In microelectrical contacts the contact spot

radius varies between 0.0lum to 10um (Slade, 2014). Contact resistance has been
obtained using Equation 5.4 and FEM simulation for the microelectrical contact with
rough surface of 0.2um contact spot considered in the study are given in Table 5.1. The
surface plot shown in Figure 5.5 shows the resistance of Al microelectrical contact with
smooth and rough surface.

Table 5.1: oN-state resistance of the microelectrical contact

ON-state contact resistance (£2)
Material Smooth Surface Rough Surface
Calculated | Simulated | Calculated Simulated
Al 3.58e-3 4.1e-3 1.4e-1 1.3e-1
Cu 2.24e-3 2.62e-3 0.8e-1 0.9e-1
Au 3.25e-3 3.47e-3 1.2e-1 le-1
Pt 14.13e-3 16e-3 5.2e-1 Se-1
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Resistance (Q)

Resistance (Q2)

4.41x10° 0.13

(2) (b)

Figure 5.5: Surface plot for resistance of Al contact (a) smooth surface (b) rough surface

5.3.2 Effect of force on contact resistance

The radius of the contact spot is a function of the force acting on the microelectrical
contact. The radius of the contact spot a, is calculated using the following equations

a, =\8F.R,/3.14Hg,, (5.5)

H=2E?/((2E,x(1-p.?)) (5.6)

Where Fc is the force acting on the moving contact, g, 1is the gap between fixed and
moving contacts just before closing, R, is the radius of the contact, £, is the young’s

modulus as a function of temperature and p, is the poison’s ratio of the contact material

(Pennec et al., 2007). The contact force of the micromechanical switches varies from
80uN to 300uN (Rebeiz et al., 2013). The analysis has been carried out between 10uN
and 310uN. The FEM simulation uses the linear elasticity equations to obtain the radius
of the contact spot as a function of force which is given in Appendix D. The simulation
results are compared with the calculation and are shown in Figure 5.6. Microelectrical
contacts reaches 0.2um radius of contact spot, approximately when the force is 130uN,

210 puN, 150 uN and 310 pN for Al, Cu, Au and Pt respectively.
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Figure 5.6: Radius of contact spot as a function of force

The surface plots obtained for Al from FEM simulation are shown in Figure 5.7. The

contact before application of force is shown in Figure 5.7(a) and Figure 5.7(b) shows the

contact after application of force. This shows the radius of contact spot 0.2um with

applied force of 130uN along with structure deformation and Figure 5.7(c) and (d) shows

the 2D and 3D surface plots.

0.4 0.6 x10%m 0

(a)

0.6 %10%m

0.4

(b)

0.2
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Figure 5.7: FEM surface plot for Al microelectrical contact (a) at F =0 uN (b) structure

deformation at F = 130 uN (c) 2D surface plot (d) 3D surface plot
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Figure 5.8: Force and contact resistance relationship

|
400p

The oN-state resistance calculated using Equations 5.4 and 5.5 for various forces is shown

in Figure 5.8. When the force increases from OuN to 400uN, the area of contact spot

increases hence the ON-state resistance deceases.
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5.3.3 Effect of temperature on contact resistance

FEM analysis has been carried out for AL, Cu, Au and Pt to analyze the effect of
temperature on contact resistance. In this analysis, the force and resistivity of the contact
are kept constant. When temperature increases, young’s modulus of the material changes
and the contact area increases, hence the resistance decreases. For Al, at 130uN force and
resistivity of 2.65¢*Qm, FEM Simulation has been carried out for various temperatures.
The temperature-resistance and temperature-radius of contact spot relationships are
obtained. Similarly for Cu, Au and Pt FEM analysis has been carried out with the applied
force of 210uN, 150uN and 310uN respectively. The resistivity of Cu, Au and Pt are kept
as 1.678¢™Qm, 2.214¢*Qm and 10.5¢*Qm respectively.
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Figure 5.9: Temperature-resistance relationship and temperature-radius relationship of

contact spot for (a) Al (b) Cu (c) Au and (d) Pt
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Figure 5.9(a) shows that for Al microelectrical contact, when temperature increases, the
radius of the contact spot varies from 0.2um to 0.23pum and the resistance decreases from
0.132Q to 0.118Q approximately. Figure 5.9(b) shows that for Cu microelectrical
contact, when temperature increases, the radius of the contact spot varies from 0.2um to
0.25um and the resistance decreases from 0.084Q to 0.075Q. Figure 5.9(c) shows that,
when temperature increases the Au microelectrical contact the resistance decreases from
0.12Q to 0.0825€2 and the radius of the contact spot varies from 0.2pum to 0.29um. Figure
5.9(d) shows that for Au microelectrical contact, when temperature increases, the radius
of the contact spot varies from 0.2um to 0.22um and the resistance decreases from 0.55€Q
to 0.495Q.

5.3.4 Current carrying capability

The current carrying capability is obtained based on temperature distribution. The
temperature should not reach the melting temperature. But it is preferred that the
temperature should not reach the softening temperature. Because at softening temperature
structural deformation begins. This leads to resistance change and affect the design
parameters. The current carrying capability also depends on the surface roughness.
Smooth surface

The following assumptions are made for the analysis of ON-state temperature distribution.
The entire power is converted to heat and the whole heat input is transferred to the
microelectrical contact. That is no radiation from the surface and no convection above the
surface. The atmospheric temperature is assumed as 293K. The equation for the

temperature rise is written as follows
AT =17L,,>|ckA? (5.7)
T=(1L,."/okd?)+293 (5.8)
Where, T is the maximum anode temperature, /, is the contact current, W, is the width
of moving contact, 4 =W, xt. is the cross sectional area, o, 1is the electrical

conductivity and ., 1is the thermal conductivity of the contact material. Temperature is

proportional to the square of the current through the microelectrical contact (Michael,
2011). Also the temperature is proportional to the square of the moving electrode width

Ly,

c

. As L,,.decreases, anode temperature decreases. This becomes an advantage for the
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miniaturization of electrical contacts. However, the temperature is inversely proportional
to the square of the cross sectional area. In FEM, the electrothermal behavior of

microelectrical contact is modeled using the formulas given in Appendix E. The surface
area of anode is connected to positive of DC source current/, . The maximum temperature

at the anode of the microelectrical contact with smooth surface is obtained for various
values of currents. The calculated and simulated values of anode temperature for Al, Cu,

Au and Pt microelectrical contact are given in Figure 5.10.
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Figure 5.10: oN-state anode temperature of the microelectrical contact with smooth

surface for (a) Al (b) Cu (c) Au and (d) Pt

The microelectrical contact should not reach its melting temperature for the given
current. Al, Cu, Au and Pt microelectrical contacts reaches the softening temperature at
10A, 18A, 11A and 13A and melting temperature at 21A, 47A, 36A and 22A

respectively. The current carrying capability of the microelectrical contact is predicted
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based on the anode temperature. The current carrying capability of the microelectrical

contact with smooth surface considered in the study for the materials Al, Cu, Au and Pt

are predicted as 10A, 18A, 11A and 13A respectively.

In practical situation, the material properties changes as temperature increase. Hence

current temperature relation has been carried out using the material properties as a

function of temperature and is shown in Figure 5.11. This shows that the Al, Cu, Au and

Pt microelectrical contacts reaches the softening temperature approximately at 8A,

14A,

9 A and 15A respectively. The Al, Cu, Au and Pt microelectrical contacts reaches the

melting temperature approximately at 12A,
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Figure 5.11: simulation results of ON-state temperature of the microelectrical contact

with smooth surface with the material properties as a function of temperature for (a) Al

(b) Cu (c) Au and (d) Pt

Figure 5.12 shows the temperature distribution of Al microelectrical contact. This shows

that on the application of 10A, the anode is reaching the maximum temperature of 445K.
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Figure 5.12: Surface plot of temperature distribution for Al

Rough surface

COMSOL simulation has been carried out to predict the ON-state temperature of the
microelectrical contact for rough surface and the results are shown in Figure 5.13. The
maximum anode temperature of the microelectrical contacts with rough surface for the
materials Al, Cu, Au and Pt are given in Figure 5.13. It is a plot between current and
temperature. The current carrying capability of the microelectrical contact is predicted
based on the anode temperature. Figure 5.13 shows that the Al, Cu, Au and Pt
microelectrical contacts reaches the softening temperature approximately at 0.2A,
0.24A, 0.21A and 0.45A respectively. Al, Cu, Au and Pt microelectrical contacts reaches
the melting temperature of the material at 0.38A, 0.44A, 0.48A and 0.8A respectively.

If the temperature increases above the melting temperature, there will be problem of
material transfer and welding of contacts which leads to the failure of microelectrical
contact. Hence, the current flowing through the microelectrical contact considered in this
study for the materials Al, Cu, Au and Pt has to be limited below 0.2A, 0.24A, 0.21A
and 0.45A respectively. Figure 5.14 (a) and (b) shows the heat flow direction of the

microelectrical contact with smooth and rough surface.
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Figure 5.13: Simulation results of ON-state anode temperature of the microelectrical

contact with rough surface for (a) Al (b) Cu (c) Au and (d) Pt

Figure 5.14: COMSOL surface plots of temperature flow directions of the

microelectrical contact (a) with smooth surface (b) with rough surface
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Figure 5.15: Surface plots of temperature distribution for rough surface (a) full view (b)

projected view of contact area

Figure 5.15 shows the surface plots of temperature distribution for rough surface. It
shows that maximum temperature of 396K appears at contact area when the current
flowing is 0.2A. It clearly shows that maximum temperature appears at the contact spot.
If the the current reaches 0.3A, the temperature of the contact area increases above the
softening temperature of Al This leads to structural changes, which changes the
resistance. Hence voltage drop increases. If the current increases above 0.4A, the
temperature increases above the melting temperature and get welded at the contact area.
Hence it very inporatant to limit the current below 0.2 for Al microelectrical contact.
During ON-state of the microelectrical contact, electromigration may also occurs.

Electro-migration within the microelectrical contact is the drift of atoms within the solid
metal due to electrical current flow. It is a current induced diffusion that is driven by the
momentum of the electrons. When the conducting area of microelectrical contact is small,
the current density may be high enough to initiate electro-migration failure. This may
occur because of the interaction between the atoms of a microelectrical contact and leads
to material transfer. Electro-migration may not occurs, if the current density of the
microelectrical contact is less than <10'® A/m” (Slade 2014; Holm 2000). An increase in
current density in the contact spots create the right conditions for electro-migration to
occur. This electro-migration can cause material transfer which causes microelectrical
contact failure and leads to reliability issues. Material transfer affects the surface

topology of the microelectrical contact but the transfer may be quantitatively very small.
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If the current flowing through the microelectrical contact increases above 0.38A, 0.43A,
0.42A and 0.8A for the material Al, Cu, Au and Pt respectively, the contact would melt.
This causes the contacts to get welded. When contact starts separating, the melted contact
material may then form a molten metal bridge. As current increases, the temperature of
the microelectrical contact increases to boiling temperature and reaches evaporation
temperature. This may collapse the molten metal bridge. Since the bridge does not
necessarily break in the center, material can transfer between the contacts by the fine
transfer mechanism. If the temperature of the microelectrical contact is above the melting
temperature for metallic surfaces which lead to a transfer mechanism between two
surfaces known as fine transfer or molten metal bridge phenomena. Material transfer
between switching contact surfaces in microelectrical contacts causes device failure. So it
is very important to keep the temperature below the melting temperature to avoid fine
transfer, molten metal bridge and material transfer. In the considered microelectrical
contact by limiting the current below 0.38A, 0.43A, 0.42A and 0.8A for the materials Al,
Cu, Au and Pt respectively, the temperature can be limited below the melting
temperature. Hence the fine transfer, material transfer and molten metal bridge formation
can be avoided.

5.3.5 Contact voltage drop

The contact resistance and current flowing in the microelectrical contact leads to voltage
drop. The current-temperature relation and voltage drop-temperature relation has been
obtained using FEM simulation. The voltage-drop and temperature simulation has been
carried out for Al as an example. The simulation has been carried out with the material
properties as a function of temperature and results are presented in Figure 5.16. Figure
5.16(a) shows the current-voltage drop relationship and current-resistance relationship of
Al microelectrical contact. The increase in current, leads to increase in resistance and
voltage drop of the microelectrical contact. When the current reaches 0.38A, the
resistance increases approximately to 0.8CQ and voltage drop increases to 0.32V. Figure
5.16(b) shows the voltage drop and temperature relation of the Al microelectrical contact.
At 0.31V, the temperature of the microelectrical contact reaches the melting temperature.
Figure 5.17 shows the surface plot obtained from the COMSOL FEM simulation for

voltage drop. Similar analysis has been carried out for Cu, Au and Pt and the voltage drop
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at which the microelectrical contact reaches the melting temperature is observed. The Cu,

Au and Pt microelectrical contact reaches the respective melting temperature at 0.41V,

0.416V and 0.683V respectively.

Voltage drop (V)

Temperature (K)

Figure 5.16: (a) Current-voltage drop and current-resistance relationship for Al (b)
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Figure 5.17: FEM surface plot for voltage drop

5.4 Switching State

During switching state of the microelectrical contact the current flow starts decreasing
and voltage across the contact starts increases. During this time power appears across the
microelectrical contact. This power increases the temperature of the microelectrical
contact.

5.4.1 Steady state temperature

The anode temperature of an electrode is modeled using the 3D heat transfer equation
which is given in Appendix F. At the surface of anode connected to positive terminal of

the dc voltage source

0,=P, (5.9)

Where O, is the heat transfer rate, F.is the contact power. The anode temperature

corresponding to various power rating and material are obtained and it is shown in Figure
5.18. The Al, Cu, Au and Pt contact reaches boiling temperature at 1.6W, 2.6W, 2.3W
and 4.3W respectively. Al, Cu, Au and Pt microelectrical contacts reaches melting
temperature at 0.5W, 1.IW, 0.9W and 1.9W respectively. Power rating of the
microelectrical contacts can be decided based on this temperature. Among the four

materials platinum gives better power rating of 1.9W.
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Figure 5.18: Power- temperature relationship for (a) Al (b) Cu (c¢) Au and (d) Pt

5.4.2 Transient Temperature

The time for which the power appears across the microelectrical contact and the

switching speed are important in achieving arcless switching. Time required to reach the

steady temperature is obtained using transient temperature analysis for various power

ratings. The power levels of 1W, 2W, 3W, 4W and 5W are applied across the

microelectrical contact and the temperature is obtained. The transient temperatures for

various power levels are shown in Figure 5.19. The time lag to the reach steady state

value is 40 ps for Al, Cu, Au and Pt microelectrical contact. The surface plot shown in

Figure 5.20 shows the transient temperature distribution for Al microelectrical contact. It

reaches 378K, 1598K, 2140K and 3202 K at 1ps, Sus, 10us and 35us respectively.
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Figure 5.19: Transient temperature for various power levels (a) Al (b) Cu (c) Au (d) Pt

Table 5.2: Time lag to reach melting and boiling temperature

Time to reach the Time to reach the

Power | Material | temperature (us) | Material | temperature (Us)

Melting | Boiling Melting | Boiling
1W 5.28 NR 23 NR
2W 1.06 20.8 4.67 NR
3W Al 0.488 8.05 Au 1.83 13.9
4W 0.293 4.09 1.05 7.84
S5W 0.166 3.15 0.547 4.96
W NR NR NR NR
2W 8.55 NR 40.1 NR
3W Cu 3.61 18.3 Pt 9.26 NR
4W 1.78 9.94 5.19 NR
5W 1.17 6.27 3.35 2.31

NR-Not Reaching
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The time required by the microelectrical contacts to reach melting and boiling
temperature is given in Table 5.2. It is clear that, the Al, Cu and Au microelectrical
contacts might withstand SW without arcing if this power appears on the microelectrical
contact for 3.15us, 6.27us, 4.93us and 23us respectively. Also Al, Cu, Au and Pt
microelectrical contacts would not form molten metal bridge if SW appears for 0.166us,
1.17ps, 0.547us and 3.35us respectively. Copper and platinum withstand 1W and 2W

respectively even if this power appears continuously for long time.

5.5 OFF-State

During OFF-state, voltage appears across the contact, but the current flowing through the
contact is zero.

5.5.1 oOFF-state capacitance

The 3D structure of a microelectrical contact at OFF-state and its equivalent capacitance

are shown in Figure 5.21.
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Figure 5.21: (a) oFfF-state microelectrical contact (b) Equivalent capacitance

The oFr-state capacitance C, ., of the microelectrical contact is given by

C
Corr =7 +G, (5.10)
The capacitance between the fixed and moving electrodes are given as
ke LW,
C =%[CF1 +Cpy | (5.11)

c

Where ¢, = 8.854x10™"* F/m k is the relative permittivity of air medium t. is the
thickness and w, is the width of the contact, L, is the length of the fixed contacts, L,,.
is the length of the moving contact, g, is the gap between fixed contact and d, 1s the gap
between floating and fixed contact during OFF-state. kgL, W,/d, is the normal
capacitance, C,, 1s the fringing field due to the finite dimensions of the electrodes and

C,, Isthe fringing field associated with the height of the electrical contacts.

Cp =14y 4 1n[2”LFCJ (5.12)

ﬂLFc ﬂ-LFc dc
d 2t tt?
Cryp = ——1In| 1+ 2€ 42 |7 4 2 (5.13)
T Fc dc dc dc

The capacitance between the fixed contacts anode and cathode is given as
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ket W,
czz—ogc [ Cry+Cpys | (5.14)
Cpp =113 +&m(ﬂ} (5.15)
wt, 7, g,
t, 2Lp. o |Lpe Lg’
Cm_gln[“ +2 tFC+ th J (5.16)

ket W, /g, is the normal capacitance, C,., is the fringing field due to the finite dimensions
of the microelectrical contact and C,,, 1s the fringing field associated with the thickness

of the microelectrical contacts (Leus and Elata, 2004).

The oFF-state capacitance is calculated for various contact gaps d,. between 1 and 10 pm.
The calculation results are compared with the simulation results obtained using
COMSOL FEM simulation. The OFF-state capacitance of the microelectrical contact is
given in Figure 5.22. When the gap increases from 1um to 10um, the capacitance varies

between 31F to 1.2fF.
4f -

= = Calculated
— Simulated

w
i

—y
1

OFF-state Capacitance (F)
[\o]
i

Gap (pm)
Figure 5.22: OFF-state capacitance

5.5.2 Electric field
The electric field across anode and cathode is given as
L= _OF. (5.17)
eoLp M.
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Where E,_ is the contact electric field and Q, is the charge of the microelectrical contact.

The electric field distribution is obtained based on Maxwell’s equations and are given in

Appendix C. The contact voltage V, is varied between OV and 100V. The gap considered

between fixed and floating electrode is 5 pm. The results obtained for various voltage

levels are shown in Figure 5.23.

t
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Figure 5.23: oFF-state electric field

The material does not have any influence on the capacitance and the electric field. The
surface plot shown in Figure 5.24(a) shows that the capacitance of microelectrical contact
is 1.35¢"°F. Figure 5.24(b) and (c) shows the surface and slice plot showing the voltage
distribution of 20V. The slice plot shown in Figure 5.24(d) shows the electric field
distribution for the applied voltage of 20V. The maximum electric field obtained is
2.93x10°V/m. The electric field is distributed between anode and cathode. This electric
field distribution shows that arc occurs between anode and cathode.

The arc which occurs during OFF-state of the microelectrical contact is breakdown arc.
This has been studied in chapter 4. For achieve arcless switching, the voltage appearing
across anode and cathode must be below the breakdown voltage given by modified
Paschen curve. Also the electric field produced across anode and cathode should be

below the breakdown electric field.
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Figure 5.24: orr-state FEM analysis results (a) surface plot of capacitance (b) surface

plot of voltage (c) slice plot of voltage and slice plot of electric field

As discussed in Figure 4.4, chapter 4, the 5um can withstand 5¢’V/m without arcing. The
microelectrical contact considered reaches 5e’V/m at approximately 150V. Hence voltage

below 150V can’t generate arc between anode and cathode.

5.6 Discussion on Contact Welding and Arc Occurrence

The micromechanical switches uses microelectrical contact to allow and interrupt the
electrical current. These microelectrical contacts have low ON-state resistance, low power
losses, high isolation, no leakage current, high breakdown voltage and small size. The
challenges in commercializing such switches are reliability and durability of the contact.
The major cause responsible for reliability is contact welding during ON-state, arc during
switching and OFF-state. The current-temperature relation, power-temperature relation

and electric field have been analyzed for the design of arcless microelectrical contact.
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Four cases with different current, power and voltage are considered and the possibility of
contact welding, occurrence of pre-breakdown arc and breakdown arc are discussed in

this section. These four cases are as follows:
Case A: I.=0.4A, P. =13W, V. =12V
Case B: I,=1.2A, P.=7.5W, V. =12V
Case C: I,=1A, P.=98W, V=400V
Case D: I.=0.05A, P.=5W, V=400V
Where [, the maximum is current flowing through the contact during ON-state, P, is the

maximum power appearing across the contact during switching state and V, is the

maximum voltage across the microelectrical contact. The gap between anode and cathode

g. 1s 5 um for all the four cases. The occurrence of contact welding and arc has been

investigated for the materials Al, Cu, Au and Pt. The possibility of contact welding and
occurrence of arc due to various mechanisms such as anode temperature, contact voltage
and contact electric field for the four cases are given in Table 5.3.

In case A, during ON-state maximum current flowing is 0.4A, which is sufficient to
increase the temperature of the microelectrical contact to boiling temperature for the
materials Al and Au. This leads to contact welding. But in case of Cu and Pt contacts
won’t reach the boiling temperature. Hence there is no possibility of contact welding.
During switching time maximum power of 1.3W appears across the microelectrical
contact. At 1.3W, Al and Au contacts reach its boiling temperature. This leads to
vaporization of contact material and produces arc. Since Cu and Pt not reaching boiling
temperature, it might not cause arc. If 1.3W appear for less than 2ps, arc might not occur.
During OFfF-state, 12V appears across anode and cathode. This voltage is below the
breakdown voltage given by modified Paschen curve. The electric field produced by this
voltage is less than the breakdown electric field for all four materials. Hence breakdown

arc won’t occur.

97



Table 5.3: Occurrence of arc due to various mechanism

Pre-breakdown arc

Breakdown arc

Arc due to Arc due to anode Arc due | Arc due to
Contact
Case | Material anode temperature , if the | to contact | contact
Welding
temperature maximum power voltage electric

appear for 2us field

Al YES YES NO NO NO

A Cu NO NO NO NO NO
Au YES YES NO NO NO

Pt NO NO NO NO NO

Al YES YES YES NO NO

B Cu YES YES YES NO NO
Au YES YES YES NO NO

Pt YES YES YES NO NO

Al YES YES YES YES YES

C Cu YES YES YES YES YES
Au YES YES YES YES YES

Pt YES YES YES YES YES

Al NO YES YES YES YES

D Cu NO YES YES YES YES
Au NO YES YES YES YES

Pt NO YES YES YES YES

YES means arc occurs and No means arc does not occurs

Similarly case B can cause contact welding and pre-breakdown arc and may not cause

breakdown arc for all the materials. Case C can cause contact welding, pre-breakdown

arc and breakdown arc for all the materials. In case D, since the current is 0.05A, it won’t

case contact welding. But the high voltage leads to high power, which causes pre-

breakdown arc. The high voltage increases the electric field above breakdown electric

field and causes breakdown arc.

While designing arcless micromechanical switch, it is very important that the switch

should not produce both pre-breakdown and breakdown arc. In practical situations, the
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geometry of the microelectrical contact changes once it reaches its softening temperature.
This leads to change in resistance, voltage drop, and power dissipation. This increases the
temperature. This affects the material properties which again increases the heat. So, it is
very important to maintain the temperature of the microelectrical contact below the
softening temperature.

In microelectrical contacts, roughness is at nanometer scale and the contact forces are in
the order of micro-newton. During ON-state of the switch, few asperities of the
microelectrical contact surfaces are effectively in touch. The possibility of touching more
asperities of the contact surface can be improved by increasing the contact force. This
leads to increase in contact area, which reduces the contact resistance and increases the
current carrying capability. In practical microelectrical contacts, the applied forces
should be strong enough to neglect the surface roughness effects. Also, since the current
carrying capability and reliability of microelectrical contact is determined by the presence
of these nano-asperities, surface roughness needs to be maintained below a certain level
in order to avoid detrimental effects on contact resistance.

5.7 Conclusion

This chapter presented the electrothermal design, modeling and analysis of arcless
microelectrical contact.

e The structure of the microelectrical contact and the reliability affecting
phenomena such as contact welding and arc are presented. The occurrence of pre-
breakdown arc and breakdown arc are investigated for the materials Al, Cu, Au
and Pt.

e The ON-state resistances for smooth and rough surface microelectrical contact are
modeled using FEM and the results are compared with the analytical results.
Electrothermal analysis has been carried out and current carrying capability of
8A, 14A, 9A and 15A are obtained for Al, Cu, Au and Pt microelectrical contact
with smooth surface. Electrothermal analysis has been carried out to predict the
current carrying capability of the rough surface microelectrical contact and 0.2A,
0.24A, 0.2A and 0.45A are obtained for Al, Cu, Au and Pt respectively. The
temperature distribution has been obtained using FEM simulation. The variation

in resistance and voltage-drop as a function of current has been investigated. It is
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observed that more temperature appears at the contact spot. The maximum
allowable voltage-drop of the microelectrical contact has been obtained as 0.31V,
0.41V, 0.416V and 0.683V for Al, Cu, Au and Pt respectively. The effect of force
on the resistance has been discussed. Also the analysis has been carried out to
obtain the effect of temperature on the contact spot and resistance. The result
shows that the material and roughness has major factor in the design of
microelectrical contact.

The steady state and transient temperature as a function of power has been
obtained using simulation for the switching state. The power withstanding
capability has been investigated. The maximum power which the microelectrical
contact can withstand without arc has been found as 0.5W, 1.1W, 0.9W and 1.9W
for Al, Cu, Au and Pt respectively. The transient analysis shows that the
microelectrical contact needs 40us to reach steady state temperature.

During orr-state, capacitance of the microelectrical contact is obtained using FEM
simulation and results are compared with the mathematical calculations. The
electric field distribution is obtained and it is identified that arc may occur across
anode and cathode during OFF-state. The capacitance of the considered
microelectrical contact is obtained as 1.35¢™°F.

Four cases with different voltage, current and power levels are investigated to
analyze the occurrence of arc due to pre-breakdown and breakdown arc

phenomenon.

100



CHAPTER 6
ELECTROMECHANICAL MODELING AND ANALYSIS
OF ARCLESS MICROMECHANICAL SWITCHES

6.1 Introduction

Electrostatically actuated micromechanical switches have electrical and mechanical
components together on a chip to perform desired task. The design of these switches
needs coupling between electrical and mechanical systems. The failure modes have to be
analyzed for the design of reliable micromechanical switch (Li and Jiang, 2008). The
failure modes mainly depend on the design and materials used for the switch. The
fabrication approach and the packaging also play an important role in the reliability of
micromechanical switches (Li and Jiang, 2008). The failure modes are broadly classified

into mechanical failure modes and the electrical failure modes. The mechanical failure

modes include stiction, wear, fatigue, deformation, curvature change, shock and vibration
induced fracture. Short circuit due to contact welding, arc across driving electrode, arc on
the microelectrical contact, electrostatic discharge (ESD) and corrosion are electrical
failure modes (Shea, 2006). Arc across driving electrode has been discussed in chapter 4.
The contact welding and arc in microelectrical contact are discussed in chapter 5. In
general, reliable micromechanical switches are designed through material, circuitry and
structural approaches (Song and Yoon, 2016). For designing reliable switch through
material approach, researchers are working on metal alloy, refractory metals, dissimilar
contact materials and cantilever beam materials (Coutu et al., 2006; Hiltmann et al.,
2002). In circuitry approach, external circuit is connected across the microelectrical
contact in order to achieve arcless switching. This method is also called as cold switching
(Chan et al., 2003).

This chapter proposes to design arcless micromechanical switch through structural
approach while hot switching. In this approach, first the structure of single
electrostatically actuated micromechanical switch is designed. The electromechanical

parameters such as spring constant, actuation voltage, force, switching speed and
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quality(Q) factor (damping factor) are depends on the structure and material of the
switch. The influence of these parameters on the performance, deformation of the
cantilever beam and reliability of the device is also discussed. The structure of the
electrostatically actuated micromechanical characteristics are analyzed using higher order
finite element tool, Coventor MEMS+. The performance parameters are obtained using
Coventor MEMS+ along with MATLAB Simulink. The performance parameters are
obtained using simulation and the results are verified with calculated results.

In micromechanical switches arc may occur in four parts. They are

Across driving electrode

In microelectrical contact

el A

Across anode and cathode of the microelectrical contact
4. Between actuation pad and anode of the microelectrical contact

This work proposes to design and analyze the micromechanical switch of 12V, 0.2A. The
arcless nature of the switch needs to be analyzed with more emphasis on
micromechanical parameters.

In order to enhance the voltage and current rating TCT array has been proposed in
chapter 3. This study proposes to enhance the rating of 140V/3 A by connecting switches
in TCT array. The designed arcless micromechanical switches are connected in a 15x12
TCT array configuration to get higher rating of 140V, 3A. This structure divides the
voltage appears across single switching element and reduces the current flows through
each switch. This structure considerably reduces the contact resistance and losses. This
approach uses hot switching to achieve arcless switching. Coventor MEMS+ tool

interfaced with Cadence Virtuoso is used for system level simulation.

6.2 Structural Design of Electrostatically Actuated Micromechanical

Switches

In the design of micromechanical switch, dimension and material of the cantilever beam
and driving electrode have more influence. The mathematical modeling is used to derive
the performance parameters such as spring constant, actuation voltage, electrostatic force,

switching speed and Q factor.
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6.2.1 Structure of electrostatically actuated micromechanical switch

The cantilever based micromechanical switch is considered for power switching
applications, as discussed in chapter 3. The beam is fixed at one end and the other is
freely moving. The switch has base, anchor, cantilever beam, driving electrode and
microelectrical contact. The basic structure and operation of the electrostatically actuated
micromechanical switch has been discussed in section 3.5, chapter 3. The top view and

side view of the considered micromechanical switch is shown in Figure 6.1.
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Figure 6.1: Micromechanical switch (a) side view (b) top view

The driving voltage applied across driving electrode creates electrostatic force. This pulls
the free end of the cantilever beam downwards. Hence the floating contact gets in touch
with anode and cathode. This completes the DC signal path, thus the switch become ON-
state. The cantilever beam is then back to the original position once the driving voltage is
removed or reduced. Hence disconnects the DC current and become OFF-state.

6.2.2 Mathematical modeling

In order to achieve arcless and reliable micromechanical switch, parameters such as
actuation voltage, force, switching speed and Q factor has to be analyzed. The
performance parameters are obtained using following equations:
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Spring constant
The actuation voltage depends on the spring constant K of the beam and is given by (Vu

et al., 2012)

(6.1)

Where L, is the length of the cantilever beam, x, is the distance of the beam from
anchor to end of the driving electrode, ¢, is the thickness of the beam, W, is the width of
the driving electrode and E, is the effective young’s modulus of the beam. The spring

constant depends on material properties and physical dimensions of the beam.
Actuation voltage

Actuation voltage is the driving voltage at which the cantilever moves down and become

8Kg,’
V., = |t (6.2)
27¢,L,W,

Where V., is the actuation voltage, g, is the gap across driving electrodes, L, is the

ON-state (Dumas et al., 2011)

length of the driving electrodes.

Collapse voltage

If the voltage across the driving electrode increases, at a particular voltage, the driving
electrodes touches each other and the micromechanical switch fails to operate is called
collapse voltage (Coutu et al., 2004).

Force

When the voltage is applied between the driving electrodes, the electrostatic force attracts
them towards each other. There are three types of forces involved in micromechanical
switches. Contact force is the force at the microelectrical contact, electrostatic force is the
force developed due to the actuation voltage and restoring force is the force opposite to
the electrostatic force (Sedaghat-Pisheh and Rebeiz, 2010; Oberhammer and Stemme,
2006.
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F'electrostatic = Eontact + F;’estoring (63)
The electrostatic force is given by
&by Ad Vact2
F;lectrostatic = 2 (64)
2g,

Where ¢, the relative permeability of the air, &, is the 8.854¢™>.

Quality factor

The quality of an oscillatory system is characterized by dimensionless parameter called
the quality (Q) factor. The Q factor characterizes the rate of the energy transformation in
a system. Quality factor is the number of system oscillations over its characteristic time.

JEwp,
Q= bI-b tbng3 (65)

nA’

Ay = LW, (6.6)

(6.7)

-1
1=1.2566x10"° x\/f(l + ”0'33j

A, is the area of the driving electrode, 7' is the temperature in Kelvin and p, is the

density of the beam. The Q factor should be in the range of 0.5 to 2 to achieve a
critically damped switching (Rebeiz, 2003).

Switching speed

The switching time ¢, of micromechanical switches depends on the mechanical structure

and is proportional to the voltage across the driving electrodes (Vu et al., 2012). The
voltage across driving electrodes should be kept 1.2 times of the actuation voltage to
obtain good performance of the micromechanical switch (Rebeiz, 2003).

6.2.3 FEM modeling

In order to visualize the switching action and to verify the mathematical model,
micromechanical switch is designed using higher order FEM tool MEMS+. In MEMSH,
the switch has to be specified by providing the fabrication process steps. The fabrication
process steps considered for the design of electrostatically actuated micromechanical

switch, material and depth of the layers are given in Table 6.1.
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The geometric parameters considered are L, =520pm, x, =400um, ¢, =5um, W,=260um,
L, =240pm and g, = 6um. The dimensions of the microelectrical contact of the
micromechanical switch are: fixed contact (anode and cathode) L. =15um, W, =30um,
t. =5um each and floating contact L,,,=35um, W, =30um, 7, =5um. The gap between
fixed contacts g, is Sum and the radius of contact spot is 0.2um. These dimensions are

same as discussed in chapter 5.

Table 6.1: Fabrication process step input used for MEMS+ simulations

Step | Action | Material Layer Thickness
(num)
1 Base Silicon Substrate 30
2 | Deposit Metal Anode, cathode, lower driving electrode 5
3 | Deposit | Photo resist Sacrificial 6
4 | Deposit Metal Dimple 0.2
5 | Deposit Metal Upper driving electrode, floating electrode 6
6 | Deposit | Poly silicon Cantilever 5
7 Delete | Photo resist Gap 6

The schematic of the switch designed using MEMS+ tool is shown in Figure 6.2. Point A
is the tip of the cantilever, point B is the starting of the driving electrode, point C is the

end of driving electrode and point D is fixed end of the cantilever.

Figure 6.2: Schematic of the micromechanical switch designed using MEMS+
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6.2.4 Performance analysis

Simulation has been carried out using MEMS+ with MATLAB Simulink to visualize the
switching action and collapse of the micromechanical switch. The electrical and
mechanical performance characteristics such as actuation voltage, collapse voltage, Q
factor, electrostatic force, contact force, restoring force and switching time are also
obtained. The cantilever beam is made up of poly-silicon. Driving electrodes and
microelectrical contact are made up of similar metal. The design and analysis of
micromechanical switch has been carried out for the metals Al, Cu, Au and Pt. Since the
physical size of poly-silicon is more compared to metal, poly-silicon has more influence
on the performance characteristics of the switch. The calculation and simulation results of

performance parameters such as actuation voltage, Q factor and electrostatic force are

given in Table 6.2.

Table 6.2: Performance parameters

Performance Driving electrode and Contact metal
Al Cu Au Pt

Cal | Sim | Cal | Sim | Cal | Sim | Cal | Sim
Vaat (V) 38 | 40 | 41.5| 40 |38.8| 40 | 44 | 40
Q 0.4810.52(0.75| 0.8 | 09 {0.82| 1.1 |0.97
F(uN) 112|119 | 13.2 | 141 | 11.5] 12 | 149 15

Cal-Calculation Sim- Simulation

Collapse voltage of 59.5V, 61.5V, 60V and 64.5 V are obtained using simulation for Al,
Cu, Au and Pt respectively. From Table 6.2, it is clear that, the influence of contact metal
is less on the performance parameters because of the smaller dimensions. Hence for
further analysis, the micromechanical switch with gold contact has been considered. The
mechanical movement of the beam for various driving voltage are visualized using
MEMS+ tool and is shown in Figure 6.3.

The driving voltage across the driving electrodes ¥, is varied from 0 to 80V. The point A

of the beam move downwards by 6um and the floating electrode touches the anode and

cathode at 40V. This voltage is called as actuation voltageV,., . As the voltage increases,

the beam bends as seen in Figure 6.3. At 60 V the actuation pads touches each other and
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the switch fail to operate as switch. This voltage is the collapse voltageV,,, . Further

increase in voltage leads to failure of the switch.

Deflection (um)
7.05

Vi =70V Vi =75V Vi =80V

Figure 6.3: Mechanical movements of the micromechanical switch with respect to

driving voltage

The defection of the beam point A, point B and point C with respect to driving voltage is
shown in Figure 6.4. The tip of the beam point A is moving downwards and touches the
bottom electrode at 40V. The tip remains in the same position till 60V. If the voltage
across the driving electrode is above 60V the tip of the cantilever moves in the upward
direction. The driving electrode end point B is also moving downwards and reaching
4.5pm. Hence the gap between top and bottom driving electrode is 1.5um. If the voltage
is further increased, the pint B moves downwards by 6um and touches each other.
Further increase in voltage may leads to damage of the switch. At 40V, the driving
electrode point C moves downwards and the gap is about Ipm. The point D of the
cantilever beam is fixed, hence the displacement is zero.

The actuation voltage of the designed switch is 40V and the driving voltage should be 1.2
times of actuation voltage. Hence the driving voltage of 48V is applied across the driving
electrode. Transient analysis has been carried out using MEMS+ and MATLAB
Simulink. The deflection at point A, B and C of the cantilever with respect to time is
shown in Figure 6.5. At 100us, the voltage across the driving electrode is brought to 48V,
and point A bent for 6um downwards at 220us. Hence the ON-time of the

micromechanical switch is 120us. The voltage across the driving electrode is brought
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down to OV at 400us and the beam point A moves upward and reaches OFF-state at
520pm. Hence OFF-time of the micromechanical switch is also 120ps. The transient

movement visualization of the switch is shown in Figure 6.6.
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Figure 6.4: Defection of point A, B and C with respect to driving voltage
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Figure 6.5: Voltage across the driving electrode, deflection of point A, B and C with

respect to time
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Deflection (um)
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Figure 6.6: Transient switching states of the switch

The voltage across the driving electrodes is varied from OV to 48 V and the electrostatic,
contact force and restoring force are obtained. Figure 6.7 shows that when driving
voltage of 48V is applied, electrostatic, contact and restoring forces are obtained as

32.54uN, 95.73uN and 63.19uN respectively. The switching speed is obtained as 120pus.

80 ] — - — Contact Force
60u —=— Restoring Force
404 ] Electrostatic force
20u
z '
Q '20“ N s
%6’ 1 1
(e ~40u - ‘
_60“ — . \
-80p . \
-100p "\
-120“ ) T T T T T T T T T T T 1
0 10 20 30 40 50 60
Driving voltage (V)

Figure 6.7: Force with respect to voltage across driving electrodes

The switching speed, electrostatic force, contact force and restoring force with respect to

various voltages across driving electrodes are given in Table 6.3. It shows that increase in
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voltage across driving electrode considerably increases the switching speed and force.

Increasing voltage further leads to increase in force and damage the switch.

Table 6.3: Switching speed and force with respect to voltage across the driving

electrodes
Driving Switching speed | Electrostatic force | Restoring force Contact
voltage (V) (us) (UN) (uUN) force (uN)
40 185.8 13.2 47.92 61.2
45 129.8 24.41 56.81 81.2
50 117.8 38.76 68 106.8
55 103.18 58.49 82.87 141.4
60 78 91.53 106.3 197.8

When the voltage across the driving electrode increases, the cantilever beam moves

downwards. Hence the gap between the driving electrodes decreases and the capacitance

increases. The capacitance between the driving electrodes and the capacitance between

floating electrode & anode are obtained for driving voltage from OV to 50 V and are

shown in Figure 6.8.
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Figure 6.8: Capacitance with respect to voltage across the driving electrodes

The capacitance between driving electrodes varies between 9.24e™*F and 2.02¢°F. The

capacitance between floating electrode and anode varies between from 1.56¢"°F to 1.54¢”
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PF. Since the dimensions and material of anode is same as cathode, the capacitance
between floating electrode and cathode also varies between from 2.5¢™°F to 1.5¢™°F. The
capacitance between the driving electrodes and the capacitance between floating
electrode and anode with respect to time for the driving voltage given in Figure 6.5 are

shown in Figure 6.9.
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Figure 6.9: Capacitance with respect to time

This micromechanical switch can be operated till the softening temperature of the
electrode and microelectrical contact material to enhance stability. The softening

temperature of Al, Cu, Au and Pt are 423K, 463K, 373K and 813K respectively.

6.3 Effect of Q Factor

Q factor of the micromechanical switch should be between 0.5 and 2 to achieve better
performance and reliability. And also it is a very important design parameter. If the Q
factor of the switch is below or above the range may lead to deformation or oscillation of
the beam. In order to analyze the effect of Q factor on the design of micromechanical
switches two cases are considered and are as follows:

Case X: L,=600um, x,=495um, t, =2um, W,=300pm, L,=345umand g,= 6pum

Caser Y: L,=400pm, x, =295um, t,=6pum, W,=100um, L,=195pmand g, = 6um
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The driving electrode and the microelectrical contact material are made up of gold. The
actuation voltage, electrostatic force, switching speed and Q factor are obtained using
mathematical calculation and Coventor MEMS+ simulation and the results are given in
Table 6.4. The collapse voltage is obtained as 11V and 131V for case X and case Y
respectively.

Table 6.4: Performance parameters for case X and case Y

Parameter Case X Case Y

Calculation

Simulation

Calculation

Simulation

Actuation voltage (V)

6.44

7.6

107.09

109

Electrostatic force (uN)

0.528

0.43

20.2

18.5

Q factor

0.052

0.06

23

23

6.3.1 Deformation of the beam

Table 6.4 shows the case X micromechanical switch having low actuation voltage. This
leads to less force and slow switching. Also the Q factor of the switch is very low. In
order to discuss the performance and reliability, the transient simulation analysis has been

carried out.

Deflection (um)

I 135

t=0.45ms

t=0.3ms

t=0.56ms t=0.6ms

t=0.4ms

Figure 6.10: Deformation of beam for case X
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The transient simulation has been carried for the period of Os to 500ms. Since the driving
voltage should be 1.2 times of the actuation voltage, 9V is applied across the driving
electrode at Ims. The switch become ON-state at 0.4ms. But at 0.45ms the beam started
deforming and moves away from ON-state. This is because the force is not sufficient to
hold the beam in the position of ON-state. The transient behavior and beam deformation
are shown in Figure 6.10. This is the mechanical failure of micromechanical switch.
Hence case X micromechanical switch may not be suitable to perform switching action.
6.3.2 Under-damped system

Table 6.4 shows the case Y micromechanical switch having high actuation voltage of
107V. This leads to high force and fast switching. Also the Q factor of the switch is very
high. In order to discuss the performance and reliability, the transient simulation analysis
has been carried out for the time period between Ous to 1000us. The driving voltage of

120Vis applied across the driving electrode at 100us as shown in Figure 6.11.
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Figure 6.11: Driving voltage and beam deflection with respect to time for case Y
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The switch reaches ON-state at 110us. Hence the switching speed is 10us. The driving
voltage is removed at 400us and the beam tip moves upwards and produces oscillations.
This design leads to under-damped system. This design may perform switching action
with poor performance.

During ON-state of the switch the point B and C moves downward by 4.4um and 0.5um
respectively. This makes a gap of 1.6um in one end and 5.5um in the other end of the
driving electrode. For this design the gap of 1.6um and driving voltage of 120V may

leads to arc due to breakdown voltage and breakdown electric field.

6.4Switching Characteristics of a Micromechanical Switch

In order to obtain the switching characteristics, the micromechanical switch designed in
section 6.2 has been connected to an equivalent electrical circuit. Simulation has been
carried out using MEMS+ interfaced with Cadence virtuoso and the schematic is shown
in Figure 6.12.

A DC source of 12 V is connected to the anode of the micromechanical switch through a
resistance of 10Q. The load resistance of 50Q is connected to cathode through an
inductance of 20uH. The DC voltage of 48V is provided across the driving electrodes.
Resistive and capacitive snubbers are used to reduce the voltage and current peaks during

switching.

ActuationElectrode —
.. Anade =
Cathode

" "Floating |-

awitch.

Figure 6.12: Schematic of equivalent DC electrical system with the micromechanical

switch
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6.4.1 Transition of switch from OFF-state to ON-state

The transient voltage, current, power characteristics

micromechanical switch changes from OFF-state to ON-state. The simulation has been

carried out for the time period of Ous to 600us.
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Figure 6.13: Transient switching from OFF-state to ON-state characteristics under load

condition (a) Voltage and current (b) Power



Driving voltage of 48V is applied across the driving electrode at 50us and the current and
voltage with respect to time is shown in Figure 6.13(a). The current through the switch
increases and reaches 0.2A at 190us. At the same time the voltage across the switch
decreases from 12V to OV. The delay time of 140us is obtained. In this, the switching
speed of the micromechanical switch is 120us as discussed in section 6.2.4 and additional
20us delay are due to circuit parameters. The switch becomes ON-state at 190us and the
load voltage and current increases to 12V and 0.2A respectively. This shows that the load
is connected to the source through the micromechanical switch. The ON-state open loss
and OFF-state open isolation losses are observed as OW. During the switching time both
switch voltage and switch current appears across the micromechanical switch and causes
power loss of 1.75W and is shown in Figure 6.13(b). This power loss during switching
time obtained is in agreement with the conceptual model simulation discussed in section
3.2.4, chapter 3.

6.4.2 Transition of switch from ON-state to OFF-state

The transient voltage, current, power characteristics are obtained, when the
micromechanical switch changes from ON-state to OFf-state. The simulation has been
carried out for the time period of Ous to 600us. The applied driving voltage is reduced
from 48V to OV at 300us and is shown in Figure 6.14(a). The switch current decreases
from 0.2A and reaches OA at 450us. At the same time the switch voltage increases from
OV to 12V. The delay time of 150us is observed. In this the switching speed of the
micromechanical switch is 120us as discusses in section 6.2.4 and additional 10us delay
are due to load circuit parameters. The switch becomes OFF-state at 450us and the load
voltage and current deduces to OV and OA respectively. This shows that the load is
completely isolated from the source due to the micromechanical switching. The ON-state
open loss and OFF-state open isolation losses are observed as OW and 0.002W. .During
the switching time both the switch voltage and switch current appears across the
micromechanical switch and causes power loss of 0.09W and is shown in Figure 6.14(b).
This power loss during switching time obtained is in agreement with the conceptual

model simulation discussed in section 3.2.4, chapter 3.
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Figure 6.14: Transient switching from ON-state to OFF-state characteristics under load

condition (a) Voltage and current (b) Power

6.5 Arcless Switching of Micromechanical Switch

Contact welding and arc are two important failure modes which cause reliability issues.
Contact welding occurs in the microelectrical contact during ON-state. In
micromechanical switch, arc may occur across driving electrodes, microelectrical contact,
across anode-cathode gap and gap between anode-driving electrodes. Arc across driving

electrode is discussed in chapter 4. Arc in the microelectrical contact is discussed in
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chapter 5. The arcless nature of the designed micromechanical switch is discussed as
follows.

6.5.1 Arc analysis for the gap between driving electrodes

While performing switching action, the driving electrodes of the micromechanical switch
won’t touch each other. Hence, there is a gap between driving electrodes during ON-state
and OFF-state. Breakdown arc occurs across the driving electrode, when the voltage
across the microgap is above breakdown voltage. If the electric field across the microgap
is above the breakdown electric field then arc may occur due to ionization of air. This has
been extensively discussed in chapter 4.

For the switch designed in this chapter, gap of 6um appears across the driving electrodes
during OffF-state. The driving voltage of 48V is applied across the driving electrode at
100us as shown in Figure 6.5. Hence the 48V is applied across uniform gap of 6um.
According to modified Paschen curve discussed in chapter 4, the gold electrode with 6pm
can withstand 350V without producing arc. Hence 48V may not lead to arc. At 230us, the
switch becomes ON-state. At this time point B and C moves downward by 4.5um and
1.25um respectively. This leads to non-uniform gap. The gaps between the driving

electrodes are 1.5um (g, ) and 4.75um (g,,) at point B and C respectively. As

discussed in chapter 4, for the worst case boundary arc analysis in 1.25um gap is at point
B has to be analyzed. According to modified Paschen curve discussed in chapter 4, the
gold electrode with 1.25um can withstand 85V without producing arc. Hence this design
is free from breakdown arc. When 48V is applied across the driving electrodes, the
electric field of 5.87¢® V/m and 1.95¢’ V/m is produced during OFF-state and ON-state
respectively. These electric fields are also below the breakdown electric field discussed in
chapter 4. Hence the driving electrode won’t cause breakdown arc during ON-state and
OFF-state of the micromechanical switch.

6.5.2 Arc analysis for the microelectrical contact

The maximum current appearing across the microelectrical contact during ON-state is
0.2A. As discussed in Figure 5.14 section 5.3.5, chapter 5, the microelectrical contact
with gold (Au) reaches softening temperature at 0.2A and melting temperature at 0.47A.
Since the microelectrical contact of the switch is not reaching the softening temperature,

there is no chance of deformation in the structure and resistance of the microelectrical
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contact. Under such condition contact welding will not occur. The failure mechanism of
contact welding won’t occur in this design and the design is reliable.

In the microelectrical contact arc occurs during switching time as discussed in chapter 5.
At the time of switching from OFF-state to ON-state, the power appears across the
microelectrical contact increases the temperature. If this reaches the melting temperature,
then molten metal bridge may form. If the temperature reaches boiling temperature, the
metal gets vaporized and leads to arc. This arc is called pre-breakdown arc. Figure
6.13(b) shows that maximum power across the switch is 1.75W. This power appears for
100ns. As discussed in chapter 5, section 5.4.2, and the power of 1.75W need 2us to
reach its softening temperature and 7us to reach its melting temperature. Since 100ns is
not sufficient to reach the softening temperature, structural deformation of the
microelectrical contact may not occur. Also since the switch is not reaching its melting
temperature, breakdown arc may not occur.

Figure 6.14(b) shows that, when switching from ON-state to OFF-state, maximum power
across the switch is 0.09W. This power appears for 100ns. As discussed in chapter 5,
section 5.4.2, and the power of 0.098W is not sufficient to reach even softening
temperature and also this power appears only for 100ns. Since this power is not sufficient
to reach the softening temperature, structural deformation of the microelectrical contact
may not occur. Also since the switch is not reaching its melting temperature, pre-
breakdown arc won’t occur.

From this it is clear that the designed micromechanical switch won’t generate any arc
during the time of switching. But these designed micromechanical switches have low
voltage, current and power rating. In general the time for which power appears across the
microelectrical contact depends on the switching speed. If the switching speed is high,
then the power appears across the contact for less time and if the switching speed is low,
power appears for longer duration. Hence the switching speed of the microelectrical
contact plays an important role in the design of arcless microelectrical contact.

6.5.3 Arc analysis for the gap between anode and cathode

The gap between anode and cathode is fixed. As discussed in chapter 5, breakdown Arc
may occur between anode and cathode during OFF-state of the micromechanical contact.

For the considered design the gap between anode and cathode is Sum and the rating of
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12V is considered. According to modified passion curve discussed in chapter 4, the gold
plate with Sum gap can withstand 300V without arcing. At 12V the designed anode and
cathode produces electricfield of 1.7¢® V/m. Since the electric field produced by 12V is
well below the breakdown electric field, breakdown arc won’t occures across anode and
cathode.

6.5.4 Arc analysis for the gap between driving electrodes and anode

In microelectrical contact, driving voltage of 48V is applied across the driving electrodes.
During oOfF-state of the switch, the voltage of 12V is appearing across anode and cathode.
This leads to a voltage difference of 36V across anode and driving electrode. The gap
between driving electrode and anode is 105um. Hence, in this design, 38V won’t produce

any arc due to voltage and electric field.

6.6 Switching Characteristics of Scalable TCT Array of

Micromechanical Switches

In order to enhance higher power rating, the designed arcless, low rating
micromechanical switches are connected in TCT array configuration as discussed in the
conceptual model proposed in chapter 3. The series connection of switches increases the
voltage rating and the current rating is increased by parallel connection of switches. To
increase the overall reliability of the array, these switches are cross tied with each other.
Hence, failure of single won’t affect the performance of entire array. By connecting
more switches in series and parallel, this array can be scalable to the required rating. In
this design, the driving voltage is applied to all the switches at the same time to perform
switching operation simultaneously.

A TCT array configuration is formed using designed, arcless micromechanical switches
of rating 12V, 0.2A and is shown in Figure 6.15. The 15x12 switch array has been
designed for the rating of 140V, 3A. In order to obtain the switching characteristics of the
array, this TCT array configuration is connected with the equivalent electrical system as

shown in Figure 6.16.
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Figure 6.15: Schematic of TCT array of 15%12 micromechanical switches

Figure 6.16: Electrical circuit with micromechanical switch array
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6.6.1 Transition of TCT array from OFF-state to ON-state

Transient voltage, current, power characteristics are obtained, when the TCT array
changes from OFF-state to ON-state. The simulation also has been carried out for the time
period of Ous to 600us. Driving voltage of 48V is applied across the driving electrodes of

all the micromechanical switches in the TCT array at 50us and is shown in Figure 6.17.
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Figure 6.17: Transient switching of array from OFF-state to ON-state under load condition

The array current increases and reaches 3A at 190us. At the same time the array voltage
decreases from 140V to OV. The delay time of 140us is obtained. The switching speed of
the micromechanical switch is obtained as 120us as discussed in section 6.2.4 and
additional 20us delay are due to circuit parameters. The array becomes ON-state at 190us
and the load voltage and current increases to 140V and 3A respectively. This shows that
the load is connected to the source through the TCT array of micromechanical switches.
The maximum voltage, current and power handled by a single micromechanical switch of
the array is 12V, 0.2A and 1.75W respectively. Since the single switch is arcless, the
TCT array configuration also enhances arcless switching.

6.6.2 Transition of TCT array from ON-state to OFF-state

Transient voltage, current, power characteristics are obtained, when the TCT array

changes from ON-state to OFF-state. The simulation has been carried out for the time
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period of Ous to 600us. The applied driving voltage of 48V is reduced to OV at 300us for

all the switches present in the TCT array and is shown in Figure 6.18.
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Figure 6.18: Transient switching of array from ON-state to OFF-state under load condition

The array current decreases from 3A and reaches OA at 450us. At the same time the array
voltage increases from OV to 12V. The delay time of 150us is observed. In this the
switching speed of the micromechanical switch is 120us as discussed in section 6.2.4 and
10us delay are due to circuit parameters. The switch becomes OFF-state at 450us and the
load voltage and current reaches OV and OA respectively. This shows that the load is
completely isolated from the source through TCT array of micromechanical switches.
The maximum voltage, current and power handled by each switch is 12V, 3A and 0.09W.
6.6.3 Resistance of TCT array of micromechanical switches

The resistance of micromechanical switch is the resistance of the microelectrical contact.
The dimensions of the microelectrical contact mentioned in this chapter are similar to the
one in chapter 5. Hence resistance of each micromechanical switch is 120mQ when

120uN force is applied across the contact. The calculated resistance of the TCT array is
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96mQ. In the TCT array configuration, it is preferred to keep more number of parallel
switches than number of series switches. This reduces the overall resistance of the array
and leads to less power losses. Connecting more number of series switches than parallel
switches increases the overall resistance and power loss. This increases the temperature
of the array and may leads to reliability issues.

6.6.4 Scalability

Based on the required voltage and current rating, more number of micromechanical
switches can be connected in TCT array configuration. 150x12 switches can be
connected to enhance the rating of 140V, 30A and 5x4 switches can be connected to
enhance the rating of 48V, 1A.

The Comparison of presented switch with mechanical, semiconductor and RF switch

have been given in Table 6.5.

Table 6.5: Comparison of micromechanical switch with mechanical, semiconductor

and RF switches

Micromechanical
Mechanical Semiconductor
RF MEMS switch for power
switch Switches
application
ON-state ) ) )
Medium High Medium Very low
resistance
OFF-state . i i
High Low High High
isolation
Ohmic or
Contact Metal PN junction . ) Metal
dielectric
Frequency range | Dc to 67GHz Dc to 90GHz Dc to 40GHz DC
Switching speed Slow Very fast Fast Fast
Insertion loss Low High Low Low
Power handling High Low Medium Medium
Power
Low High Low Low
consumption
Size Large Small Small Small
Linearity Excellent Fair Excellent Excellent
Scalability Fair Good Excellent Excellent
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6.7 Conclusion

This chapter presented the modeling, design and analysis of arcless micromechanical

switch array and following are the main conclusions:

e The electromechanical parameters which have more influence on the design of
micromechanical switch have been presented. In order to obtain the
electromechanical performance parameters and visualize the switching action, the
switch has been modeled following the fabrication flow using Coventorware
MEMS+ simulation tool. The proposed fabrication flow uses poly-silicon as
cantilever beam and the driving electrode and microelectrical contact are made up
of metals such Al, Cu, Au and Pt.

e For the considered micromechanical switch with poly-silicon beam and Au as
contact material, actuation voltage of 38.8V, collapse voltage of 60V, electrostatic
force of 11.5uN, switching speed of 120us and Q factor of 0.9 has been obtained
from numerical calculation and simulation. It has been found that the poly-silicon
beam has more influence on the electromechanical performance. Also it has been
found that the electromechanical performance parameters are less affected by the
driving electrode and microelectrical contact material.

e The switching speed and force with respect to driving voltage across the driving
electrode shows that when voltage increases from 40V to 60V the switching speed
increases from 118um to 78 um and the electrostatic force increases from 13.2uN
to 91.53uN. At the same time the contact force varies from 61.2uN to 197.8uN.

e The load handling capability of the switch and switching characteristics has been
obtained using an electrical equivalent load circuit having RLC parameters. The
current flowing through the switch, voltage across the switch, power appears
across the switch, load voltage and load current are obtained. Maximum current of
0.2A and voltage of 12V are obtained across the switch during ON-state and OFF-
state respectively. The power of 1.8W and 0.09W appears across the switch
during switching time of OFF to ON and ON to OFF respectively.

e Arc analysis has been carried out for all four possible arc occurring parts of the

microelectrical contact. The arcless nature of the micromechanical switch has
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been discussed. This analysis shows that the considered micromechanical switch
withstands 12V, 0.2A without occurrence of arc. The load current and load
voltage characteristics shows that the micromechanical switch is performing
proper switching action so that it can be used to make and interrupt the current
flow between source and load. The 12V causes the electric field of 1.7¢® V/m.
When 48V is applied across the driving electrodes, the electric field of 5.87¢°
V/m and 1.95¢’ V/m has been obtained during OFF-state and ON-state respectively.

The importance of Q factor and the range at which the switch to be designed has
been discussed. Two switches with Q factor of 0.052 and 23 have been designed
and the performance parameters are obtained. The micromechanical switch with
the Q factor of 0.052 leads to beam deformation. The switch with the Q factor of
23 leads to under damped oscillations. The importance of keeping Q factor within
the range has been discussed. This analysis would help us to design reliable
switch without oscillation and deformation.

140V, 3A array has been designed using 12V, 0.2A micromechanical switches
connected in 15x12 TCT array configuration. The switching characteristics of
TCT array have been obtained. The resistance of the array has been obtained as
96mQ). Scalability and arcless nature of the TCT array have been discussed. Since

the single switch does not generate arc, the TCT array also can not generate arc.
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CHAPTER 7

CONCLUSIONS AND SCOPE FOR FUTURE WORK

7.1 Conclusions

The significant conclusions made in the present work are as follows:

The conceptual modeling and simulation concluded that the TCT cross tied array
configuration provides better performance in terms of OFF-state leakage current,
ON-state voltage drop and power losses. This array is suitable for both DC and AC
power switching. This array is scalable to enhance higher voltage and current
rating. The switching behavior and power appearing across the switch during
switching period has been discussed. The study of various micromechanical
switches concludes that the cantilever based, electrostatically actuated
micromechanical switch is more suitable for power switching applications. The
driving electrode and microelectrical contact are responsible for performing
switching action and interrupting electric current. It is also concluded that arc
occurs across four parts of the micromechanical switches. These are driving
electrode, microelectrical contact, anode-cathode and anode-driving electrode.
The modified Paschen curve provided the breakdown voltage and breakdown
electric field for the materials Al, Cu, Au and Pt from gap of 0.5um to 30um. It
has been found that larger the size of the driving electrode lesser the electric field
for a given voltage. Hence both voltage and electric field should be analyzed. It
has been concluded that both voltage and electric field appearing across the
driving electrode has to be below the modified Paschen curve boundary in order
to achieve arcless driving electrodes. In addition to this, it has been concluded that
during the OFF-state of the micromechanical switch, occurrence of arc should be
analyzed with respect to the smaller gap of the microelectrical contact.

The surface roughness of the microelectrical contact has major influence on the
ON-state resistance and current carrying capability. The electrothermal analysis
showed that the temperature produced by the current should be below the

softening temperature so that contact welding can be avoided. And also pre-
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breakdown arc occurs during switching state and can be avoided if the
temperature is below the melting temperature. The breakdown arc that occurs
between anode and cathode can be avoided by limiting the voltage and electric
field below the breakdown voltage and breakdown electric field.

e The performance parameters such as actuation voltage, collapse voltage,
switching speed and Q factor of the arcless micromechanical switches are
investigated extensively. The load switching characteristics are obtained and the
influence of switching speed on the design of arcless switching has been
investigated. The TCT array of micromechanical switch has been proposed to
enhance the higher rating with reduced ON-state resistance. Also it has been
concluded that the Q factor should be maintained within the range to achieve

reliable arcless switching.

7.2 Contributions of the Thesis

The main contributions of this thesis are described below:

TCT array configuration of micromechanical switches for power switching:

The conceptual model of TCT array configuration of micromechanical switches has been
built based on literature for power switching applications and simulation has been carried
out to understand the physical structure and performance of the array. This conceptual
model results gives the confidence to proceed further for the design of arcless

micromechanical switches.
Design of arcless driving electrode using mathematical modeling and FEM simulation:

Understanding the distribution of electric field is the basic requirement in designing
arcless driving electrodes. The mathematical modeling gives the maximum electric field
obtained and the FEM simulation study presents the maximum electric field and how it
has been distributed across the driving electrodes. This prediction of electric field
distribution can be useful in designing arcless non-touching contacts present in

microstructures.
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Design of microelectrical contact through electrothermal analysis, mathematical

modeling and FEM simulation:

Electrothermal analysis is important in designing the arcless microelectrical contact. In
order to prevent contact welding and to achieve arcless switching, electrothermal analysis
has been carried out. The importance of both electrical and thermal parameters in the
design of arcless microelectrical contact has been extensively explored using

mathematical modeling and FEM simulations.
Design and analysis of arcless micromechanical switch:

The micromechanical switch has been designed and the electromechanical parameters
have been analyzed in detail. The electrical and mechanical parameters have sufficient
influence on the design of arcless switching. The switching characteristics along with
external load circuit have been analyzed. The performances of the TCT array of
micromechanical switch have been analyzed to evaluate the performance of the

micromechanical switch array for high voltage and current rating.
7.3 Scope for Future Work
This thesis work has few limitations that warrant further research.

e This work can be extended to enhance the reliability of micromechanical switch
considering fabricatability, manufacturability, material, packaging and operating
environmental conditions. After the extensive reliability study, the switch can be
fabricated and characterization may be carried out.

e The leakage current analysis can be carried out and the improvement in battery
life can be analyzed.

e This work also can be extended to investigate better materials which can
withstand high voltage and current without arc and thus leading to low power
consumption.

e This work can be further extended to design CMOS fabrication compatible arcless
micromechanical switches and investigate their usage for SoC, clock gating and

power gating circuits.
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Appendix A

Newton-Raphson Method

The equation is solved using Newton-Raphson method. This is a simple, iterative and
powerful technique to solve the equations numerically.

f(v,) = [(m +1<e-Egd’Vb)(eAﬂgE"B"g"”“ —1)} ~1=0 (A.1)

where f(V,)be a well-behaved function, and » be a root of the equation f(V,) =0. Let

Vb1 be initial guess of » and let » = Vb1 + h . Since the true root is”, and h=r— Vb1 , the

number s measures how far the estimate V), is from the truth. Since £ is "small,’

tangent line approximation can be used to conclude that
0=f(r)=f(V, +h) = f(V,)+hf (V) (A.2)
And therefore, unless [ '(Vbl) is close to 0,
h==f)] 1 ) (A3)
It follows that
r=V, +h=V, - f0,)/f ") (A4)
Our new improved estimate V;, of r is therefore given by
Vy, =Vo L)) f ) (A.5)

The next estimate V), is obtained from V),

Ve =V, =S, ) (A.6)
If V,, is the current estimate, then the next estimate V), is given by
Vo =Vo, =S W) ) (A7)
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Appendix B

MATLAB M-file code for Breakdown Voltage

%%%%6%%%%6%0%%%%0%%%%0%0%%%6%%%%0%%%%%0%%%6%%%%:%%%% %%
%%%%%0%%%6%0%%%%%%%6%0%%%%:%%%% %%

% Solution for an implicit equation

%

% \gamma*A*p*d* exp(-B*p*d/vb) + k* A*p*d* exp(-[(B*p*d)+D*d]/vb) = 1

%

% solve vb for given d

% Equ. 16
%f old = (gamma+K*exp(-D*d/vb_old))*(exp(A*p*d*exp(-B*p*d/vb_old))-1)-1;

% Equ. 17

% f old = gamma* A*p*d*exp(-B*p*d/vb_old) + K*A*p*d* exp(-(D*d+B*p*d)/vb_old)
- 1,

%
%%0%%%%%%6%%6%%0%0%6%%%%%%6%6%6%0%0%6%%0%6%6%%%%%%6%%% %% % %%
%%0%%%%%%6%0%%%0%%0%%6%%%%%6%%%% %%

% for eq. 16 only
clear all;
clc;

A=15; % cm/torr

B=365; % volt/cm-torr

K=10"7; %

p=760; % 760 torr is one atm. pressure
phi=4; % ev

beta= 50;

gamma= 0.035;

D= 6.85%10"7*(phi*(3/2))/beta;

fac_micron = 10"(-4); % in microns (but multiple of cm here due to cgs units)

% % Test case
% d= 1*fac_micron; % vary this
% vb_old=50; % guess
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% prefac*dmax= gives maximum d insteps of prefac

prefac=0.5;
dmax=60;

d_vb=[];
%vb_0ld=50;

% vary d
for di=1:1:dmax

d= prefac*di*fac_micron;
vb 0ld=300; % have to use correct guess or may be by trial-error

% loop to start vb calculation for a given d
iter=1;
while(iter<30)

vbl=vb old;
vb2=vb old+le-8;

f old = (gamma+K*exp(-D*d/vb_old))*(exp(A*p*d*exp(-B*p*d/vb old))-1)-1;
f1= (gamma+K*exp(-D*d/vbl))*(exp(A*p*d*exp(-B*p*d/vbl))-1)-1;
2 = (gamma+K*exp(-D*d/vb2))*(exp(A*p*d*exp(-B*p*d/vb2))-1)-1;

dfdv= (f2-f1)/(vb2-vbl);
vb new =vb old - (f old/dfdv);

% condition to terminate the loop
if(abs(vb_new-vb 0ld)<0.1)
vb_old=vb old;

iter=100;

break;

else

iter=iter+1;

vb_old=vb_new; % re-assigning
end;

end;

d_vb=[d_vb;[prefac*di,vb_new]];
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end;
d vb

% plot d vs. Vb

beginx=0.14;

beginy=0.16;

xsize=0.84;

ysize=0.82;

figure6= figure('Color',[1 1 1]);

axesb =

axes('fontsize',24,'LineWidth',1.5,'Parent', figure6,"Y scale','linear','X Scale','linear",...
"XTick',[0 510 15 20 25 30 35],'YTick',[]0 200 400 600 800 1000]....
'Position',[beginx beginy xsize ysize));

box(axes6,'on');

hold(axes6,'all");

Position = [360 302 560 420];

set(gcf,'Position',Position);

xlabel('electrode gap, d (\mu m)','fontsize',24)

ylabel('break down voltage (V_b)','fontsize',24)

npoint=4;

h(1)=plot(d_vb(:,1),d vb(:,2),'bo','linewidth',2.5,'markersize',npoint,'markerfacecolor','b',’
DisplayName','A {bulk}");hold on

xlim([0 31])
ylim([0 1100])
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Appendix C

Maxwell’s Equation

The electric field distribution is obtained based on Maxwell’s equations (Kara,

Kalenderli, and Mardikyan, 2006)

VxE=0 (C.1)
V-D=p (C.2)
D=¢E (C.3)
E=-VV (C4)
Poisson’s scalar equation is obtained as
=V(VV) ==V (&¢&,VV)=p, (C.5)

Where ¢, is the permittivity of free space, €, =¢,(E,x,y,z) is the relative permittivity,
E is the electric field, p,, is the space charge density, D is the electric displacement, ¢

is the dielectric permittivity of the material. If the permittivity & is constant such as in the
isotropic dielectrics,
AV =-p,/¢ (C.6)
For space charge free ( p,, = 0) fields, field is expressed by Laplace’s equation as
AV =0 (C.7)
In rectangular coordinates (X, y, z), three-dimensional expression of Laplace’s equation is
oV oV oV
Tt +—5=0
ox~ oy Oz

(C.8)

Corr =Q. 1V (C.9)
Where Q. is the magnitude of charge stored in electrode.

Initial voltage V' =0}, Boundary condition: Top electrode: V' =V, (applied voltage),

Bottom electrode: V=0V
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Appendix D

Linear Elasticity

The FEM simulation uses the following linear elasticity equations (Slaughter, 2001) to

obtain the radius of the contact spot as a function of force

F=-Vo (D.1)
o=s (D.2)
s—SO:él(g—go_ginel) (D3)

&= %[(Vu)T + Vu} D4)

Where o is the Cauchy stress tensor, ¢ is the infinitesimal strain tensor, u is the

displacement, C fourth order stiffness tensor, F* force per unit volume and p,, is the

mass density.

Initial Force F'=0 Nm, Boundary Condition: Top Electrode: F' = F, (applied voltage),

Bottom Electrode: u =0 (Fixed)

Appendix E
Electrothermal Analysis
The Joule heating Q of the micro electrical contact is given as (Long, Liao, and Zhou,
2012)
O=JxE (E.1)
E=-VV, (E.2)
WhereJ =1,/ m? is the current density, E the electric is field and is a gradient of contact

voltage V.. Vis the gradient operator and is determined by an electrical conductivity o

and current density J At steady state
V(io-VV-J)=0 (E.3)

The distribution of temperature is given by

pc 8% =V (VT)+Q (E.4)
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Where k, heat transfer coefficient, maximum anode temperature 7, current density
J=(-VV).

Initial condition: At timez=0s, 7| y =T, , where T, is the atmospheric temperature

X525t

of 273K. Electric insulation ~ nJ =0 Initial Voltage V=0V.

Boundary condition: Thermal insulation —n.(—kVT)=0 (All sides except left side of

the anode), Current density J =J, (Anode of the microelectrical contact)

Appendix F
3D Heat transfer Equation

The anode temperature of an electrode is modeled by considering the 3D time-dependent

heat equation in rectangular coordinates (x,y,z,t) . The anode temperature (7))

dependence on the thermo-physical coefficients of the electrode material (Carslaw and

Jaeger, 1986)
pe L2, 2 (), 29Ty
o ox\ ox) oy\ dy) 0z\' 0Oz

Where p,;, ¢ and k are the density, heat capacity and thermal conductivity of the

electrode material respectively. x,y and z are the axial coordinates and ¢ is the time.

The heat equation is simplified by considering the material to be isotropic and

homogeneous. Thus

2 2 2
pca—Tzk 8T+8T+6T (F.2)
ot ox oy Oz
oT 2
c—=kV°T F.3
pe, (F.3)
2 2 2
v 9T, 0T OT (F.4)
ox oy Oz
The Equation governing transient temperature is given by
oT
pcp5+pcpu.VT:V.(kVT)+Q (F.5)
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Boundary Conditions:
_49
-n.(—kVT)= y (F.6)

Heat flux g = P, where P is in watts. (At the left side of the anode)

Thermal insulation —n.(—kVT) =0 (All sides except left side of the anode)
Initial condition:
Attimet=0s, T,

(x,y,z,t)

The Mesh structure of microelectrical contact is shown in Figure F.1.

30

Figure F.1: Mesh structure of 3D microelectrical contact

=T, , where T, is the atmospheric temperature of 273K.
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