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COATED CARBON NANOTUBES UNDER LOW CURRENT CONDITIONS 

Chamaporn Chianrabutra 

 

Gold coated multi-walled carbon nanotubes (Au/MWCNT) are a novel composite 

material, which have been investigated for use as an electrical contact surface. The 

Au/MWCNT composite is a MWCNT forest synthesized on a silicon wafer and sputter 

coated with a gold film. The multi-walled carbon nanotubes (MWCNTs) have 

advantageous mechanical properties so that they can act as a compliant layer in the 

switching contacts. Moreover, gold is renowned as a useful contact material due to its 

high electrical conductivity. This new composite material is used to improve the 

switching performance of micro-electromechanical systems (MEMS) switches. 

However, as an emerging material for electrical contacts, the characteristics of 

Au/MWCNT composites had not been widely studied. To address these challenges this 

research focuses on the investigation of the switching behaviour, contact resistance 

performance and material transfer characteristics. Further to this, a model, based on fine 

transfer mechanisms, has been developed to describe the failure mechanism.  

The planar samples are mounted on the tip of piezoelectric actuators and mated with a 

gold coated hemispherical surface to form the electrical contact. These switching 

contacts are tested under conditions typical of MEMS relay applications; with a fixed 

load voltage and contact force of 4 V and 1 mN respectively, the hot-switching 

performance of the Au/MWCNT composite has been evaluated over a range of load 

currents from 10 mA up to 200 mA. Further to this, the effect of current on the failure 

mechanism has been evaluated by performing dry switching experiments. 



 

 

The lifetime of Au/MWCNT composites have been shown to sustain over 800 million 

switching cycles at a load current of 20 mA, with a load voltage of 4 V and a contact 

force of 1 mN. Every cycle the switches experience two events: an opening event and a 

closing event. During the opening event, thermodynamic processes associated with the 

contact interface, known as a molten metal bridge transfer, occur. During the closing 

event, a bounce characteristic occurs. In the contact resistance performance 

investigation, two parameters have been considered, the contact resistance and the 

number of bounces. Over the lifetime of the contact, they show similar trends, which 

can be divided into four stages, initial, stable, rising and failure stage. Both the contact 

resistance and the number of bounces can be used to predict the onset of failure of the 

switch contact. Moreover, the wear process from the material transfer experiment shows 

the combination between a fine transfer process and a delamination process. This result 

is very significant and useful to understand the switching wear characteristics over the 

switch lifetime. Finally, this research has used the experimental data to create an 

empirical model of the material transfer mechanism to predict the switch lifetime. 
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Chapter 1:   

Introduction 

1.1 Research introduction 

Understanding the properties of contact surfaces is important for many applications 

such as tribology, friction, fretting, contact mechanics, and electrical contact switches. 

Microelectromechanical systems (MEMS) are one type of devices that combines 

electrical and mechanical technologies. For the design of MEMS relays, the desired 

contact resistance (Rc) is typically required less than 1-2 Ω [1, 2]. Further to this, 

MEMS relays require endurance of over millions of switching cycles [2]. To achieve 

these specifications, a number of materials have been investigated for the switching 

contact surfaces of MEMS relays, including: palladium, platinum and gold [3-7]. 

Although, these materials have low electrical resistance, they are soft and susceptible to 

wear. Other interesting materials are silicon carbide and diamond; though whilst they 

have high elastic moduli, their low electrical conductivity limits their use for electrical 

contact applications [8, 9]. 

Carbon nanotubes (CNTs) have unique electrical and mechanical properties [10], which 

makes them attractive for contact surfaces for a wide range of applications, including 

MEMS relays. CNTs have many structures; however, they have different properties. 

Multi-walled nanotubes (MWCNTs) are a prominent material which has become of 

interest to a variety of research fields [11]. As a result of this interest, there has been a 

significant progression of the technology in terms of fabrication as well as the level of 

their commercialisation. They are easy to grow and control in terms of length, diameter, 

and density [12-14]. The use of MWCNTs gives highly dense contact areas and 

compliant contact surfaces [15] ; however the resulting contact resistance tends to be 
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quite high at 100 Ω approximately [16] compared with the other commonly used 

materials for electrical contact surfaces. 

In 2007 [15] , Yunus et al. and his research team improved on the performance of the 

switch contact. They sputtered a 500 nm thick Au layer on top of the MWCNT forest. 

With an Au layer on the MWCNT surface, the contact resistance of the Au/MWCNT 

surface was significantly reduced, to ~0.45 Ω [17]. In [15], an experiment was 

conducted to investigate the change in contact resistance between Au/MWCNTs with a 

surface roughness Ra 1400 nm, and an Au coated stainless steel hemispherical ball, with 

a surface roughness Ra 400 nm. This contact pair is referred to as the Au-Au/MWCNT 

contact pair. It was found that the contact resistance of Au-Au/MWCNT contact pair 

was 0.68 Ω [17], which is significantly lower than Au-MWCNT contact pair. The 

results also showed that the use of Au/MWCNT composites as a contact surface could 

extend the performance lifetime of the electrical contacts to over 70 million switching 

cycles with a load current of 20 mA, 4 V at 1 mN [17-22]. Nevertheless this number of 

cycles to failure did not reach the required lifetime for commercial devices which are 

~billion cycles [1].    

The experimental result of Au-Au/MWCNT contact pairs at 70 million switching cycles 

showed a material transfer process called fine transfer [23, 24]. It is caused by a molten 

metal bridge and is claimed to be the reason for the apparent failure of the Au-

Au/MWCNT contact pair [24]. The previous works [23, 24] clearly indicated that while 

contacts were performing switching tests, an Au film from the Au/MWCNT substrate 

transfers to the Au hemispherical ball. This fine transfer phenomenon resulted from the 

molten metal bridge, which is a result of a transient voltage in a few microseconds 

before the contact completely opens in the opening process. The molten metal bridge 

shown in the previous research was between 0.5 V and 1 V [24]. The theoretical voltage 

for melting and boiling Au contact material is more than 0.43 V and 0.88 V respectively 

[23, 25]. It is important to note that there is no evidence of arcing for the condition of 4 

V; unlike the case for 12 V which is most commonly used for metallic electrical contact 

surfaces [25, 26]. However, the fine transfer process occurred only with a load current 

of 20 mA, this cannot be used to assume that only the fine transfer mechanism takes 

place on the contact pairs for any load current conditions.  
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The fine transfer mechanism has been used to predict the number of cycles to failure of 

contact surfaces [23, 24]. This phenomenon shows the link between the current density 

through the asperities of the surface, for load currents below 20 mA. A 3D confocal 

laser map of the depletion of Au/MWCNT surface was used to determine the removed 

material from Au/MWCNT substrate to Au ball. The thickness of the Au film was 

assumed uniform [22-24, 27-30]. This empirical relationship can be used to predict the 

number of cycles to failure of Au/MWCNT surfaces [23]. Failure is defined as the point 

where the contact resistance increases to a magnitude of three times the nominal value 

[23]. The resistance will gradually increase until reaching the breakdown point, and then 

it will swiftly increase to a very high resistance [22-24, 27-30]. Nonetheless, this model 

could predict the number of cycles to failure for a current load less than 20 mA, 4 V at 1 

mN impact load [23]. 

In this work, new contact pairs called Au/Cr–Au/MWCNT are introduced. The Au/Cr–

Au/MWCNT is a Cr coated stainless steel hemispherical ball and sputter coated with Au 

layer and Au coated MWCNTs [31-33]. The parameters affecting the cycles to failure 

are determined, for instance, CNT structure, contact force, the number of bounces, or 

the molten metal bridge phenomena. In addition to the factors to affect the failure, the 

contact resistance performance and the wear process characteristics are also 

investigated. Finally, an analytical model has been developed to predict the lifetime of 

contacts. 
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1.2 Research aims and objectives 

This research aims to investigate the switching characteristics of the Au/MWCNT under 

low current conditions between 20 mA and 50 mA. In addition to the low current 

conditions, this work studies load currents of 100 and 200 mA to confirm the 

consistency of the results. No previous research has been carried out in this subject, so 

this research shows very useful results to understand the switching characteristics over 

the switch lifetime. The objectives of this thesis are:  

1. To understand the fundamental switch behaviour of Au/Cr – Au/MWCNT 

switch. 

2. To assess contact resistance and bounce process over the switch lifetime. 

3. To evaluate Au/Cr – Au/MWCNT contact surfaces throughout the lifetime. 

4. To develop a material transfer model.  
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Chapter 2:   

 

Literature Review 

2.1 MEMS switches  

MEMS [3] is a technology that combines electrical and mechanical components into a 

small package. They are embedded within electronic systems fabricated with the 

combination of integrated circuit (IC) manufacturing and micro-machining processes 

where material is formed by etching away micro layers. The electronic system part of 

the component is assembled into the tiny integrated device in the same way as the IC 

device fabrication. The most common material used for MEMS is silicon; therefore, the 

MEMS contains mechanical elements, sensors, actuators, and electrical and electronics 

devices on a plain silicon substrate. MEMS switches use the similar principle to the 

basic mechanical movement of single pole single throw (SPST). The basic MEMS 

cantilever switch with an isolated actuation electrode is shown in Figure 2-1. A DC 

voltage is applied to the actuation electrode generating an electrostatic force, which will 

move the beam downwards. This action will transfer the signal from an input side to an 

output side. MEMS switches can be one of two fundamental types: DC contact or 

capacitive contact. Even though MEMS were invented in the 1970s for sensors, gas 

chromatographs, accelerometers, antenna and other electric devices, there has been little 

development for applications in the radio frequency (RF) and microwave frequency 

community for a long time [3]. 

In 1991 [34], Larson at the Hughes Research laboratory in Malibu, California, initiated 

the first MEMS switch working at microwave frequency. This kind of switch is called 

RF MEMS (radio frequency microelectromechanical system). Though the switch was 

not completely reliable, it showed outstanding RF capability up to 50 GHz. This 

exceptional result motivated the attention from several groups in the U.S. Before 1995, 
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the Rockwell Science Centre developed a DC contact type, for applications with a 

frequency range of 60 GHz. Moreover, Texas Instrument invented a capacitive contact 

switch applicable for 10-120 GHz [3]. Today due to their huge potential in both 

commercial and defence application, RF MEMS are of great interest to many 

universities and companies working in this area. Moreover the great progressions are 

taking place in areas of the semiconductor industry [3]. This research is also interested 

in investigating the contact surface material to improve the lifetime and performance of 

MEMS. 

 

Figure 2-1: A simple MEMS switch [3]. 

There are numerous possible applications for MEMS. As a breakthrough technology, 

many MEMS applications emerged and expanded due to unparalleled synergy between 

earlier unrelated fields for example microelectronics and biology. Examples of general 

equipment enabled by MEMS are inkjet-printer heads, accelerometers, miniature robots, 

micro engines, locks, inertial sensors, micro-transmissions, transducers, micro actuators, 

fluid pumps, optical scanners, chemical, flow and pressure sensors, etc. [3].  

Furthermore, the RF MEMS can be used to improve the low and medium power 

applications by replacing current switching technology with this system. The RF 

MEMS has potential to grow in five main applications areas [3]: 

 High value applications – military tactical radio, satellites, military phased 

arrays. 

 Test equipment – automated test equipment, RF instrumentation. 

 Telecom infrastructure – microwave communications, base stations. 

 Mass applications – consumer electronics, mobile phones, and IT. 

 Automotive – roof antenna, anti-collision radar. 

The applications equipped with MEMS continue to spread out, requiring more robust, 

accurate, and adaptable design systems. The MEMS industry has an expected $10 
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billion market value, and with a planned 10-20% annual growth rate. In 2002, it was 

appraised to have a $34 billion market value [35]. It can have a potential in the 

commercial market, industry and the federal government. These pressures are forcing 

researchers further to develop the performance of MEMS, for instance, design 

improvements and material invention. All expected to make a new era of devices 

capable of immensely outperforming the present mechanical and semiconductor switch 

technology; therefore, setting the foundation for current and future communication 

systems with massive potential. Regardless of the endeavours of all the 

commercialization, academic, government laboratory, industrial of MEMS switches has 

lagged market expectations for thirty years [25]. The major cause of this can be 

attributed to a variety of design obstacles which need to be overcome, particularly those 

handling the tribological problems of the switch contacts, before the devices are durable 

enough to get into a commercial market [35]. 

Increasing power handling and switching frequency would be attractive for MEMS 

electronics applications. This is because such a device can potentially transfer power 

faster and more efficiently through its transmission line without incurring any power 

loss, damage, and failure to its contact. This places tremendous stress on the 

microstructure. It is important that the contact is continuously conductive since if it 

wears and degradation occurs this will affect the overall performance of the MEMS 

switches. Currently, there are MEMS switches but these are unreliable due to 

degradation of the contact material surfaces [36].  

Generally failure occurs during hot-switching, this is when the supply voltage exceeds 

the melting voltage, for example the melting voltage for Au is 0.43 V [23, 25].  MEMS 

relays are commonly caused by the erosion and wear of the contact surfaces. This often 

results in the exposure of electrical contact constituents, which results in the build-up of 

more reactive elements on the contact surfaces. Degradation can be due to 

contamination of the contact coming from native or foreign origins. Melting, adhesion 

and micro welding of the contacts can cause failure of the device. These degradation 

phenomena will increase the contact resistance eventually causing failure of the whole 

MEMS relay. Therefore, improvement of the performance and reliability of the contact 

will materialise if the degradation and failure of the contact with different materials is 

understood. 
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2.2 Material for electrical contacts  

The most troublesome issue of electrical contact application is in selecting the contact 

material. The difficulty of this problem results from an absence of understanding of the 

parameters which impacts the contact performance. Most of the effort is due to the 

reluctance to agree with the limitation in the design or in the choice of contact material. 

Their selection of material requires to consider several factors, including sticking 

behaviour, contact resistance, contact force, wear rates, switch operational environment 

and required lifetime [3]. 

2.2.1 Tungsten  

Tungsten is utilised in contacts when there is a requirement for high resistance to 

electrical erosion, mechanical wear, and welding benefit from tungsten's high melting 

point and boiling point. The current carrying capacity of tungsten is constrained to the 

order of 3-5 A because of its low electrical conductivity and its high contact resistance 

even with very high contact forces (a result of its thick oxide surface films). However, 

Tungsten is unable to be cold worked caused by its low ductility; it is conventionally 

provided in the form of a disc which is used to protect nickel, nickel-plated or copper 

backing-material [25, 36, 37]. 

2.2.2 Palladium/Platinum 

Palladium and platinum are employed widely as contact materials due to their high 

melting and boiling points that give good resistance to transfer. Their high resistance to 

attack by chemical or oxidation delivers relatively stable and low contact resistance. 

Palladium is more popular since the high cost of platinum; nevertheless, palladium is 

slightly weaker than platinum in term of oxidation and chemical attack resistance. The 

thermal and electrical conductivity of palladium and platinum are somewhat low and are 

vulnerable to formation of insulating polymers. Furthermore, the pure palladium and 

platinum are not particularly hard materials; this makes them susceptible to mechanical 

wear and deformation. Consequently, they are commonly alloyed with other materials 

(gold, copper, silver, nickel, etc.) to raise their hardness and resistance to polymer 

formation but with a consequential drop in conductivity. The low conductivity of these 
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materials limits their usage to relatively low current (1-2 A) switching applications [6, 

25, 37]. 

2.2.3 Silver 

Silver is probably one of the most common materials to use as an electrical contact 

material in the commercial market. It has the highest resistance, electrical and thermal 

conduction of all any recognised metal. Moreover, it exhibits the exceptional endurance 

against chemical influence and tarnishing but it is not a good choice for using in a 

sulphur environment because sulphur-containing atmospheres can produce silver 

sulphide. Although silver sulphide is easy to remove by rubbing, wiping or sliding with 

adequate contact pressure, it causes an increase in contact resistance. Due to the high 

electrical and thermal conductivity, the contacts made of sliver are well used with low 

to medium load currents between 1 and 20 mA, light to medium contact force and low 

contact resistance requirement. The manufacturing cost of silver contact is the lowest if 

compared with the other precious metals. Furthermore it is readily designed into several 

contact shapes such as buttons and rivets, etc. as a result of its ductility [6, 25, 37, 38]. 

The silver tends to wear away and weld at medium load currents. Moreover, it has 

rather low hardness; however, its specification can be improved by mixing the silver 

with other materials for example palladium, cadmium, copper or nickel, etc. Such as a 

mixture of 60% silver and 40% palladium can provide a contact material which gives 

the greatest characteristics of each material. This alloy can resist the tarnishing and 

oxidation also including sulphur compounds. Moreover, it can put up with frictional 

polymerisation, a characteristic which is common where there is a high palladium 

content. In terms of cost for fabrication, this material is in the range of medium cost, 

which means its cost is greater than fine silver; however, it is considerably lower 

materials containing higher platinum or palladium content. Another significant 

improvement is that it can abstain from the material transfer process. The 60/40 silver-

palladium alloys have high electrical and thermal conductivity; nevertheless this is low 

if compared with the fine silver [6, 25, 37, 38]. 
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2.2.4 Gold 

Since gold can greatly resist a formation of surface film electrical contacts composed of 

a high percentage of gold are exceptional for low energy applications and also for dry 

switching circuits which require a low and stable contact resistance. One of the 

disadvantages of the high gold content for electrical contact is a high cost for 

manufacturing. Moreover this material is easy to transfer when it is used at high load 

current (above 0.5 A) [38]. Hence, it is rarely used at this high load current. This 

drawback shows a relatively poor resistance to wear, welding, sticking, and mechanical 

deformation. To improve the properties of gold, it is often alloyed with other materials, 

for example silver, nickel, palladium, etc.; however these alloys have a lower 

conductivity. Recently, the use of thin layers of alloys which have a high percentage of 

gold over silver, nickel, palladium or platinum have been introduced using pressure 

bonding techniques. These alloys provide a reasonable cost, exceptional performance; 

moreover, it can be used on dry-circuit switching with higher load currents above 2 A 

without severe material transfer, just typical mechanical wear is shown on a contact 

area. The appropriate contact force must be well considered and provided; however, the 

sticking and welding process can still be an issue for this material. It is dependent on the 

thickness of the gold layer and its alloy combination. Gold-plated contact surfaces show 

less initial contact resistance than other un-plated contact surfaces, such as copper or 

silver. However, the contact surfaces have to be created using a suitable coating 

technology to control and avoid the creeping and porosity. The gold plating normally 

has a short lifetime if it operates under current loads that result in electrical erosion. 

Gold is seemly useful if used in outside atmosphere as it does not oxidize easily hence 

avoids the formation of oxide and sulphides on its surface. This contamination film 

layers raise the contact resistance. In addition, it is good for applications with short 

lifetime requirements. If gold plated relays are completely clean, they may also be 

susceptible to stick [6, 25, 37, 38]. 

Gold may be an exceptional choice for MEMS relay fabrication; nevertheless, it has a 

restriction on the operating lifetime performance. The susceptibility of deformation of 

gold causes several failure mechanisms, for example creeping of the beam and contact 

surfaces. Furthermore, the asperity deformation under high contact force can lead to 

adhesive failures. The switching movement during operation will wear off or transfer 

material from the gold contact surface to another harder surface [6, 25, 37, 38].  
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To overcome the wear and adhesion problems with Au, the Au alloys were developed as 

alternative metals for contact surfaces. These alloys include nickel (Ni), doped 

polysilicon, aluminium (Al), platinum (Pt), palladium (Pd) and rhodium (Rh) [39]. The 

Au alloys can produce harder metals, which will solve the wear and stiction problems; 

nevertheless, they often give a higher value of contact resistance.  

Schimkat [38, 40] studied the relationship between contact resistance and contact force. 

He found that the contact resistance was proportional to the contact force for AuNi (5%) 

and Rh. This research was used to determine the feasibility of replacements for Au 

contacts. To simulate switching actions, a hemispherical ball was used to press against 

two hemispherical balls with impact forces of up to 10 mN. Contact loads were 

measured and recorded for the various desired loads to create a stable contact resistance. 

This contact force was required to be able to break electrical contact and defeated the 

contact adhesion. The results showed that AuNi (5%) and Rh needed lower loads to 

break contact than pure Au, demonstrating that the adhesive force was lower. 

Nevertheless, the contact force required to create a stable contact resistance was also 

higher for AuNi (5%) and Rh than Au. Moreover, the contact resistance of the stiffer 

metals was considerably higher than Au. 

Couto et al. studied the contact resistance and life-cycles for binary, bi-metallic, and 

tertiary Au alloys [5, 41]. His research compared pure Au, AuPt, AuAg, AuPtCu, and 

AuPd. The bi-metallic and binary alloys brought about an increase in the cycle lifetime 

over pure Au by a factor of 3.3 and 2.6 times, respectively. For the tertiary alloys, the 

lifetime was improved by a factor of 6.5 times over that of pure Au relays. Although 

these alloy materials significantly improved the lifetime, the initial contact resistances 

increased to 1.8 Ω while for the sputtered pure Au it was only 0.2 Ω. 

Z. Yang et al. [36] achieved an comprehensive comparison of pure gold and AuNi alloy 

switching contacts. An experiment was designed whereby a cantilever was attached to 

an AFM tip holder then activated to contact on the lower electrodes. The pure Au and 

20% AuNi alloy were used to make contact with the lower electrode to simulate an 

electrical contact. The experiment was conducted by using the hot switching condition 

and testing until the contact resistance sharply increased indicating failure. The results 

provided a relationship between material properties and contact performance. Regarding 

to the alloy materials was studied by Z. Yang et al., they was improved the switching 
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reliability which was related to the increase in contact hardness. In addition to the 

contact harness, the results also showed that the surface roughness must be kept below a 

critical range to avoid amplified contact resistance. A two-phase Au-Ni alloy 

considerably improved contact performance and the presence of Ni2O3 oxide linked to 

increased switching life-cycle time. The experimental results show that the design of 

electrical contacts must be optimized and both material properties and alloying ratio 

should be considered. 

2.2.5 Metal/carbon nanotube composite 

CNTs have unique and excellent electrical and mechanical properties [10], particularly, 

when coated with a metal, this makes them attractive for electrical contact surfaces for a 

wide range of applications, including MEMS relays. The carbon nanotubes have two 

main structures: single-walled nanotubes and multi-walled nanotubes. Some researchers 

were interested in multi-walled nanotubes in particular because they are relatively easy 

to synthesise and control in terms of diameter, length, and density [12-14]. Previous 

work showed that the contact resistance between gold and the multi-walled nanotubes 

was approximately 100 Ω [15]. This contact resistance resulted from a nonconductive 

layer under the multi-walled nanotubes surface. The current tends to travel down along 

the carbon nanotubes, which are grown on a nonconductive surface, an Al2O3 layer, 

which is on top of a 1 µm SiO2 layer. This layer obstructs the current travelling in the 

vertical direction so only horizontal flow is possible; a consequence of which is higher 

contact resistance. To improve the performance of carbon nanotubes, the metal 

deposition of gold is used. 

2.3 Carbon nanotubes: synthesis and properties   

This section reviews about the several structures of nanotubes and fullerenes. It is 

important to have a greater understanding about the CNTs characteristics and properties. 

This knowledge helps to develop a new effective composite by using CNT. The three 

main synthesis processes of the carbon nanotubes and the continuing research have been 

described here. A brief overview on the mechanical properties of CNTs is also 

presented in this section.  
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2.3.1 Overview of carbon nanotubes 

In 1991, Iijima [42] introduces carbon nanotubes or CNTs that have a hollow tubular 

structures with nano sized diameters as shown in Figure 2-2. CNTs are considered as a 

graphene sheet that is rolled-up to form tube called single-walled carbon nanotube or 

SWCNT. If two SWCNT tubes are grown with one inside the other, this is called a 

double-walled carbon nanotube or DWCNT, where more concentric tubes nested in 

another are, they are named multi-walled carbon nanotubes or MWCNTs.  

 

Figure 2-2: Structures of various important carbon nanomaterials: fullerene (C60), single-walled carbon 

nanotubes (SWCNT), multi-walled carbon nanotubes (MWCNT), carbon nanohorn, graphene, few layer 

graphene and graphene oxide [43] . 

The unique properties of CNTs are their electronic (semiconducting and metallic), 

mechanical (Young’s modulus of over 1 TPa) and high thermal conductivity, etc. 

Dresselhaus et al. [44] showed the smallest diameter of CNTs was about 0.7 nm. 

However, recently the theoretical size of CNTs has been studied and showed the 

limitation of the smallest diameter of CNTs is 0.4 nm [45, 46]. 

Numerous forms of graphitic carbon as shown in Figure 2-2 are categorized in Figure 

2-3 based on their size. From the diagram in Figure 2-3, it can be seen that CNTs and 

fullerenes are of minuscule size of the order of a few nanometres. Both CNTs and 
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fullerenes are the two allotropes of graphite, which have been introduced over last few 

decades. Herald Kroto together with Robert Curl Jr. and Richard Smalley won a noble 

prize in 1985 for the invention of fullerenes [42].  

 

Figure 2-3: Comparison of diameters of various forms of graphitic carbon [47]. 

Aside from their atomic arrangements, CNTs have additional diverse morphologies. 

SWCNTs and MWCNTs have already been presented before (Figure 2-2). Furthermore 

double-walled carbon nanotube, bamboo structured carbon nanotube, Y-junction carbon 

nanotube and coiled carbon nanotube as shown in Figure 2-4 are widely studied.  

 

Figure 2-4: Electron micrographs of various possible morphologies of carbon nanotubes, (a) SWNT [48] 

b) DWNT (c) MWNT (d) bamboo structured CNT (e) Y-junction CNT  [49] and (f) coiled CNTs. 
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Furthermore, the CNTs can described by configuration: entangled and vertically-aligned 

CNT [50]. The entangled CNTs are synthesized by green chemistry such as methyl ester 

of Jatropha carcus oil and pine oil. Figure 2-5 is one example of the entangled CNTs  

gained from methyl ester of Pongamia pinnata oil as shown in [50]. The vertically 

aligned CNTs are created using gaseous resources to accumulate carbon, as shown in 

Figure 2-6.  

Although CNTs have numerous advantageous properties, there can be difficulties with 

their manufacture. For example, the synthesis of SWCNTs with precise control of the 

diameter and chirality is difficult. Although there are many researchers working on the 

growth of SWCNTs, the specifics of the process are not well understood. Therefore 

several researches tend to employ MWCNTs to various applications since their 

manufacture is more controllable, hence it is possible to the control length, diameter and 

yield etc. [42, 51, 52]. However, nobody has investigated and published the standard 

relationship between height of MWCNTs and growth time.  

 

Figure 2-5: SEM images of as-grown CNTs at different temperatures using methyl ester of Pongamia 

pinnata oil [50]. 

 

Figure 2-6: SEM image of the forest of vertically aligned MWCNT using ethylene [15, 16, 18, 20].  
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CNTs have been produced by three main techniques: arc discharge; laser ablation; and 

chemical vapour deposition. The arc discharge is an original techniques that used to 

observe nanotubes in 1991 [42]. A load current of 100 A was supplied in this process. 

This current level was essentially intended to create fullerenes. The negative electrode 

installed by the carbon source sublimated due to the high discharge temperatures 

throughout the process. Since this technique was originally used in the discovery of 

CNTs, it has been broadly used technique for the synthesis of CNTs. This method can 

create both MWCNT and SWCNT with heights of up to 50 µm with few physical 

defects. 

For the laser ablation method, a high power pulsed laser is used to vaporize the surface 

of a graphite target in a reactor. In high temperature atmosphere of the reactor, an inert 

gas was introduced into the chamber. CNTs were originated on a water-cooled surface 

by collecting the condensation of the vaporized carbon. The yields obtained from the 

laser ablation technique are 70% approximately. This method can control the diameter 

of CNTs especially SWCNTs type by adjusting the reaction temperature.  Nevertheless, 

the laser ablation technique is more expensive than the arc discharge and chemical 

vapour deposition technique [53]. Most of these processes occur in vacuum or 

atmosphere. However, the most popular way to grow CNTs is by chemical vapour 

deposition. 

2.3.2 Chemical vapour depositions for carbon nanotubes synthesis 

A chemical vapour deposition (CVD) has been the most common method to fabricate 

the large volumes of CNTs. In 2007, Beckman et al. from University of Cincinnati (UC) 

developed a method to produce aligned carbon nanotubes forest of 18 mm height [54]. 

This method can be accomplished by pyrolysis composition of carbon gases at high 

temperatures [42, 55]. In a CVD chamber, a non-volatile material is formed on a 

substrate by the reaction of vapour phase that contain the required carbon components. 

CNTs are deposited and grown on the nanoparticles. This configuration is similar to the 

thin film deposition on plain surface by traditional CVD. 

The classic thermal CVD [56-58] method comprises of a quartz tube which has a 

diameter of 2.5 – 5 cm. This tube is installed at the centre area of a tubular furnace. The 

samples are put in a quartz boat and inserted into the quartz tube. The furnace can raise 
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the temperature up to 1100 C and maintain a stable temperature within 1 C. This 

CVD apparatus usually works at atmospheric pressure so it is not necessary to have a 

pump to create a vacuum as is the case for the arc discharge and laser ablation methods. 

A mass flow controller is used to measure the gas flow rate as shown in Figure 2-7. 

After the gases run through the hot-walled furnace, they are cooled down by a water 

bowl then exposed via a fume extract. The size of the quartz tube and the gas flow avoid 

the flash back oxygen.  

A CNT forest growth process starts with purging the chamber with an inert gas to 

lessening agent such as Ar, H₂ etc. or a mixture of two gases. At this stage, the reactor 

is heated until reaching the desired temperature. Next step is selecting the gaseous 

carbon source, which is determined by the catalyst material. The mass flow controller is 

used to switch from a mixture of the inert gases to a combination of a hydrocarbon and 

H₂ gases. They are passed through the controller into the high temperature reactor for 

the specified CNT growing time. The catalyst layer is heated to form a number of 

nucleates to be the core of tubes. The carbon substance from the hydrocarbon gas is 

decomposed over those nucleates to create the CNT forest. The growing process is 

completed after the hydrocarbon gas is stopped by switching off value. Then the mass 

flow controller injects the inert gas back through the tube while the reactor cools down. 

The sample should be taken out from the chamber at temperature below 300 C to avoid 

damage from oxidation. 

 

Figure 2-7: Thermal CVD apparatus for the synthesis of CNTs. (a) Sketch of the furnace reaction area; 

(b) Photograph of the apparatus used in this work. 
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From the explanation above, it can be seen that the CNTs synthesis process can be 

divided into two main steps: the catalyst preparation step and the growth process step. 

The initial catalyst preparation process performs to create the catalyst layer to achieve 

the CNT growth.  There have been many studies relating the diameter of CNTs to 

element size of catalyst bulbs. Most of the studies claim that the dimensions of the 

catalyst bulbs are important. The large bulbs may create the large diameter of MWCNT. 

Therefore, the composition of the catalyst thickness is significant to control the CNT 

size. Park et al. used NH3 in the growth process to shrink the catalyst size of iron layer 

to create nanoparticle CNT nucleuses. Wang et al. also reported that H₂ can reduce iron 

oxides to metallic iron. This reduction can assist the CNTs quality. However, Delzeit et 

al. revealed that the chemical pre-treatment procedures may not always be needed, the 

morphology and composition of the metal catalyst may be intensified by the use of 

diverse support materials to vary the CNT characteristics [47]. 

The CNT synthesis process requires the existence of a gaseous phase containing carbon. 

This gas is injected by turning the mass flow controller into the reactor for the thermal 

decomposition of carbon composites, as shown in Figure 2-7 (a). Typical gaseous 

sources are acetylene, methane, carbon monoxide, ethylene, toluene, benzene, and short 

chain alcohols. The growth temperature normally starts from 600 to 1200 C. The 

growth process takes place when the most of the free carbon atoms are accumulated on 

the metal catalyst nucleates followed by precipitation onto nanotubes. 

2.3.3 Mechanical properties of carbon nanotubes 

CNTs have exceptional electrical and mechanical properties. However, this work is 

focussed on the mechanical characteristics of CNTs to absorb the outside mechanical 

influences. Therefore, the mechanical properties of several CNTs type are discussed in 

this section. A comparative conclusion of a variety of CNTs structures is shown in 

Table 2.1; this data was experimentally analysed using numerous characterisation tools 

[59-61]. Form Table 2.1, CNTs show not only great mechanical strength but also 

present excellent elastic characteristics if compared with steel. Falvo et. al. tested CNTs 

by bending them by about 180° with an AFM tip then released the tip. The results  

showed that MWCNTs restored back to the original shape once the force was released 

[62]. Commonly, hard materials cannot withstand strain over 1% and fail whereas CNTs 

can carry the tensile strain up to 15% before fracture [63]. 
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Table 2.1: Mechanical properties of CNTs in comparison to steel  [52]. 

CNT Type Young’s Modulus 

(GPa) 

Tensile Strength 

(GPa) 

Density 

(g/cm
3
) 

MWCNT 1200 150 2.6 

SWCNT 1054 75 1.3 

SWCNT bundle 563 150 1.3 

Graphite (in plane) 350 2.5 2.6 

Steel 208 0.4 7.8 

 

CNTs have the nano size, which is one of the advantages to be utilised in MEMS or 

NEMS applications. CNTs in the blocks or films configurations have been applied for 

producing an actuator or arrays [64]. In addition SWNCTs have been used to be part of 

high frequency resonators [65]. Due to the great electrical and thermal conduction of 

CNTs, they can be a part of compositions to create and improve the conducting polymer 

material [66, 67]. Moreover the CNT composites with appropriate combination have 

been employed to build electro- and photo-actuators [68, 69]. The favourable strength 

and elastic properties of CNTs brings about interest in adapting CNTs to improve the 

specification of those polymer composites. However, sometimes the industries only 

need the strength characteristics of CNTs appearing in the material therefore this is a 

challenge for the researchers to optimise the percentage of CNTs to mix in the polymer 

to obtain the desired material. The previous research found that the sidewalls of CNTs 

were interacted with the long chain polymer resulting in a strong attachment between 

each CNT. This knowledge helps to create a high strength composite [70-72]. 

In [73], Shelby et al. investigated the periodic buckle nucleation and propagation in 

CNTs bundles. In order to explain the deformation mechanisms of CNT foams, a 

uniaxial micro compression experiment was used to press on a cylindrical CNT bundle 

grown on a Si substrate. The CNTs bundle had a diameter of 50 µm and a height 61-68 

µm as shown in Figure 2-8. 

 After the CNT bundle was compressed, it could recover by >30% of the initial height 

as shown in Figure 2-9[73]. Furthermore, this research measured the stress and strain of 

each buckle corresponding to the compression of a single foam pillar at a rate of 0.001 

s
-1

  as shown in Figure 2-9 [73].  
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Figure 2-8: (a) A cylindrical pillar with 32000X magnification insets, revealing the highly 

inhomogeneous CNT microstructure from bottom to top.  (b) A typical example of the buckled 

morphology present in a pillar after compression to >80% strain and recovery to >30% of its initial height 

(67 µm)  [73].  

 

Figure 2-9: The stress versus strain curve for uniaxial compression of a single bundle [73]. 

2.4 Gold coated carbon nanotubes composite  

The metal deposition method was selected to improve on the performance of MWCNT. 

An experiment was conducted in 2006 [18] to investigate the change in contact 

resistance between Au coated MWCNTs called Au/MWCNT and an Au coated stainless 

steel hemispherical ball known as Au ball. The Au/MWCNT substrate and Au ball have 

surface roughness Ra 1400 and 400 nm respectively. This contact pair was known as 

Au-Au/MWCNT contact pair.  

a 

b 
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2.4.1 Gold coated carbon nanotubes for MEMS switches 

In 2006, [15] Yunus et al. recorded the contact resistance against an applied load of Au-

Au, Au- MWCNTs and Au-Au/MWCNT. The highest contact resistance is Au-

MWCNT with approximately 107 Ω. Au-Au contact pair has the lowest contact 

resistance of 0.37 Ω approximately as Au is the best conductive material. To improve 

the characteristics of MWCNT, Yunus et al. coated MWCNTs by using Au 

(Au/MWCNT). The result of this improvement is the Au-Au/MWCNT and the contact 

resistance became much lower than Au-MWCNT of only 0.462 Ω [15].  

Apart from low contact resistance provided by Au/MWCNT, it also has great contact 

resistance stability. Yunus et al. measured the contact resistances of Au-Au, Au-

MWCNT and Au-Au/MWCNT contact pairs. These three contact pairs were tested over 

10 cycles at a maximum applied impact load 1 mN as shown in Figure 2-10. 

 

Figure 2-10: Contact resistance of Au-Au and Au-Au/MWCNT versus 10 cycles [15, 18]. 

Figure 2-10 clearly shows the fluctuation of the contact resistance of Au-MWCNT and 

gradual increase of the contact resistance of Au-Au over 10 cycles. However, the 

contact resistance of Au-Au/MWCNT tends to decrease down to a contact average level 

of 0.46 Ω. This research suggests that the Au/MWCNT can be used as a contact surface 

considering its low contact resistance and high contact resistance stability.  

Yunus et al. [15, 16, 18] also proved MWCNT’s elastic property affecting the contact 

area by using nano-indentation apparatus. The displacement was measured whilst 

applying a load 1 mN as shown in Figure 2-11.  
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Figure 2-11: Graph of applied force versus displacement for Au-Au, Au-MWCNT and Au-Au/MWCNT 

contact pair using modified nano-indentation test without wire attached  [15, 16, 18]. 

The Figure 2-11 illustrates the displacement of the penetration of Au hemispherical ball 

into Au, MWCNT and Au/MWCNT substrate. After unloading the Au ball, a permanent 

displacement is then observed. The permanent displacement of the MWCNT and 

Au/MWCNT substrate is approximately 1300 and 1400 nm respectively. The permanent 

deformation was resulted from the defection or buckling of the MWCNT substrate. This 

suggests that the elastic deformation property is predominated by CNT, thus conform 

the shape of Au ball permanently. This permanent conformation provided an increasing 

in the conducting contact area. The larger contact area of the MWCNT and 

Au/MWCNT surface caused the lower contact resistance of Au-MWCNT and Au-

Au/MWCNT contact pairs as shown in Figure 2-10. 

2.4.2 Switching lifetime of gold coated carbon nanotubes 

In 2008 [16], Yunus et al. created the PZT test rig experiment to investigate the contact 

resistance of Au-Au over 1000 cycles. This experiment applied load of 1 mN under dry 

circuit conditions with 1 mA current and a maximum voltage of 20 mV. Yunus et al 

discovered that the contact resistance sharply increased from 0.2 Ω to 4-6 Ω at 450 

cycles [19]. The smoothness of Au surfaces caused the increasing in the adhesion, 
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which was produced from the mechanical deterioration. While the Au-Au contact pair 

rises in the contact resistance, the Au-Au/MWCNT remains  stable at 0.67 Ω over 1000 

cycles [20, 22]. 

In 2011, [23, 24] McBride et al. and his research team used the same experiment as 

Yunus et al. ’s experiment to further investigate the Au/MWCNT performance as the 

contact surface. The sample used an Au/MWCNT substrate with 50 µm MWCNTs 

height. It was tested under the static contact force, 1 mN, electrical load, 20 mA, 4 V. 

The experimental result showed that the contact resistance gradually increase with the 

number of cycle, to 50 x 10
6
 cycles and the swift increase to 70 x 10

6
 cycles [21, 23, 24] 

as shown in Figure 20. 

 

Figure 2-12: Contact resistance versus number of cycles for Au-Au/MWCNT; 50 µm height, contact pair 

with load current 20 mA, 4 V. contact force 1 mN [21, 23, 24]. 

The failure is defined as the point where the contact resistance increases to a magnitude 

of three times the nominal value [23]. As shown in Figure 2-12, this contact pair can 

maintain the stable contact resistance up to 70 x 10
6
 cycles. The depleted contact 

surface could be one of the causes in a rise of contact resistance. In this case, the 

depletion of the Au layer on the Au/MWCNT substrate is a gradual process, allowing a 

slow increase in contact resistance. These results shows that the Au/MWCNT is 

qualified to use as the contact surface since it can sustain over 70 million cycles at 20 

mA, 4 V. However, these results should be investigated further by varying the load 

current condition. 

2.5 Existing theory of electrical contact 

Contact resistance does not only mean a bulk resistance; however, it is the total 

resistance while current is flowing through the contacting surface.  Two cylinders come 
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into contact with each other at the end of the cylinders (Figure 2-13 (a)). If these 

cylinders were to connect at every spot along the joint between them, then the whole 

resistance would include the bulk resistance of the first and second cylinder. In this 

incident, the current direction would flow straight and go axially follow the cylinder.  

 

Figure 2-13: (a) The equipotential and current lines a single contact point where a is defined in Equation 

2.1 (b) Two cylindrical bodies of radius R making contact at a flat spot of radius a [28, 74-78]. 

The connection of the contact is performed only at asperities of each cylinder. The 

asperities have to be the discrete spots on the contacting surfaces. Therefore, the real 

contact area is much less than the apparent contact area. In Figure 2-13 (a), the current 

lines display that the two cylinders are only coming into contact at a single asperity. 

Therefore, the real definition of contact resistance is an integration of the bulk resistance 

of the top cylinder, the bulk resistance of the bottom cylinder and the constricting 

resistance from the current lines compressing into the asperity passing from the first 

cylinder and then going through the asperity of the second cylinder. 

Ragnar Holm's book, 'Electrical Contacts: Theory and Applications' [26] frequently 

mentioned  on the classic contact resistance theory. This principle is remarkable due to 

its applicability and simplicity.  It has been validated empirically in numerous materials 

and configurations. Nevertheless, Holm’s theory is mostly applied to macro scale 

electrical contacts; it does not apply to MEMS applications. This  macro scale theory is 

described in Paul Slade's 'Electrical Contacts: Principles and Applications' [79].  
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2.5.1 Electrical contact between clean, nominally flat surfaces 

A pair of electrical contacts which is the most general contact is two cylindrical bodies 

converging at a single flat point of radius a, as shown in Figure 2-13 (a). This area is 

called an asperity, a-spot, or constriction. The Figure 2-13 (b) shows a two-dimensional 

cross section of one and half of this electrical contact. Moreover, this figure displays the 

equipotential surfaces and the radiation of current lines originating from the contact. 

The equipotential surfaces in the contact members comprise an ellipsoid defined by the 

equation 2.1 [79]: 

  

(     )
 

  

          (2.1) 

where µ is a parameter to represent the equipotential surfaces, a is the asperity radius, 

and r and z are the cylindrical coordinates, as defined in Figure 2-13 (b). The resistance 

produce this curving of the current lines, is meant to be the contact resistance, 

constriction resistance, or spreading resistance, and is provided by equation 2.2 [26, 79]: 

      ⁄ ∫   (     )⁄
 

 
 (    ⁄ )  an  (  ⁄ )  (2.2) 

where  is the resistivity of the electrical contact material. The distant that distant away 

from the constriction can define as µ, thus this reduces to equation 2.3: 

      ⁄       (2.3) 

and since the equation above is the resistance on one-half the contact, the total contact 

resistance is equation 2.4, therefore: 

       ⁄      ⁄      (2.4) 

where ₁ and ₂ are the resistivity of the top and the bottom surface material. If both 

contact surfaces have similar resistivity, then this equation is further reduced to equation 

2.5: 

      ⁄       (2.5) 

For values of a/   < 0.5, the current density, j in the constriction is given by equation 

2.6 [79]: 

 ( )     ⁄   (       )  ⁄     (2.6) 
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where I is the electrical current and r is the radial direction within the contact spot. If 

assuming that a maximum current density is in the centre of the contact; therefore: 

 ( )     ⁄         (2.7) 

The size of a constriction is obviously related to contact resistance. However, to 

comprehend the relationship between contact resistance and contact force, the effect of 

contact force on contact area must be understood. Normally the contact interaction 

between two surfaces takes place only at the asperities. The position and size of these 

asperities are considered as a function of surface roughness. Hyman et al. [80] reported 

that, a usual asperity might be on the order of 1 µm in MEMS fabricated electrical 

contacts. If two such asperities connect to each other, the initial deformation will be 

completely elastic and leading by Hertzian contact force [79]. The radius of contact area 

as a function of the Hertz contact force is obtained by [81]: 

  (
    

   
)
  ⁄

      (2.8) 

where F is the contact force,    is the equivalent modulus of elasticity of the system, 

and    is the equivalent radius, therefore    for two spherical contacts is provided by 

equation 2.9: 
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where R₁ and R₂ are the radius of one spherical asperity and the other spherical asperity 

respectively. The equivalent modulus of elasticity (equation 2.10) is given by: 
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where    and    are the Young's Moduli of the two surfaces and    and    are the 

Poisson's ratios of the two surfaces. This performance holds continue until the contact 

goes to the plastic region. The plasticity can expose on the asperities size of 1 µm at a 

very low force for example two gold hemispherical contacts with the radius of 1 µm, the 

plasticity property would begin at a force of 100 µN approximately. If the contact 

pressure on the asperity leads to yield, the contact area will keep rising to adapt this 

yield. This flow usually starts when the pressure is equal to the material’s hardness. 
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Consequently, in plastic region, the relationship between contact radius and force given 

by: 

           (2.11) 

            (2.12) 

  (
 

  
)
  ⁄

     (2.13) 

Where H is the hardness of the softer material between the two contacts and    is the 

actual contact area. Nevertheless in reality, the switches do not contact at one single 

asperity. They first touch each other at one asperity then the asperity deforms. 

Eventually more asperities are come into contact. Each asperity initiates to experience 

the elastic deformation, and then experience plastic deformation. Thus, if the more 

asperities meet each other, the more asperities undergo the plastic deformation. A 

complete details of the elastic plastic transition can be found in Greenwood and 

Williamson's 'Contact of Nominally Flat Surfaces [82] which includes the distribution 

of asperity heights. It is usually assumed that Hertz contact theory dominates in the 

outside area. It reports that all asperities are experiencing plastic deformation. This 

indicates that all asperities handle a contact pressure that is as same as the hardness of 

the material. Consequently, a single asperity in Equation 2.12 is true, the entire contact 

area    is still correlated to contact force by the equation: 

           (2.14) 

where the total contact area is below: 

   ∑    
  

        (2.15) 

      ̅      (2.16) 

where  ̅ is the average size of each of the n asperities and    is an each individual radius 

of each asperities. Thus an equivalent radius of contact  is defined as: 

       ̅      (2.17) 

     ⁄  ̅      (2.18) 
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This equivalent radius of contact a can use the radius from Holm theory, and is shown 

in terms of material hardness and force as: 

  (
 

  
)
  ⁄

     (2.19) 

Even though the Holm radius is somewhat easy to derive, the contact resistance of these 

multiple spots is always directly gets less. If these spots performed as resistors in 

parallel, then the total contact resistance would be approximately: 

   
 

   ̅
      (2.20) 

Substituting for the Holm radius using Equation 2.18: 

   
 

    ⁄  
     (2.21) 

 

Figure 2-14 .Several of the asperity configurations examined in [83]. 

However, all interactions between the asperities were overlooked in this situation. 

Greenwood [83] introduced “Greenwood's 'Contact Resistance and the Real Area of 

Contact” in 1966. This work assumed that the contact area is a large grouping of contact 

spot, some of which are shown in Figure 2-14, and distributions. Hence, the total 

contact resistance was approximately given by: 

    (
 

   ̅
 

 

  
)     (2.22) 

Where n is the number of contact spots in a cluster,   is the average asperity size, and  

is the Holm radius. Assuming that the number of contact spots is infinity, the equation 

2.22 reduces to: 

   
 

  
      (2.23) 
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When combined with Equation 2.19 this yields: 
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     (2.24) 

 

Figure 2-15 .A typical force versus contact resistance curve. The values were calculated using the properties 

of plated Au  [83]. 

Equation 2.24 shows that the contact resistance is a function of material hardness and 

contact force. Thus the relationship between contact force and contact resistance of any 

plane clean conducting contacts will have the similar behaviour as that shown in Figure 

2-15. This specific curve was calculated using a resistivity of 2.18x10
-8

 Ω.m and a 

hardness of 1 GPa, which are the estimated properties for plated gold. This result can 

adapt for irregular distributions or non-circular contact spots and for very thin films. 

Furthermore, contact resistance can drop after numerous loadings as asperities turn into 

flattened permanently or the contact surface hardens, rising the amount of contact force 

can create and bring new asperities into contact [79].  

2.5.2 The effect of conductive surface coatings on contact resistance 

Most of the electrical contacts are made from layers of the different materials. The 

lower layer of material tends to be chosen because of its hardness. On the other hand, 

the surface layer is focused on the ability of resistance to oxidation or corrosion. In this 

case, additional constriction resistance takes place the current lines to pass from one 

layer to the next layer. 
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Figure 2-16 .The effect of a conductive surface film on contact resistance [79]. 

In case of the resistivity of the surface film is greater than the resistivity of the bulk 

material, the current paths resemble to those shown in Figure 2-16 (a) whereas if the 

resistivity of the surface film is less, the current paths is similar to those shown in 

Figure 2-16b. The total contact resistance for one side of an electrical contact, is then 

given by [79]:  
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)     (2.25) 

where  is the resistivity of the bulk of the contact, f is the resistivity of the surface 

film, and d is the film thickness. Equation 2.25 is created for one side of an electrical 

contact. If both sides of the electrical contact are indistinguishable, the entire contact 

resistance will be double of this contact resistance. It should be noted that this is the 

most basic case. The materials will often create intermetallic layers with more diverse 

resistivity than either of the pure materials. Furthermore, the equation 2.25 above 

represented the basic electrical contact concept for solid-solid interfaces. These 

equations demonstrate the fundamental properties that influence the electrical contact 

for example surface hardness, contact force, surface film, and the deformation 

mechanism. These equations have been used to provide an estimate, which is 

advantageous for designing the electrical contacts, but this conventional theory may 

give some errors when equated to the experiments conducted in this work. These errors 

could be attributed to the formation of thin film or contaminations on the contact surface 

being overlooked, the film thickness, the complication of the contact surfaces, the 

conventional equation assuming a bulk solid conduction structure instead of a thin film, 

and using the equation of the diffusion transport conduction instead of ballistic transport 

conduction.  
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Ballistic transport conduction occurs when an electron introduces at one end of a 

conductive substance and flows out at another end with the loss of kinetic energy. It is 

also pointed out that a conductor will present as a ballistic conductor if a free flow line 

is greater than the length of the conductor [84]. The free path means the average 

distance that the electron can flow freely before it hits and interacts with any particles 

and changes the direction from its original path, may be lose some kinetic energy. The 

electron flows over this free path, typically for metals in ~50nm. In the current 

experiments, the electrical contacts are created at a considerable low force (ranging 

between tens of μN and a few mN) also with thin film layers therefore the Holm’s 

model will be necessary to be modified.  

2.5.3 Thin Film Effects 

Holm’s traditional contact theory was not applied to use in contacts coated with the thin 

film. Since the current lines of a typical contact dispersed in all direction depending on 

exiting asperities. On the other hand, the current lines of thin film must instantly curve 

because of the restrictive geometry. Figure 2-17 shows these two current lines. The 

actual effect of this is not suddenly distinct. Numerous models have given rise to a 

range of results. 

 

Figure 2-17 .Right: A typical contact and current lines as modelled by Holm. Left: A thin film contact and 

current lines, which have to curve more rapidly than those seen in the Holm model [85]. 

2.5.4 Modification of the Holm model for low force contacts  

In 1987, Chang et al. investigated and developed the Rc based on the  ballistic electron 

transport and elastic-plastic material deformation and also the Rc based on diffusive 

electron transport and elastic-plastic material deformation [86] . In 1999, he kept 
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working on an elastic-plastic model for an ion-plated metallic coating which had a 

uneven surface [84]. In 1999, Mikrajuddin et al. used Chang’s study to develop the 

Gamma function in Wexler interpolation [87], where: 
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where, ρ is the resistivity of the Au layer sputtered on the contact. H is the hardness of 

the Au layer coating. F is the applied load (range between 10 μN and 1 mN). K is the 

Knudsen number.    is the yield coefficient came from the function of Poisson’s ratio, 

 .    is the asperity critical vertical deformation, which is when the upper part of the 

asperity begins to deform plastically, and α is the asperity vertical elastic deformation. 

To calculate the Knudsen number [88, 89]:  

  
  

    
     (2.28) 

To determine the contribution to the resistance resulting from the modified diffusive 

model the yield coefficient can be calculated using [89]: 

                    (2.29) 

where   is Posson’s ration for gold of 0.42, thus ,    is 1.161456 [89].  

The Knudsen number describes the flow of the electron elements. It is a dimensionless 

number and defined as the ratio of the molecular mean free path distance to a 

representative physical distance scale. This distance range example would be the radius 

of the contact area.       is effective contact area radius and    is elastic mean path for 

most metals ~50 nm [88, 89]. The individual contact spots in a single effective asperity 

model are sufficiently close to each other. That represents their interactions are 

dependent. In this experience, Coutu et al. [89] presumed that the effective contact area 
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is determined as the summary of the individual contact areas. Moreover, it is not the 

parallel combination of these single contact areas.  

In 2006, Coutu et al. gave the breakdown of the classical Holm conduction model. He 

studied the influence of elastic-plastic material deformation and the related contact 

resistance under the low force circumstances, which is the typical force in MEMS 

relays. In this situation, the conduction is probable to be dominated by ballistic and 

diffusive electron transport. It was considered by using the formula from Coutu et 

al.[89];  

  
    (         )   ( )  (         )   (2.30) 

  (         ) is the contact resistance based on diffusive electron transport and 

elastic-plastic material deformation.   (         ) is the contact resistance based on 

ballistic electron transport and elastic-plastic material deformation. Γ(K) is the Gamma 

function. When the asperities are deliberated having elastic-plastic deformation, the α 

(asperity vertical deformation) are presumed equal to    (critical vertical deformation) 

[84, 86]. To assess the Gamma function, we can use the chart as shown in Figure 2-18 

[74, 87, 90, 91]. 

 

Figure 2-18. Graph of Gamma versus Knudsen Number for gamma function plotted [87] . 

In 2006, Yunus et al. [19] tried to understand the implication of the modified contact 

resistance model. They compared the relationship between load and contact resistance 

by using Holm’s Analytical Model in equation 2.24 and Coutu’s Analytical model in 

equation 2.32. He considered the characteristics of Au-Au contact force up to 1 mN, 

where              Ωm. and              [15]. The contact surfaces are 



Chapter 2: Literature Review 

 34 

assumed to be clean (=1) so a predicted area is 0.58 µm² based on A=F/H. After these 

substitute in the equation 2.24., it leads to a predicted constriction resistance of 26 mΩ 

and contact radius of 430 nm. The relationship between this calculated constriction 

resistance and force of Holm’s model is shown in Figure 2-18 . 

To determine the modification to the anticipated resistance based on Coutu’s analytical 

model in equation 2.25 and 2.29. The same contact area of the last contact is assumed, 

then using equation 2.28, K= 0.000116. Therefore, for the chosen region, the 

contribution to the contact resistance of the ballistic transmission model is insignificant. 

To find out the contribution to the contact resistance as a result of the modified diffusive 

model, the yield coefficient can be obtained by using equation 2.29, as shown in Figure 

2-18, if Knudsen number (K) is 0.000116, the Gamma function is ~1. By substituting 

equations 2.25 and 2.26 and the above data into equation 2.29 a new analytical equation 

is plotted in the same graph as shown in Figure 2-19. 

 

Figure 2-19. Contact resistance of calculated model and Au-Au contact pair experiment as a function of 

applied load [15] 

This graph shows that the Coutu’s model provides a contact resistance somewhat lower 

than Holm’s contact resistance model. Yunus et al. [19] described one of the reasons is 

because the Coutu’s model used the new micro-contact resistance which is considered 

as an elastic-plastic material deformation. Another reason is that this equation considers 

a single effective contact area instead of multiple a-spots. Moreover, the conduction 

while the relay is closing is deliberated to be a mixture of diffusive and ballistic electron 
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transport. The last possible reason is the discontinuity of the contact force happening at 

the transition from ideal elastic to ideal elastic-plastic behaviour. Moreover Yunus et al. 

tested the load versus contact resistance between Au –Au contact pair to compare with 

the two analytical models. The results shown on the solid line in Figure 2-19 was 

greater than two analytical models. This discrepancy leads to the assumption that the 

mechanic of this Au surfaces at low force is beyond the current understanding. 

Coutu et al. [89] investigated the metal alloy electric contact materials for MEMS 

switches. He found that gold is a reasonable choice as an electrical contact material for 

MEMS switches due to its low propensity to create alien thin films and its high 

resistance to corrosion. However, gold is inclined to have a thin layer of carbon on the 

contact surface that leftovers from the cleaning procedure and/or is adsorbed because 

the contact expose to ambient [92]. For example, it has been reported that there are 

adsorbed hydrocarbons with the thickness of 2-4 nm on newly cleaned Au [80, 93] 

which can create the increasing of the contact resistance. Thus, the contaminants and 

alien surface films should not be ignored when developing a new contact resistance 

analytical model.  

Furthermore, the usage of a single effective contact area instead of multiple a-spots [89] 

will require to be re-examined. Although at low dynamic force, multiple a-spots will be 

originated during switching due to the asperities on the contact surface. The asperities 

will have a diversity of heights and radii [55] therefore this is more complexity. In 2006, 

Coutu et al. [89] and Timsit [91] also reported that the single effective asperity form did 

not correctly show the real contact area for these contacts surfaces.  

2.5.5 Voltage-temperature relation  

The temperature during switching contact is one of the factor that should be considered 

when designs an electrical contact. Under the switching conditions substantial, Joule 

heat of an electrical contact spot is generated within the constriction, the high density of 

the current lines passing through the a-spot produces sufficient heat to soften, melt, or 

boil the contact surfaces. The equation 2.31 is the theory of electrical contacts about the 

relationship between the voltage and temperature (V-T) as shown below [26, 79]: 
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Where    is the maximum temperature within a contact spot,    is the bulk temperature 

V is the voltage drops across the contact and    is the Lorentz constant, 5.5x10
-9

 

cal.ohm/sec.K
2
 or 2.44x10-8 W.ohm/ K

2
. The Lorentz constant is supposed to be the 

same values for all metals. It is independent of temperature if the heat energy is totally 

carried by free electrons. The voltage-drop, V, can be calculated by: 

          (2.32) 

where I is the current flowing through the contact spot and    is the contact resistance 

of the contact surface. Equation 2.23 or 2.24 can be substituted into equation 2.31 and 

then into equation 2.12. However, these equations are no longer used because of the 

distinctive features of low force contacts and electrical conduction in thin film. Even 

though the modified electrical contact, equation 2.29 [89] is created, this equation still 

provides error.  

One of the reasons for the error is due to lack of consideration of the formation of thin 

films or contaminants. In reality, the evolution of contaminants is inevitable because the 

contact is tested under the atmosphere leading to the exposition d the contact material to 

the air, which is surrounding with dust or water vapour. Another reason is no 

consideration of surface roughness. This has to be reconsidered since the contact surface 

is not smooth in case of the micro scale. This uneven created many asperities; therefore, 

the use of multiple a-spot instead of a single effective contact is deliberated.  This brings 

about the sum of the effective contact radius of the multiple a-spots. 

2.6 Failure mechanisms of MEMS switches  

The failure mechanisms in the MEMS switches have been presented, such as bridge 

formation, destruction, material transfer, and delamination [8]. Yunus et al. investigated 

the contact surface on two experiments; a dry circuit switching experiment and hot-

switching experiment.  The dry circuit experiment is a testing in which the electrical 

contacts with load currents and voltages under the specified level to minimize any 

electrical and physical changes in the electrical contact. The hot-switching test is used to 

explain an operation where an electrical contact performs opening and closing actions 

while carrying a desired load signal. These tests can be used to investigate a contact life. 

The results contain the Au-Au/MWCNT contact pair, with CNTs of 50µm height, was 

tested at load currents of 20, 30, 40 and 50 mA, with a voltage level of 4 V and contact 
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dynamic force of 1 mN. The delamination failure mechanism dominated on the contact 

surfaces of testing between the load current of 30-50 mA. The fine transfer mechanism 

dominated at a load current of 20 mA [13-15].  

2.6.1 Electrical contact wear 

The two most predominant failure modes in MEMS are wear and stiction. The wear rate 

relied on the switching mode and the switch’s power handling capability. The 

considered switching modes consist of three modes, cold, dry, and hot switching. The 

cold switching mode is the switching action that the load current signal is supplied only 

after the contact is closed and then the signal is stopped before the contact opens. The 

dry switching mode is the switching action testing without load current (0 mA). In both 

cases, the mechanical wear dominates on the contact area. The wear from the repeatedly 

hitting during the switch process results in damaging, hardening and pitting the contact 

surface [3]. The material transferred from one surface to another over a period of time 

leads to the reduction of the contact area, causing a rise of contact resistance. Although 

the contact force in a range of micro or milli newton is not significant, enough to 

originate a large change in term of contact area, but this becomes a large change in 

contact resistance.  

However, the loosed contact area tends to narrow the current flow leading to a 

substantial issue under high power circumstances (10-100 mW). The consequential 

contact voltage and the current density will drop across the asperity resulting in the 

increase of the contact surface temperatures. If this temperature is high enough, the Au 

contact asperities will be softened or melted. Thus, this can be the reason for the 

changes of the contact surface topography. The softening or melting of the gold 

asperities brings about additional failures for example the short-circuit of the switch due 

to the formation of nanowire, and the welding of the contact spot, where the contact 

keeps permanently closed [94, 95].  

While softening issue happens under high current circumstances in cold-switching 

condition, the wear related to the softening/melting surface material under hot switching 

conditions is the most serious problem. The hot switching is the condition that the DC 

load signal is always on, including opening and closing switch events. As the 

transmission line of the switch contacts are pulled apart during the opening process, a 
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transient voltage originates the metal arcing at the contact area with the high 

temperature which is hot enough to melt gold asperities [77, 78]. These events could be 

the cause that can trigger the considerable material transfer process [36].   

Stiction failures break out when the adhesive force on the contact surface at a contact 

points is higher than the pulling force. The puling force was used to restore the 

switching cantilever back into the opening position. The adhesive force may originate 

from the capillary force of condensed liquid at the contact area or from the molecular 

van der Waals force [96]. Many device industries avoid the issues of capillary forces 

and humidity by using hermetically packaged devices.  The hermetically package 

devices are the filling of an inert gas such as argon or nitrogen into the package [76]. 

For MEMS community, the researchers tend to carefully test the switching reliability in 

the nitrogen environments or low vacuum condition. 

Van der Waals force emerges from the interaction between two fresh gold surfaces. 

When the two clean surfaces come into contact, the cold weld adhesion can take place 

even at low load current or low force condition. For the high current condition, the 

adhesion faults are commonly caused by hot welding. Furthermore, if the surface 

adhesion has a very high force, the stiction process will emerge the mechanical wear in 

action term of material transfer process [97].  

Transient arc phenomena under hot switching conditions has been related to early 

switch failure [98]. This phenomenon can also be called metal phase arcing process. 

The load signal between submicron space and surface of the contact surface could cause 

the arcing event, even if the voltage level are less than the transient voltage level from 

Paschen’s law [99]. While the contact surfaces is pulled apart from each other, the load 

current is limited to sudden reduced contact area, this results in a growth in contact 

resistance and temperature at the spot of constriction. The ambient temperature at the 

spot of the constriction can rise to the metal boiling temperature. Modelling has 

revealed that even without load current flows through the contact surface, the switch can 

create the nanowire between the upper and lower contact surface during the opening 

event. Especially in the hot switching condition, if the voltage level reduces across the 

nanowire is above the Au’s boiling voltage of 0.97 volts, a molten metal bridge will be 

evaporated. The vaporised metal bridge direction depends on the field emission of 

electrons. From the observation, the material tends to transfer from the cathode and 
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place on the anode. The contaminants on the contact area are pyrolied, forming a 

nonconductive layer over the gold surface [78]. 

Yang et al. at NCSU, reported that field evaporation could be the real source of contact 

degradation but not metallic phase arc since most of MEMS switches tested under hot 

switching condition are in non-arc condition [36]. The experimental data suggested that 

the direction of the electrical field influence the Au transfer direction. The Au substance 

always transfer in the same direction of the electrical field when the load current and 

voltage levels are lower than the minimum voltage and current required for arcing. This 

material transfer mechanism was an additional affirmation when the field evaporation 

direction was reversed. The directionality of material transfer motion also corresponds 

to the change with the field direction. However, the use of AC field instead of DC field 

can eliminate this material transfer directionality issue. 

The adsorbed film layers on the gold relay surface are one of the causes for an increase 

in the contact resistance. This has an effect on the premature contact failure. However, 

this effect in the contact failure is not clearly understood, thus it needs to be extensively 

investigated. The composition of the adsorbed film layers varies depending on the 

contact material.  Generally, the metal material chosen for MEMS switches is gold 

because Au does not oxidize. However, it is easy to adsorb water and hydrocarbons to 

its surface in ambient atmosphere. At low force and load current, adsorbed films create 

an insulating layer between the gold contact surfaces that lead to an abnormal high 

contact resistance, and are sometimes higher than the expected resistance. One of the 

most predominant failure modes of MEMS contacts are a rapidly increase of the contact 

resistance. This large increase in contact resistance is noticed early during hot switching 

condition. However the high contact resistance may not be seen until a number of 

million cycles in cold and dry switching condition has been taken [36, 78].  

The mechanical creep is a substantial reliability concern for MEMS relays, particularly 

in high power applications [100, 101]. The creep mechanism usually happens at the 

cantilever beam and the switching relays. Under high contact loads, high stress or 

temperature, the cantilever itself may rolled up or warping or curvature. These shape 

changings will lead to the beam moving out of plane. This deviation of beam will affect 

the applied contact force in the closing stage of the switching contact. The deviation 

also affect the geometry of the contact area of the cantilever beam when is in contact 
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with the lower contact electrodes. The change in contact load and the geometry of the 

switches will have a considerable effect on the contact resistance. The creeping issue 

results in the deflection of the cantilever beam that can cause an un-switching problem 

regardless the amount of contact load is supplied to electrostatic actuation. Furthermore 

the creeping is also an important problem in a blunting of the contact area. The Au 

asperities are inclined to blunt along the switching cycle time. The blunting surfaces 

become hardened leading to an increase in the contact resistance. In case of the gap 

occurrence between the cantilever and the lower electrode, the load current or contact 

voltage is increased to close the gap. If the contact area appears without the adsorbed 

films, the creeping issue can create a sufficient contact area to form an adhesion failure 

due to the van der Waals interaction. 

2.6.2 Fine transfer mechanism 

As described in electrical contact wear section, the transient arc phenomena under hot 

switching conditions is one of the reasons for the failure mode. This phenomenon can 

cause the fine transfer mechanism, which can be observed visually. The fine transfer 

mechanism is when the fine particles of material on the contact area gradually transfers 

from one to another surface. The transient voltage called the molten metal bridge causes 

the failure mode of switch contact. This molten metal bridge takes place during an 

opening event of a switch contact, before the contact is completely opened for few 

microseconds. The molten metal bridge is characterised by a high level of irregularity in 

softening and melting voltages.  

Since 2006, McBride et al. [15, 16, 18-24, 55, 73] investigated the contact surface by 

scanning electron microscope (SEM) and laser profiler. The Au-Au/MWCNT; 50 µm 

height, contact pair was tested under load current 20 mA, 4 V; contact force 1 mN until 

it failed. Both the anode and cathode surface were scanned in the SEM as shown in 

Figure 2-20 . Figure 2-20 (a) shows the surface wear of the Au hemispherical ball, 

where there was a material transfer. Figure 2-20 (b) also shows the Au/MWCNT 

surface, where there was depletion of Au.  

In 2011 [24, 27, 28], McBride et al. and his research team investigated the Au/MWCNT 

with 50 µm height under the static contact force, 1 mN, electrical load, 20 mA, 4 V. He 

found that Au-Au/MWCNT contact pair could endure to 70 x 10
6
 cycles and its surfaces 
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showed the evidence of the material transfer phenomena. Moreover, he tested the Au-

Au/MWCNT contact under load current 30, 40 and 50 mA, the results were consistent 

with the transfer of the Au coating from the hemispherical ball to the Au layer in the 

Au/MWCNT structure. Au-Au structure is known to present cold welding even at very 

low contact forces. McBride et al. observed that the phenomena in this case is related to 

the current density through the asperities of the contact surface and reflected in the load 

currents. Failure of the load current 30, 40, 50 mA occurred within 120 cycles but the 

load current 20 mA is significant increase to 70 x 10
6
 cycles in Figure 2-21 on the solid 

line. However, below 30 mA, the failure appeared as a result of fine transfer process. 

 

 

 

 

 

 

Figure 2-20: SEM images of Au-Au/MWCNT contact pair with MWCNTs 50 µm height, with load 

current 20 mA, 4 V., contact force 1 mN. (a) Au transferring to the Au hemispherical probe (b) the 

Au/MWCNT composite surface [23, 24, 27, 28]. 

 

Figure 2-21: The number of cycles to failure for a given load current (4 V), solid line experimental data, 

dashed line predicted data. Dotted line is the fine transfer model [24]. 

As shown in Figure 2-20, the fine transfer phenomenon has obviously taken place 

between the Au-Au/MWCNT contact pair at 20 mA. It should be noted here that the 
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fine transfer mechanism occurred below 20 mA but above 20 mA the wear is dominated 

by the delamination process. An area (Ar) and volume (Vmax) of material removed from 

Au/MWCNT surface can be determined using optical surface profiling as shown in 

Figure 2-22. 

 

Figure 2-22: 3D surface profile of Au/MWCNT cathode surface with MWCNTs 50 µm height, using con-

focal optical profiler, TaiCaan Technologies XYRIS4000CL, 1001x1001 data over 0.3mm x 0.3mm [23]. 

Figure 2-22 is a 3D con-focal laser map of the worn-out Au/MWCNT surface. Software 

is then used to calculate the area (Ar) and the maximum volume of material (Vmax) that 

has been removed from the Au/MWCNT surface, shown in black in Figure 2-22. In this 

case, the thickness of Au film is assumed uniform, (t). Moreover, the transfer rate is 

assumed to be constant. We assume that the fine transfer mechanism is dominated by 

the heating effect of the current in a unit of ampere (I). The volume of material 

transferred per operation (v) is shown in equation (2.33) [24, 27, 28]: 

                                                                    (2.33) 

Then from software: 

Vmax = 4.44 x 10
-5

                                                 mm
3
 

v = 6.346 x 10
-13

                         mm
3
/operation 

Then substituting ∆v and I into equation (2.33):  

k = 1.58 x 10
-9
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where k is a constant of proportionality between the volume of material transferred per 

operation and the square of the current. The number of cycles to failure [23, 24] can be 

determined for a given load current in equation (2.34). This model assumed that Vmax is 

independent of current. This equation can be used to predict the onset of failure of the 

Au/MWCNT surface. The predicted data, called the fine transfer model, are plotted in 

the dotted line in Figure 2-21: 

   
    

   
                                                           (2.34) 

It should be noted here that this model could be used to predict a specific property of 

Au/MWCNT; in the case the Au/MWCNT with 50 µm height. It will be beneficial for 

users or industries if the model can predict the lifetime of MEMS contact in the varieties 

of Au/MWCNT properties. 

2.7 Summary 

This chapter has shown an overview of the research motivations in this work. MEMS 

can have a potential in the commercial market, industry and the government. Therefore, 

these pressures are forcing researchers to develop MEMS performance, for instance, 

design improvement and material invention [35].  As with previous alloy material 

researches, improved switch reliability was linked with increased contact hardness [36]. 

In 2006, Yunus et al. [15] have studied the contact mechanical property and the contact 

resistance of Au/MWCNT composite under the low force conditions. He found that the 

Au/MWCNT composite has an excellent mechanical property. It can be compliant along 

the Au ball to absorb the impact force from the cantilever and reduce the delamination 

process. The Au-Au/MWCNT contact pairs can operate with load current 20 mA, 4 V 

for 70 million switching cycles. Moreover,  in 2011, [23, 24] McBride et al. used Yunus 

et al. results to create a fine transfer model to predict the onset of contact failure.  

Nonetheless, this model could predict the number of cycles to failure for a load current 

less than 20 mA, 4 V at 1 mN impact load [23]. 

The Au/MWCNT composite is a new material, which their switching characteristics has 

not been carried out. Therefore, in this work, the fundamental switch behaviour of 

Au/Cr – Au/MWCNT contact pairs are studied. This understanding is a basic 

knowledge of surface behaviour, which uses to evaluate the Au/Cr – Au/MWCNT 
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contact surfaces throughout the lifetime. Furthermore, the contact resistance 

performance and the wear process characteristics are also investigated. At the end, all 

results use to analyse and developed a model to predict the lifetime of contacts is 

developed. 
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Chapter 3:   

 

Experimental set-up and 

Methodology 

3.1 Introduction  

The experimental setup and methodology in this research has been further developed 

based on the test rig applied in previous research [92]. The purpose of this chapter is to 

discuss the sample preparation, experimental system, and testing procedures used in this 

study. This section starts with a description of the sample synthesis, and then explains 

the experimental rig. After that, the measurement of contact resistance and contact 

surfaces will be explained. Furthermore, the experimental procedures are also described 

in this section. 

3.2 Sample preparation 

The purpose of this research is to investigate the switching characteristics of 

Au/MWCNT composite for use as an electrical contact material in MEMS switches. 

Therefore, to replicate the behaviour of switching contacts, the selected geometry was a 

2 mm diameter hemisphere contacting a plane surface as shown in the schematic 

diagram of the setup in Figure 3-1.  

 

Figure 3-1: Schematic installation diagram of the contact surface. 
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3.2.1 Au/Cr ball 

The first contact surface is a 2 mm diameter stainless steel hemispherical ball sputter 

coated with a thin layer (~10 nm thick) of chromium. It is then sputter coated with ~ 

500 nm of Au, the SEM image of the top view of Au/Cr ball is shown in Figure 3-2.  

 

Figure 3-2: SEM image of the top view of Au/Cr ball. 

Gold is known to have poor adhesion [3-7] when sputtered directly onto a silicon 

surface. As described in the literature review, a chromium layer can promote adhesion 

between a gold layer and a silicon substrate [31-33]. Therefore in this study an adhesive 

layer of Chromium, approximately 10 nm thick, was sputtered onto the silicon wafer 

before coating with a 500 nm thick Au layer. This ball surface has a roughness Ra of 

~90 nm which is slightly higher than the Au ball used in the previous research [16-22].  

3.2.2 Au/MWCNT substrate 

The second contact surface is a silicon wafer coated with multi-walled carbon nanotubes 

(MWCNTs) and sputter coated with Au, 500 nm thick, so-called Au/MWCNT 

composite. The MWCNT forests used over the course of this research were grown using 

a chemical vapour deposition (CVD) method. The step-by-step process of CNT growth 

by CVD is shown in Figure 3-3. The first step was a cleaning process for removing the 

contamination, which could prevent CNT growth. Following a dicing step, the silicon 

wafers were cleaned using acetone and isopropanol for 20 minutes each. These clean 

wafers were taken into the sputter machine where Al₂O₃ and Fe with thicknesses of 7.5 

and 1.5 nm respectively were sputtered. The Al₂O₃ acts as the buffer layer and the Fe 

layer as a catalyst layer. 
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Figure 3-3: The overall step by step of CNTs growth procedure. 

The last step to grow the MWCNTs was a growth process. The sputtered wafers were 

put in the middle of the CVD furnace chamber. The multi-gas controller was used to 

control the flow rate of the gases. The furnace controller was used to control the 

temperature within the chamber. The temperature and the flow rate of gas versus time 

are shown in Figure 3-4. In the anneal period, the catalyst layer, Fe, forms numerous 

islands, which act as the seed of the CNTs. The CNTs were grown during the growth 

period. The chosen gaseous carbon source in this study is ethylene (C2H4) injected into 

the chamber to form CNTs at temperature 875 °C. 

 

Figure 3-4. Time diagram of CNTs growth in this project. 

The height of the MWCNT forests depends on the growth time. The duration time for 

injecting ethylene (the gaseous source) was varied between 10, 15 and 20 minutes. After 
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the desired duration time, the growth process was finished, the forest of MWCNTs were 

formed with good-alignment and uniformity throughout the whole sample. The products 

of this CNT growth process synthesized an average length of 10, 30 and 50 µm. shown 

in Figure 3-5, Figure 3-6 and Figure 3-7 respectively. The diameters of the MWCNT of 

10, 30 and 50 µm are 57, 59, 70 nm approximately as shown in Figure 3-5 (b), Figure 

3-6 (b) and Figure 3-7  (b). The CNT growth procedure by CVD is detailed in Appendix 

C.   

                

Figure 3-5: SEM image showing (a) side and (b) top views of MWCNT forests with 10 µm in height. 

                 

Figure 3-6: SEM image showing (a) side and (b) top views of MWCNT forests with 30 µm in height. 

                 

Figure 3-7: SEM image showing (a) side and (b) top views of MWCNT forests with 50 µm in height. 

After the three MWCNTs substrates are produced, they were produced; they were put 

into the sputter machine where 500 nm of Au was sputtered onto them. The sputtered 

Au on top of the MWCNTs forest surface created the Au/MWCNT composite. Figure 

a 

a 

a 

b 

b 

b 
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3.6 (a), Figure 3.7 (a) and Figure 3.8 (a) provide an indication of the Au penetration into 

the MWCNTs.The Au/MWCNT surfaces of the MWCNT length of 10, 30 and 50 µm 

are shown in Figure 3.6 (b), Figure 3.7 (b) and Figure 3.8 (b) respectively.  

                

Figure 3-8: SEM image showing (a) side and (b) top views of Au/MWCNT with 10 µm in height. 

                

Figure 3-9: SEM image showing (a) side and (b) top views of Au/MWCNT with 30 µm in height. 

                

Figure 3-10: SEM image showing (a) side and (b) top views of Au/MWCNT with 50 µm in height. 

The only controlled variable in the MWCNT forest growth recipe was the growth time; 

therefore, it is assumed that the mechanical characteristics of different height samples 

were similar. Consequently, the characteristics of the sample structure can be averaged 

here. The approximate diameter of the MWCNT tips onto the substrate after sputtering 

Au (~500 nm) was about 373 nm. The Au penetration into the MWCNTs was between 

700 - 1200 nm. The surface roughness on the top surface was about Ra 1375 nm which 

was measured using a laser profiler. These sample characteristics can be compared with 

b 

b 

b 
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the samples in the previous research as shown in Figure 2-20 [23, 24, 27, 28]. After at 

this point, the Au/Cr ball mating with the Au/MWCNT substrate will be referred to as 

Au/Cr - Au/MWCNT contact pairs or contact pairs sample.  

3.3 Experimental Rig 

The experimental rig in this research was developed from prior research [92]; therefore, 

this section will start with the discussion of the previous test rig. Then the experimental 

rig design applied in this research will be illustrated. Subsequently, the evaluation of the 

new and old experimental rigs is described in terms of advantages and disadvantage of 

each rig. 

3.3.1 Previous test rig 

The previous experimental platform [15] is shown in Figure 3-11. To replicate the 

contact switching, a PZT test rig was used. The PZT was the material used to convert 

electrical energy to mechanical energy. Actuators using the piezoelectric effect have 

been widely used because they offer high stiffness, fast response times, high sensitivity, 

low wear, and large output force. This study used the PZT actuator which consisted of 

four layers; nickel, lead zirconate titanate, nickel and kovar (nickel-cobalt ferrous alloy) 

respectively. The PZT was used to support the substrate to perform repeated switching 

actions.  

 

Figure 3-11: Schematic side view of the test rig [15]. 

As shown in Figure 3-11, the substrate made a contact with the Au-coated 

hemispherical ball to replicate the actuation of MEMS relay micro-contact.  A signal 
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generator with voltage amplification generated the voltage 20 V to actuate the PZT 

actuator. A force sensor inside the ball holder was amplified using a charge amplifier, 

and the dynamic force monitored by an oscilloscope as shown in Figure 3-12. To avoid 

issues caused by vibrations, the PZT test rig was mounted on an anti-vibration 

workstation, in clean room where the temperature was controlled at 25 C. 

 

Figure 3-12: Example of applied force versus time at 1 mN, 0.2 Hz for Au-Au contact pair [18]. 

 

Figure 3-13: Side view of the test rig with PZT actuator apparatus [15]. 

The experimental platform was designed to move in Z axis by screwing the coarse and 

fine adjustment screws as shown in Figure 3-13. However, this rig [92] had many 

limitations, which resulted in inaccurate results because the user had to move the 

platform by hand. In the installation, it was difficult to move the contact pair to other 

positions on the same substrate because users could not see the facedown substrate 

properly. Also, the experimental platform could not move the substrate around without 

first uninstalling the PZT cantilever and physically moving it. Although the Z axis could 

move by turning the screw as shown in Figure 3-13, it was not a controlled precise 

movement because of the friction of the construction and the overly high tolerance of 

the screw thread. In addition, the poor resolution of the oscilloscope was another 

Noise 
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problem in this research as shown in Figure 3-12. The figures show large levels of 

noise. Another noise problem of oscilloscope was the dynamic switching voltage result 

as shown in Figure 3-14.  

 

Figure 3-14: example of voltage versus time for 1 mN applied force at 1 mA, 4 V (0.2 Hz) for Au-Au 

contact pair [18]. 

3.3.2 New test rig 

A schematic of the experimental apparatus used in this research is shown in Figure 

3-15. The PZT test apparatus was still used to replicate the mechanism of electrical 

contact switches. The contact resistance was measured using a four-point probe 

measurements method and monitored with a micro-ohmmeter, as explained in Section 

3.4. The apparatus was enclosed at ambient air and room temperature.  

 

Figure 3-15: Schematic of view of the PZT test rig and electrical contact configuration. 

Experimental platform 

Noise 
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After running the experiment, a SEM was used to investigate the contact surfaces. The 

SEM was used to identify signs of contact wear and degradation. A laser profiler was 

also used to investigate the contact surface. It gave a 3D profile which was then used to 

calculate the area and volume of the transferred material between contacting surfaces. 

 

Figure 3-16: The PZT test rig platform. 

A photograph of the experimental platform highlighted in the dotted box of Figure 3-15 

is shown in Figure 3-16. It is set up on an anti-vibration workstation to reduce unwanted 

noise from vibrations. The PZT cantilever was used to support the substrate to perform 

repeated switching actions. The substrate was located under the Cr/Au ball on the base 

of platform which can be repositioned in X and Y axis direction, as shown in Figure 

3-17. The Au/Cr ball was installed above the substrate on the probe holder, which could 

be moved in Z axis direction as shown in Figure 3-17. In Figure 3-17, it can be seen that 

thin wires were used to create a contact between the Au/Cr ball and the Au/MWCNT 

substrate to the closest position to avoid any vibration from the wire movement. The 

wires were glued using conductive epoxy glue to attach on the Au/Cr ball and the 

Au/MWCNT substrate. The signal from the force sensor inside the Au hemispherical 

probe is amplified using a charge amplifier, shown in Figure 3-17. The output of the 

Hemispherical ball 

Substrate 

X axis 

Y axis 

Z axis coarse adjustment 

Z axis fine adjustment 

Holder 

Force sensor 
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charge amplifier is monitored using an oscilloscope; this allows direct measurement of 

the dynamic force as shown in Figure 3-18. 

 

Figure 3-17: The X, Y and Z axis of PZT test rig platform. 

The redeveloped platform is shown in Figure 3-16. It could be adjusted in three 

directions, X, Y and Z. In the Z direction, the platform could be moved with both coarse 

and fine resolution. The substrate was installed below the ball on the moveable base, 

therefore; it was easy to locate the testing point. Furthermore, the higher resolution of 

the oscilloscope eliminated the noise problems. The dynamic force signal as shown in 

Figure 3-17 presented a graph to indicate the force of 1 mN. The contact force was 

created by PZT cantilever, which was activated at frequency of 1 Hz. The data in Figure 

3-17 shows a typical result of the impact force of the two switching contacts, followed 

by a stabilization of the 1 mN [15-20] contact force after 0.2 s. 

 

Figure 3-18: Applied force versus time at 1 mN, 1 Hz for Au/Cr - Au/MWCNT contact pair. 
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Figure 3-19: Example of voltage versus time for 1 mN applied force at 20 mA, 4 V (0.2 Hz) for Au/Cr-

Au/MWCNT contact pair. 

To measure the contact gap between the contacts, during the open part of a cycle, a laser 

system was used. This measured the displacement of the PZT cantilever. With no 

contact, the cantilever could vibrate freely with a maximum displacement of 

approximately 40 µm. When exerting a contact force of 1 mN on the contacts this 

displacement (i.e. the contact gap) becomes 2 µm. The Figure 3-19 shows a dynamic 

switching voltage graph in which the voltages can be clearly seen. Moreover if this 

graph is zoomed in at the closing process, the fine bounces can be visibly shown. The 

redeveloped rig solved the problems of the old test rig; therefore, all experiments in this 

study were carried out on the redesigned rig.  

3.4 Four - point probe measurements 

One of the most important parameters monitored in this study is the contact resistance. 

The contact resistance is measured using a four -point probe method. The technique 

uses individual sets of voltage-sensing and current-carrying electrodes to provide more 

precise measurements than the classical two-terminal (2T) sensing method. Therefore, 

the major benefit of this technique is that the impedance contribution of the wiring is 

eliminated by the separation of current and voltage electrodes [15-20].  

The four-point probe measurement is commonly used to evaluate sheet resistance of 

thin films. This study used a micro ohmmeter with four connections; two were 

connected to the current source, and two were connected to the voltmeter. Using this 

method one can choose the position to connect to the voltmeter to get the exact 

resistance just over that point. Before taking a contact resistance measurement, active 

loads were first disconnected as shown in Figure 3-15. The contact resistance point in 

0

1

2

3

4

0 2 4 6 8 10

S
w

it
ch

in
g

 V
o

lt
ag

e 

(V
o

lt
s)

 

Time (seconds) 



Chapter 3: Experimental set-up and Methodology 

 56 

this experiment is between the Au ball and the sample substrate, as shown in Figure 

3-20. 

 

Figure 3-20. Schematic of the four – point probe measurement for monitor contact resistance. 

3.5 Laser profilometry of contact surfaces 

After finishing an experiment, the both sides of contact surfaces were scanned by a laser 

profiler to obtain a 3 dimensional image using a XYRIS 4000CL instrument from 

TaiCaan Technologies as shown in Figure 3-21 [102]. TaiCaan is a company 

specialising in high precision measurements and analysis of surfaces. Their 

measurement system offers an advanced 3D metrology system.  

 

Figure 3-21: The laser profiler model XYRIS 4000CL from TaiCaan Technologies [102]. 
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The system has many features such as ease of use, flexibility, modularity, precision, and 

high-speed measurements. In addition to the laser hardware, TaiCaan developed 

analysis software: STAGES and BODDIES. The STAGES is used to control the 

hardware system. The BODDIES is analysis software for 2D, and 3D functions. It can 

be used to inspect a contact surfaces, measure depth of the removed area, and calculate 

surface roughness, area, and volume of the removed material on the contact surface.   

 

Figure 3-22: Main operating panel of STAGES [102]. 

The main operating panel for the STAGES software is shown in Figure 3-22. It can be 

divided into 4 panels; the manual positioning panel, the measurement control panel, the 

text display panel, and the 3D data display. The first panel (top left) was used to control 

the manual positioning of the laser sensor. The measurement parameters were set on the 

measurement control panel (bottom left); this included the area to be measured and the 

number of data points. The text displayed (bottom right) shows the information 

regarding the status of the measuring system. The acquired data is presented in the 3D 

display (top right). 

After switching on the laser profiler and launching STAGES, the motion controller will 

move the X, Y and Z axis to a home position. To undertake a measurement, the failed 

samples nominally flat were put on a granite support system as shown in Figure 3-23. 

This granite base can reduce vibration damping and thermal influences. Then STAGES 

was launched allowing a few minutes for the system to set up. The height of the sample 
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had to be checked to ensure that there was adequate clearance between the stage deck 

and the laser sensor. 

   

Figure 3-23: Failed contact surface on the base of the laser profilometer. 

The laser was moved down by using the manual position panel of STAGES until the 

laser sensor is below the standoff gap for the laser light. This movement could also be 

achieved by sliding the bar on the right of the manual position panel to travel along the 

Z axis. This system comes with a camera, which can be used to monitor the sample via 

the VIEWER software on the screen provided. By clicking the “Find Range” button, the 

laser sensor moved until it obtained the right focal range. 

With the laser sensor within the operational range for measuring, and the inspected area 

size entered into the width (x and y) boxes of the measurement control panel, the 

“Preview” button (bottom left of the measurement control window) was pressed to 

review the testing surface. The surface preview was displayed in the 3D data display 

and the manual positioning panel. The measurement window size could be adjusted 

until a suitable position was obtained. The details of the measurement can be define by 

entering the number of data points collected; in this work 301x301 was the condition 

used. Following setup, the “Scan” button in the bottom left of the measurement control 

panel was clicked and then the program popped up a widow to choose a filename to 

save this data in “.tai” format. The raw file could be loaded and processed by BOGGIES 

analysis software.  

Before performing any calculations, the BODDIES software needed to know a lower 

and upper cursor position in order to calculate a boundary level in the Z direction. From 

observations, all experiments showed that the depth of a removed area was not less than 

1 µm; therefore BODDIES was set up with the lower cursor position at -0.001 mm and 

the upper cursor position at 0 mm as shown in Figure 3-24. Therefore, if the area was 

a. Au/Cr surface inspection  b. Au/MWCNT surface inspection 
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deeper than 1 µm, a 3D mapping image on BODDIES would display that area as black; 

it would be displayed as white where it was above 0 mm, as shown in Figure 3-25. The 

level between -0.001 mm and 0 mm is presented with varied colour depending on the 

depth.    

 

Figure 3-24: Setting up a lower and an upper cursor position on BODDIES. 

 

Figure 3-25: Drawing of a lower and an upper cursor position on BODDIES. 

After setting up the boundary, a surface roughness could be measured and calculated. In 

this research, an arithmetic average (Ra) of the absolute roughness values was used as 

the indication of roughness as shown in the red square in Figure 3-26. It calculated the 

peaks and troughs from the mean line. The calculation cut-off the wavelength 25% 
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(0.025) by using a Gaussian limit. This cut- off value can be used to give the roughness 

result with the least noise. 

Additionally, the BODDIES can be used to calculate the volume and area of material 

removed. The volume and area values were presented in the “Volume/Area 

Calculations” window as shown in Figure 3-27.  However, only “area below” was used 

as Amax in this work as shown in the small dialog box in Figure 3-27 since we assume 

that only Au substance on the Au/MWCNT surface is transferring while contact is 

switching. 

 

Figure 3-26: Surface roughness calculation on BODDIES. 

The removed volume (Vmax) will be calculated by using the surface data. Assuming that 

the thickness of the gold layer is uniform, (t), then: 

                  (3.1) 

If Ntotal is the number of cycles to failure including the number of bounces, the volume 

of material transferred per operation (v) is then: 

    
    

      
     (3.2) 
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Figure 3-27: Volume/area calculations on BODDIES. 

3.6 Experimental methodology 

After the samples were prepared, the experiments were conducted with various load 

currents between 0 and 200 mA. For all experiments, the voltage level was fixed at 4 V 

and the nominal contact force was 1 mN. An amplified voltage from a signal function 

generator was supplied to actuate the PZT beam with a voltage level of 20 V at 30 Hz 

(testing frequency: ftest). The interesting parameters in this research were contact 

resistance (Rc), number of bounces (Bc), duration of closing event (Tc) and the duration 

of opening event (To). These are described in the next chapter. The experiment 

procedure is as follows: 

1. Stick the Au/MWCNT substrate (2 x 7 mm) on the PZT cantilever using epoxy 

glue as shown in Figure 3-28. 

 

Figure 3-28: The Au/MWCNT substrate on PZT cantilever. 

 

1 cm. 
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2. Install the switching contact into the experimental test rig as shown Figure 3-29.  

 

Figure 3-29: The closed – up switching contact 

3. Apply voltage to actuate PZT cantilever by the function generator at testing 

frequency (ftest).  

4. Move the Au ball toward a substrate moving at frequency of 1 Hz to reach the 

contact force of 1 mN. The PZT cantilever will be stable after the Au ball has 

touched the substrate for > 0.2 seconds. A typical graph showing the measured 

force was given earlier in Figure 3-17. 

5. Measure and record the contact resistant (Rc) and the number of bounces (Bc) at 

the beginning (~0 cycles). The Bc will be measure before the Rc. The ftest has to 

be adjusted to 1 Hz before counting the Bc. Then the experiment was stopped for 

5 minutes for the Rc value to stabilise. 

6. Operate the experiments at ftest of 30 Hz with desired load current (I) and a 

voltage level of 4 V. 

7. Measure and record the Rc and Bc following the procedure described in section 

3.7 until the contact fails follow on from step 5. 
 

As shown in Figure 3-17, the contact force (1 mN) from PZT cantilever will be stable 

after the contact is closed for 0.2 seconds. Therefore, to measure the Bc, ftest needed to be 

reduced to 1 Hz before counting to achieve the whole bounce process. The Rc is 

measured using four - point probe measurements method as shown in Figure 3-20. 

While measuring the Rc, the PZT cantilever was stopped for 5 minutes to obtain a stable 

reading. 

 In step 1, the Au/MWCNT substrate was varied with height of MWCNT forest, 

thickness of Au layer depending on the requirements of each experiment. Moreover in 

 

1 cm. 
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step 6, the testing current, testing position, and testing procedure may be adjusted 

depend on the testing condition of each experiment. These are described in detail in the 

section 3.7.  

3.7 Summary of experiments  

Since this research consists of many experiments and many variables depending on the 

purpose of investigations, all experiments will be summarised in this section. Each 

experiment has a different procedure, but they are tested in the same experimental rig as 

described Section 3.6.  

3.7.1 Investigating fundamental switch behaviour of contact pair 

This experiment investigated the fundamental switch behaviour of Au/Cr – 

Au/MWCNT contact pair. The experiment was set up following the same procedure in 

Section 3.6. The Au/MWCNT substrate consisted of a MWCNT forest of 50 µm in 

height and 500nm of Au. The experiments were conducted with load currents of 20 mA, 

load voltage of 4 V and a nominal contact force of 1mN. The results were captured after 

the Au/MWCNT substrate was stabilised, which is about 1000 cycles based on 

observations. Then the switch behaviour while the electrical contact is closing and 

opening was observed and recorded. The characteristic parameters of the behaviour of 

the contacts occurring during the closing process are the time duration of each bounce 

(Tc) and the number of bounces (Bc); these are shown in Figure 3-30 however the 

parameter characterising the opening process only consisted of the time duration of 

opening process (To) as shown in Figure 3-31.  

Having identified the characteristic properties of the switching behaviour for the 

opening and the closing processes, the effect the surface structure and switching 

conditions have on these parameters was investigated. In the first 1000 cycles, the 

switching performance and properties demonstrated irregularities and instabilities. After 

the 1000 cycles, the switching conditions and properties stabilised and the test 

conditions were constant. The Bc and To parameters were randomly collected for 10 

cycles at a testing frequency (ftest) of 1 Hz approximately and the average value was 

plotted on graphs as shown in Section 4.1 of Chapter 4.  



Chapter 3: Experimental set-up and Methodology 

 64 

 

Figure 3-30: The example of the closing process for the Au/Cr – Au/MWCNT; 50 µm height, contact pair 

with a load current of 20 mA and force 1 mN after 1 million cycles. 

 

Figure 3-31: The example of the of the opening process for the Au/Cr – Au/MWCNT; 50 µm height, 

contact pair with a load current of 20 mA and force 1 mN after 1 million cycles. 

The conditions tested in this section are the load current, contact force, and height of 

Au/MWCNTs. Where the current was varied, the following values for the static contact 

force, switch voltage and height of Au/MWCNT used were: 1 mN, 4 V and 50 µm 

respectively. The load current was changed between 1 mA and 50 mA. In another 

experiment the force was varied, here the fixed factors were the load current, applied 

voltage and height of Au/MWCNT; these were set to: 20 mA, 4 V and 50 µm 

respectively. The static contact forces tested ranged from 0.5 mN to 2 mN. The last 

experiment conducted varied heights of Au/MWCNT; here the constant values were the 

load current, applied voltage and static contact force as 20 mA, 4 V, and 1 mN 
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respectively. The heights of Au/MWCNT tested were 10, 30, and 50 µm. All results 

were averaged and plotted as shown in Section 4.2 of Chapter 4. 

3.7.2 Investigating contact resistance and bounce process over the lifetime 

To determine the contact resistance and bounce process behaviour over the switch 

lifetime, the experiment was set up following the procedure outlined in Section 3.6. The 

Au/MWCNT substrate considered in this section consisted of a 30µm MWCNT forest 

sputter coated with 500 nm of Au. The experiments were conducted with load currents 

of 20, 30, 40 and 50 mA. All load currents were tested on the same sample but at 

different positions to maintain consistency of the Au/MWCNT sample properties. 

During testing, the Rc and Bc were measured and recorded for the 10
th

, 100
th

, 1000
th

, 

10000
th

, and 100000
th

 cycles, and then every 12 hours until the contact fails, this gave 

the value ttest (seconds). Therefore, the numbers of switching operations (Ntest, cycles) 

was derived from:  

Ntest = ttest x ftest                                                                                (3.3) 

 

However the Ntest was not the actual number of operation, since this number did not 

consider the number of bounces. Therefore the total number of operations (Ntotal) was 

calculated as: 
 

Ntotal = Ntest x Bc                                                         (3.4) 

After the experiments were run until the contact pair failed, the Rc and Bc versus Ntotal 

were evaluated and plotted. These results have been used to classify the evaluation of 

contact resistance and bounce process as shown in Section 4.3 of Chapter 4. Moreover, 

this data was used to discuss the effect of load current on the areas of failure sites in 

Section 4.7 of Chapter 4. Finally, the Ntotal and failure sites area has been utilized into a 

material transfer model to predict the number of cycles to failure as discussed in Section 

4.8 of Chapter 4. 

3.7.3  Investigating the material transfer direction 

To investigate the parameters affecting the material transfer direction, the three 

experiments were set up as described in Section 3.6 and the data collected as described 

in Section 3.7.2. However, a few steps of the setup procedures were changed depending 

on the testing purpose of each experiment. The three experiments were run until the 
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contact failed. Then both of the sample surfaces were inspected by SEM to investigate 

the wear process and the material transfer direction.  

The parameters tested in this section were the effects of gravity, polarity of load voltage 

and contact material. The first experiment used the Au/Cr - Au/MWCNT contact pairs 

(where the MWCNTs were 30 µm in height) tested with load currents of 20 mA. The 

results have been compared with the previous results [92]. The next experiment was 

performed on the same substrate and the same procedures in the first experiment, except 

that the polarity of load voltage was inverted as shown in Figure 3-32.  

 

Figure 3-32. Schematic of test rig and electric contact configuration to investigate the polarity effect. 

 

Figure 3-33. Schematic of PZT test rig and electric contact configuration by changing substrate to Au. 

The last experiment investigated the effect of changing the contact material as shown in 

Figure 3-33. The setup procedure was the same as the first experiment but the contact 

pair was changed to the Au/Cr ball contacting with the Au substrate (Au/Cr – Au) tested 

with load current of 20 mA. The results discussion is described in Section 4.4 of 

Chapter 4.  
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3.7.4 Investigating the comparison of hot and dry switching  

For the dry circuit experiment, a contact was switched without voltage and load currents 

(0 mA) to minimize any physical and electrical changes in the contact junction. The hot-

switching condition is used to describe an operation where a relay is either opened or 

closed while carrying a desired signal. The effect of outside influences on the failure 

mechanism has been evaluated by comparing the wear surface of Au/MWCNT substrate 

between zero mA (dry switching contact) and a range of currents at the same number of 

cycles. The experiments were set up following the procedure described in Section 3.6. 

An Au/MWCNT sample where the MWCNT forest had a height of 10 µm was utilised, 

for every experiment the same Au/MWCNT substrate to avoid any effects of surface 

discrepancies between samples. The purpose of using the Au/MWCNT substrate, 10 µm 

in height was for comparison with the results of the experiment for Au/MWCNT, 30 µm 

height discussed in the section 4.10. 

The two experiments of hot switching conditions were tested with load currents 50 mA 

and 200 mA. Both were run until the switching contacts failed. The number of cycles to 

failure of the experiments with load current 50 mA and 200 mA were 85 million and 5 

million cycles respectively. Therefore, the two experiments of dry switching were tested 

and stopped at 5 million and 85 million cycles. The dry switching results have been 

compared with the hot switching results in Section 4.5 Chapter4.   

3.7.5  Investigating evolution of contact surfaces throughout lifetime. 

To understand and evaluate the wear process of Au/Cr - Au/MWCNT contact pair, the 

experiment was set up following the same procedure as discussed in Section 3.6. The 

MWCNTs had a height of 50 µm a thickness of gold layer of 500 nm. The experiments 

were tested with load currents of 50 mA. Each experiment was tested on the same 

substrate and stopped at the expected number of cycles; 0.5, 1, 2, 4, 5, 7, 10, 20, 30, 50, 

70 and 100 million cycles. Every time before the start the new set of cycles, the Au/Cr 

ball would be changed to a new ball. After all the testing was finished, the Au/Cr ball 

and the substrate were investigated by SEM for the 2D images as shown in Section 4.6 

Chapter 4. 

(a) 
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3.8  Summary 

In conclusion, this chapter illustrates two surfaces of sample contact pairs. One surface 

was a Au/Cr ball and the other surface was the Au/MWCNT composite manufactured 

by a CVD method. Furthermore, the new experimental platform was introduced and 

evaluated against an old experimental rig. The new experimental rig made it easier to 

set up the experiment and change the testing location on the Au/MWCNT substrate. The 

contact resistance was one of the important parameters measured to assess the electrical 

contact performance. The four-point probe method was used to measure while the 

experiments. After finishing each experiment, both sides of the contact surfaces were 

inspected by a 3D surface profiler. This instrument had the surface metrology software 

that could show the surface profile and roughness and calculate removed material area 

and volume.      

The next chapter, Chapter 4, the results of all experiments are presented and the 

switching behaviour, electrical contact surface analysis, and material transfer model are 

discussed in detail. 
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Chapter 4:   

 

Results and Discussion 

4.1  Introduction 

In this chapter, the results obtained from the experiments using the modified test rig are 

shown and discussed. First, the switching behaviour of the Au/Cr – Au/MWCNT 

contact pairs is observed and the factors affecting the switch behaviour is examined. 

Then the contact resistance and the bounce process is investigated over the switch 

lifetime. These results are used to determine the four stages of switch performance. 

After all experiments were finished, both sides of sample surfaces are analysed by a 

SEM. The SEM is used to inspect any deterioration on the failure sites of the contact 

surfaces after testing. These SEM images are used to determine the material transfer 

direction between surfaces depending on varied parameters. Furthermore, the Au/Cr – 

Au/MWCNT contact surfaces of hot and dry switching testing and the failure sites 

throughout a lifetime are investigated by these images. In addition to SEM, a non-

contact 3D laser profiler is used in this research to determine any degradation in the 

texture and profile and to calculate roughness, area sizes, and volumes of the failure 

sites. These analysis tools are used to study the effect of current on area of failure site 

and to aid the development of the material transfer model. 

4.2 Fundamental switch behaviour of Au/Cr – Au/MWCNT switch 

In 2006, the previous research did not mention about the switching behaviour while a 

switching was opening. This work develops the new testing system, which shows the 

clear details of opening and closing process while contact is switching. 
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4.2.1 Switch opening process  

The molten metal bridge phenomena occur during an opening process of a switch 

contact, before the switch is completely opened. The analysis of this event focuses on 

the transient voltage a few microseconds prior to opening. Figure 4-1 shows three 

consecutive opening events for the Au/Cr-Au/MWCNT contact pair. The figure 

illustrates that the molten metal bridge is characterised by a high level of irregularity in 

softening and melting voltages. The duration of the molten metal bridge process is 

illustrated by a red arrow in Figure 4-1 and defined as To. The To for the data in Figure 

4-1 was approximately 15 µs. 

 

Figure 4-1: Three consecutive molten metal bridge events for the Au/Cr – Au/MWCNT; 50 µm height, 

contact pair with a load current of 20 mA and force 1 mN after 1 million cycles. 

4.2.2 Switch closing process  

The impact and bounce phenomena occurs during the closing processes of switch 

contacts before the impact energy is dissipated. This process consists of a series of 

opening and closing events, where the impact energy is dissipated over a period of time. 

The bouncing process is highly reproducible as shown in Figure 4-2. The two 

consecutive impact waveforms, with load current of 20 mA are overlaid. The process is 

considered to have a duration time of Tc as shown by red arrow in Figure 4-2, and the 

number of bounces, Bc. For the data in Figure 4-2, Tc was approximately 30 ms and Bc 

was 13 bounces. Additionally, the metal molten bridge also occurs during the bouncing 

that is a consequence of the closing process as shown in the green circle of Figure 4-2. 

Figure 4-3 shows the high magnification of the molten metal bridge event on a bounce 

in impact process for the Au/Cr – Au/MWCNT contact pair. 
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Figure 4-2: Two consecutive bouncing events for the Au/Cr – Au/MWCNT; 50 µm height, contact pair 

with a load current of 20 mA and force 1 mN after 1 million cycles. 

The To for an opening event in the bounce process in Figure 4-3 is approximately 1 ms. 

It should be noted here that the To in Figure 4-3 (1 ms) is significant greater than To at 

opening process in Figure 4-1 (15 µs).  

 

Figure 4-3: Metal molten bridge events on a bounce of the impact process for the Au/Cr – Au/MWCNT; 

50 µm height, contact pair with a load current of 20 mA and force 1 mN after 1 million cycles. 

This research shows that the molten metal bridge in bouncing process has a much 

greater duration than in the opening process. The single opening incident during the 

switch’s opening process is believed that it is related to the adhesive force and the 

switching contact conditions, i.e. the contact force, applied current etc. The numerous 

opening incidents, from the bouncing during the closing process, are related to the 

damping of the impact energy from elastic characteristics of the Au/MWCNT. The 

adhesive force in opening process can be related to the pull-in voltage, where the higher 
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the pull-in voltage, the higher the contact force and, consequently, the higher the 

adhesive force. The damping of the cantilever in the closing process has a decreased 

influence since the cantilever freely opens at natural frequency of the cantilever with an 

energy variation associated with the Au/MWCNT composite. Therefore, the opening 

incidents of switch’s opening process can occur in significantly less time than the 

opening incidents associated with the bouncing in the switch’s closing process. In other 

words, the opening velocity of the opening process is much faster than the closing 

process. It can be assumed that the lower velocity of closing process is caused the larger 

molten metal bridge.   

4.3 Thermal energy of metal molten bridge on bouncing process 

According to the observation, it was found that the switching behaviour consisted of the 

closing process or bouncing process and opening process with a molten metal bridge. In 

this research, the transient voltage across the molten metal bridge was assumed to be the 

softening or melting voltage to heat the contact surface. This thermal energy was 

expected to be the cause of the material transferring from the Au/MWCNT substrate to 

the Au/Cr ball. Commonly, the contact surfaces were made from a metallic material 

which has a minimum arcing voltage of 12 V. [25, 26] In this research, since the 

experiments were conducted with a fixed voltage only 4 V, under this condition there 

was no arcing event between the contact surfaces. Gold has a softening, melting and 

boiling voltage of 0.07, 0.43 and 0.95 V respectively. [23, 25, 26, 103] Therefore, the 

thermal energy to melt the contact surface can be estimated by integrating an area under 

the transient voltage below 1 V of the molten metal bridge graph [24]. 

                                                        (4.1) 

     ∫                                                    (4.2) 

      
̅̅ ̅ ∫                                                   (4.3)                                                     

The current (I) through both contact surfaces was assumed to be constant. As described, 

the opening events of a cycle consisted of an opening event created from opening 

process and a series of opening events produced from the bounce process. The thermal 

energy (em) shown in equation (4.1) has contributions from both the thermal energy 

created in opening process (emo) given in equation (4.2) and thermal energy from the 
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bounces (emb) from equation (4.3). From Figure 4-1, the thermal energy of metal molten 

bridge (blue line) was calculated to be approximately 55 x 10
-9

 J. The thermal energy of 

13 bounces in the impact process in Figure 4-3 was about 1.235 x 10
-5

 J. In this case the 

thermal energy of one cycle (emo ) can be neglected since emo << emb. Thus, em can be 

equalled to emb, as shown in equation (4.4). 

     
̅̅ ̅ ∫                                            (4.4) 

The em in equation (4.4) was the thermal energy for one switching cycle. Consequently, 

to obtain the total thermal energy (Etotal), the total number of cycles (Ntotal) was 

combined into the number of switching cycles (N) and the average number of bounces 

(  
̅̅ ̅) as shown in equation (4.5) was considered, as shown in equation (4.6). 

          
̅̅ ̅                                           (4.5) 

              ∫                                          (4.6) 

It should be noted here that the energy considered in this research was solely the 

thermal energy, ignoring the effect of external factors such as ambient temperature and 

humidity. Equation (4.6) can be used to confirm the importance of bounces in the 

impact process. During each opening and closing operation, the thermodynamic process 

resulted in the melting of the Au layer which caused a wear process. Therefore, the 

number of bounces was always measured during experiments to calculate the actual 

number of cycles to failure. It can be stated that the bounces have a major influence on 

thermal energy.   

4.4 Factors affecting the opening and closing process   

As shown in the previous section, the molten metal bridge and the bounce phenomenon 

are the major influences that degrade the contact surface. To determine the switching 

behaviour of the system during the closing and opening process, the experiment was set 

up as in Section 3.7.1. The effect of contact conditions are tested in this section. A range 

of load currents, contact forces, and height of MWCNT forest are investigated. The 

experiments for load currents and contact force are tested on the same Au/MWCNT; 50 

µm height substrate and Au/Cr ball but the testing locations are changed every 

experiment. However, the Au/MWCNT substrates are changed to investigate the effect 

of changing the height of MWCNT forest for each set of tests. The results are captured 
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after the Au/MWCNT substrate is stabilised, which is about 1000 cycles based on 

observation. 

4.4.1 Contact force  

The static contact forces were varied between 0.5 mN and 2 mN. The number of 

bounces versus force was shown in Figure 4-4. The graph shows the effect of the 

contact force on the Au/Cr-Au/MWCNTs contact pair. The number of bounces was 

initially 17 bounces and gradually the number decreased to 6 bounces at 2 mN.  

 

Figure 4-4: The Bc versus force for the Au/Cr – Au/MWCNT; 50 µm height, contact pair with a load 

current of 20 mA after 1,000 cycles. 

In Figure 4-5, the time duration of metal molten bridge at the opening process versus 

force were plotted. The time duration of metal molten bridge was 2 µs at 0.5 mN and 

slightly decreased to 1 µs at 1 mN. At 1.5 and 2.0 mN, the time duration increased to 4 

and 5 µs respectively. 

 

Figure 4-5: The To versus force for the Au/Cr – Au/MWCNT; 50 µm height, contact pair with a load 

current of 20 mA after 1,000 cycles. 
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4.4.2 Load current 

The load current was varied between 1 mA and 50 mA. The Bc versus load currents is 

shown in Figure 4-6. The Bc was 13 bounces for all load currents tested. This means that 

the Bc was independent of the load currents. In addition, these results show the stability 

and reliability of the experiment.  

 

Figure 4-6: The Bc versus current for the Au/Cr – Au/MWCNT; 50 µm height, contact pair with force 1 

mN after 1,000 cycles.  

The To versus load currents was collected and then plotted as shown in Figure 4-7. The 

graph of the time duration of metal molten bridge showed fluctuations between 1 and 3 

µs for a range of values for load current.  

 

Figure 4-7: The time duration versus current for the Au/Cr – Au/MWCNT; 50 µm height, contact pair 

with force 1 mN after 1,000 cycles. 
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4.4.3 Height of MWCNT forest 

The heights of Au/MWCNT used in this investigation were 10, 30 and 50 µm. The 

results are plotted in Figure 4-8. It showed that the number of bounces tended to 

increase with the heights of Au/MWCNT. The closing process of Au/MWCNTs, 10 µm 

forest height, had around 3 bounces. The number of bounces rose to 6 and 13 bounce at 

30 and 50 µm heights of Au/MWCNT respectively. This demonstrates that the 

increasing height of Au/MWCNT produces more elastic behaviour.  

 

Figure 4-8: The Bc versus height of MWCNT with load current 20 mA and force 1 mN after 1,000 cycles. 

The To versus each Au/MWCNT height was collected and then plotted as shown in 

Figure 4-9. Even though generally the molten metal bridge has an irregular shape, the To 

became stable at 2 µs at any height of Au/MWCNT. This observation means that the 

height of MWCNT does not affect To. This result is also recognised to be highly 

repeatable. 

 

Figure 4-9: The To versus height of MWCNT with load current 20 mA and force 1 mN after 1,000 cycles. 

0

5

10

15

0 10 20 30 40 50 60

B
c 

(B
o
u

n
ce

s)
 

Height of MWCNT (µm) 

0

0.5

1

1.5

2

2.5

0 10 20 30 40 50 60

T
o
 (

µ
s)

 

Height of Au/MWCNT (µm) 



  Chapter 4: Results and Discussion 

 77  

The number of bounces is directly dependent on many factors such as a mounting 

position of cantilever, the testing position on the substrate and the properties of the 

contact surfaces. As shown in Figure 4-6 , the current obviously does not affect the 

number of bounces. Although the load current resulted in a melting voltage to damage 

the contact surface, this experiment tests with a range of values for load current within a 

short period of time. This means that the contact surface was assumed to be a constant 

parameter. Therefore changing the load current does not affect the number of bounces 

under the same surface features. Furthermore, it found that the force and height of 

Au/MWCNT forest factors are related of the number of bounces. The CNTs gets more 

elastic property if the height of CNT increases [12].  This statement is supported by the 

results from Figure 4-8.  

The cause of the decreasing Bc in high impact force may be the permanent deformation 

of the Au/MWCNT. There has been no research investigating the buckling, bending and 

deformation of the Au/MWCNT composite. Therefore, we assume that the buckling, 

bending and deformation occur only in MWCNTs underneath the Au layer in the 

Au/MWCNT composite. In [73], the periodic buckle nucleation and propagation in 

CNTs bundles was investigated. In order to explain the deformation mechanisms of 

CNT foams, a uniaxial micro compression experiments was used to press on a 

cylindrical CNT bundle grown on a Si substrate. This work [73] can be explained about 

the reduction of the Bc since if the CNT is deformed, it will have a reduced elastic 

Young’s modulus [73].  

4.5 Contact resistance and bounce process over the switch lifetime 

This section presents the results of the evaluation of contact resistance and the number 

of bounces throughout the switch lifetime using the new test rig. The experiment used 

Au/Cr-Au/MWCNT contact pairs, which have the height of 30µm MWCNT forest. The 

experiments were tested with load currents of 20, 30, 40 and 50 mA. All load currents 

are tested on the same sample but different positions to maintain consistency in the 

Au/MWCNT sample properties. The results show the relationship between Rc and Bc 

versus the total number of operation (Ntotal) which included the number of bounces. The 

experiment was set up as in Section 3.7.2. This section describes three aspects of the 

experiment: 1) to observe the evaluation of contact resistance; 2) the evaluation of the 

number of bounces; and 3) to define stages of switch performance over lifetime. 
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4.5.1 Effect of current on the contact resistance  

The contact resistance (Rc) was measured using a 4-wire measurement method during 

testing until it failed as shown in Figure 4-10. The graph compares the contact 

resistance between the experiments operated at the load currents, 20, 30, 40 and 50 mA. 

Every graph shows a similar trend.  

 

Figure 4-10: Rc versus Ntotal for Au/Cr-Au/MWCNT; 30 µm height contact pair with load currents of 20, 

30, 40 and 50 mA. 

According to the observation, the Rc started from lower than 0.4 Ω at the beginning then 

kept stable before the resistance slowly rises. Finally, it steeply increases to more than 

1.5 Ω defined as a failure condition [23]. All raw data in Figure 4-10 can be found in the 

Appendix D. 

4.5.2 Effect of current on the number of bounces  

The Bc was measured by observation during testing until it failed as shown in Figure 

4-11. The graph compares the number of bounces between the experiments operated at 

the load currents, 20, 30, 40 and 50 mA. Every graph shows the same trend. Figure 4-11 

showed the Bc started between 3 and 5 bounces tested with load currents between 20 and 

40 mA, which is comparable with the results (13 bounces) in Figure 4-6. However, the 

experiment tested with load current 50 mA shows the number of bounces of 12 bounces; 

this is most likely due to the non-consistency of the MWCNT forest. The MWCNT 

surface in this work somewhat has the similar characteristic; nonetheless, some area on 

the surface, particularly at close to the edge of substrate tends to get higher length of 
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MWCNT than at the centre of substrate. Therefore, at the testing position of 50 mA, it 

may be located at the high height of MWCNT forest underneath. This provides the high 

number of bounces as shown in Figure 4-11. However, after the Au/MWCNT surface is 

stable; the number of bounces gets back to the normal bounce, which is similar to the 

other experiment. Then they are maintained stable before the Bc gradually goes up. 

Eventually, it suddenly disappears defined as a failure condition. All raw data in Figure 

4-11 can be found in the Appendix D.  

 

Figure 4-11: Bc versus Ntotal for Au/Cr-Au/MWCNT; 30 µm height contact pair with load currents of 20, 

30, 40 and 50 mA. 

4.5.3 Four stages analysis of switch performance over lifetime 

According to the results in Figure 4-10 and Figure 4-11, every graph of Rc and Bc versus 

the number of bounces between the experiments operated at the load currents, 20, 30, 40 

and 50 mA showed the same trend. They can be divided into four stages. The four 

stages of Rc and Bc were an initial, stable, rising and failure stage as shown in Figure 

4-12.  
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Figure 4-12: The four stages of switch performance over lifetime shows on the experiment of Au/Cr-

Au/MWCNT; 30 µm height contact pair with load current of 30 mA.  

The values of Rc and Bc  evolved in each stage resulting from the changing of the contact 

surface properties such as deformation or degradation during testing. Since the Rc and Bc 

graphs at the different load currents do not have significantly different trends, the data 

from a load current of 30 mA was chosen to show the graph appearance of the four 

stages of the failure behaviour. (as shown in Figure 4-12). 

Stage I : Initial stage 

In Figure 4-12, the initial stage is difficult to observe because this stage occurs only 

during 15000 cycles, Ntotal. Therefore, Figure 4-13 was plotted for magnifying the 

contact resistance and number of bounces versus the number of cycles from 0 to 15000 

cycles. The declining trend of both contact resistance and number of bounce in the 

initial stage results from an unsteady surface. While the contact surface was being 

contacted under the static contact force 1 mN, the MWCNTs under Au layer of 

Au/MWCNT substrate was gradually deformed, buckling [73]. The MWCNTs will be 

buckled and permanently deformed if the contact force is greater than the buckling load. 

Based on observation, this permanent deformation process of the Au/MWCNT substrate 

with 30 µm MWCNTs completed within 15000 cycles. 

To prove this hypothesis, the testing of Au/Cr-Au/MWCNT contact pairs with a load 

current of 30 mA was tested for around 15000 cycles. After which a laser profiler was 

used to scan the Au/MWCNT surface as shown in Figure 4-14. (a) to investigate the 

profile of the crater of the MWCNTs deformation as shown in Figure 4-14. (b). 
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Figure 4-13: The initial stage shows Rc and Bc versus number of cycles from Ntotal 0 to 15000 cycles of 

Au/Cr-Au/MWCNT; 30 µm height contact pair with load current of 30 mA. 

 

 

 

 

 

 

 

 

Figure 4-14: 3D image of Au/Cr-Au/MWCNT; 30 µm height contact pair with load current of 30 mA 

after Ntotal 15000 cycles (a) 3D surface profile of anode surface,301X301 data points over area 0.3 x 0.3 

mm. (b) Surface profile of Au/Cr-Au/MWCNT composite surface. 

The increase of contact area and the number of asperities brings about the reduction of 

contact resistance as shown in Figure 4-13. The MWCNTs structure compliance leads 

to a contact surface enlarging. Since the Au/MWCNT structure has high roughness, the 

contact surface expanding also results in the asperities increasing. Furthermore, the 

permanent deformation causes a decrease in the number of bounces since the stiffness 

of MWCNTs decreases if the MWCNTs structure becomes buckled [73].  

0

2

4

6

0.285

0.295

0.305

0.315

0 5,000 10,000 15,000

N
u

m
b

er o
f b

o
u

n
ces (b

o
u

n
ces) 

C
o
n

ta
ct

 r
es

is
ta

n
ce

 (
Ω

) 

The total number of operation ( Ntotal) 

Rc of Au-Au/MWCNT at 30 mA

Bc of Au-Au/MWCNT at 30 mA

b 

a 



Chapter 4: Results and Discussion 

 82 

Stage II : Stable stage 

The stable stage, in terms of contact resistance and the number of bounces is the period 

of time that the Rc and Bc are stable within the small ranges (±0.05 Ω for Rc and ±8 

bounces for Bc) as shown in Figure 4-15. The Bc tends to gradually increase. At this 

stage, the fine transfer mechanism is the predominant process. The Au layer is gradually 

removed from Au/MWCNT to Au/Cr probe.  

 

Figure 4-15: The stable stages shows Rc and Bc versus number of cycles from Ntotal 15000 cycles to 200 

million cycles of Au/Cr-Au/MWCNT; 30 µm height contact pair with load current of 30 mA. 

 

Figure 4-16: Au layer transfer at Ntotal 40 million cycles (not fail) on the Au/MWCNT surface; 30 µm 

height, contact pair with load current of 30 mA, 4 V and force 1 mN.  

To confirm this assumption, the experiment of Au/Cr-Au/MWCNT; 30 µm height, 

contact pairs with the load current of 30 mA was tested for around 40 million cycles 

Ntotal. Then the SEM was used to investigate the contact surface as shown in Figure 4-16. 
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It showed the Au layer on the Au/MWCNT surface starting to deplete and transfer to 

the Au/Cr ball. 

Stage III : Rising stage 

When the switching contact is in the rising stage, the contact resistance and number of 

bounces rise gradually and continuously. The depletion process causes the increase of 

the contact resistance due to the limitation of the contact surface. Usually the current 

passes through the asperities at the centre of the surface [25, 26, 79]. Once the centre 

area does not have any conductive surface because of the material transfer process, the 

current density will travel through the area around the centre point until the surrounded 

area is completely worn out (i.e. the contact failure). To illustrate this process, an 

experiment of Au/Cr-Au/MWCNT; 30 µm height, contact pairs with the load current of 

30 mA was tested for approximately 300 million cycles. After which an SEM was used 

to examine the contact surface as shown in Figure 4-17. It shows the example of the 

Au/MWCNT surface in this stage. The Au layer is completely removed at the centre as 

shown in the black area, which is MWCNT. The current starts to move via the area 

around the probe as shown in grey shade around the depleted area. Therefore, the 

conductive area use to carry the current is only the grey shaded area. 

 

 

 

 

 

 

 

Figure 4-17: Material transfer after Ntotal 300 million cycles (not failed) on Au/Cr-Au/MWCNT; 30 µm 

height contact pair with load current of 30 mA. 

In Figure 4-17, the MWCNTs are represented by black colour area. It is known that 

CNTs have high elastic modulus [59-61] and so the number of bounces should increase 

with Au removal. The number of bounces in this stage increases to the maximum 

Au depletion 

Grey shade area 
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number of bounces as shown in Figure 4-18. The graph shows that Bc and Tc is 

approximately 18 bounces and 45 ms. At the initial stage, Bc starts from 12 bounces as 

shown in Figure 4-13 and Figure 4-6, however, Bc increases to 18 bounces in this rising 

stage.

 

Figure 4-18: The bounce process at peak point (300 million cycles, Ntotal ) on the rising stage of Bc on the 

of Au/Cr-Au/MWCNT; 30 µm height contact pair with load current of 30 mA. 

Stage IV : Failure stage 

The final stage is the failure stage of Rc, which shows the contact resistance rising 

rapidly. In this stage, the contact surface is totally depleted as shown in Figure 4-19, i.e. 

the contact area completely touches the MWCNTs underneath. The MWCNTs 

subsurface causes the high contact resistance of this last stage. The contact pairs are 

considered to have failed as the contact resistance is over three times the nominal value 

(in this case about 1.5 Ω) [23].  

Conversely, the numbers of bounces rapidly decreases during the failure stage to show 

that the contact is failed. At this stage, the number of bounces and the duration of the 

bouncing process should be equal to the peak amount in the rising stage. Since the 

contact surface is almost totally depleted, this leads to the reduction of the conductive 

area to act as the switching contact surface as shown in Figure 4-19. Therefore, some 

bounce events are not active as shown in Figure 4-20 since the contact pair is not 

completely in contact during every bounce process. The graph shows the reduction of Bc 

from 18 bounces in rising staged to 10 bounces in this stage while the Tc are maintained 

at 45 ms which is similar time duration in rising stage. Some bounces do not contact Au 
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surface on Au/MWCNT substrate but they touch the MWCNTs which is a non-

conductive area.  

 

Figure 4-19: Au/MWCNT surface after 340 million cycles, Ntotal (failed) tested on Au/Cr-Au/MWCNT; 

30 µm height contact pair with load current of 30 mA. 

 

Figure 4-20: The bounce process on the failure stage (340 million cycle, Ntotal ) on the Au/Cr-

Au/MWCNT; 30 µm height, contact pair with load current of 30 mA. 

It is possible to use the contact resistance and number of bounces to predict the failure 

of the switch contact. This test cannot define the exact number of bounces because Bc 

depends on many influences such as the height of MWCNTs and the Au thickness. 

However, a benefit of this experiment is to understand the trend of Rc and Bc and use it 

as an early indication that the contact is going to fail; indicated if the contact resistance 

rapidly increases or the number of bounces abruptly drops. 
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4.6 Investigation of direction of material transfer 

Material transfer processes on a contact surface is observed to be one of the main causes 

of failure modes in MEMS. This section shows the various factors that affected the 

direction of material transfer such as gravity, current direction, and surface material 

properties.  

4.6.1 Gravity  

In 2010, Yunus et al. studied a contact surface made from Au coated MWCNTs [16-20, 

22, 23]. As described in Section 3.3.1, the moving part was an Au/MWCNT substrate, 

which was located above an Au ball. The anode surface is Au/MWCNT substrate; 50 

µm height and the cathode surface is Au hemispherical ball. They found that the 

material was transferred from the Au/MWCNT substrate to the Au ball as showed in 

Figure 4-21. They assumed that the wear process which occurred on the contact surfaces 

was obviously the fine transfer process [23, 24].  

     

Figure 4-21: SEM images of the surface of the Au/Cr-Au/MWCNT; 50 µm height, contact pair with load 

current of 20 mA after 70 million cycles (Ntest, it is not included Bc), [23, 24]. 

 

The PZT test rig used in work by Yunus et al. [6-8, 89-92] was not practical to use, 

especially in terms of testing several experiments on the same substrate since it was 

difficult to locate the testing area. Therefore, the modified test rig as explained in 

Section 3.3.2 was created. Unlike in the rig designed by Yunus et al. the Au/MWCNT 

substrate was loaded on a PZT beam located beneath (rather than above) the Au/Cr ball. 

The circuit polarity was not changed from the experiments reported by Yunus et al. [16-

20, 22, 23]. The experiment was conducted with a load current of 20 mA showing that 

the material was transferred from the Au/MWCNT substrate to the Au/Cr ball as shown 

(a) Au hemispheric ball (b) Au/MWCNT surface 
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in Figure 4-22. This result showed that gravity does not play a key role in the material 

transfer direction.  

In additional to the material transfer direction, the wear process has also been 

considered in this experiment. The wear process shown in Figure 4-21 was the fine 

transfer process, which is believed to be the dominant failure mechanism. In this work, 

it was found that the wear process was a mixture between a delamination and fine 

transfer process as shown in Figure 4-22; this assumption was observed by visual 

inspection. The fine transfer mechanism is a wear process, which gradually transfers 

fine particles from one surface to another. Evidence of this process can be seen in the 

form of the round microscopic particle on the worn area. The delamination process is a 

mode of failure for the materials, which causes the layers to separate and break down. 

The suspected cause for this mode of failure is due to a weakening of the bonding or 

adhesive force between the gold layer and the substrate. This wear process can be seen 

visually by observing the signs of the surface tearing. 

Since the ball in this experiment was made from a stainless steel ball sputter coated with 

10 nm of Cr and then sputter coated with 500 nm of Au  instead of just an Au layer 500 

nm, this may be the cause of the change in the wear process and the reduction of the 

material transferred from the substrate surface. Thus from this result it showed that the 

gravity does not affect the transfer direction. However, the wear process observed here 

will be considered as an important prognostic assumption, which will be investigated in 

the section 4.8. 

   

Figure 4-22: SEM images of the surface of the Au/Cr-Au/MWCNT; 30 µm height, contact pair with load 

current of 20 mA after Ntotal 850 million cycles. 

(a) Au/Cr hemispheric ball (b) Au/MWCNT surface 
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4.6.2 Polarity of voltage  

One of the factors expected to affect the material transfer direction was current 

direction. The modified experimental platform was used with the equivalent contact 

pairs and the same load current as above (20 mA), but the power-supply polarity was 

swapped as shown in Figure 3.26. The results as shown in Figure 4-23 showed that the 

Au layer that was on the substrate was stuck on the Au/Cr ball. Accordingly, it can be 

assumed that the material transfer direction is independent of polarity applied.  

    

Figure 4-23: SEM images of the surface of the Au/Cr-Au/MWCNT; 50 µm height, contact pair with load 

current of 20 mA, 4 V by changing polarity after Ntotal 650 million cycles.  

4.6.3 Contact material 

The material surface of the substrate was changed to consist of just a layer of 500 nm of 

Au. In Figure 4-24, it is shown the material transferred from substrate to the Au/Cr ball. 

Although the material surfaces of both sides were modified, the material always 

transferred from the flat substrate to the ball.  

Not all factors considered in this research have influenced the material transfer 

direction. The material, which is an Au layer, was regularly pulled off from substrate to 

ball. The adhesive force was assumed to be the cause of the loosening of the layer on 

the substrate. The MWCNT and pure gold adhesion onto a substrate showed to be weak 

if compared with the adhesion of Au onto the stainless steel [3-7]. Particularly, when a 

chromium layer with 10 nm thickness [31-33] was added before sputtered coated with 

Au layer 500 nm thick. Therefore, the interfacial adhesive force between an 

Au/MWCNT or an Au layer and silicon wafer is always weaker than the adhesive force 

(a) Au/Cr hemispheric ball (b) Au/MWCNT surface 
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of an Au/Cr layer onto the ball. This resulted in the Au layer transferring from substrate 

to ball, regardless of contact conditions. 

    

Figure 4-24: SEM images of the surface of Au/Cr - Au contact pair with load current of 20 mA after Ntotal 

3 million cycles. 

Although all four experiments obtained comparable results in terms of material transfer 

direction, the wear processes may not be quantified. In Figure 4-21, the wear process 

was shown to be a fine transfer process [23, 24]. However, results from Figure 4-22, 

Figure 4-24 and Figure 4-23 were seemed to be pulled off/delamination from substrate 

to ball, hence they were investigated and discussed again in the next section. 

4.7 Comparison of hot and dry switching  

The effect of outside influences on the failure mechanism has been evaluated by 

comparing the wear surface of Au/MWCNT substrate between zero mA (dry switching 

contact) and a range of currents at the same total number of cycles. The test condition 

can be comparable to a typical MEMS switch application by using a fixed load voltage 

and contact force of 4 V and 1 mN respectively. For all the experiments discussed here, 

the Au/MWCNT sample had a height of MWCNT forest of 10 µm; an image of the 

sample (after testing) can be seen in Figure 4-25. 

(a) Au/Cr hemispheric ball (b) Au surface 
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 Figure 4-25: The experimental position on the Au/MWCNT substrate; 10 µm height, for dry and hot 

switching contact experiments 

In Figure 4-26 and Figure 4-27, the dry switching contact tests at 0 mA showed that the 

material was removed from substrate to ball, which is consistent with results discussed 

in Section.4.6. The depleted area after Ntotal 5 million cycles as shown in Figure 4-26 is 

smaller than the area of testing after Ntotal 85 million cycles Figure 4-27. Since both 

experiments were operated without current flowing through the contact surface, the only 

cause of the material transfer is from mechanical factors. The material on removed area 

tends to transfer at the edge and the centre of contact area before any areas. This may be 

due to the high stress and strain at the edge causes the thinnest layer of gold layer [104], 

which is easy to tear off and stick on Au/Cr ball.  

 

Figure 4-26: Material transfer on the surface of Au/Cr-Au/MWCNT; 10 µm height, contact pair with load 

current of 0 mA at Ntotal 5 million cycles. 

(a) 

(a) Au/Cr hemispheric ball (b) Au/MWCNT surface 

Hot switching with 30 mA 

Fail for 544 million Ntotal 

Hot switching with 100 mA 

Fail for 15 million Ntotal 

Hot switching with 200 mA 

Fail for 5 million Ntotal 

Dry switching 

5 million Ntotal 

Dry switching 

85 million Ntotal  

 

Hot switching with 50 mA 

Fail for 85 million Ntotal 
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Figure 4-27: Material transfer on the surface of Au/Cr-Au/MWCNT; 10 µm height, contact pair with load 

current of 0 mA at Ntotal 85 million cycles.  

The results of the hot-switching contact experiment were compared with the dry 

switching contact experiments. The load currents were supplied while testing the hot 

switching tests. The hot switching tests were run until they failed, which had the same 

total number of operations as both dry switching contact tests above. The Figure 4-28 

was tested for Ntotal 5 million cycles with a load current of 200 mA. This figure can be 

compared with Figure 4-26. Although they were switched for the same total number of 

cycles, the depleted area in Figure 4-28 is much larger than in Figure 4-26. This result 

suggested that the effect of the load current is a significant factor for the wear process 

on the contact surfaces.  

 

 

 

 

 

 

Figure 4-28: Material transfer on the surface of Au/Cr-Au/MWCNT; 10 µm height, contact pair with load 

current of 200 mA at Ntotal 5 million cycles.  

The removed area as shown in Figure 4-29 (where the sample was tested with the load 

current of 50 mA) is also bigger than the area in Figure 4-27 which was tested for Ntotal 

85 million cycles. Another observation is that the removed area in Figure 4-28 is greater 

(a) Au/Cr hemispheric ball (b) Au/MWCNT surface 

(a) Au/Cr hemispheric ball (b) Au/MWCNT surface 
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than the area in Figure 4-29, since the electrical load used Figure 4-28 is higher than the 

electrical load in Figure 4-29. This leads to a larger energy generated by load current of 

200 mA on contact area in Figure 4-28 as describe in the previous section. Therefore, 

the electrical influence acts as a catalyst to weaken the contact surface; it assists the 

mechanical influence to begin the material transfer process. 

 

Figure 4-29: Material transfer on the surface of Au/Cr-Au/MWCNT; 10 µm height, contact pair with load 

current of 50 mA at Ntotal 85 million cycles.  

  

(a) Au/Cr hemispheric ball (b) Au/MWCNT surface 
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4.8 Evolution of contact surfaces throughout lifetime 

To understand the evaluation of the wear process of Au/MWCNT surfaces, experiments 

operated at 50 mA were conducted on an Au/MWCNT substrate. Each experiment was 

tested on the same substrate and stopped after a predetermined number of cycles as 

shown in Figure 4-30. Following testing, the Au/Cr balls and the substrate were 

investigated by SEM as shown the 2D images in Figure 4-31 and Figure 4-32. They 

show the material transfer direction is from Au/MWCNT substrate to Cr/Au ball. 

Moreover, they show the material transfer area is related to the number of cycles; as the 

number of switching cycles increases, the area of transferred material increases. The 

results shown in Figure 4-31 and Figure 4-32 were consistent in terms of the wear 

process. At the beginning, the surface was deformed to the ball shape. Then the 

Au/MWCNT surface started to rip up at the edge; however, after that the centre of the 

contact area became torn up until the switching contact failed. 

 

Figure 4-30: The experimental position on the Au/MWCNT; 30µm height, substrate for different the 

number of cycles tested with load current of 50 mA.  

 

Tested with load current of 50 mA 
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Figure 4-31: The evolution of Wear process on Au/Cr ball of Au/Cr-Au/MWCNT; 30 µm height, contact 

pair with load current of 50 mA. 
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Figure 4-32: The evolution of Wear process on Au/MWCNT substrate of Au/Cr-Au/MWCNT; 30 µm 

height, contact pair with load current of 50 mA. 
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As stated above, during the initial stage (the first 15000 cycles) the contact surface was 

buckled and permanently deformed as shown in Figure 4-33 (a) and (b). The depth of 

the crater is approximately 1 µm as shown in Figure 4-33 (c). The deformation caused 

an increase in the contact area. After the surface had  deformed, the edge of the contact 

area will be the thinnest and weakest point due to the higher strain [104] as shown in the 

red circles in Figure 4-33 (d). The mechanical influence is the key role in causing failure 

of this stage. 

 

Figure 4-33: Au/MWCNT surface; 30 µm height, with load current of 50 mA after Ntotal 15000 cycles. (a) 

3D surface profile, 301X301 data points over area 0.3 x 0.3 mm.; (b) SEM image surface; (c) surface 

profile cross section (dotted line on (a)); (d) drawing of cross section. 

There has been no research investigating the wear mechanism of Au/MWCNT 

composites. The previous work showed that the Au/MWCNT composite exhibited 

elastic and plastic behaviour [17-22]. Therefore, to explain the deterioration of the 

surface, elastic-plastic finite element work was used to investigate samples with a 

variety of compositions. In 2007 [104], research was conducted on the elastic-plastic 

finite-element computer code to understand the stretching process between metal sheet 

and a hemisphere punch. The experiment was conducted on a 500 kN hydraulic press. 

After the punch head travelled 31 mm as shown in Figure 4-34 (a), the sheet cracked 

19.6 mm away from the middle of sheet as shown in Figure 4-34 (b) [104]. This 

punching work has not had any fractures at the centre of metal sheet; however, it shows 

a fracture at the edge of punching area as shown in Figure 4-34 (b) which bears 
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similarities to the results presented in this work. Therefore, we assume to use the 

previous results to explain possibility of the degradation at the contact edge after an 

Ntotal of 1 million cycles as shown in Figure 4-36. 

      

Figure 4-34: (a) The initial shape and the finite-element mesh. (b) Dimensions of tool geometry and the 

boundary conditions of the deformed sheet geometry after some stage (c) The fractured work piece after a 

punch travel of 31 mm [104]. 

The stress and stain graph in Figure 4-35 showed that at the position with the highest 

stress and strain, a fracture is created [104]. This suggests that the most extended 

surface on the contact area is not at the centre but around the pressing edge (i.e. point C. 

in Figure 4-34 (a)) as shown in Figure 4-35 (b). Furthermore, at this point stress is the 

highest as shown in Figure 4-35 (a). Therefore, this work can be used to explain the 

material transferring at the edge of contact area after an Ntotal of 1 million cycles as 

shown in Figure 4-36 (b). 

 

Figure 4-35: (a) The equivalent stress distributions at different punch travels (b) The equivalent strain 

distributions at different punch travels [104]. 

Crack 

 c. 

 b.  a. 

 a.  b. 
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Figure 4-36: Au/MWCNT surface; 30 µm height, with load current of 50 mA after Ntotal 1 million cycles. 

(a) 3D surface profile, 301X301 data points over area 0.3 x 0.3 mm.; (b) SEM image surface; (c) surface 

profile cross section (dotted line on (a); (d) drawing of cross section. 

 

Figure 4-37: A removed point (Magnitude: 3kX) at the edge of Au/MWCNT; 30 µm height, surface; after 

Ntotal 1 million cycles.  

After Ntotal 1 million cycles, the removed material started to become observable as black 

areas, shown in Figure 4-36 (b) and (d). As described the previous work above, since 

the edge of the contact surface is a fragile point, the material transfer will be initiated at 

these points. Further to this, the deformation depth is raised to 3 µm as shown in Figure 

4-36 (c) which is the permanent deformed depth. An enlarged image of a transferred 

area  highlighted by a blue circle on Figure 4-36 (b) is shown in Figure 4-37 It is 
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assumed that the transfer was caused primarily by mechanical factors due to the absence 

of any evidence of a melted surface (a consequence of the hot-switching).   

 

Figure 4-38: A melting area (Magnitude: 800X) at the center of Au/MWCNT; 30 µm height, surface; 

after an Ntotal of 1 million cycles. 

On the other hand, the centre of contact area shown in a red circle on Figure 4-36 (b) 

became a dark grey area as shown in Figure 4-38. This dark grey area was assumed to 

be caused by the electrical stimulus; implying that the electrical factors dominate at the 

centre of the contact. As stated in section 4.2, during hot switching, the voltage across 

the contact surfaces increases; if this voltage exceeds the melting/boiling voltages of the 

material, then the material will melt/boil. For Au, the melting and boiling voltage is 0.43 

V and 0.95 V respectively [23, 25, 26, 103]. During the opening cycle, the voltage 

increases to 4 V, therefore these voltages occur on every opening event of a switching 

cycle. Generally, the current immediately flows when an anode and a cathode surface 

are in contact where the centre of contact area is. Additionally, the middle of contact 

area has a high density of Au/MWCNT composite due to the stress-strain as a result of 

the deformation and compression of Au/MWCNT surface. Therefore, the melting and 

boiling processes occur in the middle of the contact area; a consequence of this is that 

this area will be weakened until transfer to the Au/Cr ball. 

The electrical influence is not the only factor to weaken the contact, but the mechanical 

influences are also important. In Figure 4-35, it shows that the centre has the high stress 

and strain due to the pressure from the impact force [104]. Therefore, the surface 

material was removed from an asperity tip on the switching contact and gradually 

expanded from the centre after Ntotal 2 million cycles as shown in Figure 4-39. Once 
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material is transferred from the centre of the contact, the affected area will grow 

outwards, increasing with the number of cycles until the contact fails. While the 

material was removing, the load current was also working on melting the circumference 

of the removed area as shown in the dark grey shade in Figure 4-40. 

 

Figure 4-39: Au/MWCNT surface; 30 µm height, with load current of 50 mA after Ntotal 2 million cycles. 

(a) 3D surface profile, 301X301 data points over area 0.3 x 0.3 mm.; (b) SEM image surface; (c) surface 

profile cross section (dotted line on (a); (d) drawing of cross section. 

 

Figure 4-40: A melting area (Magnitude: 5kX) at the edge of removed area of Au/MWCNT; 30 µm 

height, surface; after Ntotal 2 million cycles. 

The contact surface was melted and removed until the whole contact area was 

completely removed as shown in Figure 4-41. This can be observed at the edge of the 

torn area. It does not appear as a grey dark area called melted area as shown in Figure 
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4-42. The final contact resistance (after 100 million cycles) of this experiment was 4.75 

 which is defined as a fail contact as shown in Table 4.1.  

 

Figure 4-41: Au/MWCNT surface; 30 µm height, with load current of 50 mA after Ntotal 100 million 

cycles. (a) 3D surface profile, 301X301 data points over area 0.3 x 0.3 mm.; (b) SEM image surface; (c) 

surface profile cross section (dotted line on (a); (d) drawing of cross section. 

 

Figure 4-42: A fine transfer material process (Magnitude: 20kX) of Au/MWCNT; 30 µm height, after 

Ntotal 100 million cycles. 

One wear process on this contact seems to be a delamination process throughout the 

whole operation. However, analysis of the SEM image in Figure 4-42 suggests that a 

fine transfer process also occurs during switching. The red circle in Figure 4-42 shows a 

gold particle which remains on the Au/MWCNT surface after broken down. Therefore, 

the wear process for Au/MWCNT contacts is a combination of a delamination and a 
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fine transfer process. Furthermore, 3D mapping images from the laser profiler software 

were used to evaluate the transferred areas as shown in Table 4.1. After obtaining the 

removed area (Amax), the removed volume (Vmax) and the removed volume of material 

transferred per operation (v) were manually calculated by using equation (3.1) and 

equation (3.2) respectively. 

Table 4.1. The evaluation of material transfer process characteristics. 

Ntotal 

(million cycles) 

Area 

(mm
2
) 

v 

(mm
3
/operation) 

Rc 

() 

0 - - 0.3543 

0.5 - - 0.2905 

1 - - 0.2699 

2 0.002047 2.047E-13 0.2766 

4 0.003011 1.5055E-13 0.295 

5 0.004418 1.7672E-13 0.2895 

7 0.004929 1.40829E-13 0.298 

10 0.004532 9.064E-14 0.256 

20 0.009573 9.573E-14 0.2867 

30 0.010806 7.204E-14 0.348 

50 0.016178 6.4712E-14 0.3267 

70 0.016286 4.65314E-14 0.356 

100 0.023141 4.6282E-14 4.75 

 

The relationship between the number of cycles and the removed volume of material 

transferred per operation is shown in Figure 4-43. The figure shows that material 

transfer at the start of the experiment is significantly greater than later in the 

experiment. After 20 million cycles, the removing speed plateaus until the contact 

failed. An explanation for the trend in Figure 4-44, is that at the start of the experiment 

the contact surfaces are undamaged fresh surfaces and therefore the contact has a large 

area of potential areas to transfer. After testing to 20 million cycles, the contact area is 

only the circumference around the removed area. Therefore, the available area to 

transfer is reduced and hence the removing speed reduces. 
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Figure 4-43: The relationship between the number of cycles and the removed volume of material 

transferred per operation. The black solid line is the experimental data and the red line is the trend line 

plotted by Excel.  

4.9 Current dependence on area of failure site 

The previous research showed, in equation 2.33, that it has been assumed that the 

maximum volume of material removed from the Au/MWCNT surface is a constant and 

not a factor of current. It is shown here that Vmax is a function of current. All 

experiments used a hot switching contact method were tested on Au/MWCNT 

composites with 30 µm height over a range of load currents from 10 mA to 200 mA. 

After the contact samples failed, the contact surfaces were scanned by SEM and laser 

profiler to measure 2D and 3D images respectively.     
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Figure 4-44: Material transfer on the surface of Au/Cr-Au/MWCNT; 30 µm height, contact pair with load 

current of 20 mA, 4 V (1 mN). (a) Au hemispheric ball (anode); (b) Au/MWCNT composite surface 

(cathode); (c) 3D surface profile of anode surface,301X301 data points over area 0.3 x 0.3 mm. ; (d) 3D 

surface profile of cathode surface, 301X301 data points over area 0.3 x 0.3 mm. ; (e) surface profile of 

anode cross section (dotted line on (c)); (f) surface profile of cathode cross section (dotted line on (d)). 

  

(a) 

(a) 

c. d. 

a. b. 

f. e. 
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Figure 4-45: Material transfer on the surface of Au/Cr-Au/MWCNT; 30 µm height, contact pair with load 

current of 30 mA, 4 V (1 mN). (a) Au hemispheric ball (anode); (b) Au/MWCNT composite surface 

(cathode); (c) 3D surface profile of anode surface,301X301 data points data points over area 0.3 x 0.3 

mm. ; (e) surface profile of anode cross section (dotted line on (c)); (f) surface profile of cathode cross 

section (dotted line on (d)). 

  

c. d. 

a. b. 

f. e. 
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Figure 4-46: Material transfer on the surface of Au/Cr-Au/MWCNT; 30 µm height, contact pair with load 

current of 40 mA, 4 V (1 mN). (a) Au hemispheric ball (anode); (b) Au/MWCNT composite surface 

(cathode); (c) 3D surface profile of anode surface,301X301 data points over area 0.3 x 0.3 mm. ; (e) 

surface profile of anode cross section (dotted line on (c)); (f) surface profile of cathode cross section 

(dotted line on (d)). 

  

c. d. 

a. b. 

f. e. 
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Figure 4-47. Material transfer on the surface of Au/Cr-Au/MWCNT; 30 µm height, contact pair with load 

current of 50 mA, 4 V (1 mN). (a) Au hemispheric ball (anode); (b) Au/MWCNT composite surface 

(cathode); (c) 3D surface profile of anode surface,301X301 data points over area 0.3 x 0.3 mm. ; (d) 3D 

surface profile of cathode surface, 301X301 data points over area 0.3 x 0.3 mm. ; (e) surface profile of 

anode cross section (dotted line on (c)); (f) surface profile of cathode cross section (dotted line on (d)).  

(a) 

c. d. 

a. b. 

f. e. 
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Figure 4-48. Material transfer on the surface of Au/Cr-Au/MWCNT; 30 µm height, contact pair with load 

current of 200 mA, 4 V (1 mN). (a) Au hemispheric ball (anode); (b) Au/MWCNT composite surface 

(cathode); (c) 3D surface profile of anode surface,301X301 data points over area 0.3 x 0.3 mm. ; (d) 3D 

surface profile of cathode surface,301X301 data points over area 0.3 x 0.3 mm. ; (e) surface profile of 

anode cross section (dotted line on (c)); (f) surface profile of cathode cross section (dotted line on (d)). 

  

(a) c. d. 

a. b. 

f. e. 



  Chapter 4: Results and Discussion 

 109  

In the part A of Figure 4-44 – Figure 4-48 SEM images of Au-coated hemispherical 

contacts are shown. They showed the Au substance adhered on an Au/Cr ball. These 

material transfer processes also were confirmed by the 3D con-focal laser map of Au/Cr 

ball in Figure 4-44- Figure 4-48 (c). The average transferred Au thickness in any load 

current experiment is around 2 µm roughly as shown in Figure 4-44 - Figure 4-48 (e). 

These graphs also reported the roughness on the sticking area of ball, which averaged 

about 640 nm. On the other side is Au/MWCNT substrate (cathode). In Figure 4-44 - 

Figure 4-48 (b), shows the images of Au/MWCNT surface from SEM. They presented 

the Au layer transferred from surfaces. The 3D con-focal laser map of Au/MWCNT 

surface is also used to monitor the material transfer processes as shown in Figure 4-44 - 

Figure 4-48 (d). The average transferred Au depth in any load current experiment is the 

same thickness of Au layer sticking on the Au/Cr ball about 2 µm approximately as 

shown in Figure 4-44 - Figure 4-48 (a). These graphs also informed the roughness of the 

area of the removed material area. Using the surface roughness of four samples to 

average gets the surface roughness of  632 nm. 

From the observation, Figure 4-44 to Figure 4-48 showed the similarity of the material 

transfer process described in the previous sections. This means that the wear processes 

of load current below 200 mA is also the combination of the delamination and fine 

transfer process. Furthermore, the results show that the electrical loads affect to the size 

of the removed area. To characteristics of the failed contact surfaces, the data form the 

laser profilometer have been summarised in Table 4.2. The diameter parameters 

obtained from SEM measurement. The thickness parameter was calculated by the 

software of the laser profilometer.  

Table 4.2. Material transfer surface characteristics of Au-Au/MWCNT; 30 µm height, with load current 

of 20-50 mA after failed. 

Surface Characteristics 

Current (mA) 

20 30 40 50 200 

Au/Cr ball 

Diameter (µm) 71 100 83 131 150 

Thickness (µm) 2 2 2 2 2 

Au/MWCNT 

substrate 

Diameter (µm) 89 109 107 141 155 

Thickness (µm) 2 2 2 2 2 
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The thickness of the removed material of both the Au/Cr ball and the Au/MWCNT 

composite as shown in Table 4.2 has the same thicknesses of 2 µm. This means that 

when the Au/Cr ball presses onto and penetrates into the Au/MWCNT substrate about 2 

µm, the force obtained from a force sensor will show 1 mN. This showed the accuracy 

of the experimental system. The experimental platform was stiff enough to manipulate 

the Z-axis into a position to provide a constant force. Moreover, the experimental setup 

showed good repeatability since these five experiments show the same thickness even 

though all the experiments were conducted with different balls and positions.   

These thickness, in other words, are the depths of removed material (h) from 

Au/MWCNT substrate. If the diameter of the removed area is calculated by a circular 

segment formula, the equation (4.7) may be used; the variables of the equations, the 

radius (R),width (a) and height (h) of the arc are illustrated in Figure 4-49. 

 

Figure 4-49: Schematic illustrating the Au/Cr ball penetrating into the Au/MWCNT substrate [29]. 

Given a length of the chord with known radius and height of the arced portion:  

   √ (    )      (4.7) 

The depth of the removed area is 2 µm, therefore, the length of the chord or the 

diameter of the removed area calculated by equation 4.7 is approximately 60 µm. In 

theory, the diameter of the transferred area should be similar in every range of load 

currents. However the data from Table 4.2 shows that when the load current increase, 

the diameter of the transferred area also increases as shown in Figure 4-50 which is a 

graph of the results from Table 4.2. 
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Figure 4-50: The relationship between removed diameter and load currents at the point of failure. 

Figure 4-50 shows the relationship between the removed diameter of Au/Cr and 

Au/MWCNT substrate and load currents at the point of failure. The SEM was used to 

investigate the changing on the contact surface. However, whilst the SEM is useful for 

observing the plain surface; it is not accurate when measuring curved surface by point-

to-point measuring mode. Therefore, the thickness of material on the Au/Cr ball is 

slightly less than the depth of the removed material from Au/MWCNT substrate.   

The increase of the contact area attributed to the thermal energy from the higher load 

current. As discussed in the section 4.3, the equation (4.4) shows that the load current 

directly contributes to the thermal energy of the contact surface. Therefore, a greater 

load current provides more thermal energy to soften the larger contact surface. After the 

energy weakens the contact surface, the material can be easily worn and transferred 

from substrate to ball.  

As mention in the section 3.5, the laser profiler program, BODDIES, can automatically 

calculate the area of material removed from the contact. The black area, which is the 

depleted area, were analysed and the results have been summarised in Table 4.3. It 

shows that the depleted area tested with 200 mA was about 26.9 x 10
-3

 mm
2
, this is 

greater than the depleted area tested with 20 mA. Figure 4-51 shows a graph of the 

results from Table 4.3 In addition, this table gives the relationship between Ntotal and 

Amax.   
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Table 4.3. The material transfer area of Au/MWCNT surface; 30 µm height. 

I (mA) Ntotal (cycles) Amax (mm
2
) 

20 856,469,801 6.89 x 10
-3

 

30 340,084,301 8.93 x 10
-3

 

40 180,366,051 10.6 x 10
-3

 

50 135,367,971 13.3 x 10
-3

 

200 8,800,000 26.9 x 10
-3

 

 

 

Figure 4-51: The relationship between removed area and load currents at the point of failure. 

The software of the laser profilometer calculated the removed area. The relationship 

between the load currents in unit of mA (I) and the removed area (Amax) is shown in 

Figure 4-51. A linear plot as shown by a red solid line in Figure 4-51, confirms the link 

between the removed material and the load currents. Excel as derived the empirical 

equation, shown in equation (4.8), from fitting curve:  

                   (4.8) 

Therefore for Cr/Au-Au/MWCNT; 30 µm height, contact pair with 500 nm thick of 

gold layer tested with load current below 200 mA, 4 V with impact force of 1 mN, the 

removed area can be approximated using equation (4.8).   
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4.10 Analytical modelling of switching lifetime 

In 2008, McBride et al. [16, 22-24, 27, 28] developed a fine transfer model. This model 

was created based on the assumption that the fine transfer process is dominated by the 

thermodynamic effect of the current. However, the results presenting in this work was 

derived from Au/Cr - Au/MWCNT contact pair, the failure mechanism is not solely 

resulted from the electrical load. The mechanical load also affected the wear process. 

Therefore, since the fine transfer model cannot be used to accurately predict the lifetime 

for this kind of contact; a new material transfer model was introduced in this research.  

 

Figure 4-52: The number of cycles to failure for a given load current (4 V). Solid black line is the 

experimental data of Au/Cr-Au/MWCNT; 30µm height, contact pair. Dashed line is the experimental data 

of Au/Cr-Au/MWCNT; 10µm height, contact pair. Solid red line is the predicted data calculated by 

material transfer model. 

The relationship between Ntotal and I was plotted from data in Table 4.3 as shown in 

Figure 4-52. The experimental data of the Au/Cr – Au/MWCNT; 30 µm contact pair 

displayed by the solid black line in Figure 4-52, can be fitted to trend-line as presented 

by the solid red line in Figure 4-52. A trend line equation 4.9 as shown describes the 

relationship between the number of cycles to failure and load currents. The load current 

(I) has unit of mA. 

     Ntotal = (3 x 10
11

)I
-2                                                                             

(4.9) 

In Figure 4-52, the experimental data for the Cr/Au – Au/MWCNT; 10 µm height, 

contact pair is presented. The trend curve of the dashed line is similar to the black line 

of experimental data of the Cr/Au – Au/MWCNT; 30 µm height, contact pair. Equation 

Ntotal = (3E+11)I-2 
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(4.18) can be used to predict the onset of failure of the Au/Cr – Au/MWCNT contact 

pair tested with the load current below 200 mA. This model has been verified for 

contacts with the following experimental conditions: the height of MWCNT between 10 

and 30 µm and have a characteristics surface comparable to the Au/MWCNT composite 

and the thickness of a gold layer 500 nm. 

4.11 Summary 

In this study, the switching characteristics of the Au/MWCNTs composite were 

investigated under low current conditions between 20 and 50 mA. The characteristics of 

considered were switching behaviour that were considered are; contact resistance 

performance, material transfer process and developed the material transfer model.  

This work considered the fundamental switch behaviour by switching action that can be 

divided into two processes; opening and closing process. It found that bounces in 

closing process is very significant as a molten metal bridge is generated in every bounce 

resulted in the heating energy to weaken the contact surface. Therefore, in this work 

while a contact relay is switching, the number of bounces from closing process should 

be included to calculate the actual number of cycles. Moreover, the contact resistance 

and bounce process over the switch lifetime can be descripted into four stages; initial 

stable, rising and failure stage. These are a novel standard for monitoring the contact 

lifetime. The contact resistance and the number of bounces characterising can be used to 

estimate the lifetime of the contact. If Rc or Bc start to rise rapidly, this indicates to the 

user that the contact is going to fail soon. 

The material transfer process is one of the wear process types, which can lead to the 

premature contact failure. From observation, the direction of material removal always 

transferred from the Au/MWCNT substrate to Au/Cr ball. Moreover, it is shown that the 

removal area starts from the edge of the contact area and then removes form the centre 

and enlarges until it fails. Furthermore, the material removal area and volume are 

proportional to the applied load currents. The wear process of Au/Cr – Au MWCNT 

contact pairs in this study revealed a new wear system, which is a combination between 

delamination and fine transfer process. Therefore, a material transfer model is 

developed to estimate the number of cycles to failure. Although, the model can be used 

with the limited characteristics of contact pair, the simplicity and accuracy of the model 

gives useful predictions of switching lifetime. 



  Chapter 5: Conclusions 

 115  

Chapter 5:   

 

Conclusions 

This study is the first step toward understanding the switching characteristics of the 

unique material of Au/MWCNT composite for MEMS applications. The switching 

characteristics of the Au/Cr – Au/MWCNT contact pairs are investigated under low 

current conditions between 20 and 50 mA and under high current conditions between 

100 and 200 mA at a fixed voltage of 4 V. The low current conditions are used to 

simulate typical current conditions for MEMS switches. The high-current conditions are 

tested to confirm the consistency of the results from the low current conditions. The 

switching samples tested consisted of an Au/Cr balls coupled with Au/MWCNT 

substrates. The Au/MWCNT substrates have three different heights (10, 30, 50 µm) 

onto which a 500 nm thick gold layer was sputtered. For the experiment the contact 

force was controlled and kept constant at 1 mN, verified using a force sensor. The 

experiment platform was significantly developed to improve the positioning accuracy, 

stability of contact force and experimental repeatability. Moreover, this work developed 

contact pair samples an understanding of failures of contact pair samples by elongating 

the life cycle time, and running the experiments for significantly more switching cycles. 

These investigations yielded results describing the switching behaviour, contact 

resistance performance, material transfer process and enabled the development of the 

material transfer model. 

The new experimental platform was redesigned to reduce issues identified with the 

previous experiment platform. On the old platform, it was difficult to accurately and 

consistently set up experiments, move sample and control forces. The redeveloped 

platform can be moved along three axes: X, Y and Z. The Z direction, which brings the 

contacts together, can be moved with both coarse and fine resolution. The Au/MWCNT 
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substrate was mounted on the PZT cantilever below the ball on the moveable base (X, Y 

direction), therefore making it easy to locate the testing position. The force sensor was 

installed inside the holder on the Z axis is measured and showed the dynamic force 

signal of 1 mN on an oscilloscope. Due to the accurate movement in the Z direction, the 

force pressing on the substrate can be accurately controlled by the simple adjustment of 

Z axis. Furthermore, the higher resolution of the improved oscilloscope eliminated 

issues with electrical noise. The force signal could be measured and displayed on the 

oscilloscope without being obscured by noise. This also helped monitor a dynamic 

switching voltage graph that can display a clear graph. Moreover if this graph is zoomed 

in on, at the closing process, the fine bounces can be observed. From the observation of 

all results, it can be stated that the experimental system in this study has high accuracy 

and repeatability for the simulation of a MEMS switching action. 

Both sides of samples have been developed to result in significantly long lifetimes. The 

previous research used a 2 mm stainless steel ball sputter coated with a 500 nm Au 

layer. The Au ball could operate with load current 20 mA, for only 70 million cycles. A 

2 mm stainless steel ball, sputter coated with 10 nm Cr, and then 500 nm Au were 

introduced in this study. It was able to endure an exceptional number of cycles of 

approximately 800 million cycles with a load current of 20 mA. The reason for this 

improvement is attributed to the introduction of the Cr adhesion layer. The Cr is 

generally known to increase the adhesive force of the Au layer to silicon wafers. From 

observations, the wear process present on the contact area when testing with the load 

current between 20 and 200 mA is the result of a combination of a delamination process 

and a fine transfer process. Therefore, the Cr layer is believed to reduce the 

delamination process of the Au, particularly when testing with high load currents. 

Furthermore, the MWCNT synthesis procedures in this study are developed and 

repeated until the refined procedure produced consistent results. The MWCNT synthesis 

is randomly successful as it is a sensitive process. This work shows the right procedure 

and some techniques to increase the MWCNT forest yield; for example, the wafers 

should be cleaned using plasma cleaner before put them into the sputter machine. 

Moreover, this work found that the Au/MWCNT substrate with height of 30 µm could 

replace the Au/MWCNT substrate with height of 50 µm. The Au/MWCNT substrate 

with height of 30 µm has less the number of bounces and a reduced production cost if 
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compared with 50 µm forests. This is a noteworthy result for industries since it helps 

reduce production costs of the composite. 

Since the previous research did not consider the bounces in the closing process, this 

resulted in the inaccuracy in the evaluation of the number of cycles. This work 

considered the switching behaviour by dividing into two processes; opening and closing 

process. During the opening of a contact relay, the voltage signals showed a transient 

voltage lasting for a few microseconds, this transient was caused by the formation of a 

molten metal bridge. When the contact closes, the repeatable voltage signals called an 

impact or bounce process occur. The impact process shows numerous opening and 

closing events before the contact energy is dissipated and the switch completely closed. 

Moreover, it is found that for each bounce in the impact process the molten metal bridge 

phenomenon occurs. The voltage transient in the molten metal bridge process shows the 

softening, melting, and boiling voltage. The thermal energy to soften and melt the 

contact surface can be calculated by integrating the area under the transient voltage of 

molten metal bridge graph. Therefore, while a contact relay is switching, the number of 

bounces from impact process must be included to calculate the actual number of cycles 

leading to an increase in the accuracy regarding the number of cycles in this work. 

Factors affecting the opening and closing processes were investigated by varying the 

test conditions which was a range of: load currents; contact forces; and MWCNT forest 

height. It was confirmed that the current does not affect the number of bounces since the 

contact surface is assumed to be a constant parameter at the start of the experiment. 

Furthermore, it was shown that the force and height of Au/MWCNT forest are both 

factors, which correlated to the number of bounces because the CNT height is related to 

the elasticity of the forest. However, the number of bounces, Bc becomes decreased 

when the impact force was increased. The cause of the decrease of Bc in high impact 

force may be due to the permanent deformation of the Au/MWCNT since if the CNT is 

deformed, it will have a reduced elastic Young’s modulus. The understanding of this 

data is useful for investigating the switching characteristics of the Au/MWCNT 

composite. 

One of the valuable results in this work is the contact resistance and the change in 

number of bounces over the switch lifetime. This behaviour can be monitored to 

identify the onset of switch failure. The trends for Rc and Bc versus the number of cycles 
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between the experiments operated at the load currents, 20, 30, 40 and 50 mA are 

similar. They can be divided into four stages; initial stable, rising and failure stage. The 

Rc and Bc in the initial stage showed a decreasing trend. The declining trend of both Rc 

and Bc in this initial stage results from an unsteady surface due to the buckling and 

deformation of the MWCNT forest. The stable stage of Rc and Bc displays a relatively 

stable contact resistance. Throughout this stage, the fine transfer mechanism is the 

predominant process. The Au layer is gradually removed from Au/MWCNT to Au/Cr 

ball. When the switching contact is in the rising stage, Rc and Bc gradually and 

continuously increase. This stage shows the depleted area exposing the MWCNT 

underneath at the centre of the contact area. It is known that CNTs have high elastic 

modulus and so the Bc in this stage increases to the maximum number of bounces. In the 

last step, the process goes through the failure stage, which shows the radical increase in 

Rc and the sharp decrease in Bc. In this stage, the contact surface is totally depleted and 

so the contact area completely touches the MWCNTs underneath leading to the high 

contact resistance and low the number of bounces. Therefore, the Rc and Bc 

characterising can be used to estimate the lifetime of the contact. If Rc or Bc start to rise 

rapidly, this indicates to the user that the contact is going to fail soon. 

The material transfer process is one of the wear process types, which can lead to the 

premature contact failure. From observations of the experiments between Au/Cr ball 

and Au/MWCNT substrate, the direction of material removal always transferred from 

the Au/MWCNT substrate to Au/Cr ball. The transfer direction is independent of 

current direction and gravity. This study also examined the effect of outside influences 

on the failure mechanism by testing with dry switching (mechanical influence) and hot 

switching (electrical and mechanical influence) contact condition. The result suggested 

that the effect of the current load is a significant factor for the wear processes on the 

contact surfaces. The electrical influence acts as a catalyst to weaken the contact 

surface; it assists the mechanical influence to begin the material transfer process. To 

understand the evaluation of the wear process of Au/MWCNT surfaces, experiments 

operated at 50 mA were conducted on an Au/MWCNT substrate. After the contact 

surface is created in the initial stage, the edges of the contact area will be the thinnest 

and weakest point due to the high strain and stress. Therefore the material starts to 

transfer from substrate to ball at the edges first and then at the centre of the contact area. 

In the centre of contact area, it is assumed that the electrical influence dominates 
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leading to the origination of the melting/boiling voltages.  Therefore, the melting and 

boiling processes occur in the middle of the contact area; a consequence of this is that 

this area will be weakened until transfer to the Au/Cr ball. Therefore, the surface 

material was removed from an asperity tip on the switching contact and gradually 

expanded; the affected area will grow outwards, increasing with the number of cycles 

until the contact fails. One wear process on this contact seems to be a delamination 

process, the probability of which gradually increases throughout the whole operation. 

However, analysis of the SEM images give evidence, which suggests that a fine transfer 

process is also present during switching. Therefore, the wear process for Au/MWCNT 

contacts is a combination of a delamination and a fine transfer process.  Furthermore, 

this study reveals that the electrical loads affect the size of the removed area. An 

increase in the contact area is assumed to be attributed to the heat energy from the 

higher load current. Therefore, the greater load current provides more thermal energy to 

soften a larger contact surface. After the energy weakens the contact surface, the 

material can then be easily worn and transferred from substrate to ball.  Hence, the wear 

process of Au/Cr – Au MWCNT contact pairs in this study is a new wear process, 

which is a combination between delamination and fine transfer process. A material 

transfer model has been developed to estimate the number of cycles to failure. 

Although, the model can be used with the limited characteristics of contact pair, the 

simplicity and accuracy of the model gives useful predictions of switching lifetime. 

Therefore, this study has gone some way towards enhancing our understanding of the 

switching characteristics of gold coated carbon nanotubes under low current conditions. 

The following major conclusions can be drawn based on the results presented in this 

thesis: 

 During the switching operation, the switching behaviour has two processes; 

opening and closing process. The opening process demonstrates the metal molten 

bridge phenomena. The closing process shows the bounce phenomena.  

 Every bounce on closing process shows the molten metal bridge phenomena. The 

voltage transient in the molten metal bridge is assumed as a melting and boiling 

voltage creating the thermal energy to weaken the contact surface. 

 The evaluation of the contact resistance and the number of bounce cycles over the 

switch lifetime can be divided into four stages; initial, stable, rising and failure 
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stage. By monitoring the stages and classifying the stage at which the contact is in 

during its lifetime it is possible to predict the contact lifetime. 

 The material transfer direction is independent from current direction, contact 

material, and gravity. The direction of material transfer is always from the 

Au/MWCNT substrate to Au/Cr ball. 

 The experimental data showed that the area and volume of removed material are 

proportional to the load current. 

 The wear process of Au/Cr – Au/MWCNT contact pairs is a combination of a 

delamination and fine transfer process. 

 It could be assumed that the fine transfer process occurred from the beginning of 

the unstable stage to the end of the stable stage. After which, delamination 

dominates resulting in failure of the electrical contact in the rising and failure 

stage.  

 The empirical relationship for material transfer created in this work can be used to 

predict the onset of switch failure for Au/MWCNT surfaces; this model can be 

used with the Au/Cr – Au/MWCNT contacts tested with load currents < 200 mA, 

load voltages of 4 V and a contact force of 1mN. 

 This model is only valid for samples of Au/MWCNT where the height of the 

MWCNT forest is between 10 and 30 µm and has a characteristic surface 

comparable to the Au/MWCNT composite in this work. Also, the thickness of a 

gold layer should be 500 nm approximately.  

The research has shown that Au/Cr – Au/MWCNT contact pairs can withstand more 

than 800 million switching cycles at 20 mA (0.08 W), at a low contact force of 1 mN. 

This is a significant increase over previous published work on these surfaces [23]. 

This improvement could result in a breakthrough solution for optimising contact 

materials for long lifetime MEMS switches in the future. 
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Appendix B:  

Thickness measurement for sputtering machine 

The sputter machine is an important machine for producing the samples. The thickness 

of material is an important parameter which directly affects the sample characteristics. 

Therefore, the sputtered material thickness measurement has to be evaluated before 

creating any sample. In this research, the Au (gold), Al2O3 (aluminium oxide), Fe (iron) 

and Cr (chromium) are used to sputter the sample by sputter machine [31-33]. The 

thickness of material sputtered is controlled by adjusting the time as shown in Figure 

B-5-1 (a), (b), (c) and (d).   

(a)  Sputtering rate of Al2O3                                 (b) Sputtering rate of Fe 

(c)  Sputtering rate of Au                                   (d)  Sputtering rate of Cr 

Figure B-5-1. The sputtering rate of the sputter machine. 

 

The thickness of Al2O3 which is used as the buffer layer for MWCNTs process is about 

7.5 nm so the sputtering time as shown on the dashed line in Figure B-5-1 (a) is about 

58 minutes. The Fe which is used as the catalyst layer to form the vertical CNT has the 

thickness of 1.5 nm; therefore, the duration time to sputter as shown on the dashed line 
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in Figure B-5-1 (b) is around 11.5 seconds. The Cr is used to sputter on the stainless 

steel ball before sputtering the Au film [31-33]. The sputter time is 22 minutes 

approximately for thickness of 10 nm as shown on the dashed line in Figure B-5-1 (d). 

The Au is sputtered on both the stainless steel ball sputter coated with Cr (cathode) and 

MWCNTs substrate (anode). Its thickness is about 500 nm which takes about 38 

minutes to sputter as shown on the dashed line in Figure B-5-1 (c). 
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Appendix C:  

MWCNTs growth procedure 

a)   Buffer and catalyst layer deposition by sputter machine  

The main material in this research is vertically aligned CNTs. The chosen growth 

method is CVD. First, a silicon oxide substrate is covered by a uniform catalyst layer 

which can be made using any methods (such as evaporation or sputtering). Following 

this, the sputtered samples are placed onto a furnace boat and put into the CVD reactor, 

in which the sample is heated to the growth temperature. In the CVD furnace, while the 

temperature is rising to the growth temperature and holding at anneal stage; the furnace 

presents the inert gas such as argon and hydrogen. After annealing the sample, the 

hydrogen is stopped and a carbon source is entered to grow CNTs. In conclusion, the 

equipment used is as follows: 

Sputter machine: Kert J. Lesker Sputterer 

Furnace: Thermo CVD Furnace 

Substrate: Silicon wafer with a 525 nm SiO₂ layer 

Buffer: Aluminium oxide (Al₂O₃), ~7.5 nm thickness  

Catalyst Iron (Fe) , ~2 nm thickness 

Inert gas: Argon (Ar) 

Carrier gas: Hydrogen (H₂) 

Carbon source: Ethylene (C₂H₄) 

Typically, the wafer is clean but to avoid the contamination that would lead to the 

unsuccessful growing of CNTs. Therefore, the wafer should be chemical cleaned 

properly. First of all, wafer is cut as a requirement, by a diamond scribe on the shiny 

side. Two glass containers, one for acetone and another one for isopropanol are needed 

to clean the substrate. While cleaning the wafer, ensure that the sample is placed on the 

shiny side. Place the wafer in the glass beaker which contains acetone and sonicate for 

20 minutes. After that take, it from acetone and place it in the isopropanol container as 

fast as possible and sonicate for 20 minutes. The last process is drying them with 
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compressed air immediately after taking out of the isopropanol because isopropanol 

tends to deposit on the wafer because of its fast evaporation. Take these clean wafers 

and put them on the holder of sputter machine. 

First a layer (buffer layer) of Al₂O₃ with thickness of ~7.5 nm is sputtered. Second a 

layer (catalyst layer) is Fe with thickness of ~2 nm. This machine has 4 head to put a 

target in. The Al₂O₃ is installed on DC1 head because it is a nonconductive material and 

Fe is installed on RF1 because it is a conductive material.  

 

Figure C-5-2. The main control screen of Kurt J. Lesker sputterer. 

On sputter controller, open the main control screen as shown in Figure C-5-2. Click the 

vent button for venting pressure to atmospheric pressure and then a front lid can be 

opened. After that place the holder with substrates in the machine by clicking the 

transfer button, then close the lid and pump down the sputter machine and press the 

deposit button to move the sample into the deposition position. The sputter machine will 

not allow continuing to the next step until the pressure drops to below 1x10
-5

 mBar. 

However the lower the pressure, the more efficient the machine sputters.    

Open the source control screen as shown in Figure C-5-3. Select the mid (M) cryo 

isolation valve position and turn on water flow (H₂O) at the required target. Type the 

parameters as follows: 

Rotation: 15 rpm  

Argon gas flow: 5 sccm 
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Al₂O₃ target set point watts: 150 W 

Al₂O₃ target ramp start: 30 W 

Al₂O₃ target step watts: 5 W 

Al₂O₃ target ramp seconds: 30 s 

Al₂O₃ target Nom CT: 789 

Al₂O₃ target Nom CL: 408 

Fe target set points watts:  150 W 

 

Figure C-5-3. Source control screen of Kurt J. Lesker sputterer. 

Click start continuous rotation, turn on Ar flow and open gas valve. Select the Al₂O₃ 

power source and wait for power to ramp up to 150 W. When the actual power reach the 

set point power, the target should be held for a while until the power is stable and then 

opens the shutter for the required period of time. For Al₂O₃, the deposition rate is 7.5 

nm per hour so the shutter has to be closed for 1 hour. Then select the Fe power source 

and wait for power to ramp up to 150 W. It takes a few minutes to reach 150 W, and 

then open the shutter for the required period of time. For Fe, the deposition rate is only 

0.165 nm per second so the shutter has to be closed after 12 seconds. Deselect Al₂O₃ 

power source, Fe power source, gas valve, Ar flow rate, stop continuous rotation and 

H₂O. Back on the main control screen, select the transfer position and click vent. The 

last step is to remove the sample and pump down the sputtering machine. 



Appendix C 

 172 

b)  MWCNTs Growth by CVD method 

After all sputtering steps, we get the substrates with Al₂O₃ and Fe layer of thickness 7.5 

and 2 nm respectively. Place these samples on the ceramic boat and push the boat to the 

center of a quartz tube. The quartz tube is black and dark in the middle as shown in 

Figure C-5-4 (a). Attach the inlet and outlet valve and ensure all seals are tight to 

prevent the gas leakage. Close the furnace. 

         

Figure C-5-4. The thermal CVD furnace and the controller of furnace. 

In Figure C-5-4 (b), the furnace controller is used to program time duration and flow 

rate of the gases. The program is set by switching the furnace ON, pressing ‘set/ent’ for 

3 seconds, pressing a down arrow to ‘-1’ and pressing ‘set/ent’ again. After this, the 

‘set/ent’ button is used to change parameter. 

According to the graph in Figure 3-4, the furnace’s controller has to set up the 

parameter and values as follows: SSP = 25, SP1 = 875, tn1 = 30, SP2 = 875, tn2 = 25, 

SP3=25, tn3=30, SP4=25, tn4=OFF and hold ‘set/ent’ for 3 seconds for ending the 

program.  

The next step is setting up the multi gas controller. Press any button to activate the 

screen as shown in Figure C-5-5 which is the main overall screen. CNT growing uses 

only 3 channels that are Ch1 for Ar, Ch2 for H₂ and Ch4 for Ethylene. In case of the 

furnace’s controller in laboratory of University of Southampton, Ch1 and Ch2 are fixed 

but Ch4 is changed depending on the user requirement. Therefore ensure that the Ch4 is 

connected with Ethylene gas. Moreover in the multi gas controller, the gas source is set 

‘USER’ for Ethylene and the correction factor is entered 0.63. The flow rate of each gas 

has to be set as shown in Figure C-5-5. 
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Figure C-5-5. The monitor of multi gas controller 

After every parameter is input, select ‘ON’ then ‘ALL” to release the gases and press 

‘ON’ again then followed by the channel number to allow each gas to flow through the 

furnace for a while to clear the pathways. Select ‘OFF” and then the channel number to 

stop gas valves. According to Figure 3-4, the first step has argon and hydrogen so turn 

on Ch1 and Ch2.  

Select ‘run’ on a furnace controller to start the program. Wait until the temperature has 

reached the growth temperature then start the stop-watch for 5 minutes, called anneal 

period. After this period, turn off hydrogen and turn on Ethylene for 20 minutes called a 

growth period which is the most significant period. When the required time period has 

been reached turn the Ethylene flow off. After this, let the machine run automatically or 

bypass it if necessary by pressing ‘set/ent’ for 3 seconds,  pressing ‘set/ent’ until found 

‘adv’, pressing the up arrow to show ‘ON’ and pressing ‘set/ent’. When the temperature 

ramps down to 300 °C, the argon flow can be stopped, and the furnace can be opened to 

allow fast cooling. When the furnace cools enough, remove the boat and samples, 

switch off the furnace and turn off all the gas valves. 
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Appendix D: 

The results of the experiment for failure behaviour 

Table D.1 Experiment of Au-Au/MWCNT contact pair with load current of 20 mA. 

ftest 

Hz 

Ttest 

seconds 

Btest 

bounces 

ftest x ttest x Btest 

cycles 

Ntotal 

cycles 

Rc 

Ω 

Bc 

bounces 

Tc 

µsecs 

10 0 0 0 0 0.38 3 5 

10 1 3 30 30 0.3796 3 5 

10 9 3 270 300 0.3634 3 5 

10 90 5 4,500 4,800 0.3582 5 10 

10 900 3 27,000 31,800 0.357 3 5 

10 9,000 3 270,000 301,800 0.348 3 5 

30 55,000 3 4,950,000 5,251,800 0.339 3 5 

30 116,400 3 10,476,000 15,727,800 0.3495 3 5 

30 850,000 3 76,500,000 92,227,800 0.3637 4 7.5 

40 353,000 3 42,360,000 134,587,800 0.3732 4 7.5 

40 342,000 4 54,720,000 189,307,800 0.3698 4 7.5 

40 415,000 5 83,000,000 272,307,800 0.3795 5 12.5 

40 342,100 5 68,420,000 340,727,800 0.3678 5 12.5 

40 197,000 9 70,920,000 411,647,800 0.3905 9 35 

40 161,000 8 51,520,000 463,167,800 0.3974 8 35 

40 252,000 10 100,800,000 563,967,800 0.3755 10 40 

40 259,000 11 113,960,000 677,927,800 0.405 11 45 

40 183,600 13 95,472,000 773,399,800 0.4285 13 50 

30 180,000 9 48,600,000 821,999,800 0.8752 9 55 

30 152,000 7 31,920,000 853,919,800 2.458 7 60 

30 85,000 1 2,550,000 856,469,800 30 1 200 
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Table D.2: Experiment of Au-Au/MWCNT contact pair with load current of 30 mA. 

ftest 

Hz 

Ttest 

seconds 

Btest 

bounces 

ftest x ttest x Btest 

cycles 

Ntotal 

cycles 

Rc 

Ω 

Bc 

bounces 

Tc 

µsecs 

10 0 5 0 0 0.312 5 9 

10 50 3 1,500 1,500 0.311 3 4 

10 100 2 2,000 3,500 0.2995 2 4 

10 500 2 10,000 13,500 0.2895 2 4 

10 1,000 1 10,000 23,500 0.312 1 3.6 

10 5,000 2 100,000 123,500 0.31 2 5.6 

100 1,000 2 200,000 323,500 0.285 2 3.6 

100 46,800 3 14,040,000 14,363,500 0.312 5  

100 100,800 4 40,320,000 54,683,500 0.319 4 6 

100 70,560 3 21,168,000 75,851,500 0.2845 5 8 

100 190,800 3 57,240,000 133,091,500 0.2988 8 12 

100 49,896 3 14,968,800 148,060,300 0.3182 11 17.5 

100 100,800 3 30,240,000 178,300,300 0.3126 12 22.5 

100 68,400 3 20,520,000 198,820,300 0.3271 11 20 

100 99,792 3 29,937,600 228,757,900 0.3272 13 22.5 

100 190,800 3 57,240,000 285,997,900 0.3809 14 35 

100 61,200 2 12,240,000 298,237,900 0.3535 13 25 

100 32,400 2 6,480,000 304,717,900 0.8238 18 30 

100 57,600 2 11,520,000 316,237,900 0.955 7 100 

100 68,724 3 20,617,200 336,855,100 0.6968 2 160 

100 12,560 4 5,024,000 341,879,100 3.145 1 160 
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Table D. 3: Experiment of Au-Au/MWCNT contact pair with load current of 40 mA. 

ftest 

Hz 

Ttest 

seconds 

Btest 

bounces 

ftest x ttest x Btest 

cycles 

Ntotal 

cycles 

Rc 

Ω 

Bc 

bounces 

Tc 

µsecs 

10 0 5 0 0 0.3006 5 9 

10 1 5 50 50 0.2997 5 9 

10 10 5 500 550 0.3007 5 9 

10 50 3 1,500 2,050 0.2994 3 4 

10 100 2 2,000 4,050 0.2974 2 4 

10 500 2 10,000 14,050 0.2964 2 4 

10 1000 1 10,000 24,050 0.2953 1 3.6 

10 5000 2 100,000 124,050 0.3011 2 5.6 

100 1000 2 200,000 324,050 0.3011 2 3.6 

100 105000 1 10,500,000 10,824,050 0.3716 10 19 

100 105900 2 21,180,000 32,004,050 0.39 11 22 

100 88560 2 17,712,000 49,716,050 0.4772 12 27.5 

100 125900 3 37,770,000 87,486,050 0.5714 13 30 

100 85600 3 25,680,000 113,166,050 0.675 18 40 

100 84500 3 25,350,000 138,516,050 0.8388 25 100 

100 65400 3 19,620,000 158,136,050 3.5 6 120 
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Table D.4; Experiment of Au-Au/MWCNT contact pair with load current of 50 mA. 

ftest 

Hz 

Ttest 

seconds 

Btest 

bounces 

ftest x ttest x Btest 

cycles 

Ntotal 

cycles 

Rc 

Ω 

Bc 

bounces 

Tc 

µsecs 

10 0 12 0 0 0.36 12 25 

10 1 12 120 120 0.321 15 30 

10 5 15 750 870 0.319 15 30 

10 10 15 1,500 2,370 0.325 10 20 

10 50 10 5,000 7,370 0.3328 4 12 

10 100 4 4,000 11,370 0.347 6 10 

10 500 5 25,000 36,370 0.355 6 10 

10 100 7 7,000 43,370 0.358 6 10 

100 1,000 6 600,000 643,370 0.354 6 10 

100 5,562 3 1,668,600 2,311,970 0.361 6 10 

100 54,000 3 16,200,000 18,511,970 0.389 8 12 

100 86,400 3 25,920,000 44,431,970 0.449 8 13.5 

100 34,200 3 10,260,000 54,691,970 0.431 9 15 

100 50,400 3 15,120,000 69,811,970 0.413 8 12.5 

100 31,428 2 6,285,600 76,097,570 0.459 11 20 

100 42,768 3 12,830,400 88,927,970 0.611 14 30 

100 97200 3 29,160,000 118,087,970 1.212 14 40 

100 86400 2 17,280,000 135,367,970 2.5 6 100 
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Appendix E:  

Instrumentation for investigating the contact surfaces  

The instruments used in this research are shown in Figure E.1. The contact force, 

voltage for actuator, displacement, dynamic switching voltage and contact displacement 

were displayed on an oscilloscope. The contact resistance was measure by a Four - point 

probe measurements method, using a micro-ohmmeter. A scanning electron microscope 

and a laser profiler were used to investigate contact surfaces in terms of roughness, wear 

area and material transfer volume.  

 

 

Figure E.1: Photographs of the experimental system. 

1. Oscilloscope  

In this study, an oscilloscope was used to monitor the switching signal voltage, contact 

force, PZT signal voltage and displacement. The oscilloscope (model: Gould Classic 

6500) was built for engineers dealing with fast and complex transient signals. Moreover, 

the Classic 6500 can measure with sample rates up to 1 GS/s, it can set memory depth 

field to long memory. Therefore, it is perfect for collecting waveforms with exceptional 

resolution. 

2. Contact force measurement 

To mimic the contact of MEMS, the contact force had to be controlled to low force 

ranging between 0.5-2 mN. This study uses Kistler, type 9207, a quartz force sensor 
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with high sensitivity. It can evaluate quasi-static and dynamic tensile and compressive 

forces from less than 1 mN to 50 N. The sensor contains a highly sensitive, transversal 

quartz component, which is attached without preload. Therefore, the sensor is 

unaffected by thermal influences. The force is presented through the cylindrical front 

end which is held under the cover by a distinct design diaphragm.  

3. Micro-ohmmeter 

To measure the contact resistance, the Four - point probe measurements method was 

chosen. The micro-ohmmeter required terminals for current-carrying and voltage-

sensing. The micro-ohmmeter (model: Keithley 580) was used. It has high accuracy, 

resolution, and sensitivity with three distinctive competences. The resistance range is 

made from 10 μΩ to 200 kΩ. Its sensitivity and accuracy are 10 μΩ and 0.04 % of 

reading respectively.  

4. Measurement of beam displacement 

To measure the PZT cantilever movement, a laser displacement sensor was installed 

under the beam. The lasers were used in the study. This laser series offer high accuracy 

to measure regardless of target surface characteristics. The laser provides a resolution of 

1 µm and linearity of ±0.1% of full scale. It has a minimum spot diameter of 30 µm 

because the special optical system minimizes lens deviation. This laser can be used in 

the long-range mode which offers the measuring range of 500 mm ± 250 mm. 

5. Scanning electron microscopy (SEM) 

To confirm the occurrence of material transfer, a scanning electron microscope (SEM) 

was used to view the contact surface. SEMs create images of targets by scanning them 

with an intense beam of electrons. The focused beam of high-energy electrons was used 

to produce a wide range of signals at the surface of a specimen. The signals that obtain 

from electron-sample interactions expose information about the example such as a 2-

dimensional figure.  A LEO 1455VP is selected in this study. The LEO 1455VP is a 

tungsten filament source SEM, which has the beam energy, 30 kV, the magnification 

range from 20X to 60000X. This SEM was installed with an Everhart-Thornley 

additional electron sensor and a Cambridge four quadrant backscatter sensor. 
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6. Laser profiler 

To inspect the transferred material, it was necessary to use a 3D laser profiler. This 

study uses the Xyris 4000CL (confocal laser), non-contact surface profilometer. It is 

able to measure profile and thickness of various surfaces. Its motion system can travel 

25 mm in X, Y and Z axis. A laser head shows a visible red light laser which has 

illumination source 670 nm and spot size 2 µm. The measurement range and sensor 

resolution are 0.6 and 0.01 µm respectively. This model also brings together a CCD 

camera for on screen tracking of the surface under investigation, helping to recognize 

areas or features of interest. 
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