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ABSTRACT 

 

This thesis focuses on developing a testing method to estimate the mechanical 
and electrical characteristics of CNT-based contact surfaces. In particular the 
use of gold thin films deposited on a CNT forest has potential to offer a very 
effective contact surface. Two different pieces of experimental apparatus were 
used in this research to determine the mechanical and electrical properties of 
gold/multi-walled carbon nanotube (Au/MWCNT) composites: 1) a modified 
nano-indentation; and 2) a PZT actuator test rig.  
 
These apparatuses were used to mimic force-displacement and contact 
behaviour of the MEMS relay‟s contact at a maximum load of 1 mN with dry-
circuit and hot-switched conditions. The surfaces were compared with reference 
Au-Au and Au-MWCNT contact pairs studied under the same experimental 
conditions. In the modified nano-indentation experiment, tests of up to 10 cycles 
were performed. The results showed that the Au-MWCNT pair electrical contact 
resistance improved when the Au-Au/MWCNT pair was used. Additionally the 
Au-Au/MWCNT pair electrical contact resistance (Rc) was comparable with the 
Au-Au contact pair. When the Au-Au/MWCNT composite surface is in contact 
with the Au hemispherical probe it provides a compliant surface. It conforms to 
the shape of the Au hemispherical probe. 
 
For a higher number of cycles, a PZT actuator was used to support Au/MWCNT 
planar coated surfaces. This surface makes electrical contact with a gold coated 
hemispherical probe to mimic the actuation of a MEMS relay‟s contact at higher 
actuation frequencies. This apparatus allows the performance of the contact 
materials to be investigated over large numbers of switching cycles. Different 
current loads were used in this experiment, 1mA, 10mA, 20mA and 50mA at 4V 
supply. The Rc of these surfaces was investigated as a function of the applied 
force under repeated cycles. Under current loads of 1mA and 10mA the 
Au/MWCNT composite surface provides a stable contact resistance of up to 
more than a million cycles and no degradation was observed on the surface. 
Compared with Au-Au contact pair, degradation occurred after 220 cycles. The 
Au-Au contact pair shows delamination of the Au surface on the probe. The 
possible reason is the softening or melting of the Au surface. Furthermore, 
under higher current loads of 20mA to 50mA, degradation had occurred after 50 
million cycles (at 20mA) and degradation had occurred at around 45 to 150 
cycles for 50mA to 30mA respectively. This is because of the softening or 
melting of the Au and Au fatigue after a large number of cycles.  
 
This study is the first step to show the potential of CNT surfaces as an interface 
in low force electrical contact applications. With this research, current trends in 
materials used on contacts and fabrication methods can be explored and even 
modified or adopted. The use of CNT‟s and their composites for contacts can be 
tested using the available apparatus to look at their performance and reliability 
in terms of mechanical and electrical properties. This is useful for MEMS 
contacts that form part of MEMS relay devices. 
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CNT 

d  

d 

dB  

DLC 

R   

o   

F or Fc 

Fe  

H  

I  

K 

KY 

L 

le  

L0  
MWCNT  

NH3  

n  

η  

Ni  

Pd  

Pt  

Rs  

r  

ρs  

ρf   

ρ  

ρ1 and ρ2   

Rh 

Rf   

Rt  

Ra  

Rb 

Rcons 

Rc 

R’c  

Rc (ballistic) 

 

Rc (diffusive) 

 

reff  

Ru  

Rh  

SiO2  

Sb  

- Gold 

- Gold Nickel Alloy 

- Cross-sectional area 

- Mean a-spot radius 

- Cluster radius or Holm radius 

- Critical vertical deformation 

- Asperity vertical deformation  

- Area of contact 

- Silver 

- Copper 

- Capacitance 

- Carbon nanotubes 

–  Gap between the bonded samples 

– Thickness 

- Decibel 

- Diamond-Like Carbon 

- Dielectric permittivity constant for epoxy resin 

 

- Permittivity of free space 

-  Force applied 

- Iron 

- Hardness of the softer material or Meyer hardness  

– Current 

- Knudsen number 

- Yield coefficient 

- Uniform length 

- Elastic mean path 

- Lorenz constant 

- Multi-walled carbon nanotubes 

- Ammonia 

- Number of contact spots in cluster 

- Empirical coefficient of order unity for clean interface 

- Nickel 

– Palladium 

- Platinum 

- Spreading resistance 

- Contact radius 

- Resistivity of the substrate material 

- Film resistivity 

- Resistivity 

- Resistivity 

- Rhodium 

- Film resistance 

- Total resistance 

- Average roughness value 

- Bulk resistance 

- Constriction resistance 

- Contact resistance 

- Wexler Resistance for elastic-plastic material deformation 

- Contact resistance equation based on ballistic electron transport and elastic-plastic 

material deformation 

- Contact resistance equation based on diffusive electron transport and elastic-plastic 

material deformation  

- Effective contact area radius 

– Ruthenium 

– Rhodium 

– Silicon Dioxide 

– Antimony 
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SiC  

SWCNT  

Γ(K) 

Ti  

TiN  

T 

Tm 

T0 

V 

v 

Vs 

Vm 

W 

CVD  

DFM  

ECS  

IFM  

MEMS  

MPECVD  

NEMS  

PECVD  

SEM  

- Silicon Carbide 

- Single-walled carbon nanotubes 

- Gamma function  

- Titanium 

– Titanium Nitride 

- Thickness of the cantilever 

- Maximum temperature in a contact spot 

-Bulk temperature (far from the contact spot) 

- Potential drop 

- Poisson‟s ratio 

- Softening Voltage 

- Melting Voltage 

- Width of the cantilever 

- Chemical Vapour Deposited  

– Direct Force Measurement 

- Electrical contact resistance 

– Interfacial Force Microscope 

- Microelectromechanical systems 

– Microwave PECVD 

–  Nanoelectromechanical Systems 

- Plasma Enhance CVD 

- Scanning Electron Microscopy 
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1.1 Introduction 

 

This research concerns the use of a new material; multi-walled carbon 

nanotubes (MWCNTs) and Au/MWCNT composites and testing it in low force 

contacts for MEMS relay applications. In this study, a new experimental method 

was developed using a modified nano-indentation apparatus and a PZT 

actuator test rig. This chapter provides background on various types of MEMS 

relay, the motivations for using MEMS relays, a brief explanation of the 

research background and finally, an overview of the aims and objectives of the 

research. 

 

1.2 Types of MEMS relays 

 

MEMS is the acronym for Micro-Electro-Mechanical Systems, devices which 

generally range in size from a micrometer to a millimeter and combine 

mechanical and electrical function. A MEMS relay is a miniaturized electrical 

switch that opens and closes under the control of another electrical circuit. It 

transfers power in a transmission line when it acts as a closed circuit (ON-

state). A MEMS relay has two basic designs: (1) a contact situated at the tip of 

a micro-cantilever as shown in Figure 1.1. The cantilever actuates thus making 

the open and closed circuit; and (2) a micro-bridge structure as shown in Figure 

1.2(a). The micro-bridge will bend when an actuating force provided by the 

driving electrode is applied thus giving the ON-state. As shown in Figure 1.2(b) 

the MEMS relay‟s nickel/gold contact bar (micro-bump) which is situated in the 

middle is in contact with the gold contact line [1]. 

 

The most common actuation mechanism for MEMS relays is electrostatic 

followed by thermal, magnetic and piezoelectric force [1]. For example in 

electrostatic the actuation mechanism can be capacitive or ohmic. In capacitive 

actuation, the cantilever is commonly made from a dielectric layer such as 

silicon dioxide or silicon nitride, which is partially covered with a conductive 

layer for the contact and the actuation electrode. In ohmic actuation, the 

cantilever can be made entirely from a conductive material, which is layered 

with a dielectric material such as silicon dioxide [2,3]. 
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Figure 1.1: SEM image of MEMS relay cantilever type (a) top view (b) angled 

view and (c) side view [4]. 
 

 
 

 
Figure 1.2: (a) SEM image of micro-bridge, (b) schematic diagram of micro-

bridge MEMS relay [5]. 
 

Generally in the electrostatic actuation an electrical current is applied. As shown 

in Figure 1.3 the MEMS relay relies on a dc voltage, such that when applying a 

(a) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(b) 

Micro-bridge 

Micro-bridge 
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sufficiently high dc bias it pulls the cantilever down and the contacts close. The 

signal line is now shorted between input and output. The MEMS relay is in the 

ON-state but when the dc bias is removed and there is no actuation force acting 

on it, the cantilever will move back to its original position due to the spring 

effect. 

 
Figure 1.3: Schematic view of an electrostatically actuated MEMS relay [6]. 

 
A thermally actuated MEMS relay relies on thermal expansion through Joule 

heating. In Figure 1.4 (a) when voltage is applied, the Ni film at the top of the 

beam heats up and as a result expands. This results in the deflection and 

actuation forces acting on the cantilever or micro-bridge beam thus closing the 

circuit as shown in Figure 1.4(c). When the applied voltage is removed, it 

deflects back to its original position, the OFF-state, due to silicon stiffness and 

cooling of the Ni film.  

 

 
Figure 1.4: (a) Structure of Ni/Si bimorph MEMS relay and (b) side-view in the 

unloaded state and (c) in the loaded state [7]. 

cantilever 

cantilever 
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In a magnetic MEMS relay, Figure 1.5 shows the cantilever can be deflected up 

or down by switching on and off the electromagnetic coil thus actuating the 

cantilever. This actuation consists of a magnetic core and a magnetically 

deformable cantilever beam, Figure 1.5(a). When current is present around the 

core it generates the magnetic field as shown in Figure 1.5(b). The magnetic 

field gives rise to a magnetic force that attracts the cantilever beam from its 

initial position. Figure 1.5(b) shows the deformation of the cantilever at any 

given time instant, thus giving the ON-state of the MEMS relay. When the 

electromagnetic coil is turned off the cantilever returns to its initial position, due 

its stiffness, constituting the OFF-state. 

 

 
Figure 1.5: (a) Schematic diagram of magnetic actuated MEMS relay 

(b) deformed shape in magnetic field [8]. 
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Finally, MEMS relays can be actuated using a piezoelectric (PZT) layer such as 

Zinc oxide or lead-zirconate-titanate materials. The piezoelectric actuation of 

MEMS relays is typically based on a bimaterial cantilever, where a differential 

contraction due to the piezoelectric effect causes the structure to bend. These 

layers produce a displacement via electrical actuation as in a piezoelectric 

bimaterial (electric field(s) cause one layer to extend and the other layer to 

contract). When a voltage is applied to the PZT layer it produces a mechanical 

force, thus bending the cantilever producing the ON-state. 

 

Overall there are two microstructure designs for MEMS relays; the cantilever 

and the micro-bridge, and there are 4 types of actuation methods generally in 

use; electrostatic, thermal, magnetic and piezoelectric. The most common is the 

cantilever type using electrostatic actuation because it is simple and easily 

fabricated. 

 

1.3 MEMS relays versus other relays 

 

Electromechanical relays (EMR) have been used for decades. An EMR is an 

electrical switch that opens and closes under the control of another electrical 

circuit, the switch is operated by an electromagnet to open or close one or many 

sets of contacts. Generally two properties are observed in relay devices 

insertion loss and isolation. Insertion loss is a measure of power dissipation at 

the output port relative to the power at the input port of a device in the ON-state 

and isolation is the measure of power isolation between a contact pair in the 

OFF-state. EMRs‟ have a low insertion loss (typically 0.1dB) in the ON-state 

and high isolation (typically 80dB) when they are in the OFF-state. Both are 

expressed as dB or power ratio, this scale is most conveniently used because 

of the very wide range of the power amplitude between the input and output [9]. 

Furthermore EMR have good power handling capabilities, however, they are 

large in size and need higher power to switch and can only achieve a slow 

switching rate (1-40ms) as shown in Table 1. Due to the need for higher power 

to switch, a faster switching rate and miniaturization these relays are unsuited 

for the applications and are relatively bulky. If designing a circuit, this will 

http://en.wikipedia.org/wiki/Switch
http://en.wikipedia.org/wiki/Magnet
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present a dilemma. Even with the smallest relay such as reed relays (reed relay 

is one or more reed switches sealed in a long, narrow glass tube, controlled by 

an electromagnet. The contacts are of magnetic material and the electromagnet 

acts directly on them without requiring an armature to move them) as shown in 

Figure 1.6, they are relatively heavy, expensive, take up critical circuit board 

space, and add unnecessary volume to a design, which puts limitations on the 

overall systems [10]. 

 

Characteristic MEMS 
Relay 

GaAs 
FET 

PIN 
diode 

EMR 

Size Small Very 
small 

Small Large 

Resistance 0.5Ω 1-5Ω 1-5Ω 0.5Ω 

Switching power 2W 0.5W 5W 35W 

Switching rate 0.5-20µs 10-100ns 10-100ns 1-40ms 

Insertion loss 0.25dB 0.5dB 0.5dB 0.1dB 

Isolation 40dB 30dB 30dB 80dB 

Power consumption Very low Low Low High 

 
Table 1: Comparison of MEMS relay and other relays [11]. 

 

 
 

Figure 1.6: Example of reed relay in different sizes (scale in cm) [10]. 
 

Solid-state relay technologies (PIN diode- and FET-based) as shown in Table 1 

are utilized for their high switching rate (10-100ns), commercial availability, low 

cost, and reliability. In spite of these advantages, two major areas of concern 

with solid-state relays exist: (1) the fundamental insertion loss is higher than for 

MEMS relays; and (2) the isolation during the OFF-state is lower t han for 

MEMS relays [12]. 

http://en.wikipedia.org/wiki/Reed_switch
http://en.wikipedia.org/wiki/Electromagnet
http://en.wikipedia.org/wiki/Magnetic
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Even though MEMS relays are slower in terms of switching rate and have lower 

power handling capabilities, by utilizing an electromechanical architecture on a 

micro-scale, high frequency MEMS relays (typical range from 10kHz to 

hundreds of GHz) [13] combine the advantages of traditional electromechanical 

switches (low insertion loss and high isolation) with those of solid-state relays 

(low power consumption, low mass, long lifetime), together with the potential for 

high reliability and long operational lifetimes. These factors make MEMS relays 

a promising solution to existing low-power high frequency technology 

limitations. Furthermore as stated by Coutu et al. (2006) MEMS relays are 

ideally suited for high frequencies MEMS relay application because of their 

small geometries, exceptional high frequency performance, and low power 

consumption [14]. 

 

1.4 Research background 

 

The MEMS electronics industry is interested in the reliable performance of 

MEMS relay contacts. There are many potential applications for MEMS relays, 

including radio frequency (RF) switches for communications, automobile, 

military, aerospace and instrumentation [9]. A large investment has occurred in 

the past decade in this area of research. This has resulted in a transition from a 

research curiosity towards a multi-billion dollar commercial enterprise [15]. This 

shows how important relay contacts are to MEMS devices.  

 

A survey of MEMS relays reveals that they can resonate dynamically in the 

range of 100Hz to 100kHz, with power handling between 0.01W to 10W as 

shown in Figure 1.7, where power handling is the power that the MEMS relay 

can handle or withstand during the ON-STATE for a period of time without 

incurring damage. When compared with EMR, MEMS relays have lower power 

handling and when compared with solid-state relays they have a lower 

switching frequency. Switching frequency is defined as the number of 

actuations to which a cantilever can respond in a given time period, usually 

expressed as Hertz. EMR power handling exceeds 10W and the switching 

frequency of a solid-state relay reaches more than 100MHz. It would be 
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desirable to develop a MEMS relay that could exceed 100kHz switching 

frequency without mechanical and electrical failure.  

 

MEMS relays are advantageous due to their small size and they have a 

significantly better performance in-terms of low insertion loss and high isolation 

at high frequencies over existing traditional technologies instrumentation (EMR 

and solid state relays), making them desirable to the electronic industry. 

 
Figure 1.7: Performance of power handling vs. switching rate with different types of 

relays [16-25]. 
 (16, 17, 18, 19, 20, 21, 22, 23, 24, 25) 

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 micro-structure. It is important that the contact is 

continuously conductive but if it wears and degradation occurs this will affect the 

overall performance of the MEMS devices. Currently, there are MEMS devices 

but these are unreliable due to degradation of the contact material surfaces 

[26]. 

 

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

exceed the melting voltage, for example Au‟s melting voltage is 0.43V) of a 

MEMS relay‟s contact and this is commonly caused by the erosion and wear of 

the contact surfaces. This often results in the exposure of electrical contact 
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constituents, which result 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 (Rc) 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. 

 

This research aims to investigate and improve the mechanical and electrical 

properties of MEMS relay contact surfaces under low force applications. The 

performance and reliability of a MEMS relay that operates dynamically depends 

on its contact resistance, conductivity and resistance to deterioration. 

Experiments on electrical contacts and contacts using different types of material 

have been conducted. This is to improve the mechanical and electrical 

properties thus prolonging the overall lifetime of the device. The materials that 

are widely under investigation are thin metal films, silicon carbide and 

conductive diamond films. These materials were introduced to identify which 

material is most suitable and reliable. Currently, the most commonly used 

contact material is gold (Au) and its alloys in the form of thin films. 

 

Silicon carbide and diamond film coatings have been investigated, however 

their electrical performance is greatly inferior to Au and its alloys. Au has a low 

resistivity and it resists surface oxidation and the formation of sulfide layers. 

However, Au wears readily and has adhesion problems due to Au‟s relatively 

low hardness (0.2-2GPa). Therefore, alternative materials need to be identified. 

A new material form; carbon nanotubes (CNTs) and their composites, are 

emerging for MEMS electronic devices. CNTs have mechanical and electrical 

properties comparable with diamond and gold respectively. This makes them 

attractive for investigation. 

 

This research concerns with the fabrication, performs testing and compares the 

results of a MEMS relay contact coated with Au, MWCNT and Au/MWCNT 

composite materials. Both Au and MWCNTs specimens were fabricated by 
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coating contact surfaces using a sputter and chemical vapour deposition (CVD) 

apparatus respectively. The experiments were conducted using a modified 

nano-indentation apparatus and a PZT actuator test rig with a coated flat 

substrate attached at the tip. This coated planar surface makes a contact with 

the Au hemispherical probe. Dry-circuit and MEMS current load conditions were 

used in the experiment. 

 

A MEMS relay is usually operated in a hermetically sealed package, to prevent 

the contamination of the contact that leads to the device‟s failure. This method 

is not totally effective for extended life applications. If leaks occur, the contact is 

easily degraded by reaction with an adsorbed contaminant, causing oxidation 

that over time leads to the build-up of oxide layers on the contact surfaces. This 

is why most experiments performed by other researchers have been conducted 

in controlled environments using environmental chambers. These experiments 

use an inert gaseous environment. This is to isolate the contact from premature 

degradation due to contamination and reduces the formation of an insulating 

surface layer. In some cases, an actual MEMS relay might encounter sudden 

exposure to contamination. Thus mimicking the situation by using the 

environmental chamber to sudden exposure of oxygen, vacuum, organic 

vapours and silicon vapour is also performed. 

 

In this research the experiment uses controlled temperature and ambient air to 

mimic the actual life cycle of a non-hermetic MEMS relay. This is because it 

would be more economical to produce a non-hermetic MEMS relay than a 

hermetic MEMS relay. Thus the MEMS industry would be able to manufacture 

the MEMS relay devices commercially and economically in the future. New 

findings towards the capabilities of the novel materials, CNTs and their 

composites is revealed. Moreover, through these experiments, the important 

understanding of the degradation phenomena will help us to design contacts 

that are less susceptible to the failure mechanisms and consequently have 

much longer field lifetimes. In addition, understanding the failure mode of the 

contact would be beneficial to developers and users of the MEMS devices thus 

enabling the micro/nano industry to move ahead. 
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1.5 Aim and objectives 

 

The research focuses on fabricating and testing commonly used materials and 

a new composite material for contact electrodes in MEMS relay devices. The 

research will be relevant to future electronic devices applications. The overall 

aim of the study is to investigate and improve the performance and reliability of 

contacts in MEMS relays at low force using new materials; MWCNTs and a 

Au/MWCNT composite. 

 

The subsidiary objectives of the study focus on the fabrication and testing of 

commonly used materials and the new composite material that can be utilised 

on a MEMS relay‟s contacts. Specifically, the objectives of the research are: 

 

1. To explore MWCNT and MWCNT/metal composites as promising 

materials for contacts, including developing fabrication methods, 

2. To perform tests using a modified nano-indentation apparatus to test the 

contact performance under quasi-static actuation, 

3. To perform tests using a designed and fabricated PZT test rig for testing 

relays at higher number of cycles under higher frequency, 

4. To investigate Au/MWCNT composite surfaces under low force contact 

conditions with dry-circuit and hot-switched conditions, and 

5. To understand failure mechanisms of Au/MWCNT composite contact 

surfaces, in terms of their mechanical and electrical behaviour. 

 

Overall, this is a novel approach to producing a contact at low force, by using 

Au/MWCNT composite. Where the Au is supported on a forest of vertically 

aligned carbon nanotubes, reduces the scale of plastic deformation without 

compromising the contact resistance. Au is used because of its low resistivity 

and resistance to oxidation. MWCNT is used because of its unique mechanical 

and electrical properties. If the experiment is successful and CNT/metal 

composite is proven to be the best material it will improve MEMS relays‟ 

performance and reliability. This is important for MEMS relay devices if they are 

to survive the competition, especially with the current and traditional relays. Up 

to date, as stated by McKillop (2007), commercial MEMS relays are currently 
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available from only two companies [27]. This includes the MEMS relays 

fabricated by Tera Victa but these relays have a 100 million cycle lifetime at hot-

switched condition [28]. Furthermore, as stated by Bouchaud (2007) MEMS 

relays entered the commercialisation phase in 2003 but reliability is still a major 

hurdle [29]. The possible degradation would be with their contact materials. 

 

In this research the new material will be used on a new application; (low force 

contact typically with a maximum load of 1mN) because it has the promising 

properties for a relay, good mechanical and electrical properties as compared to 

the existing material used on contacts. This would materialize if the above 

experiment and fabrication of a test rig for MEMS relays is a success. This 

would be the first step in testing and observing their real life performance and 

reliability. This would be the validation phase of the performance and reliability 

of the potential material. 

 

1.6 Scope of the thesis 

 

This thesis consists of the following chapters: 

 

Chapter 2: Literature Review 

 

This chapter discusses published information on MEMS relays and contact 

area. It presents a summary of contact theory, reviews the current experiments 

on electrical contacts and reviews the properties and fabrication methods for 

carbon nanotubes. This discussion aims to identify gaps in the literature and to 

put this research work into perspective.  

 

Chapter 3: Research Methodology 

 

This section explains the fabrication methods for Au, MWCNT and Au/MWCNT 

composite samples and the experimental setup. It also explains how the data 

from the experiment are collected for this research. 
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Chapter 4: Results & Discussion 

 

In this section the results and discussion are presented. It shows the results of 

contact resistance against number of cycles of the Au-Au, Au-MWCNT and Au-

Au/MWCNT contact pair during dry-circuit and hot switching condition. It 

explains the characteristic behaviour of the samples. The experiment was 

validated using Scanning Electron Microscope (SEM) images, a TaiCaan 

Technology XYRIS 4000L laser scanner and X-ray spectroscopy to observe any 

changes on the surface of the contact. 

 

Chapter 5: Conclusion 

 

This chapter summaries and concludes the main findings. Overall, it is 

concluded that Au/MWCNT composite shows very good potential to be used in 

low force contact for MEMS relays application. This chapter presents the future 

work that needs to be undertaken if Au/MWCNT composites are to be 

developed in viable materials for MEMS relays. 
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2.1 Introduction 

 

This chapter introduces a study of previous work on electrical contacts. The 

theory of a classical electrical contact is explored and this theory will be used to 

estimate contact resistance (Rc) and the electrical or power loss for MEMS 

relays. More recent work of electrical contact theory for low force contacts is 

also presented and compared with the classical contact theory. Furthermore, 

reviews of experimental trends are presented and with these trends, the results 

from the experiments can be compared. The current materials in use for MEMS 

relay contacts such as thin metal films, silicon carbide and diamond is 

presented. The materials‟ advantages and disadvantages when used in MEMS 

relay applications are identified. Finally, the proposed new materials, carbon 

nanotubes (CNTs) and its composites are presented.  

 

2.2 Electrical Contact Theory 

 

A contact with low electrical contact resistance (typically < 10Ω) when closed is 

desired for MEMS relays and it should provide no path for conduction when 

opened (typically > 100MΩ) [30]. Holm presented a wide study of electrical 

contacts in terms of mechanical and electrical properties [31]. In the study of 

electrical contacts one of the most important quantities is the contact resistance. 

Contact resistance consists of bulk resistance, constriction resistance and film 

resistance. Bulk resistance, Rb, is defined by its uniform length, L, cross-

sectional area, A and resistivity, ρ , as shown in Figure 2.1. 

 

 

 

A

L
Rb      [Equation 2.2.1] 
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Figure 2.1: Unbroken solid conductor. 
 

In an electrical contact the contact resistance is between the two surfaces 

brought together. Constriction resistance is defined as the resistance arising 

from the constriction of current flow through the two surfaces as shown 

schematically in Figure 2.2 (a) and (b).  

 

 

 

 

 

 

 

 

 
 
 
 
 
 

Figure 2.2: (a) Constriction resistance due to asperities of two-member 
conductor (b) top view: a-spots.  

 

This occurs because the two surfaces in contact are rough (having asperities) 

on the micro-scale, and, therefore, not all of the apparent areas of the surfaces 

A 

L 

(a) 

 

 

 

 

 

 

 

 

 

(b) 

a-spots 
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are in contact. To make the contact resistance calculation simple the contact 

spots or a-spots are summed and assumed to be circular as shown in Figure 

2.2 (b), free of surface films, small compared to the width of the bulk conductor 

and consisting of a monometallic (same material) contact. This gives: 

 

constriction resistance,
r

Rcons
2


    [Equation 2.2.2] 

 

where r is total contact radius. 

 

This expression is widely used in electrical contact problems relating to the 

design of electrical contacts. For example when using the equation 2.2.2 for 

pure gold (resistivity 2.24x10-8Ωm) and silver (resistivity 1.58x10-8Ωm) to obtain 

a comparatively low contact resistance of 1 mΩ; the contact radius will only be 

~11μm and ~8μm respectively. It is obvious that the contact radius is much 

smaller than that of the apparent conductor area. It is also apparent that the 

contact resistance will increase due to the constriction (i.e. if the contact radius 

decreases) and redirection of the current path through the contact. Furthermore, 

in some instances the contacts consist of two different materials, with resistivity 

of ρ1 and ρ2 as shown in Figure 2.3. 

  

Figure 2.3: Two different materials contact. 
 

The constriction resistance associated with each half of the contact is then 

r
R

4

1
1


  and

r
R

4

2
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1 

 

 

2 
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The total constriction resistance is considered in series and then becomes: 

21 RRRcons   

rr 44

21 
  

 

Therefore, 
 

r
Rcons

4

21  
    (Equation 2.2.3) 

 

These models assume that there is only one contact spot but in reality due to 

asperities and the contact mechanics of the metal surfaces the contact is 

expected to comprise many contact spots. From Greenwood (1966), who 

assumed that a contact occurs between clusters of circular contact spots, the 

contact resistance can be given as follows [32]: 

 














2

1

2

1

nr
Rc

   (Equation 2.2.4) 

 

Where n is the number of contact spots in a cluster and α is the radius of the 

cluster spot (contact spot) sometimes defined as the Holm radius. If we assume 

that the number of contact spots is numerous, the equation reduces to: 





2
cR     (Equation 2.2.5) 

 

The above formula has been derived without considering any force acting on 

the surfaces. The equation 2.2.5 can now be used to derive a formula for the 

contact resistance dependence on contact force. Assuming it deforms 

plastically, F = Ac H, where F is the force applied, Ac is the area of contact and H 

is hardness of the softer material. Now considering that the area of contact is 

circular, this gives Ac = η π α
2, where η is an empirical coefficient of order unity, 

for a clean interface, η=1 (no surface contamination or film). Then substituting 

the above equations into equation 2.2.5 gives the following formula [31]: 
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2

1

2

4 









F

H
Rc


      (Equation 2.2.6) 

 

The above formula assumes a plastically deforming contact surface and this is 

acceptable, as Greenwood has shown that asperity deformation is generally 

plastic in most practical applications. Equations 2.2.2, 2.2.3, 2.2.5 and 2.2.6 can 

be used to calculate the contact resistance if the surface is clean. A further 

consideration is the formation of thin films on the contact surfaces. The film-

metal interface can be defined as a nearly equipotential surface, thus the 

current density in the film is approximately uniform across the contact spot or a-

spot, thus the constriction resistance is given as 
a

R s
cons

4


 , 

 

where the ρs is the resistivity of the substrate material. The current passes 

through the resistive film of area πa
2, thickness d and resistivity ρf. Then the film 

resistance is
2a

d
R

f

f



 . The total resistance Rt = Rcons + Rf, thus the expression 

becomes [31]: 

24 a

d

a
R

fs

t



     (Equation 2.2.7) 

 

Equations 2.2.2 to 2.2.7 represent the simple electrical contact theory for solid-

solid interfaces. These equations show the fundamental properties that affect 

the electrical contact such as surface hardness, surface film, contact force and 

the deformation mechanism. These formulas have been used to give an 

approximation which is useful for designing electrical contacts, but this classical 

theory is expected to provide errors when compared to the experiments 

conducted in this research. These errors could be due to: (1) the film thickness; 

(2) the formation of thin film or contaminants on the surface of contact being 

ignored; (3) the classical model assuming a large solid conduction body rather 

than a thin film; (4) the complexity of the contact surfaces; and (5) a diffusion 

dominated conduction model rather than ballistic transport conduction. Ballistic 

transport conduction occurs when an electron injected at one end of a 
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conductive medium should come out the end without losing energy. It is also 

indicated that a conductor will be a ballistic conductor if the mean free path is 

larger than the length of the conductor [33]. The mean free path is the average 

length that the electron can travel freely before interacting with an atom or 

subatomic particle and deviating from its original path, possibly losing some 

kinetic energy. The electron travels over the free mean path, typically for metals 

in ~50nm. In the present experiments the contacts are formed at very low force 

(ranging from tens of μN to a few mN) and with thin film surfaces thus the 

Holm‟s model will need to be modified.  

 

2.3 Modification of the Holm model for low force contacts  

 

Consideration is firstly given to the breakdown of the classical Holm conduction 

model. This follows a study by Coutu et al. (2006), where the influence of 

elastic-plastic material deformation and the associated contact resistance under 

the low force conditions typical of MEMS relays, where conduction is likely to be 

dominated by ballistic and diffusive electron transport; were considered [14]. 

Using the formula from Coutu et al. (2006) [14];  

 

R’
c 
= R

c 
(ballistic) + Γ(K)R

c 
(diffusive)                 (Equation 2.2.8)  

 

Where R
c 
(ballistic) is the contact resistance based on ballistic electron transport 

and elastic-plastic material deformation, R
c 

(diffusive) is the contact resistance 

based on diffusive electron transport and elastic-plastic material deformation 

and Γ(K) is the Gamma function. This formulation is an updated micro-contact 

resistance model for low force contact developed using Chang‟s [34] 

improvement to the Chang, Etsion, and Bogy (CEB) model [35] and the Gamma 

function in Wexler interpolation [36], where; 
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and  
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where, ρ is the resistivity of the sputtered Au on the micro-contact, H is the 

hardness of sputtered Au, F is the applied load (range from 10μN to 1mN), K is 

the Knudsen number, KY is the yield coefficient which is the function of 

Poisson‟s ratio, v, αc is the asperity critical vertical deformation, that is when the 

top part of the asperity starts to deform plastically, and α is the asperity vertical 

elastic deformation. 

 

 

To calculate the Knudsen number [14,37]; 

 

eff

e

r

l
K      (Equation 2.2.11) 

The Knudsen number, K, is a dimensionless number describing the „flow‟ of the 

electron particles and is defined as the ratio of the molecular mean free path 

length to a representative physical length scale; the length scale example would 

be the radius of the contact surface. le is elastic mean path (for most metals 

~50nm [14,37]) and reff is effective contact area radius. In a single effective 

asperity model, the individual contact spots are close enough together that their 

interactions are not independent. In this circumstance Coutu et al. (2006) [14] 

assumes that the effective contact area is defined as the sum and not the 

parallel combination of the individual contact areas.  

 

To understand the implication of the modified contact resistance model consider 

the 1mN contact force with the values of H and ρ used in equation 2.2.6, 

assume η=1, this leads to a predicted contact area of 0.58μm
2 

based on A= 

F/H. This generates a predicted constriction resistance of 26mΩ as shown in 

Figure 2.5. The corresponding contact radius is 430nm, based on a single 

circular contact. The corresponding relationship with force is shown in Figure 

2.5. To determine the adjustment to the predicted resistance based on the 
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application of equation‟s 2.2.8, 2.2.9 and 2.2.10. If we assume the same area of 

contact then using equation 2.2.11, K= 0.000116. Thus for the selected area the 

contribution to the resistance of the ballistic transmission model is negligible. To 

determine the contribution to the resistance resulting from the modified diffusive 

model the yield coefficient can be calculated using [14]; 

 

vKY 158.11282.1                       (Equation 2.2.12) 

 

where v is Poisson‟s ratio for Au (0.42), thus, KY is 1.61456.  

 

When the asperities are considered having elastic-plastic deformation, the α 

(asperity vertical deformation) and αc (critical vertical deformation) are assumed 

equal [34,35]. To estimate the Γ(K) Gamma function we can use the graph as 

shown in Fig. 2.4 [36,38,39].  

 
Figure 2.4: Graph of Gamma against Knudsen Number for gamma function 

plotted by Mikrajuddin et al. [36]. 
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Since K (Knudsen number) is 0.000116, from the graph the Gamma function is 

~1. By substituting equations 2.2.9 and 2.2.10 and the above data into equation 

2.2.8 a new analytical model is plotted as shown in Figure 2.5. 
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Figure 2.5: Calculated model of contact resistance as a function of applied load. 

 

The Coutu‟s analytical model (equation 2.2.8) gives a contact resistance slightly 

lower than Holm‟s contact resistance model in (equation 2.2.6). In this model: 

(1) the new micro-contact resistance considers elastic-plastic material 

deformation; (2) it uses a single effective contact area rather than multiple a-

spots; (3) conduction during the micro-relay‟s closure is considered to be a 

mixture of ballistic and diffusive electron transport; and (4) the contact load 

discontinuity, which exists at the transition from ideal elastic to ideal elastic-

plastic behavior, is accounted for.  

 

Au is a logical choice as a contact material for MEMS relay contacts because it: 

(1) has a low propensity to form alien surface films; and (2) is corrosion 

resistant [14]. However, Au has the tendency to have a thin layer of carbon on 

its surface that is residue from the cleaning process and/or is adsorbed due to 
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exposure to air [40]. For example, it has been reported that there are 2-4nm 

thick of adsorbed hydrocarbons on freshly cleaned Au [41,42] and this will 

increase the contact resistance. Therefore, surface films and contaminants 

should not be ignored when designing a new contact resistance analytical 

model. 

 

In addition, the use of a single effective contact area rather than multiple a-

spots [14] will need to be reconsidered. Even though at low contact force, 

multiple a-spots will be formed during contact because of the asperities on the 

surface. The asperities will have different heights and radii [43] thus adding 

complication. Coutu et al. (2006) and Timsit (2006) also noted that the single 

effective asperity model did not accurately represent the actual contact area for 

these electrical contacts‟ surfaces [14,39]. 

 

A new technique to investigate the contact surfaces as shown by McBride 

(2006) [43] and measuring the contact resistance in-situ could be considered. 

This used a new system to measure the loaded surface profile, based on a non-

contact 3D laser profiler. A test contact is mounted on a force sensor on an 

adjustable screw support such that it can move into contact with the fixed 

transparent surface. The laser performs the scan through this transparent flat 

slide supported in a fixed position above the base. This system allows the 

measurement of contact area and deformation in terms of the contact force and 

plane displacement while the surfaces are actually in contact.  

 

2.4 Voltage-temperature relation 

 

Another consideration when designing an electrical contact is the influence of 

temperature during the contact. Under such conditions significant Joule heat is 

produced within the constriction, the crowding of the current lines within the a-

spot generates enough heat to soften or melt the contact surfaces. For 

example, the theoretical voltage for softening and melting Au is Vs, 0.08V and 

Vm, 0.43V respectively [31]. 
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In the theory of electrical contacts, the voltage-temperature (V-T) relation is 

expressed as below [31,44]. 

2
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                          (Equation 2.2.13) 

Where Tm is the maximum temperature in a contact spot, T0 is the bulk 

temperature (far from the contact spot), V is the voltage-drop across the contact 

and L0 is the Lorenz constant.  

 

The voltage drop, V, is calculated by; 

 

cIRV                                  (Equation 2.2.14) 

 

where I is the current passing through the contact spot and Rc is the contact 

resistance of the surface in contact. Equation (2.2.5) or (2.2.6) can be 

substituted into equation (2.2.14) and then into equation (2.2.13), but these 

equations are no longer valid due to the unique features of electrical conduction 

in thin film and low force contacts. Even with the modified electrical contact, 

equation (2.2.8) [14] is established but this equation still gives error. This is due 

to no consideration of the formation of thin films or contaminants, the use of a 

single effective contact rather than multiple a-spot and the surface roughness. 

 

The above consideration needs to be addressed when formulating the equation 

that calculates contact resistance. If we use the above equation to calculate the 

maximum temperature it will be invalid. The formation of contaminants is 

unavoidable because in this research the contact material is exposed to air and 

its surroundings such as water vapour or dust. Furthermore the use of a single 

effective contact and surface roughness needs to be reconsidered because in 

the micro-scale the surface contact is not smooth. They have asperities and due 

to this there will be multiple a-spots and the effective contact radius needs to be 

the sum of the multiple a-spots. 
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2.5 Contact materials  

2.5.1 Commonly used materials 

 

This section reviews materials which have been studied for use in MEMS relay 

contacts including thin metal films, silicon carbide (SiC), diamond and CNTs. 

Silicon has been in use by the electronic integrated circuit industry for decades. 

It is unquestionably the choice of material for MEMS devices because of its 

availability for fabrication. However, silicon has poor mechanical and tribological 

properties, including a low wear resistance, poor brittle fracture strength, and a 

tendency to adhere to surfaces in contact [45]. Furthermore there are demands 

in harsher environment applications for the MEMS devices (for example, high 

temperature and pressure in the automotive and aerospace industry). Thus 

other materials have been explored and tested. This is to find alternatives to 

conventional silicon technology to allow even smaller and more reliable 

electronics to be fabricated [46]. 

 

There are several contact materials used including gold, platinum, silver, 

palladium, cadmium, tungsten and base metals (Ni, Fe, Ti and Sb) and their 

alloys [47,48,49]. Gold, silver and its alloys (with palladium or platinum) were 

mainly in use in the experiments by Coutu et al. (2004) to select a reliable 

material for contacts [50]. Recent research by Dickrell et al. (2005) also focuses 

on thin metal film such as Au, Pt, Ti, and TiN [51]. The most widely used thin 

metal films considered for contacts are gold and its alloys. This is due to gold‟s 

low resistivity (2.24 x 10-8Ωm), high oxidation resistance and ease of integration 

with available device fabrication processes. However as stated by Coutu et al. 

(2004) [50], it is a very soft metal, has a relatively low melting point, and 

adsorbs a carbonaceous layer which makes gold contacts susceptible to 

degradation, erosion and wear. Thus, to minimize its erosion and wear, gold is 

usually hardened by alloying it with elements such as nickel, palladium, silver or 

platinum. 

 

Additionally, repetitive contact at high contact current will lead to contact wear 

and failure. This is why the MEMS electronics industry is looking at other 
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materials that can withstand such conditions. Other materials that are of interest 

to the MEMS and electronics industry are silicon carbide and diamond. These 

materials have been used as structural materials for MEMS devices such as for 

micro-resonators (micro-mechanical oscillators). Both materials have 

considerable advantages, particularly their hardness, high Young‟s modulus, 

resistance to harsh chemical environments, mechanical stability at high 

temperature and very high thermal conductivity [52]. Given these properties 

there is a strong drive to make high performance MEMS relays with these 

materials.  

 

Silicon carbide (SiC) is an alternative material for contacts in harsher 

environments, especially high temperature oxidizing environments. Efforts have 

been made to develop silicon carbide for MEMS devices and the extension of 

silicon-based MEMS technology to harsher environments [53]. Most, articles 

report on the issues of fabrication and improving SiC material quality for MEMS 

electronics applications. An attempt to improve its electrical resistivity has 

shown that silicon has a resistivity of 640Ωm but when SiC film is doped with 

NH3 (ammonia) the resistivity drops to 1 x 10-4Ωm [54].  

 

The above literature demonstrates that a MEMS relay structure and its contact 

is usually made from metal microstructures such as gold, silver, or platinum and 

their alloys and silicon carbide. These MEMS relay devices contain 

interstructural insulation. It is often provided by silicon oxide or nitride with 

mechanical and thermal properties essentially differing from those of conductive 

materials in the same device [55], thus giving non-homogeneous material 

stacking which leads to temperature-dependent electrical and mechanical 

device characteristics. This will lead to the increase of cost in fabricating the 

different elements for a MEMS relay device. Therefore limiting the set of 

materials in use and their composition will promote high production rates and 

less complex fabrication processes, and this will cut costs. 

 

Diamond-like carbon (DLC) can be used as a substitute for all of the above 

materials as an insulator or conductor. Figure 2.6 shows an example schematic 

of DLC with different band gap. As stated by Adamschik et al. (2002) they have 
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produced insulative to conductive DLC. For example as shown in Figure 2.6, 

the cantilever could be made from an insulator and the contacts are conductive 

DLC. It possesses superior material properties such as high thermal 

conductivity (thus excellent heat dissipation in the MEMS devices), high 

mechanical fracture strength and high Young‟s modulus. In addition it is 

chemically inert and has a high wear resistance. This makes DLC the material 

of choice for harsh environments. There have been experiments using DLC 

films for micro-systems but these are more concerned with the mechanical 

properties than the electrical and chemical properties [56,57,58]. DLC has high 

electrical resistivity. This material is more suited to mechanical elements and 

the use of it will offer greater potential for increasing MEMS devices‟ mechanical 

performance. 

 

 
Figure 2.6: Schematic cross-section of doped diamond micro relay made from 

different band gap of doped DLC [59]. 
 

There has been research on the electrical capability of DLC and how to improve 

it. A pure DLC film has a resistivity of 1 x 1010Ωm and attempts have been 

made to reduce the resistivity by doping it with metals such as gold (Au) 

nanoparticles. By introducing Au into DLC the resistivity reduces to 30Ωm [60]. 

It has also been revealed that doping DLC with boron makes the films more 

conductive with a resistivity of ~9 x 10-5Ωm at 300K [61]. Another study of using 

boron-doped DLC films produced an even lower resistivity of 7.5 x 10-5Ωm [55]. 

The introduction of ruthenium to DLC (Ru-Doped DLC) has been shown to 

increase its electrical conductivity thus reduce its resistivity to 1 x 10-5Ωm [62].  
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Although diamond is ideal for MEMS relay devices in harsh environments, it still 

has a high resistivity and this will affect the electrical contact resistance if 

applied to contacts. Au-alloys such as Au-(6.3%)Pt with resistivity of 7.17 x 10-8 

Ωm, [50] are still the best materials for utilization in MEMS relays, but due to 

their poor performance in handling mechanical wear and contamination, new 

materials need to be developed. 

2.5.2 Carbon Nanotubes 

 

Carbon nanotubes are a tubular form of carbon with a structure formed by 

rolling up the planar hexagonal net structure of graphite, with at least one end 

typically capped with a hemisphere structure. There are two forms of CNT: 

multi-walled carbon nanotubes (MWCNT) Figure 2.7(a) or single-walled carbon 

nanotubes (SWCNT) Figure 2.7(b) [63]. 

 

 
Figure 2.7: TEM image of (a) multi-walled and (b) single walled CNT [63]. 

 

The most common way to produce CNTs is by using chemical vapour 

deposition (CVD). The growth mechanism using CVD of CNT starts with the 

diffusion of a catalyst, usually of transition metal such as Fe, Co or Ni on a 

silicon, silicon dioxide or aluminium oxide substrate. When the growth 

temperature is reached (600-1200oC) the catalyst will agglomerate to form nano 

size particles, Figure 2.8(a). Then a hydrocarbon gas such as methane, 

acetylene, or ethylene is introduced. The gas adsorbed on the catalytic particle 

surface releases carbon upon decomposition, which dissolves and diffuses into 
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the metal particle. At this temperature carbon precipitates in a crystalline tubular 

carbon solid form, thus forming CNTs.  

 

The rationale for choosing the transition metals as a catalyst for CVD growth of 

carbon nanotubes lies in the phase diagrams for the metals and carbon. At high 

temperatures, carbon has finite solubility in these metals, which leads to the 

formation of metal-carbon solutions and therefore the nanotubes‟ growth 

mechanism. In Figure 2.8(b), the nanotubes appear to be vertically well aligned 

and it reveals that CNT can grow like vines and support each other due to van 

der Waals forces [64]. 

 

 
Figure 2.8: (a) Example of agglomerisation of Fe catalyst and (b) forest of CNT 

grown as part of the experimental review. 
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2.6 Experimental trends 

 

This section presents several experimental methods to study electrical contacts. 

This is to compare the experimental trends identified in the present research 

and to validate the experimental set-up. All the experiments below use an 

environmental chamber, and an experimental set up in which applied load and 

contact resistance are measured.  

 

Wang et al. (1992) used an experimental set up as illustrated in Figure 2.9 [65]. 

This consists of a spherical impactor of 2.4mm radius (to simulate the movable 

contact), a flat disc as the target (to simulate the stationary contact), which was 

coated with a gold thin film. The shaker when activated moves the impactor to 

and fro impacting the target with a load of 0.5N and a frequency 100Hz, which 

simulates the on and off switching events of a macro-contact.  The shaker 

cannot provide a predictable and accurate force due to the impact mechanics 

which leads to complexity and much greater dynamic forces. 

 

 
Figure 2.9: Schematic of the experimental setup of horizontal impactor. 

 

The test was performed using electrical loads varying from 5 to 13.3V. A 

mixture of air and organic vapours are fed to the environmental chamber. This 

is to imitate the formation of carbon on the contact. The formation is because of 
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pyrolysis (decomposition of a chemical by extreme heat) of the organic vapour 

by the spark. As carbon builds up on the contact surface the contact resistance 

increases. The electrical contact resistance was measured using 2-wire 

measurement methods.  

 

Schiele et al. (1997) fabricated an electrostatically actuated cantilever beam 

[66]. They fabricated three different types of micro relay: the cantilever type, a 

fixed-fixed beam and torsional springs. They varied the beam length to 

investigate the pull-in voltage necessary to pull down the beam, thus making the 

contact. It was found that the torsional springs were poor for the purpose due to 

their tendency to buckle. Gold electrodes were used on all the beam types. The 

electrical resistance was calculated using the contact pressure, actuation 

voltage and contact area. 

 
Hyman et al. (1998) used a direct force measurement scheme as shown in 

Figure 2.10 [67]. The probe simulates the movable contact and the sample 

simulates the substrate on a MEMS relay. Gold contact coatings were used in 

this experiment and the test was performed in dry nitrogen. The forces were 

varied from 100 to 500µN and the contact resistance was measured using a 4-

wire measurement method (with the DC current varied from 0.1 to 200mA). The 

geometry, surface damage, and material deposition were examined using  

Scanning Electron Microscopy (SEM). The conclusion to this experiment is that 

heat dissipation is the critical design criterion for maintaining a low contact 

resistance, a high power handling, and minimum surface adhesion wear. Thus, 

an effective heat sink design is essential for contacts in MEMS relays. 

 
Figure 2.10: Direct force measurement experiment apparatus [67]. 

 



 

  
45 

Schimkat (1998) used the experimental setup shown in Figure 2.11 [68]. The 

top contact is brought together with the bottom sample by a piezodrive. The 

force is measured using the force sensor attached to the bottom (load ranges 

from 0.1mN to 10mN) and the electrical resistance is measured using a 4-wire 

measurement method (using a maximum current of 4mA). Au, AuNi5 and Rh 

(Rhodium) coatings were used in this experiment under a nitrogen atmosphere. 

It was concluded that pure Au is not suitable for the contact material because of 

its high adhesion force, while AuNi5 and Rh are better suited as contact 

materials. 

 
 

Figure 2.11: Experimental setup of force and distance controlled [68]. 
 

Tamai (2000) investigated the reaction of a gold alloy switching contact 

exposed to a silicone vapour environment [69]. This was to investigate the 

formation of SiO2 and its effects on the contact. Low molecular weight silicone 

evaporates gradually from silicone compound under elevated temperatures. 

The silicone compounds such as silicone rubber and oil will contaminate the 

MEMS relay devices. SiO2 is formed by chemical decomposition of the 

adsorbed silicone molecules. When SiO2 is formed on the contact, failure 

occurs because it is an insulator.  They developed a micro relay with a contact 

consisting of Ag(40wt%)-Pd(60wt%) doped with trace amounts of magnesium. 

A force was applied and the electrical contact resistance was also measured. 

This material shows improvement of the contact resistance in comparison with 

usual Ag-Pd contacts.  
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In another experiment, Tzeng et al. (2003) used an inch-worm with nanometer 

linear resolution to control the movement of the upper and lower electrode 

coated with CNT [70]. The contact resistance, Rc was measured between CNT 

coated electrodes in ambient air and in a vacuum. The author concluded that 

the contact resistance, Rc was found to be much lower in ambient air (~160Ω) 

than in a vacuum (>4kΩ). They claimed the reason was that the CNTs coated 

on the two electrodes attached to each other more easily during electrical 

current conduction in the ambient air than in vacuum during the contact. Thus, a 

much larger effective contact area between attached CNTs coated on the two 

electrodes resulted in a much lower electrical contact resistance. 

 

Tringe et al. (2003) used a standard Interfacial Force Microscope (IFM) with a 

single asperity to study Au/Au electrical contacts as shown in Figure 2.12 [49]. 

In this experiment the probe made from an electrochemically sharpened gold 

coating was brought towards the sample and the attractive and repulsive forces 

were measured using the self-balancing force sensor in a dry nitrogen 

atmosphere. The electrical resistance was also measured using the 4-wire 

measurement methods. It was concluded that the contact resistance and 

adhesion were dominated by the adsorbed contamination layers such as 

hydrocarbons, and traces of sulphur and iodine. This can be broken down by 

increasing the applied force and voltage. 

       
Figure 2.12: (a) Schematic example of IFM [71] (b) SEM images of probe tip 

[49]. 
 

(a)                        (b) 



 

  
47 

Dickrell et al. (2003) performed an experiment using a modified nano-

indentation apparatus as shown in Figure 2.13 [51]. The substrate (coated with 

Platinum) was brought towards the spherical sample (sputtered with gold). The 

apparatus measured the force applied (the maximum force applied was 100µN) 

and the displacement of the sphere electrode. It also measured the electrical 

contact resistance using a 4-wire measurement method.  The open-circuit 

voltage was limited to 3.3V and the current source was set to 3mA. The 

experiment was enclosed in an environmental chamber filled with nitrogen. The 

experiment showed that the contact resistance increased after around 5 to 10 

actuation cycles due to contamination formation. They claimed that this was 

caused by a current produced by the sphere and the substrate samples having 

a static charge which when brought closer together produced contact arcing or 

discharge, which decomposes the adsorbed surface contamination. This can be 

circumvented using an RC element in parallel with the contact. This provides an 

alternative discharge path for the stored electrical energy as the contact forms 

and then breaks.  

 
Figure 2.13: Schematic modified nano-indenter apparatus. 

 

Yaglioglu et al. (2006) presented a method and experimental setup to 

characterize the contact resistance between two dense forests of tangled 

single-walled carbon nanotube (SWCNT) films [72]. They also demonstrated a 

method to characterize the contact resistance between metal surfaces and 

SWCNT films (with 1µm thickness). The SWCNT and gold-plated ball was 



 

  
48 

brought near to the SWCNT surface substrate, as shown in Figure 2.14. The 

test was performed with a CETR UMT microtribometer which allows 

simultaneous force/displacement (maximum load is ~150mN) and contact 

resistance measurements. Their results showed that the contact resistance (at 

maximum load, the contact resistance is ~2Ω) improved when the metal 

surfaces were brought to the SWCNT surfaces. This is because of the low 

resistivity of Au and the SWCNT conforming to the contact shape. The method 

is versatile and can be used to characterize SWCNT films of different properties 

and morphologies and can serve as a platform for future research.  

                 
Figure 2.14: Schematic diagram of experimental set-up [72]. 

 

Bult et al. (2008) investigated Au sputter-coated (5μm thick) vertically aligned 

MWCNT (100µm long) using a modified nano-indenter [73]. The purpose of 

using a vertically aligned MWCNT (VAMWCNT) was because they have better 

penetration or infiltration than tangled CNTs when sputtering Au. The diamond 

indenter was replaced with an Au coated hemispherical probe (with 2mm 

diameter in size) and mated with the Au/MWCNT flat surface at a maximum 

load of ~25mN with 5V supplied voltage and 5mA supplied current (hot-

switched). The author concluded that there was little degradation of the switch 

performance, either mechanically or electrical over 3000 cycles. The contact 

resistance measured was 0.4Ω throughout the 3000 cycles. 

 

All of the above experiments replicate the actuation of the contacts with a 

certain applied force. This is to determine the contact mechanical and electrical 
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behaviour. The experiments were performed with dynamic forces of 100μN to 

0.5N. It is important to have a high degree of controllability and accuracy when 

applying such low load (ranging from tens of μN to a few mN). For this reason 

the nano-indentation apparatus and PZT actuator (with high resolution force 

sensor) are used in the current work to determine the quasi-static and 

dynamically applied forces. Typically the maximum dynamic force used in 

MEMS relays is ~1mN. It is important to replicate the actuation at this dynamic 

force level to determine any mechanical failure. 

 

These previous experimental studies were mostly performed on electrical 

contacts in hermetic environments. Hermetic means the MEMS devices are 

completely sealed and airtight so that no contamination occurs. The long-term 

viability of hermetic packages for MEMS relays is questionable because 

hermetic packaging requires several complex fabrication processes. As 

indicated by Rebeiz (2003), this makes the cost of packaging quite expensive 

(US$2 – US$50 per unit) compared with non-hermetic packaging which requires 

only about US$0.2 – US$0.5 per unit [74].  

 

Previous tests included using an inert gas environment chamber such as 

nitrogen and under clean room conditions. This is to screen out any potential 

contaminant such as oxide layers forming on metal contacts, thus making the 

electrical contacts fail prematurely due to contamination rather than mechanical 

failure. Others used environmental chambers to replicate the sudden exposure 

to contaminants, such as oxide layers, water vapour, or other hydrocarbons that 

can degrade the electrical contact resistance causing the MEMS relay to fail. 

Furthermore as stated by Tzeng et al. (2003), the contact resistance, Rc of CNT-

CNT pair was found to be much lower in ambient air than in a vacuum [70] and 

that is why in this study such condition was replicated. 

   

Common materials used as contacts are Au and its alloys but these materials 

show poor mechanical and electrical properties. Carbon nanotubes have been 

tested and these have shown their potential to be used in contacts during 

experiments by Yaglioglu et al. (2006) and Bult et al. (2008) [72,73]. 

Furthermore to establish the reliability of the contact material, a large number of 
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cycles is needed (typically >>106 cycles). The experiments reported above were 

typically based on ten cycles to three thousand cycles. In this research the 

number of cycles is greater than 106 cycles. This is to determine CNT‟s 

potential as contact material.  

 

2.7 CNT’s properties 

 

CNT‟s have unique electronic properties and they are one of the strongest 

material forms yet discovered in comparison with the mechanical and electrical 

properties of silicone, thin metal films, silicon carbide, diamond and doped 

diamond. CNTs have been tested to have a tensile strength of 63GPa [75], 

which compares favourably with high-carbon steel which has a tensile strength 

of approximately 1.2GPa.  

 

An experiment using atomic force microscopy made a direct measurement of 

the elastic modulus and bending strength of individual structurally isolated multi-

wall carbon nanotubes and indicated values of 1.26TPa and 14.2GPa [76] 

respectively. An experiment was also conducted on CNT using nano-

indentation apparatus and it was determined that the bending modulus was 

1.24TPa, axial modulus 1.23TPa, and wall modulus 5.61TPa [77]. Another 

report shows that a CNT has an elastic modulus greater than 1TPa [78] 

compared to diamond, which is 1.2TPa. 

 

In addition one important parameter to improve the contact is its hardness. By 

improving the hardness of a material it will make a surface more resilient to 

wear. In an experiment performed by Kim et al. (2007) in which CNT/Cu metal 

nanocomposites were fabricated, the hardness of the nanocomposites was 

1.1GPa, which is about 1.8 times higher than for Cu without CNT [79]. The 

hardness increases almost linearly with increasing CNT volume fraction up to 

10% [79]. Besides the outstanding mechanical properties, CNT‟s also possess 

superior electrical properties such as their current carrying capacity which is 

higher than for copper wires [80]. With this there are attempts to measure the 

resistivity of CNTs. It is indicated that it is achievable to have ultra-low resistivity 

(50% lower than Cu) of CNTs at room temperature [81]. This is because CNTs 
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act as ballistic conductors. Hjortstam et al. (2004) estimated that a 4µm long 

high quality SWCNT with a diameter of 1.2nm has a resistivity of 0.88 x 10-8Ωm 

[81]. The calculation is performed using the theory of ballistic conductors and it 

is assumed that the CNT is defect-free. This compares favourably with values of 

1.67 x 10-8 and 1.59 x 10-8Ωm at room temperature for Cu and Ag respectively. 

In addition, Hjortstam et al. (2004) illustrated that when CNTs are filled with 

metal to form a composite, its resistivity falls to 0.35 x 10-8Ωm [81]. They 

claimed that the reduction of the resistivity was due to the metal composite. 

 

For more than a decade the trend in research includes improving the 

mechanical and electrical properties of CNT by forming composites, doping or 

filling. In addition, development of simulation software using techniques such as 

Molecular Dynamics and Atomistic simulation methods is also common. These 

simulations were developed to simulate and investigate a NEMS 

(Nanoelectromechanical systems) electrostatic CNT cantilever‟s structural 

properties [82,83,84]. It is found that the low pull-in time of CNT cantilever 

implies that they can switch very quickly (typically in tens of picoseconds) and 

the switching frequencies can range from several tens to hundreds of GHZ. An 

investigation of how to fabricate a suspended CNT across metallic trenches was 

also reported and its structural properties were investigated as shown in Figure 

2.15 [85,86]. These simulations were used to promote and understand its 

mechanical and electrical behaviour in NEMS application. 

 
Figure 2.15: An example of suspended carbon nanotubes [87]. 
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Since 1990 research on CNT has increased involving the simulation or the 

actual fabrication of the CNT wire on NEMS, but no experiments with low force 

contact, typically 1mN, using vertically aligned MWCNT or metal/MWCNT 

composite contacts have been conducted. All the above experiments have been 

conducted on either one single fibre or a tangled forest of CNTs to determine 

their mechanical properties. These mechanical properties will not be in 

agreement with this study which utilises a vertically aligned multiwalled carbon 

nanotubes (VAMWCNT) and their metal composites (in this case the use of 

Au/MWCNT composites).  

 

A more recent experiment performed by Cao et al. (2005) reported that  

vertically aligned multiwalled carbon nanotubes (with thickness of 860µm to 

1.2mm) exhibit compressible foamlike behaviour [88]. Cao et al. (2005) stated 

that after every cycle of compressive loading along the film-thickness direction 

(along nanotube axis), the nanotubes unfold the buckles and recover to their 

near original lengths, resulting in a strong cushioning (compliant) effect. For 

example, when compressing a thickness of 860µm VAMWCNT and unloading, 

it recovers back to the thickness of 720µm. Cao et al. (2005) also stated that 

VAMWCNT are exceptionally compliant with an elastic modulus of 

approximately 50MPa (as compared with Au, 77GPa). With this compliant 

characteristic it can reduce the wear and degradation during two electrodes in 

dynamic contact as stated by Bult et al. (2008) [73]. 

 

For this to materialize, the challenge is to fabricate or synthesise a dense forest 

of vertically aligned CNT and CNT metal composite on the contact so that it can 

be applied to MEMS relays and ultimately to see its behaviour, adaptability and 

reliability on MEMS relay contacts.  

 

2.8 CNT’s Fabrication Methods 

 

In this section the fundamental techniques to grow CNT are reviewed. The 

fabrication or synthesis methods to produce carbon nanotubes include arc-

discharge, laser ablation, and chemical vapour deposition. Iijima (1991) first 
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observed nanotubes synthesized by using electric-arc discharge methods as 

shown in Figure 2.16 [89]. Two high purity graphite rods were used as anode 

and cathode. Both rods are brought close together under a helium atmosphere 

and a voltage is applied until a steady arc is achieved. The anode was 

consumed and the gap between anode and cathode had to be kept constant by 

adjusting the position of the anode. Fibrous carbon nanotubes and other carbon 

particles were deposited on to the cathode. 

 
Figure 2.16: Schematic arc-discharge technique [90]. 

 

In the laser ablation technique shown in Figure 2.17, a laser was used to 

vaporize a graphite target held in a controlled atmosphere oven with Argon gas 

at a temperature of 1200ºC and pressure of 0.7bars. The condensed material 

was then deposited on a water-cooled target, which is the copper collector. 

 

 

 

 

 
 
 

Figure 2.17: Schematic laser ablation process [91]. 
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Chemical vapor deposition (CVD) is widely used in the semiconductor industry, 

as part of the semiconductor device fabrication process, to deposit various films 

such as polycrystalline and amorphous materials, SiO2, silicon germanium, 

tungsten, silicon nitride, titanium nitride, and carbon nanotubes. Chemical 

vapour deposition (CVD) as shown in Figure 2.18 is achieved by using a 

commonly used carbon-containing gas such as carbon monoxide and low 

molecular weight hydrocarbons. The gas is heated up by an energy source 

such as plasma or a resistively heated coil to around 600 - 1200ºC [92]. The 

importance of the growth temperature can be seen in the experiment performed 

detailed in Appendix 1. The carbon diffuses towards the sample, which is 

heated and coated with a catalyst typically nickel, iron or cobalt, which grows 

the carbon nanotubes. 

 
 

Figure 2.18: Schematic typical chemical vapour deposition (CVD) [93]. 
 

When comparing Arc-discharge and laser ablation with CVD, CVD has distinct 

advantages over the other two processes. This propels us towards the use of 

CVD for growing CNT in the present work. Arc-discharge and laser ablation 

have limits on the volume of material it can produce. Moreover, they need 

purification steps to separate CNTs and undesirable by-products such as other 

carbon particles. The CVD process produces pure CNT‟s in high quantities. 

Furthermore CVD has the ability to synthesize aligned forests of single walled 

carbon nanotubes (SWCNT) with controlled diameter, length, straightness and 

compactness as shown in Figure 2.19. 
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Figure 2.19: Micrograph showing straightness, different diameter and 

compactness of CNT produced by PECVD [94]. 
 

By adjusting the thickness of the catalyst it is possible to control the diameter of 

the CNTs. Controlling the growth time and temperature respectively can control 

the length and graphitization of CNT. By introducing carbon monoxide as the 

carbon source forests of SWCNT can be produced with high purity [95]. Aligned 

SWCNT can be produced by using Plasma Enhanced CVD (PECVD) where the 

plasma can be excited by a DC source or a Microwave source.  

 

In an experiment conducted by Bower et al. (2000) to prove that PECVD grows 

aligned SWCNT, used PECVD for two minutes followed by 70 minutes with the 

plasma off [96]. The result is shown in Figure 2.20. The portion in which the 

plasma is on the SWCNT is aligned and portion where plasma is off shows a 

random and curled SWCNT. When a DC source is used the CNTs grow in the 

direction of the plasma and if microwave frequency is used the CNTs grows 

normal to the surface of the substrate as shown in Figure 2.21. 
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Figure 2.20: Micrograph showing the influence of microwave plasma enhanced 

chemical vapour deposition (MPECVD) on the SWCNT [96]. 
 

 
Figure 2.21: Micrograph showing SWCNT growth normal to the surface of a 

substrate using MPECVD [96]. 
 

It is obvious that CVD has the potential to grow a dense forest of CNT that is 

aligned, having required length, and diameter for the present research. The 

success of this approach will be shown later in chapter 4. 

 

2.9 Analytical model 

 

As stated by Yaglioglu et al. (2006) in the case of contacting CNT, the effective 

area calculation was not straightforward as the CNT film was made of tangled 

carbon nanotubes and the theory was difficult to apply directly [72]. No attempt 

was made to calculate the contact resistance of a thin film of CNTs, in particular 

for a dense forest of vertically aligned multi-walled carbon nanotubes surfaces. 

The following calculation was developed for a short forest of SWCNTs [81], with 

the purpose to show the potential of having SWCNTs instead of MWCNTs. In 

this study a dense forest of vertically aligned MWCNTs and in a future work, this 

CNT 
 
 
 
 

Substrate 10μm 
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will be replaced with SWCNTs. This is because SWCNTs is claimed to have a 

lower resistivity [81] and a better performance (in term of their strength and 

resilience) than VAMWCNTs surfaces [88]. This would materialize if a plasma 

enhanced chemical vapour deposition (PECVD) were used. It would be 

interesting to compare the results here with the experiment performed on 

SWCNTs surfaces, but as for now the following calculations were produced. 

 

Although silicon carbide and diamond are ideal MEMS relay materials because 

of their mechanical properties, unfortunately, they still have high resistivity. 

Resistivity is important in determining the contact resistance of a material both 

theoretically and practically. Currently, the best resistivity for NH3 doped silicon 

carbide and ruthenium-doped DLC are 1.0 x 10-4Ωm and 1.0 x 10-5Ωm 

respectively. As indicated by Coutu et al. (2004), Au-alloys such as Au-(6.3%)Pt 

was still the best material that can be utilized on MEMS relays with resistivity of 

7.17 x 10-8Ωm [50]. 

 

To demonstrate the importance of resistivity, a simple model to approximate the 

contact resistance of silicon carbide, ruthenium-doped DLC and Au-(6.3%)Pt 

using equation (2.2.5), has been constructed. Even though this formula gives an 

error (around 3 orders of magnitude) in calculating the contact resistance 

compared with the experiment it can be used to compare and approximate the 

theoretical contact resistance model of different materials. Assuming the contact 

radius is 10μm and using the above resistivity values the calculated contact 

resistances are 5Ω, 0.5Ω and 3.6mΩ respectively. This shows that theoretically 

the contact resistance of the Au-(6.3%)Pt is much lower than the two materials, 

thus this is still preferred as a contact material.  

 

By using a simple model to calculate the electrical or resistive loss due to power 

dissipation through the microstructure using the classical theory, it is possible to 

estimate the overall effect of different electrode materials on the MEMS relay. 

There are different types of MEMS relay design as described in chapter 1. 

Generally a MEMS relay with an anchored micro-cantilever and a contact at the 

tip is commonly in use. The cantilever can be fabricated using the same 



 

  
58 

material as the contact and the cantilever as shown in Figure 2.22 and will be 

isolated by an interlayer of dielectric material such as SiO2. 

 

 

Figure 2.22: Au micro-relay cross-section [2]. 

 

To calculate the electrical or resistive loss of a typical MEMS relay 

microstructure a system using the material indicated in Table 2 is considered 

(refer to Appendix 2). It is assumed that the current, I is 1 mA and the contact 

radius, α is 10μm, the cross-sectional area of the cantilever, A is 2 x 10-10m2 

(having thickness 2μm and width 100μm) and the length of the cantilever is 

varied between 900μm to 1.5mm and resistivity of different materials (these 

materials are used in MEMS relay) is that shown in Table 2. 

 

Material Resistivity (Ωm) Ref 

Gold 2.24x10-8 [52] 

Silver 1.58x10-8 [52] 

Silicon 640 [52] 

DLC 100x108 [52] 

Au-(6.3%)Pt 7.17x10-8 [50] 

Au-(6.4%)Ag 6.20x10-8 [50] 

NH3-doped SiC 10x10-5 [54] 

Au-doped DLC 30 [60] 

Ruthenium-doped DLC 1.0x10-5 [62] 

Boron-doped DLC 7.5x10-5 [55] 

 
Table 2: Resistivity of materials. 
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Thus the following log-graph of Electrical loss (W) against the Length of 

Actuator (μm) is generated. 
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Figure 2.23: Log-graph of electrical loss against length of actuator. 
 
 

Although silicon carbide and Ru-doped diamond have advantages over gold 

and its alloys in terms of its mechanical properties, it has a higher electrical loss 

than gold alloys as shown in Figure 2.23. Ruthenium-doped DLC and NH3-

doped SiC have three to four orders of magnitude greater loss respectively 

compared to Au-alloys. This is undesirable for MEMS relays because it can 

affect the overall performance of MEMS devices. Therefore alternative materials 

need to be investigated to increase its overall performance.  

 

CNT is the material that can substitute other materials because of its excellent 

mechanical and electrical properties. Using a simple model to calculate the 
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contact resistance using equation 2.2.5 with the following materials and 

assuming the contact radius is again 10μm, the resistivity is as shown in Table 

3. 

 

Material Resistivity 
(Ωm) 

Contact Resistance 
(Ω) 

Ref 

Au-(6.3%)Pt 7.17 x 10-8 0.0036 [50] 

Boron-doped DLC 7.5 x 10-5 3.75 [55] 

Boron-doped CNT 7.4 x 10-7 0.037 [97] 

CNT 5.3 x 10-6 0.27 [97] 

CNT-Metal 
Composite 

0.35 x 10-8 0.0002 [81] 

 

Table 3: Resistivity of CNT, Au-alloy and doped DLC. 

 

In all the above calculations it is assumed that surface contact is smooth and 

there is no formation of a thin film or contaminants. It is observed from Table 3, 

that the contact resistance of the CNT-metal composite was much less than for 

the Au-alloy. Now it would be useful to use a simple model to calculate the 

resistive loss of the above material to determine its overall performance. 

Assuming the current I is 1mA and the contact radius varies from 1μm to 30μm, 

then by using the equation 2.2.17 (refer to Appendix 2) and substituting R into 

the contact resistance equation 2.2.5, the following graph is generated as 

shown on Figure 2.24. This graph shows that the resistive loss of a CNT coated 

contact is several orders of magnitude lower than Boron-doped diamond and 

approximately one order of magnitude lower than for Au-alloys. This is because 

of the resistivity of the CNT-metal composite is much lower than Au-alloys. 
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Figure 2.24: Graph of resistive loss against contact radius. 
 

To obtain a realistic calculation of the resistive loss with current passing through 

it at 1mA, the applied force and plastic or elastic-plastic deformation needs to 

be considered for the contact surfaces as stated by Holm (2000) [44] and Coutu 

et al. (2006) [14].  

 

It is assumed that the MEMS relay consists of a cantilever with the length 1mm 

and area 2x10-10m2 (having thickness 2μm and width 100μm) and contact pad 

as shown in Figure 1 (see Appendix 2) of which is made from Au or Cu/CNT 

composites. By substituting Holm‟s or Coutu‟s analytical model into equation 

2.2.18 the equation below is formed: 
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Resistive loss for plastic deformation (W) = I2
(ρL/A + cR )  (Equation 2.2.19) 

 

 

Resistive loss for elastic-plastic deformation (W) = I
2
(ρL/A + cR '

)  (Equation 2.2.20) 

 

 

where 
2

1
2

4 









F

H
Rc


 for plastic deformation (From equation 2.2.6) 

 

 

And from Coutu et al. (2006), modified contact resistance,  

R’c = Rc (ballistic) + Γ(K)Rc (diffusive) 

(From equation 2.2.8) 

 

By substituting the Au and CNT/Cu composites data (from Table 4) into 

equation 2.2.6 and finally into equation 2.2.19 the “Resistive loss for plastic 

deformation” is plotted as shown in Figure 2.25. Then again by substituting the 

Au and CNT/Cu composites data (from Table 4) into equations 2.2.9 and 2.2.10 

and then into equation 2.2.8 and finally into equation 2.2.20 for “Resistive loss 

for elastic-plastic deformation” is plotted as shown in Figure 2.25. This graph 

“resistive loss (W) against applied load” has an applied force ranging from 

10µm to 1mN. 

 

Material Hardness Poisson’s ratio Resistivity 

Au 1.7GPa [14] 0.42 [14] 2.24 x10-8 

CNT/Cu 
composites 

1.1GPa [79] 0.19 [98] 0.35 x10-8 [81] 

Table 4: Material properties for Au and Cu/SWCNT composites. 
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Figure 2.25: Graph of a calculated resistive loss against applied load for  

Au and CNT/metal composites. 
 

The graph shows that the resistive loss for CNT/metal composite using Holm‟s 

or Coutu‟s analytical model is several orders less than the Au contact. From 

here it is indicative that theoretically the CNT has potential and shows that CNT 

can have lower contact resistance and resistive loss. This is attractive to the 

MEMS and electronics industries. 

 
2.10 Summary 

 

This chapter has presented an overview of solid-solid interface mechanics 

theory of electrical contacts. The factors that could affect the choice of formulas 

to estimate electrical contact resistance in plastic deformation were reported. 

The electrical contact theory was presented for homogenous bulk contacts and 

presented errors when compared with the experiments results. Furthermore, 

with the use of low force (ranging from tens of μN to a few mN) conditions the 

Au 

Cu/CNT composites 
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analytical model needs to be modified. Coutu et al. (2006) has considered the 

contact mechanics and the associated contact resistance of Au and its alloys 

under the low force conditions typical of MEMS relays [14].  

 

The author considered that the conduction process could be dominated by a 

mixture of ballistic and diffusive electron transport models. The new contact 

model was presented and compared with the classical electrical contact. The 

graph in Figure 2.5 shows that the new analytical model and the Holm‟s 

analytical model are similar in form, but predict a slightly higher contact 

resistance than the classical model. This is due to the following: 

(1) the classical model assumes bulk solid-solid contacts rather than thin metal 

films;  

(2) the classical analytical model only consider plastic deformation but the new 

analytical model considers the possibility of elastic-plastic deformation; 

(3) the new analytical model uses a single effective a-spot rather than multiple 

a-spot; 

(4) during the ON-state the conduction is considered to be a mixture of ballistic 

and diffusive electron transport; and  

(5) the contact load discontinuity is accounted for in the new model. 

 

In the objectives of this research a new experimental set-up is prepared, a new 

material and its fabrication is utilised. Therefore we need to look at experimental 

trends for electrical contacts. The most common material used in the 

experiment is Au and its alloys but due to poor mechanical properties failure 

occurs, thus alternative material need to be developed. More recent 

experiments show that CNTs offer good mechanical and electrical properties 

and that they have good potential to be used in MEMS relay contact 

applications.  

 

Experiment performed by Yaglioglu et al. (2006) and Bult et al. (2008) show the 

potential for CNTs in such applications [72,73]. In Yaglioglu et al. (2006) they 

have used tangled SWCNT surfaces [72]. They mated two films of tangled 

SWCNT surfaces and the contact resistance was higher than with Au-plated 

ball-SWCNT contact pair at the maximum applied force of ~150mN. To reduce 
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the contact resistance further (which is desirable on a MEMS relay) the applied 

force has to be increased but this will go beyond the MEMS relay‟s applied 

force (typically ~1mN). An approach by Bult et al. (2008) was developed to 

decrease the contact resistance [73]. They used vertically aligned MWCNT 

(100µm thick) and infiltrated them by sputtering Au with a thickness of 5µm. It 

reduces the contact resistance but the size of the samples poses drawbacks in 

integrating it on to MEMS relays. Furthermore, they performed 3000 cycles and 

showed no degradation on the CNT surface but for reliability testing it needs to 

be greater than 106 cycles (preferably for MEMS relays >1010-1011 cycles). This 

is in order to achieve a more realistic testing of contact materials. In this study a 

thinner Au/MWCNT composite, typical maximum applied force of MEMS relays 

and reliability testing greater than 106 cycles are used. 

 

Furthermore, most of the experiments replicate the actuation of the contact in a 

controlled environment using an environmental chamber. This is to mimic the 

actuation of hermetic MEMS relays. Packaging hermetic MEMS relays is 

expensive therefore it would be economical to have non-hermetic MEMS relays. 

Furthermore, CNT tends to produce a low contact resistance in ambient air than 

in vacuum. Moreover, due to its controllability, the experimental set-up in this 

study is done using a modified nano-indentation apparatus and PZT actuator 

incorporating the sample and the experiment is done at constant temperature 

and normal atmospheric conditions.  
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CHAPTER 3: RESEARCH METHODOLOGY 
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3.1 Introduction 

 

This chapter explains how gold is coated and the CNT surface is synthesized 

on the substrate. The deposition of a thin film and the growing of CNT on the 

contact can be achieved using sputterer and CVD apparatus. The Au-Au and 

Au-MWCNT and Au-Au/MWCNT composite contact pair samples are used as a 

reference for the performance of in terms of their mechanical performance and 

contact resistance. With these samples a testing method looking especially at 

the micro-tribology, micro-mechanical properties [99], chemical composition and 

electrical phenomena [100] is set up. The procedure uses a modified nano-

indentation apparatus where the diamond nano-indenter tip is replaced with an 

Au hemispherical probe to replicate the real mechanics of MEMS relay‟s contact 

actuation. Due to the limitation of the modified nano-indentation apparatus to 

apply a sufficiently large number of cycles, a PZT actuator is used to support 

the sample planar or substrate coated surfaces. This test rig is used to mimic 

the actuation of a relay. This will help to understand better the performance and 

reliability of the contact materials.  

 

3.2 Samples for modified nano-indentation apparatus 

 

In the modified nano-indentation apparatus experiment, there are three 

specimen configurations:  

 

1) “Sample 1” is a Au-Au contact pair,  

2) “Sample 2” is a Au-MWCNT contact pair, and  

3) “Sample 3” is a Au-Au/MWCNT contact pair.  

 

The fabrication methods are explained as below: 

 

The hemispherical probe and flat substrate material under study are Au to Au, 

Au to multi walled carbon nanotubes (MWCNT) and Au to Au/MWCNT 

composite contact pairs. If a flat to flat surface contact is used there will be an 

issue of the top and bottom electrode not making the full contact due to tilting of 

the surface, thus to avoid this hemispherical probe is used. The hemispherical 
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probe sample (2mm in diameter) represents the movable contact electrode of a 

MEMS relay and is sputtered with Au 500nm thick. Sputtering is selected as the 

chosen method of metal deposition instead of evaporation so as to ensure good 

deposition coverage [101]. Moreover sputtered gold is known to have a higher 

hardness which is expected to minimize surface damage of the metallic 

contacts [41].  

 

The surfaces are mounted inside the chamber of the sputterer apparatus 

(Figure 3.1) under a reduced pressure of approximately ~1.9x10-2mbar. Low 

pressure is necessary to reduce contamination. The deposition process 

involves thermally emitted electrons, which collide with inert gas atoms such as 

Argon gas, which accelerate towards and impact upon a negatively charged 

electrode that is a target (for example gold disc) for the coating material. The 

impacting ions dislodge atoms of the target material, which are in turn projected 

to and deposited on the hemispherical probe or substrate to form the thin layer.  

 

The next deposition process is on the silicon substrate (~5mm by ~5mm), which 

is sputtered with 500nm thick gold contact layers. This thickness is chosen 

because it replicates typical MEMS relay contacts [9,42,51,102,103]. This 

sample is fabricated as a baseline with which to compare MWCNT and 

Au/MWCNT contact resistance. 

 

 
Figure 3.1: Kurt J. Lesker sputterer, University of Southampton. 

Chamber 
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To produce a dense forest of MWCNT on the silicon wafer, thermal CVD is 

used. This apparatus is shown in Figure 3.2(a). To grow carbon nanotubes a 

catalyst is needed. Commonly used catalysts include nickel, iron or cobalt. In 

this experiment, Fe catalyst and the under-layer of Al2O3 are deposited onto a 

silicon substrate (5mm by 5mm) by sputtering. The Fe catalyst is used because 

of its ability to catalytically decompose gaseous carbon-containing molecules 

[104]. The thickness of Fe and Al2O3 is ~2nm and ~7.5nm respectively, and with 

thicker Fe catalyst layer (≥ 1nm) a rapid and thicker growth of MWCNT will 

occur [105]. The Al2O3 was sputtered first followed by Fe. Aluminium oxide is a 

good catalyst support for nanotube growth [106]. Al2O3 acts as a buffer layer 

[107], de-wets the catalyst to form discrete particles and strong dispersion 

effects [108]. Barrier layers (buffer layers) are the layers sandwiched between a 

catalyst and a substrate. This is to reduce undesired catalyst-substrate 

chemical reactions, atomic diffusion and oxidation of the catalyst which in turn 

support and influence the growth and purity of the CNTs, and as thick as ≥ 5nm 

Al2O3 is enough to act as buffer [109]. The wafer with the Fe catalyst and Al2O3 

under-layer is loaded in the thermal CVD. The thermal reactor consists of a 

one-inch-diameter quartz tube enclosed in a high-temperature furnace and 

equipped with mass flow controllers to monitor the feed gases as shown 

schematically in Figure 3.2(b).  

 
Figure 3.2: (a) Thermal CVD and (b) schematic diagram of thermal CVD. 
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The reactor is purged with argon and hydrogen while the furnace is heated to 

875oC (growth temperature). At this temperature a dense forest of vertically 

aligned MWCNT was achieved (this is shown in the experiment performed by 

Dr David Smith at different growth temperature, as shown in Appendix 1). After 

the furnace reaches the growth temperature, it is allowed an additional 5 

minutes for the temperature to reach equilibrium and an annealing process 

occurs on the catalyst. The gas flow is then switched to ethylene for 3 minutes. 

The carbon will diffuse towards the substrate, which is heated and coated with 

the Fe catalyst, which grows carbon nanotubes. After the growth process is 

complete, argon flow is used to purge ethylene from the tube and prevent 

backflow of air into the tube. The furnace is cooled below 300oC before 

exposing the MWCNT coated specimen to air to avoid damage to it at elevated 

temperatures. The last sample is the Au/MWCNT composite as shown in Figure 

3.3, which is produced by sputtering Au directly on to MWCNT surfaces. 

 

 
Figure 3.3: Top view of MWCNT composite sputtered with Au. 
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3.3 Samples for PZT actuator test rig 

The PZT actuator test rig experiment uses the same samples as used in the 

modified nano-indentation apparatus (see section 3.2). The only difference is in 

the size of the silicon (Si) substrate used (~2mm by 7mm). This is so that the 

sample can be accommodated on the tip of the PZT actuator as shown in 

Figure 3.4. 

 

 

10mm

PZT actuator

10mm

PZT actuator

 
Figure 3.4: Side view of the PZT actuator with planar specimen attached. 
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3.4 Nano-indentation apparatus 

  

3.4.1 Experiment 1: Modified nano-indentation apparatus 

 

A modified nano-indenter apparatus is used in this experiment, by replacing the 

diamond indenter tip with a Au coated hemispherical probe as shown in Figure 

3.5 (a) and (b) and a 4 wire measurement is attached onto the Au hemispherical 

probe and substrate as shown in Figure 3.6. The hemispherical probe is 

brought into contact with the coated substrate (Sample 1-3) at a controlled 

loading rate of 0.2mN/s until the maximum load of 1mN is reached.  

 

 

 
 

 
Figure 3.5: (a) Modified nano-indentation apparatus, (b) schematic arrangement 

of modified nano-indenter for Au hemispherical probe and coated substrate. 
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Figure 3.6: Schematic of contact zone with its electrode and contact resistance 

measurement. 
 

Before going into detail about the experiment, a brief explanation of how the 

nano-indentation apparatus operates is given. The pendulum is the most 

important part of the nano-indentation apparatus as shown in Figure 3.7. When 

a current is passed through the coil it is attracted towards the permanent 

magnet, thus producing movement of the Au hemispherical probe towards the 

substrate. The displacement of the probe is measured by means of the 

capacitor plates. The capacitance changes between the two capacitor plates 

and this is measured by means of a capacitance bridge.  

 

The substrate is brought towards the Au hemispherical probe by a DC motor 

that drives the micrometer stages in an XYZ configuration. The motor power 

supply is generated from the computer and the limit stop defines the maximum 

movement of the contact and the operating movement of the pendulum, when a 

load is applied. When the Au hemispherical probe and substrate are in contact 

the capacitance changes and this is translated to the force applied and 

displacement reading by the nano-indenter software system. 
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Figure 3.7: Schematic side view of nano-indentation apparatus [110]. 

 

Using this modified nano-indentation apparatus, the contact surfaces can be 

brought into contact at a maximum load of 1mN. This is to mimic a MEMS 

relay‟s contact action at low forces. The force used in this experiment is at the 

typical high end of the range commonly used in MEMS relay contacts 

[111,112,113]. In an actual MEMS relay, the force is achieved using MEMS 

actuators typically either by electrostatic, electromagnetic or piezoelectric 

actuation mechanisms. The force measurement is intrinsic to the apparatus and 

the contact resistance is measured using a 4-wire measurement method as 

shown in Figure 3.6. During contact, the targeted load is held for 10 seconds so 

that an average peak load contact resistance value can be determined. The 

electrode contacts are then unloaded at the same rate until they separate. 

Figure 3.8 shows an example of the contact resistance variation over one load 

cycle. Over the first 5 seconds as the contacts are loaded the contact resistance 

falls and then remains relatively stable during the holding time; during the 
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unloading period the contact surfaces remain together for 20 seconds, as a 

result of the Au on the two contact surfaces adhering. The procedure is 

repeated in order to detect any cyclic changes in the electrical contact 

resistances.  
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Figure 3.8: Example of one load cycle for Au-Au contact pair. 

 

The DC current source across the contact is set at 1mA with a maximum supply 

voltage of 20mV using a Keithley 580 micro-ohmeter (Appendix A). The 

experimental apparatus is contained in a booth maintained at a constant 

temperature of ~31oC to prevent thermal drift affecting the experiment due to 

expansion of the apparatus or the samples.  

 

Figure 3.9 shows a graph of one load cycle versus displacement of Au-Au 

contact pair without the wires being attached. This data is extracted from the 

nano-indentation apparatus. The plot shows the load applied up to the 

maximum of 1mN loading (curve in region 1) and then unloading (curve in 

region 3) of the contact. Region 2 shows there is creep deformation that occurs 

over a period of time (in this experiment, the holding time is 10 seconds). 
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Region 4 is the permanent depth deformation retained after the contact pair 

separates.  

 

Figure 3.9: Graph of applied load against displacement for Au-Au contact pair. 

 

Before the experiment can proceed a control measure is needed to make sure 

that the contact resistance measurement is between the two contact surfaces 

as shown in Figure 3.10 (a) and not the bulk resistance as shown in Figure 3.10 

(b). By changing the width between the Sense (-ve) and Source (-ve) point on 

the substrate as shown in Figure 3.10 (c), the contact resistance was measured 

at two width positions of 5mm and 10mm apart.  
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Figure 3.10: Side view of (a) contact resistance, and (b) bulk resistance and (c) 

top view-contact positions on the Au-substrate. 
 

In addition the contact was moved across by 100nm and 200nm as shown on 

the schematic diagram in Figure 3.10 (c). Both tests gave the same resistance 

reading of ~0.38Ω. This shows that the 4-wire measurement method 

consistently measures the contact resistance and not the bulk resistance. In 

another control measure, the contact resistance across the Au contact with the 

substrate surface consisting of a coating of catalyst only (i.e. no MWCNT) is 

measured and no conduction is detected. This shows that the conduction 

mechanism is through the MWCNT and Au/MWCNT coatings and not the 

substrate. 
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3.4.2 Hemispherical Au contact tip 

 

The design is detailed on Appendix 3 and 4. The ball bearing is recessed in the 

copper holder. Copper is used because it is readily available and is a good 

conductor. The copper holder is bonded with epoxy resin to a stainless steel tip 

as shown in Figure 3.11.  

 
Figure 3.11: Copper holder bonded with epoxy resin. 

 

The epoxy electrically isolates the copper holder and the ball from the main 

apparatus of the nano-indenter. To evaluate whether the epoxy resin can isolate 

the copper holder, the capacitance between the bonded samples can be 

calculated using the equation given [114]: 

 

d

A
C oR
    (Equation 2.2.21) 

 

Where; 

R  - Dielectric permittivity constant for epoxy resin (constant value of 4). 

o  - Permittivity of free space (constant value of 8.85 x 10-12F/m). 

A  - Surface area (  x (2 x 10-3)2) (m2). 

 d – the gap between the bonded samples (approximately 10μm) 

 

The capacitance is approximately 4.5 x 10-11F. Measuring the potential drop 

using the micro-ohmmeter, which gives an overload resistance result, confirms 
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that isolation of the copper holder is achieved. The contact holder is then fitted 

onto the nano-indentation apparatus as shown in Figure 3.5. 

 

3.4.3. The 4-Wire Measurement Methods 

 

As shown in Figure 3.6, a 4-wire lead is connected to the contact and substrate. 

The micro-ohmmeter has four connections; two from the current source and the 

other two from the voltmeter called the “sense” lead. Generally, this 

measurement method is used because of its accuracy in measuring small 

contact resistance values. 

 

To measure the contact resistance a 2-wire resistance measurement or 4-wire 

measurement technique can be used. In a 2-wire measurement only two leads 

are connected to the device under test. This set up has the advantage of using 

just two wires to connect to the sample but in 2-wire measurements the 

voltmeter is really measuring the voltage across the two samples and the test 

leads. 

 

4-wire measurements can be attached to the contact and substrate as shown in 

Figure 3.6 and 3.7. It is best to connect them as near as possible to the 

contacting surfaces. It will give an accurate resistance measurement of the 

contacting surface without the resistance of the test leads. The contact 

resistance can be determined by using the current source, I and the potential 

drop, V and the formula to calculate contact resistance can be used as follows: 

I

V
Rc       (Equation 2.2.22) 

The micro-ohmmeter converts the potential drop and current source to a contact 

resistance and this value can just be read off. The 4-wire testing is used 

because it can accurately measure contact resistances of less than 1Ω thus 

allowing measurement of resistance values lower than for 2-wire testing. This is 

important to the experiment because most MEMS relays have contact 

resistances less than 2Ω. Moreover as proved in the experiment shown in 
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Figure 3.10 (c), the contact resistance is measured between the contacting 

surfaces and not the bulk resistance. 

 

3.5 PZT actuator test rig 

 

3.5.1 Experiment 2: PZT actuator test rig (dry-circuit condition) 

 

In order to determine the performance of the surfaces under repeated switching 

actions an apparatus has been designed (detailed drawing of test rig see 

Appendix 5), in which a PZT actuator is used to support the planar coated 

surfaces as shown in Figure 3.12 (a) and (b). This surface makes electrical 

contact with the hemispherical Au-coated probe to mimic the actuation of a 

MEMS relay contact. The apparatus has been designed to allow control of the 

gap and to allow the performance of the contact materials to be investigated 

ultimately over large numbers of switching cycles (>>106). 

. 

 
 

Figure 3.12: (a) Side view of the test rig with PZT actuator apparatus. 
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Figure 3.12: (b)Schematic side view of the test rig. 

 

A signal generator with voltage amplification is used to actuate the PZT actuator 

as shown in Figure 3.13. The PZT actuator‟s layers consist of Nickel (1st layer), 

PZT material (Lead Zirconate Titanate) (2nd layer), Nickel (3rd layer) and Kovar 

(Nickel-Cobalt ferrous alloy, final layer). The resonance frequency of the PZT 

actuator is ~1693Hz (1st harmonic, see Appendix 6). In this experiment the PZT 

actuator is actuated at a low frequency of 0.2Hz to allow a quasi-static study of 

the contact surfaces. The dynamic force is measured using a piezoelectric force 

sensor (see Appendix B) [115,116,117,118] situated as shown in Figures 3.12 

and 3.13. The force sensor is amplified using a charge amplifier and the 

dynamic force monitored. 
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Figure 3.13: Schematic top view of the test system 

 

There are several methods to control the applied force as follows: 1) by 

controlling the gap [119], achieved by turning the adjustment screw as shown in 

Figure 3.12; 2) by controlling the length of the actuator [117]; and 3) by 

controlling the amplitude of the supply voltage to the actuator. In the experiment 

presented here all other parameters are held constant, with the contact gap 

used to set the contact force at 1mN. 

 

The contact resistance, Rc is measured using the 4 wire-measurement methods 

as shown in Figure 3.14 (refer to Appendix A). The DC current source across 

the planar coated surfaces and contact is set at 1mA using a Keithley 580 

micro-ohmmeter. The number of cycles and contact resistance can be 

controlled and extracted by using the control and data acquisition system (Lab 
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View). The apparatus is enclosed and held in ambient air at room temperature. 

Before each contact resistance was measured the temperature is monitored. 

This is to ensure there was no large temperature difference that could effect the 

contact resistance measurement due to thermal drift (the measured 

temperature is ~20oC). 

 

 

Figure 3.14: Schematic of contact zone with its electrode and Rc measurement. 

 

In this experiment, the PZT actuator is actuated up to 1000 cycles at 0.2Hz 

under dry-circuit conditions with the contact resistance Rc measured 

simultaneously. The aim of this study is to determine the stability of the contact 

surfaces, prior to longer duration testing at higher frequencies.  

 

In order to replicate the conditions of a MEMS relay, a dynamic applied force of 

1mN was used. The coated planar surface and Au ball were brought into 

contact at 0.2Hz using an applied square wave form, and the gap adjusted so 

that a maximum load of 1 mN was reached. The targeted load was applied for 

~3 seconds so that a representative average contact resistance value could be 

determined. Figure 3.15 (a) shows an example of the load history over a period 

of time. The measured load versus time for an Au-Au contact pair was found to 

have a noisy signal. This is partially due to the use of a low-pass filter of 10Hz 

on the charge amplifier. Since the frequency used to actuate the PZT actuator 

was 0.2Hz, any external signal or disturbance above this frequency was then 
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detected. Figure 3.15 (b) shows the variation in Rc over a period of time at a 

frequency of 0.2Hz. This procedure was repeated in order to detect any cyclic 

changes in the electrical contact resistance.  
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Figure 3.15: Example of (a) load cycles (0.2Hz) for an Au-Au contact pair at 

1mN, (b) contact resistance during load cycling for Au-Au contact pair. 
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The same experimental setting is utilized but the PZT actuator is actuated at a 

higher frequency (10 Hz) to study the contact surfaces at a high number of 

cycles. 1mN and 3mN applied force with the same current and supply voltage 

were used. When the electrical contact resistance was measured, the frequency 

was reduced to quasi-static (0.2Hz) actuation. This was to allow the 

determination of an average contact resistance value using a 4-wire 

measurement. The electrical contact resistance was measured at 3000, 6000, 

9000, 10000, 300000, 865000, and over one million cycles. 

 

3.5.2 Experiment 3: PZT actuator test rig (hot-switched condition with 1mA 

and 10mA at 4V) 

 

In this test, the same experimental setting as in chapter 3.5.1 was used, except 

that a hot-switching condition was used. The PZT actuator was first actuated at 

low frequency (0.2Hz) to allow a quasi-static study of the contact surfaces up to 

1000 cycles at the applied force of 1mN. The hot-switching current used was 

1mA and 10mA at a supply voltage of 4V. Typically, in most experiments the 

current used was between (for low current) 1-10µA and (for high current) 1-

10mA. If the current was greater than 10mA there was a tendency for contact 

instability and degradation [40]. Figure 3.16 (a) and (b) show an example of the 

load history over a period of time. Figure 3.17 shows the circuit arrangement for 

the hot-switching experiment, where the substance is the cathode and the Au 

hemispherical probe the anode. After every 10th cycle the current and supply 

load was switched off and the Rc was measured using the 4 wire measurement 

as shown in Figure 3.17.  

 

To study the contact surfaces over a million or more cycles the PZT actuator 

was actuated at a higher frequency (10Hz as shown in Figure 3.16 (c), load 

history over a period of time) and the same applied load, current load and 

supply voltage was used during hot-switching. Rc is measured during quasi-

static frequency (0.2Hz) actuation and using 4-wire measurement methods, 

after 3000, 6000, 9000, 10000, 300000, 865000, and over one million cycles. 

The hot-switching current and supply voltage for both experiments is typical of 

those used in MEMS relays thus the high current range (1mA-10mA) and 
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supply voltage range are represented [13,40,51,120]. 
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Figure 3.16: (a) Example of applied force against time at 1mN, 0.2Hz for Au-Au 
pair (b) example of voltage against time for 1mN applied force at 1mA/4V 

(0.2Hz) for Au-Au pair and (c) example of voltage against time for Au-
Au/MWCNT contact pair at 10Hz. 
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Figure 3.17: Schematic of the hot switching test configuration with its electrode, 

current and supply load, 4 wire measurement and oscilloscope. 

 

3.5.3 Experiment 4: PZT actuator test rig (hot-switched condition with 
20mA-50mA at 4V) 

 

The same experimental set-up as in chapter 3.5.2 was used, but with a higher 

current load (20mA-50mA). For currents 30mA-50mA the PZT actuator was 

actuated at 0.2Hz. After every 10 cycles the current and supply voltage was 

switched off and the contact resistance, Rc was measured. For current of 20mA 

the sample was actuated at 0.2Hz, 10Hz and 20Hz. At 0.2Hz every 10 cycles 

the Rc was measured. After 1000 cycles the frequency was changed to 10Hz 

and Rc was measured after 10000, 100000 and one million cycles. After one 

million cycles the frequency was changed to 20Hz (see Figure 3.18 for load 

history over period of time) and every 2 million cycles Rc was monitored.  
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Figure 3.18: Example of voltage against time for Au-Au/MWCNT contact pair at 

20Hz. 

 

The test rig apparatus is enclosed and held at ambient air and room 

temperature. The average temperature is measured every time the contact 

resistance is measured. This is to make sure that the contact resistance 

measured at the same average temperature, because slight change to 

temperature can affect the it due to expansion of the samples. The average 

temperature measured was ~20oC.  

 

The aim of this study was to determine the stability, reliability and durability of 

the contact surfaces, prior to longer duration testing under variable MEMS 

current load conditions. The performance of the Au-Au/MWCNT surfaces was 

compared to a reference Au-Au contact pair under the same experimental 

conditions in order to assess their mechanical and electrical stability and 

reliability. SEM images, TaiCaan Technology XYRIS 4000L laser scanner and 

X-ray spectroscopy were used to confirm any changes on the contact surface 

samples such as degradation and wear. 
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3.6 Summary 

 

In this study the materials Au, multi-walled carbon nanotubes (CNT) and 

Au/MWCNT composites were fabricated and tested. Gold was used because of 

its capability to resist oxidation and its outstanding low contact resistance 

compared with other materials considered for use in MEMS relays. However, 

due to its poor mechanical properties alternative materials need to be 

discovered. CNTs have potential if grown properly on the contact‟s electrodes. 

At this stage multi-walled carbon nanotubes were grown on the Si substrate. 

 

Gold, MWCNT and Au/MWCNT composite contacts were tested using a 

modified nano-indentation apparatus. The testing was performed so as to 

observe its mechanical and electrical properties in a controlled temperature 

enclosure. The use of nano-indentation apparatus to test the contact surfaces at 

low applied force (1mN) was desirable because of its controllability and 

accuracy. The contact resistance was measured using a 4-wire measurement 

apparatus. In this experiment, the Au-Au/MWCNT composite contact pair 

combination was compared with Au-Au and Au-MWCNT contact pairs as a 

benchmark for the composite material. Only ten cycles were achieved in these 

tests due to the frequency limitations of the modified nano-indentation 

apparatus.  

 

Therefore, a PZT actuator was used to apply a higher number of cycles at 

higher frequencies. The same samples as used in the modified nano-indentator 

test were used. Tests were conducted up to 2 million cycles or more. Two test 

types were conducted: dry-circuit condition and hot-switching (current load of 

1mA - 50mA at 4V). The actuation frequency was between 0.2Hz to 20Hz. 

Contact resistance was measured using the 4-wire measurement methods and 

all the measurements were performed during low frequency actuation (0.2Hz). 

The test approach appears to be a very promising route towards obtaining in 

situ measurements of contact resistance on representative surfaces.   

 

This experimental method is applicable to MEMS relay contacts and will serve 

as a platform for future research and investigations of Au/MWCNT-Au/MWCNT 
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and Au/SWCNT-Au/SWCNT contact pairs with different packing densities and 

lengths of CNT and thickness of the Au coatings on the carbon nanotubes. 

Future work will conduct testing at higher frequencies and realistic numbers of 

cycles for MEMS switch applications. 
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CHAPTER 4: RESULTS AND DISCUSSION 
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4.1 Introduction 

 

In this chapter the results from the experiment using the modified nano-

indentation apparatus and the new test rig are presented and discussed. The 

Au-Au/MWCNT contact pair surfaces were compared with a baseline reference 

Au-Au and Au-MWCNT contact pair studied under the same experimental 

conditions and the results linked to established contact theory.  

 

The surfaces of the samples were analysed using a Scanning Electron 

Microscope (SEM), a non-contact 3D laser profiler (TaiCaan, Xyris 4000CL) and 

X-ray (EDX) spectroscopy, to observe any degradation on the contact surfaces. 

An SEM is used to observe any deterioration on the contact surface after 

contact. The Xyris (4000CL) is used to determine any changes in the surface 

texture and profile of the samples. Furthermore the surface asperities and the 

average roughness value or surface roughness (Ra) can be determined. EDX is 

used to observe any changes of the material composition. 

 

4.2 Samples for modified nano-indentation apparatus 

 

4.2.1 Au-Au contact pair (sample 1) 

 

The samples were observed using a Scanning Electron Microscope (SEM) as 

shown in Figure 4.1. The sample (Au hemispherical probe) can be magnified as 

shown in Figure 4.2 and 4.3. Figure 4.2 shows the X25 magnification and 

Figure 4.3 is X20,000 magnification. In the X25 magnification the sample looks 

smooth, but with the X20000 magnification the grain microstructure of the gold 

coating is observable. It is apparent that the grain microstructure of sputtered 

gold varies from 50nm up to 200nm in diameter. 
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Figure 4.1: Scanning electron microscope (SEM). 

 

 

 
Figure 4.2: SEM image of gold sputter 500nm thickness on the stainless steel  

hemispherical probe. 
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Figure 4.3: 20,000 times magnification of gold sputter deposited on the 

hemispherical probe, with the grain microstructure ranging from 50 to 
200nm. 

 

Another way of viewing the microstructure in detail is by using a laser profiler to 

generate the 3D image of the microstructure. The measurement of the average 

roughness and 3D surface of the Au hemispherical probe and substrate can be 

determined. The topography of the Au hemispherical probe is shown in Figure 

4.4. It shows the micro-topography of the Au hemispherical probe (a sputtered 

thickness of 500nm) with the sphere removed and has average roughness or 

surface roughness, Ra≈400nm, while the silicon substrate (~5mm by ~5mm, 

used for the modified nano-indentation apparatus testing), which is sputtered 

with 500nm thick gold contact layers, has Ra≈30nm. 
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Figure 4.4: 3D image generated by TaiCaan (Xyris 4000CL) for Au-sputtered 

500nm thickness with sphere removed, 301x301(400x400μm). 
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4.2.2 Au-MWCNT contact pair (sample 2) 

 

As explained in the literature review there are several fabrication techniques 

available for growing CNT; arc-discharge, laser ablation, and CVD. As reported 

CVD produces single walled carbon nanotubes (SWCNT) and multi walled 

carbon nanotubes (MWCNT) [121] and arc-discharge and laser ablation 

produces MWCNT [122] of high quality in terms of electrical transport 

properties. 

 

To produce pure CNT with a low resistivity one has to find the best fabrication 

method. CVD is best for growing forests of CNT on the substrate. It provides 

high purity CNT with equal size, and length. This can be achieved by controlling 

the thickness of the catalyst, but growing a dense forest of high quality CNT 

needs more research and experimentation before it can be realised. As stated 

by Hjortstam et al. (2004), currently the cost of a high quality CNT is too high for 

commercial use [81]. 

 

In this experiment CVD was used because of its potential to produce highly 

pure, dense and vertically aligned forest of MWCNT. The first forests of CNT 

were grown on a silicon wafer (5mm by 5mm) as shown in Figure 4.5 (a) and 

(b) using a thermal CVD furnace. The catalyst used in this experiment is Fe and 

the gaseous carbon source is ethylene. The growth temperature and time is 

875oC and 10 minutes respectively to produce MWCNT of length ~100μm as 

shown in Figure 4.5 (b). For the study a forest of vertically aligned MWCNT is 

grown on a 5mm by 5mm silicon wafer (Sample 2). The growth temperature and 

time is 875oC and ~3 minutes respectively to produce vertically aligned MWCNT 

of ~50μm in length as shown in Figure 4.6. Figure 4.7 shows the 3D profile of a 

substrate coated with MWCNT and it shows that the Ra≈1.4μm. 
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Figure 4.5: (a) Top view and (b) perspective view of SEM image of forest of 

CNT on Si-substrate. 
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Figure 4.6: SEM image of forest of MWCNT. 
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Figure 4.7: Con-focal Laser Scanned image of MWCNT 301x301 (60μm x 
60μm) using TaiCaan Technologies (Xyris 4000CL), showing 2D section of 

data. 
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Figure 4.8 (a) shows the scanning electron micrograph of an area analysed by 

electron dispersive X-ray (EDX) spectroscopy. It was clear that the peak 

originating from CNT and some carbon by-product such as other carbon 

particles marked „C‟ was predominantly observed, Figure 4.8 (b). „O‟ peak 

indicates that the surface of the CNT could have been oxidised due to exposure 

of the sample to air. „Si‟ peak indicates the background of the silicon wafer or 

silicon dioxide. As explained in chapter 3.2, Fe catalyst and Al2O3 were used to 

grow CNT but the quantity of these substances had a negligible presence. 

Furthermore the atomic percent of „C‟ is 95.2%, „Si‟ was 3.2% and that of „O‟ 

was 1.5%. 

 

 

 
Figure 4.8: (a) Electron image and (b) EDX spectrum of MWCNT surface which 

shows atomic percent of 95.2% carbon. 
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4.2.3 Au-Au/MWCNT composite contact pair (sample 3) 

 

A sputterer apparatus has been used to produce the Au/MWCNT composite. 

The Au coating can be sputtered on to the 50μm CNT length as shown in 

Figure 4.9 (a) and (b). It is indicated that the sputtered Au can penetrate the 

MWCNT to around 700nm to 4μm in depth. 

 
 

 
Figure 4.9: (a) Au penetration of ~700nm in depth (b) Au penetration of ~4µm in 

depth. 
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The average roughness of this sample is Ra~1.4μm as measured by TaiCaan 

(Xyris 4000CL) (as shown in Figure 4.7), this is greater than Au coated 

substrate (Ra~30nm).  

 

 
 

 
Figure 4.10: (a) Side view SEM image of Au/MWCNT composites and (b) top 

view SEM image of Au/MWCNT composites. 
 

 
Figure 4.10 (a) and (b) shows a close up SEM image of the Au/MWCNT 

composite (side and top view respectively). It was observed (Figure 4.10 (a)) 

that the MWCNT has an approximate diameter of ~20nm. The sputter coated 

Au deposited on top of the surface of the forest of vertically aligned MWCNT 

(a) 

(b) 
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(Figure 4.10 (b)) tends to cluster into groups of approximately 300nm in 

diameter.  

 

 
Figure 4.11: (a) Electron image and (b) EDX spectrum of Au/MWCNT surface. 

 

Figure 4.11(a) shows the electron image of an area analysed by X-ray 

spectroscopy. The „Au‟ peak was prominent and the „C‟ peak indicates the 

MWCNT, Figure 4.11 (b). Additionally, the atomic percent of „Au‟ was 71.3% 

and that of „C‟ was 28.7%. 

 

4.3 Samples used for test rig apparatus 

 

All the samples for these test were produced using the same method as above, 

the only difference was the size of the substrate. The size of the substrate was 

2mm by 7mm and attached to the end of the PZT actuator as shown in Figure 

3.4. The Au hemispherical probe dimensions and method of fabrication was as 

above (chapter 4.2.1). 

(a) 
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4.4 Experiment 1: Modified nano-indentation apparatus (dry-circuit 

condition) 

 
This section presents the results and discussion of the experiment using a 

modified nano-indentation apparatus with the dry-circuit condition.  The 

maximum applied load was 1mN and at low frequency response actuation. The 

experiment used Au-Au, Au-MWCNT and Au-Au/MWCNT contact pairs. This 

section describes three aspects of the experiment: 1) to observe applied force 

against the contact resistance characteristics; 2) 10 cycles actuation to see any 

degradation on the contact materials; and 3) to observe Au-Au, Au-MWCNT 

and Au-Au/MWCNT contact pairs‟ mechanical behaviour. 

 

4.4.1 Contact resistance against applied force   
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Figure 4.12: Contact resistance between Au-Au contact pair as a function of 

applied load. 
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Figure 4.12 shows that the contact resistance vs. applied force characteristic of 

the Au-Au contact pair is very similar to that calculated using classical contact 

theory. Assuming that the contact deforms plastically the analytical result is 

plotted on the same graph using the equation from Holm‟s analytical model. 

Figure 4.12 shows that the contact resistance is higher than the analytical 

model. This is because in the analytical model the contact surfaces are 

assumed to have no film and are clean. In this experiment, there could be 

surface films and contaminants thus giving higher contact resistance. 

 
Using the formula from Coutu et al. (2006) from chapter 2.3, which is an 

updated contact resistance model for low force contact developed using 

Chang‟s improvement [34] to Chang, Etsion, and Bogy (CEB) model [35] and 

[36] Gamma function in Wexler interpolation [14], the calculated contact 

resistance of Au is shown in Figure 4.12. 

 

Figure 4.12 shows that the contact resistance was lower than the measured Au-

Au contact pair resistance. This discrepancy was most likely due to resistive 

contaminant film layers on the contact surfaces. As Patton et al. (2005) states 

that Au has the tendency to have a thin layer of carbon on its surface that is a 

residue from the cleaning process and/or is adsorbed due to exposure to air 

[40]. It has been reported by Hyman et al. (1999) and Tringe et al. (2001) that 

there is a 2-4nm thick of adsorbed hydrocarbons on freshly cleaned Au [41,42] 

and this increases the contact resistance, but nonetheless the trend in the 

graph is similar to Holm‟s classical analytical model. Therefore it is concluded 

that the existing models for contact resistance are not applicable and further 

consideration should be given for the above effects and the influence of thin film 

conduction.   

 

The trend of the classical contact theory relation can be seen with the Au-

MWCNT contact pair as shown in Figure 4.13. This result is similar to an 

experiment between metal contacts with a substrate coated with tangled single 

walled carbon nanotubes by Yaglioglu et al. (2006) [72]. They concluded that a 

tangled SWCNT film against an Au coated surface works better than two 

contacting tangled films and the SWCNT conforming to the shape of the Au 
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contact. The contact resistance of the SWCNT system was lower than in this 

experiment and this is obvious because of its resistivity. Furthermore the 

maximum applied force used in their experiment was ~150mN and this affects 

the contact resistance reading because as the applied force increases the 

contact area increases. 
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Figure 4.13: Contact resistance between Au-MWCNT contact pair as a function 

of applied load. 
 

A factor that contributes to contact resistance is the asperities of the contact 

surfaces. Figure 4.7 shows a scanned image of MWCNT, having average 

roughness, Ra≈1.4μm much higher than the Au coated substrate. Figure 4.14 

shows the SEM image of MWCNT. When two surfaces are in contact the 

asperities are actually in contact first, thus producing contact spots or “a” spots. 

As the applied load increases, more contact spots are produced thus increasing 

the contact radius. By using both the contact resistance formulae from eqn. 

2.2.6 and 2.2.8 this can be proved. Both equations present the importance of 

 (resistivity) and contact radius. When  is lower and contact radius increases, 

contact resistance will decrease. 
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Figure 4.14: SEM image of MWCNT. 

 

 

Some of the MWCNT‟s asperities are higher than the rest as shown in Figures 

4.7 and 4.14. When the Au hemispherical probe is brought closer to the 

MWCNT substrate these asperities are in contact, thus producing the contact 

spots as shown schematically in Figure 4.15. In this experiment, as the applied 

load is increased more of the MWCNT deflect. As it deflects or buckles or bends 

more, it reduces the air gaps between the vertically aligned MWCNT thus 

improves the transfer of electrons through the sidewalls. Due to the deflection of 

the MWCNT as the load is applied, it will conform more to the shape of the Au 

hemispherical probe, thus increasing the contact area and lowering the contact 

resistance, as shown in Figure 4.15 (a) and (b). 

 

Top 
surface of 
MWCNT 
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Figure 4.15: Schematic diagram of (a) Au-MWCNT contact pair and  

(b) increased a-spots. 
 

Another factor that can contribute to reducing the contact resistance is the 

resistivity. A low resistivity indicates a material that readily allows the movement 

of electrons. If both the Holm‟s and modified equations are used, the lower the 

resistivity the lower the contact resistance. This is why Au has lower contact 

resistance because its resistivity is less than MWCNT, which has a resistivity of 

around 2 - 3x10-6Ωm [123]. 

 

Figure 4.16 shows that the Au-Au/MWCNT contact pair with increasing applied 

load from 10μN to 1mN follows a similar pattern to both contact theories. In this 

case the contact resistance is much lower than Au-MWCNT resistance but 

slightly higher than for the Au-Au contact pair as shown in Figure 4.16. 

(a)             (b) 
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Figure 4.16: Contact resistance between Au-Au and Au-Au/MWCNT coating 

contact pair as a function of applied load. 
 

In the schematic diagram shown in Figure 4.17 (a) the Au coating on MWCNT is 

making contact with the Au hemispherical probe, this decreases the contact 

resistance (when compared with the Au-MWCNT contact pair as shown in 

Figure 4.13). As the applied force increases, more a-spots were formed thus 

reducing the contact resistance as shown in Figure 4.16 and this can be seen in 

Figure 4.17 (b). 

         
Figure 4.17: Schematic diagram of (a) Au-Au/MWCNT contact pair and (b) 

increases the a-spots. 
 

 

(a)                (b) 
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Furthermore the Au/MWCNT coated surfaces as shown in Figure 4.18 are 

rougher (Ra≈1.4μm, as analysed by AFM) than the Au-substrate therefore 

producing fewer contact spots and thus giving higher contact resistance. 

 

 
Figure 4.18: AFM image of Au/MWCNT layer. 

 

As stated by Bult et al. (2008) the vertically aligned MWCNT is a compliant 

surface [73]. This compliant characteristic makes the Au/MWCNT surfaces 

absorb the applied forces from the Au hemispherical probe. To explain the 

compliant behaviour of the MWCNT surfaces, the following experiment was 

performed. A modified nano-indentation apparatus, without wires attached on 

the Au hemispherical probe, was used. This was to avoid any disturbance from 

the wires, giving purely the mechanical characteristics of the contact surfaces. 

Figure 4.19 shows the result from the experiment; an applied force (mN) against 

displacement (nm) for the Au-Au, Au-MWCNT and Au-Au/MWCNT contact pair. 

 

The indentation force starts from zero until it reaches the maximum applied 

force of 1mN and after unloading a permanent displacement can be observed 

on all the samples. Figure 4.19 shows the depth of penetration for MWCNT and 

Au/MWCNT surfaces. The curve for the Au-Au/MWCNT pair shows that it 

penetrates ~2500nm (marked „A‟ on Figure 4.19) and for the Au-MWCNT pair 

~3600nm (marked „B‟ on Figure 4.19). As the applied load was increased, it is 

possible that more deflection or buckling occurs on the vertically aligned 

MWNTs. The Au on the vertically aligned MWCNT composites has reinforced 

the MWCNT, as evident from the different depth penetration between MWCNT 

Measured area dimension 
80μm x 80μm 
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and Au/MWCNT surfaces. In Figure 4.19, once the indentation load was 

removed permanent displacement can be observed on both Au-MWCNT and 

Au-Au/MWCNT pair (~1400nm). It has been shown by Bult et al. (2008) that 

even with deformations in excess of 85%, the nanotube array will maintain its 

mechanical integrity and return to it‟s unloaded length with only modest 

permanent deformation [73]. With this it is believed that the Au/MWCNT surface 

(for Au-Au/MWCNT contact pair) conforms to the shape of the Au hemispherical 

probe.  

 

Figure 4.19: Graph of applied force vs. displacement for Au-Au, Au-MWCNT 

and Au-Au/MWCNT pair with maximum applied load at 1mN. 

 

Figure 4.20 shows the Au-Au pair during the loading with penetration of ~70nm, 

A 
B 
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and after unloading the permanent displacement of 20nm was observed. This is 

a typical characteristic of the indentation of Au films on a hard silicon substrate. 

In an experiment by Cao et al. (2006) a nano-indenter with diamond tip was 

used (Berkovich, three-sided pyramid tip, 142.3o) to indent a Au film with 

different thicknesses from 100nm to 2000nm coated on a silicon substrate[124]. 

It was shown that the hardness of Au decreases with an increasing film 

thickness. The increase is attributed largely to the effects of the substrate 

modulus mismatch [124]. Furthermore, in this study a nano-indentation 

apparatus with a Berkovich indenter was also used on Au, MWCNT, and 

Au/MWCNT substrates as shown in Appendix 7 at a maximum applied force of 

1mN. The calculated elastic modulus for the Au substrate was 191.5GPa, and 

compared with MWCNT and Au/MWCNT were 67.5MPa and 92.3MPa 

respectively. 

 

Figure 4.20: Graph of applied force vs. displacement for Au-Au with maximum 

applied load at 1mN. 

Creep 
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4.4.2 Contact resistance vs. number of cycles for 10 cycles 

 

To observe any degradation of the contact pairs, cyclic loading is performed. In 

this study 10 cycles were performed using the modified nano-indentation 

apparatus. Figure 4.21 shows the cyclic resistance of the Au-Au contact pair at 

maximum applied load of 1mN. All the data points include the corresponding 

standard deviation of the contact resistance data collected during the hold 

period. Initially the contact resistance starts from ~0.383Ω and increases slightly 

by about 100mΩ during the cycling. 

 

In a similar experiment by Dickrell et al. (2005) using a modified nano-

indentation apparatus it is shown that the Au-Pt contact pair degrades and the 

contact resistance increases after the 10 cycle [51]. They proposed that this 

was due to hot-switching arcing affects at the surface. In this experiment no hot-

switching loads were used, so the contact does not degrade by “hot-switching”.  
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Figure 4.21: Cyclic contact resistance of Au-Au contact pair. 

 

Figure 4.21 shows the results for a low number of cycles for the Au-Au contact 

pair. The slight increased in the contact resistance is due to the deterioration of 
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the Au layer on both Au-Au contact surfaces because of the poor mechanical 

properties of Au (typically a low hardness of 1-2GPa). This has been widely 

studied and reported in other work. As stated by Coutu et al. (2004), Au is a 

very soft metal, has a low melting point, adsorbs a carbonaceous layer and is 

susceptible to erosion and wear [50]. Figure 4.22 shows the contact resistance 

of the Au-MWCNT contact pair (the points include the corresponding standard 

deviation of the contact resistance measured during the hold period) to be 

higher than Au-Au contact pair. The reason was that MWCNT has a higher 

resistivity and its surface is rougher (shown in Figure 4.7 and 4.14) than Au 

substrates.  
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Figure 4.22: Cyclic contact resistance of Au-MWCNT contact pair.  

 

To improve the contact resistance the MWCNT was coated with a conductive 

material, in this case, Au. Figure 4.23 shows the Au-Au/MWCNT contact pair (it 

also shows the points including their corresponding standard deviation of the 

contact resistance measured during the hold period). The contact resistance 

was much lower (~0.46Ω) than Au-MWCNT contact pair (~108Ω). The probable 

reason: (1) the Au coating on MWCNT was making contact with the Au on the 

contact as shown in Figure 4.17; (2) when the contact was pushed against the 

Au/MWCNT substrate it deflects or buckles and conforms to the shape of the 

contact thus improving the contact radius as shown in Figure 4.17; and (3) the 
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slightly higher contact resistance compared with the Au-Au contact pair was 

most likely due to surface properties such as the lower average roughness than 

Au/MWCNT surfaces.  
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Figure 4.23: Cyclic contact resistance of Au-Au/MWCNT contact pair. 

 

Figure 4.24 shows an SEM image of the Au hemispherical probe contact 

surface after 10 cycles which has some damage to the Au surfaces where many 

small impressions on the Au hemispherical probe can be detected. These 

impressions were due to the asperities on the MWNT surfaces. However, 

detecting the indentation on the Au contact is not straightforward as for a 

normal diamond indentation experiment where the indentation is clear and at 

one defined point on the substrate.  
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Figure 4.24: Au hemispherical probe after contact with Au/MWCNT substrate. 

 

The scanned images of a fresh and a tested Au (ball) contact were compared 

as shown in Figure 4.25 (a) and (b) respectively. The area being scanned is as 

circled in Figure 4.24. It shows damage on the Au contact. Moreover when the 

surface roughness (Ra) was measured by TaiCaan (Xyris 4000CL) in this region 

(Figure 4.25 (b)) it had changed from ~400nm to ~1.5μm.  

 



 

  
116 

 

Figure 4.25: (a) Fresh and (b) tested Au (ball) contact with spherical shape 

removed, 301x301 (400μm x 400μm) using TaiCaan (Xyris 4000CL).  

 
To validate the above experiment an X-ray spectroscopy was performed on the 

damaged Au hemispherical probe. Figure 4.26(a) shows the electron image of 

the area analysed by X-ray spectroscopy on the Au contact. The „Au‟ peak was 

predominantly observed, with „C‟ and „O‟ peaks. This was consistent with the 

composition of the film, with some additional surface contaminants and water 

adsorbtion, Figure 4.26(b).  The overall atomic percent of „Au‟ was 38.6%, „C‟ 

was 55.5% and „O‟ 5.9% for the area “Spectrum 1”, Figure 4.26(a). „C‟ could 

have come from the MWCNTs surfaces or surface contaminants due to 

exposure with the environment. 

Measured area dimension 

0.4mm x 0.4mm 

Measured area dimension 
0.4mm x 0.4mm 
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Figure 4.26: (a) Electron image, (b) EDX spectrum 1, and (c) EDX spectrum 2 
of Au contact surface. 

 

(b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(c) 

Spectrum 1 

Spectrum 2 
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Au is a soft metal, which makes the Au contact susceptible to wear. 

Furthermore, only one Au hemispherical probe was used throughout the 

experiment. This could contribute to the damage of the Au probe. When one 

point on the exposed hemisphere was analysed, marked „Spectrum 2‟ as shown 

in Figure 4.26(a), the „Fe‟ peak was predominant, but together with a „Cr‟ peak 

which suggests that the stainless steel ball is exposed, as seen in Figure 4.26 

(c). The atomic percent shows „Fe‟ was 68.7%, „Cr‟ was 19.1%, „C‟ was 11.7% 

and „Au‟ was 0.6% thus indicating that wear had occurred on the Au contact 

exposing the surface of the stainless steel ball. No evidence of damage or 

change in chemical composition on the Au/MWCNT surface was detected. 

 

Even though the Au-Au/MWCNT contact pair shows a comparable contact 

resistance with the Au-Au contact pair, further experimentation is needed to 

avoid adhesion of the contact and substrate, which could degrade the contact 

resistance during extended cycles. This phenomenon was clearly seen in 

Figure 3.8 where during unloading there was still contact resistance measured 

until total separation of the contact pair. Moreover, an indication of creep can be 

seen in Figure 4.20 and was identified as the mechanism responsible for an 

increase in stiction [125]. 
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4.4.3 Factors affecting the modified nano-indentation testing 

 
Figure 4.27: Graph of applied force against displacement for (a) Au, MWCNT 

and Au/MWCNT surface using nano-indentation test with Berkovich indenter (b) 
for Au-Au, Au-MWCNT and Au-Au/MWCNT contact pair using modified nano-

indentation test without wire attached. 

Au                                    Au/MWCNT      MWCNT 
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In this study the modified nano-indentation apparatus had been used to 

determine the surface properties. The following test was performed:  

(1) nano-indentation test with the Berkovich indenter on Au, MWCNT 

and Au/MWCNT surfaces,  

(2) a modified nano-indentation test for Au-Au, Au-MWCNT and Au-

Au/MWCNT contact pairs without 4 wire measurement attached, and  

(3) a modified nano-indentation test for Au-Au, Au-MWCNT and Au-

Au/MWCNT contact pairs with 4 wire measurement attached.  

 

Figure 4.27 (a) shows the force/displacement graph of Au, MWCNT and 

Au/MWCNT substrates using nano-indentation testing with the Berkovich 

indenter. Figure 4.27 (b) shows the force/displacement graph of Au-Au, Au-

MWCNT and Au-Au/MWCNT contact pairs using modified nano-indentation 

apparatus at the maximum applied load of 1mN.  Both tests showed similar 

patterns but the main difference was in the depth of penetration. For example 

the depth penetration for Au/MWCNT with the Berkovich indenter was ~4500nm 

and for Au-Au/MWCNT contact pair was ~2400nm. The reason was the 

Berkovich indenter has a more pointed end (as shown in Figure 4.28 (a)) than 

the Au hemispherical probe (as shown in Figure 4.28 (b)), thus deeper 

penetration was obtained. 

 

Figure 4.28: (a) Indentation with Berkovich indenter and (b) indentation with Au 

hemispherical probe on Au/MWCNT surface. 
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Figure 4.27 (b) shows the normal curve pattern for the Au-Au, Au-MWCNT and 

Au-Au/MWCNT contact pairs. When the wires (used for the 4-wire 

measurement) were attached on the Au hemispherical probe as shown in 

Figure 3.5 (a) the curve pattern was distorted as shown in Figure 4.29. The 

reason was that the wire has affected the result: (1) the weight of the wire; and 

(2) the way the wire has been attached on the Au hemispherical probe limited 

the movement of the probe. 

 

Figure 4.29: Graph of applied force against displacement for Au-Au, Au-

MWCNT and Au-Au/MWCNT contact pair using modified nano-indentation test 

with wire attached. 

 

Moreover, the modified nano-indentation apparatus has a limitation when 

performing a large number of cycles and due to the factor affecting the 

movement of the probe, therefore an alternative way to test the contact was 

needed. Thus, a PZT actuator test rig was designed and fabricated. 
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4.5 Experiment 2: PZT actuator test rig (dry-circuit condition) 
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Figure 4.30: Cyclic contact resistance of Au-Au and Au-Au/MWCNT contact 

pairs.  

Figure 4.30 shows the contact resistance of the Au-Au and Au-Au/MWCNT 

pairs over 1000 cycles at a maximum (quasi static) applied load of 1mN. The 

contact resistance of the Au-Au pair was initially ~0.2Ω and increased rapidly to 

4-6Ω at 430 cycles. Under dry-circuit conditions with 1mA current and a 

maximum voltage of 20mV (less than melting voltage, 0.43V for Au [31]) the 

contacts were unlikely to degrade by hot-switching, therefore the increase in 

contact resistance was solely due to the mechanical deterioration of the Au-Au 

Au-Au 

Au-Au/MWCNT 
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contact pair surfaces, reflecting the recognized problems of using soft metals for 

electrical contacts. The reason for the sharp increase in contact resistance of 

the Au-Au pair at ~430 cycles was believed to be due to the adhesion [40]. The 

smoothing is the result of the repeated impacts of the Au.  Figure 4.31 shows 

the damaged Au surface planar from the Au-Au contact pair. 

 

 

Figure 4.31: Scanned image of Au planar surface 201x201(0.2mmx0.2mm) 

using TaiCaan (Xyris 4000CL)  

The adhesive force increases with the number of cycles and is consistent with 

creep, being one of the underlying physical mechanisms for the increase in 

adhesion [125]. The creep of the gold was shown in Figure 4.20 during a single 

load cycle. Figure 4.20 shows the graph of load against displacement for an Au-

Au contact pair. The curve shows there is creep, a deformation that occurs over 

a period of time when a material is subjected to constant stress, even at room 

temperature. The force cycle exhibited in Figure 4.20 occurs over a longer time 

scale than that used in this test procedure, with an impact period of 

approximately 3 seconds. 

 

Figure 4.30 also shows a contact resistance of the Au-Au/MWCNT contact pair. 

The initial contact resistance (~0.7Ω) is higher for the Au-Au/MWNT pair when 

compared with Au-Au contact pair. A possible cause was the difference of 

Measured area dimension 

0.2mm x0.2mm 
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surface roughness between Au and Au/MWCNT coated planar surfaces and the 

irregularity of the Au film on the MWCNT.  It was anticipated that this could be 

improved in subsequent experiments by better process control. The contact 

resistance was much more stable than for the Au-Au pair over the 1000 loading 

cycles. This was believed to be due to the Au/MWCNT surfaces conforming to 

the shape of the Au hemispherical probe. The dynamic impact on the Au 

hemispherical probe was absorbed by the Au/MWCNT surfaces thus reducing 

the wear. The compliant effect on Au-Au/MWCNT helps to reduce the 

deterioration.  

 

In addition, as the Au/MWCNT surface conforms to the shape of the Au 

hemispherical probe it increases the contact area. There was a smoothening of 

the Au asperities and significant indentation marks on the Au covering the 

surface of the Au hemispherical probe as shown in „A‟ and „B‟ respectively on 

Figure 4.32. No visible damage can be detected on the Au/MWCNT planar 

composite, further suggesting that the CNT under-layer has improved the 

mechanical integrity of the gold surface.  
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Figure 4.32: Scanned image of Au ball for Au-Au/MWCNT with the sphere 

removed, contact pair 301x301 (0.4mmx0.4mm) using TaiCaan (Xyris 4000CL). 
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Figure 4.33: Scanned image of Au/MWCNT planar after 106 cycles at 1mN of 

applied load, 201x201 (0.4mmx0.4mm) using TaiCaan (Xyris 4000CL). 
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Figure 4.34: Contact resistance after 106 cycles at 1mN. 

 
 

Figure 4.33 shows the indentation by the Au hemispherical probe was visible 

after more than a million cycles. This experiment was a continuation from the 

1000 cycles at 1mN applied load. Figure 4.34 shows the contact resistance for 

1000 cycles to greater than 106 cycles. After a smaller initial decrease, the 

contact resistance was constant up to 1.73 million cycles with a value of 0.68Ω. 

The probable cause of the small changes in the contact resistance was due to 

the increase in contact radius, that is the Au/MWCNT planar conforms more to 

the shape of the Au-hemispherical probe. The Au/MWCNT planar has much a 

higher contact radius than a conventional rigid planar contact surface (in this 

case Au-planar). After 3000 cycles no observable indentation occurs, thus the 

contact resistance can be seen to stabilise up to more than a million cycles. It 

was observed that the Au/MWCNT conforms to the Au hemispherical probe 

shape as shown in Figure 4.33. This showed how mechanically robust 

Au/MWCNT surfaces were even after one million cycles, there was only little 

deformation observed (< 4μm in depth). Further this suggests that the 



 

  
127 

deformation has occurred on the Au film rather than the MWCNT, thus showing 

the improvement on the mechanical integrity of the systems.  

 

 

 

Figure 4.35. SEM images of a) Au hemispherical probe and b) Au/MWCNT 

surface after 2 million cycles at 3mN. 

 

Figure 4.35 shows an SEM image of the Au hemispherical probe surface and 

the Au/MWCNT surface after 2 million cycles with a maximum applied force of 

3mN. Figure 4.37 also shows the scanned image of the Au/MWCNT composite 

surface obtained using the TaiCaan (Xyris 4000CL) system. It was observed 

that there were marks on the Au hemispherical probe of ~530μm (Figure 4.35 

(a)) in diameter. Figure 4.35 (b) and 4.36 shows tearing or cracking of the 

Au/MWCNT and this was consistent with adhesion and/or fatigue of the Au 

(Figure 4.35 (a)) and Figure 4.36 shows a tear opening of approximately 25μm. 

This deterioration had not yet resulted in any measurable change in the contact 

resistance. Another probable reason for the crack was the insufficient infiltration 

of Au being sputter-coated on some areas of the MWCNT surface to form the 

composites. The penetration of the Au is between 700nm – 4μm. Due to this it 

would displace or deflect the MWCNT. Another reason would be poor 

anchorage or adhesion of the MWCNT to the silicon substrate. It was observed 

that, where the Au hemispherical probe impacted on the Au/MWCNT surface 

there was no observable degradation.  
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Figure 4.36: Tear or crack surface of Au/MWCNT composite after 2 million 

cycles at 3mN of applied force. 
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Figure 4.37: Scanned image of Au/MWCNT planar after 2 million cycles at 3mN 

of applied load, 201x201 (1mmx1mm) using TaiCaan (Xyris 4000CL). 

 

Measured area dimension 
1mm x 1mm 
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4.6 Experiment 3: PZT actuator test rig (hot-switched condition, 1mA and 

10mA) 
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Figure 4.38: Cyclic contact resistance for Au-Au and Au-Au/MWCNT contact 

pair. 

 

Figure 4.38 shows the contact resistance of the Au-Au pair over 1000 cycles at 

a maximum applied load of 1mN at quasi static switching cycles. The contact 

resistance of the Au-Au pair was initially ~0.58Ω and increased rapidly to 4-10Ω 

at ~220 cycles. The reason for the sharp increase in Rc of the Au-Au pair was 

due to the softening or melting and smoothening of the Au surfaces which leads 

to increased adhesion [40,125]. The softening or melting was due the supply 

voltage (4V) used in this experiment. The theoretical voltage for softening and 

melting Au contact material is ~0.08V and 0.43V respectively [31]. The 

smoothing was the result of the repeated impacts and time-dependent 

deformation of the Au. Figure 4.39 (a) and (b) shows the damage or 

delamination of the Au hemispherical probe surface which has adhered onto the 

Au planar for the Au-Au contact pair. Figure 4.39 (c) also shows a scanned 

Au-Au pair 

Au-Au/MWCNT pair using 1mA 

and 10mA at 4V 
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image of the damaged Au hemispherical probe using the TaiCaan (Xyris 

4000CL) system. The damage depth measured was ~500nm, thus exposing the 

under layer. 
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Figure 4.39: (a) SEM image of Au hemispherical probe degradation (b) SEM 

image of Au planar with Au debris (c) scanned image of damaged Au ball for 

Au-Au pair (1mA/4V) with the sphere removed, contact pair 201x201 

(0.2mmx0.2mm) using the TaiCaan (Xyris 4000CL) system. 

 

(c) 

Measured area dimension 

0.2mm x 0.2mm 
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This can be confirmed using X-ray spectroscopy. Figure 4.39 (a) shows the 

point analysed by X-ray spectroscopy on the Au hemispherical probe “Spectrum 

1”. Figure 4.40 (a) shows an EDX spectrum for the surface. The „Fe‟ peak was 

predominantly observed and the Cr peak indicates both elements come from 

the stainless steel ball. The atomic percent shows Fe as 73.2% and Cr as 

26.3% thus indicating that wear and damage has occurred on the Au 

hemispherical probe exposing the surface of the ball. Figure 4.39 (b) also 

shows the point analysed by X-ray spectroscopy of the adhered Au on the Au 

planar “Spectrum 2”. Figure 4.40 (b) shows an EDX spectrum for the surface. 

The „Au‟ peak was predominantly observed with Au atomic percent of 100% 

thus indicating that Au debris has adhered on the Au planar. 

 

 

 

 

Figure 4.40: (a) EDX spectrum of exposed under layer of Au hemispherical 

probe surface. 

 

(a) 
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Figure 4.40: (b) EDX spectrum of adhered Au on the Au planar surface. 

 

To explain further, the melting is due to the supply and current load used in this 

experiment, where the theoretical voltage for softening and melting Au contact 

material is ~0.08V and 0.43V respectively [31]. Under this condition joule 

heating occurs within the contact surface. Another reason is that it is more 

severe in materials that are subjected to heat for a long periods of time because 

the rate of deformation is a function of the material properties, exposure time, 

exposure temperature and the applied load.  

 

Figure 4.38 also shows contact resistance of the Au-Au/MWCNT contact pair at 

different current loads (1mA and 10mA) at 4V. The contact resistance (~0.68Ω) 

for both current load conditions was slightly higher for the Au-Au/MWCNT pair 

when compared with the Au-Au pair (~0.58Ω), but the contact resistance was 

much more stable than for the Au-Au pair over 1000 loading cycles. This again 

was believed to be due to the Au/MWCNT surfaces conforming to the shape of 

the Au hemispherical probe. The dynamic impact on the Au hemispherical probe 

was absorbed by the Au/MWCNT surfaces thus reducing the wear. The 

compliant or sponge-like effect on Au-Au/MWCNT helps to reduce the wear. 

.  

(b) 
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Figure 4.41: Contact resistance up to more than a million cycles for Au-

Au/MWCNT contact pair after using current load of 1mA and 10mA, 4V. 

 

Figure 4.41 shows the contact resistance over a million cycles. The contact 

resistance is stable for both current load (1mA and 10mA) conditions, even 

though there is some Au adhesion on the Au hemispherical probe (anode) as 

shown in Figure 4.42 (a) and (b). This Au adhesion is from the coated surface of 

the Au/MWCNT planar surfaces, which melted and adhered onto the Au 

hemispherical probe. 

 

Figure 4.42: SEM image of (a) Au hemispherical probe for Au-Au/MWCNT 

contact pair at current load 1mA, 4V and (b) Au hemispherical probe for Au-

Au/MWCNT contact pair at current load 10mA, 4V after more than a million 

cycles. 
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Figure 4.43: (a) EDX spectrum of Au hemispherical probe surface adhered with 

Au from the coated Au/MWCNT surfaces (1mA) (b) EDX spectrum of Au 

hemispherical probe surface adhered with Au from the coated Au/MWCNT 

surfaces (10mA). 

 

This can be confirmed using X-ray spectroscopy. Figure 4.42 (a) and (b) show 

the points analysed by X-ray spectroscopy on the Au hemispherical probe 

“Spectrum 3” and “Spectrum 4”. Figure 4.43 (a) and (b) shows an EDX 

spectrum for the surface. Gold was the predominantly observed element with 

(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) 
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carbon and oxygen also observed on both surfaces. This was consistent with 

the composition of the melted Au, which had adhered on to the Au 

hemispherical probe surfaces, with some additional surface contamination and 

water adsorption. The overall atomic percent of Au was 77.2%, C as 16.8% and 

O as 6.1% for the point “Spectrum 3”, and the overall atomic percent of Au was 

71.9%, C as 22.8% and O as 5.4% for the point “Spectrum 4”.  

 

The Au melting and adhesion for the Au-Au/MWCNT contact pair was much less 

than with the Au-Au pair. The probable reason would be that the MWCNT has 

improved its heat dissipation generated within the contact surface. The MWCNT 

have excellent heat-conduction properties [126,127,128,129]. As stated by 

Hyman et al. (1998) that heat dissipation is the critical design criterion for 

maintaining a low contact resistance, a high power handling and a minimum 

surface adhesion wear [67]. Furthermore, with this enhancement of heat flow it 

could have reduced the temperature between the contact surfaces. 

Furthermore, the MWCNT acts like a thermal interface material, like an array of 

fins to increase surface contact with the air which improves heat dissipation, 

thus leading to a reduction in temperature which in turn reduces degradation 

due to heat generation and melting of the Au coating. Moreover, the roughness 

of the Au/MWCNT planar surface could have helped to reduce the tendency of 

adhesion due to smoothening of the surfaces, which is one of the major causes 

of MEMS relay failure. 

 

No observable damage, deformation or change in chemical composition on the 

Au/MWCNT planar composite surfaces can be detected, further suggesting that 

the CNT under layer has improved the mechanical integrity of the gold surface.  
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4.7 Experiment 4: PZT actuator test rig (hot-switched condition, 20mA-

50mA) 

 

 

 

 
Figure 4.44: Graph of contact resistance against number of cycles for Au-

Au/MWCNT contact pair with current load of (a) 50mA, and (b) 40mA and  

(c) 30mA 4V at applied force of 1mN. 

(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
(c) 
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Figure 4.44 (a), (b) and (c) shows the contact resistance against number of 

cycles for the Au-Au/MWCNT contact pair using a current load between 30mA-

50mA and supply of 4V. It was observed that degradation has occurred 

between 45 to 150 cycles for this range of current loads. The degradation has 

occurred on the Au surface of the Au hemispherical probe as shown in Figure 

4.45. It was observed that delamination on the Au surface accounts for the 

degradation of the contact resistance. The probable reason would be that 

enough heat is generated during the contact and between the surfaces to soften 

or melt the Au layer on the Au hemispherical probe. Two potential factors 

involved in heat generated and micro welding are Au-Au adhesion and localised 

current density at the asperity contact peaks [130]. 

 
 

 
 

Figure 4.45: Damaged surface of Au hemispherical probe after using current 

load (a) 50mA (b) 40mA and (c) 30mA, 4V. 

(a)                                                            (b) 

(c) 
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Figure 4.46 (a) and (b) shows the Au which has adhered to the Au/MWCNT 

composite surface (for a current load of 40mA and 50mA, at 4V) after 45 to 65 

cycles. This behaviour of degradation was consistent with the 30mA current 

load, where the damaged Au hemispherical probe and the Au on the 

Au/MWCNT composite surface can also be seen. 

 

 

Figure 4.46: Au adhered on the Au/MWCNT composite surface using current 

load (a) 50mA, 4V. 

(a) 
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Figure 4.46: Au adhered to the Au/MWCNT composite surface using current 

load (b) 40mA, 4V. 

 

 

Figure 4.47: Graph of contact resistance against number of cycles for Au-

Au/MWCNT contact pair with current load of 20mA, 4V at applied force of 1mN. 

 

Figure 4.47 shows the contact resistance against number of cycles for Au-

Au/MWCNT composite with current and supply load of 20mA and 4V 

(b) 
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respectively. It was observed that contact resistance increases after ~50 million 

cycles. This degradation has occurred on both side of the contact surfaces as 

shown in Figure 4.48 (a) and (b). Au from the top surface of the Au/MWCNT 

composite surface (cathode) has adhered on the Au hemispherical probe 

(anode). 

 

 
Figure 4.48: (a) Au adhering on the Au hemispherical probe (anode) and  

(b) damaged image on the Au/MWCNT composite surface (cathode). 
 

The probable reasons for this degradation are as follows: (1) enough heat is 

generated during the contact between the surfaces to soften or melt the Au 

layer on the Au/MWCNT surface and adhere on to the Au hemispherical probe; 

(2) Au fatigue or degradation occurs after a large number of cycles; and 3) 

material transfer was a result of bridge transfer of a molten metal. As claimed by 

Slade, this molten metal bridge always forms between the contacts even at low 

currents and even when the contacts open with a very high acceleration [31]. 

 

(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) 
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4.8 Factors affecting the number of cycles in the hot-switched condition 
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Figure 4.49: Graph of voltage (V) against time (ms) for Au-Au contact pair, 

during the contact. 

 

Figure 4.49 shows an example of a graph of voltage against time during Au-Au 

during contact at 0.2Hz and 1mN with current load of 1mA at 4V. It was 

observed that bouncing during the contact cycle has occurred for the sample 

attached to the PZT actuator. This is common in MEMS relay devices, contact 

bounce will occur immediately after the switch closes. This will lead to electrical 

discontinuity (that is for example it interrupts the power signal continuity through 

the transmission line on the relay), increase wear, degrades performance, its 

reliability and durability. 

 

In the experiment, bouncing will be an additional bonus to the number of cycles 

performed and achieved for testing the new composite material‟s reliability and 

durability during hot-switching. As the planar sample hits the Au hemispherical 

probe it bounces about 10 times before it settles or close completely as shown 

in Figure 4.49. The number of cycles for the cyclic loading (dry-circuit and hot 

switched) need to be reconsidered. Assuming the bounce causes a factor of 

x10 on the number of cycles then, for example the number of cycles presented 

in Figure 4.30 for the Au-Au contact pair to degrade was truly 4300 cycles and 

not 430 cycles.  

Open 
Close 

bouncing 

     1
st
 contact 
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4.9 Discussion 

 

In this study two experimental setups were used: 1) a modified nano-indentation 

apparatus with dry-circuit condition; and 2) a PZT actuator test rig with dry-

circuit and hot-switched conditions. The combination contact pair samples as 

follows were tested using these equipment: 1) Au-Au; 2) Au-MWCNT; and 3) 

Au-Au/MWCNT composites contact pairs. 

4.9.1 Modified nano-indentation apparatus 

 

A modified nano-indentation apparatus was used to characterise the contact 

resistance (measured by 4-wire measurement methods) against applied force 

(with maximum applied force of 1mN) between a Au-Au/MWCNT coated contact 

pair. This contact pair was compared with Au-Au and Au-MWCNT contact pair. 

Before continuing with the experiment, the “contact resistance against applied 

force” pattern of the Au-Au contact pair was compared with Holm‟s classical 

theory and the new Wexler contact resistance by Coutu et al. (2006) [14] to 

observe the similarity.  The Au-Au contact pair shows a similar pattern (as 

shown in Figure 4.12) with these theories. This shows that the modified nano-

indentation apparatus could be used to test and replicate the actuation of a 

MEMS relay.  

 

When the Au-Au pair contact resistance was compared with the calculated 

model, the contact resistance was higher. The possible reason would be that 

the model assumes there is no contaminant film and is clean but there could be 

a contaminant film layer. As Patton et al. (2005) states, Au has the tendency to 

have a thin layer of carbon on its surface, the residue from the cleaning process 

and/or is adsorbed due to exposure to air [40]. It has been reported by Hyman 

et al. (1999) and Tringe et al. (2001) that there is 2-4 nm thick of adsorbed 

hydrocarbons on freshly cleaned Au [41,42] and this increases the contact 

resistance.  

 

When a 10 cycles contact resistance characteristic of Au-MWCNT contact pair 

was compared with that of the Au-Au contact pair (Figures 4.22 and 4.21 
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respectively), it showed that the contact resistance was higher. The reason was 

because of the higher resistivity of MWCNT planar surface with the Au planar 

surfaces. When comparing the Au-Au/MWCNT contact pair with the Au-Au 

contact pair it was comparable (Figure 4.23 and 4.21 respectively). The reason 

was the Au hemispherical probe had made direct contact with the Au coating on 

the MWCNT and the MWCNT acts as a compliant medium, thus reducing the 

contact resistance. The contact resistance was slightly higher with the Au-

Au/MWCNT contact pair. The possible reason would be because of the different 

surface roughnesses. Nonetheless the Au-Au/MWCNT contact pair works better 

than the Au-MWCNT contact pair. 

 

It was stated by Bult et al. (2008) that the vertically aligned MWCNT had 

compliant behaviour [73]. They claimed that because of this behaviour it 

improved the mechanical and electrical integrity of the contact materials. The 

“force against displacement” trend was observed for all the samples to measure 

the compliant behaviour.  Figure 4.19 shows that the depth of penetration of the 

Au-MWCNT (~3600nm) and Au-Au/MWCNT (~2500nm) contact pairs were 

deeper than for the Au-Au contact pair and when the samples were unloaded 

modest permanent displacements (~1400nm) were obtained.  This shows the 

MWCNT or Au/MWCNT surfaces‟ readiness to conform and absorb the Au 

hemispherical probe when loaded and having the same permanent 

displacement when unloaded. With this behaviour it was possible that it would 

reduce the wear between the contacts. 

4.9.2 PZT actuator test rig 

 

The modified nano-indentation apparatus has a low frequency response, thus a 

limitation on tests using a large number of cycles. A reliable MEMS relay 

contact should perform a large number of cycles preferably 1010 – 1011 cycles. 

Furthermore as shown in Figure 4.29, the modified nano-indentation apparatus 

results were affected by the wire attached on the Au hemispherical probe, thus 

alternative testing was needed. The applied cyclic load (with maximum applied 

force of 1mN) and contact resistance between Au-Au/MWCNT contact pair (dry-

circuit and hot-switching conditions) were investigated using a PZT actuator test 
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rig and 4-wire measurement methods. This contact pair combination was 

compared with an Au-Au contact pair.  

 

Bult et al. (2008) has performed tests using a similar combination of contact 

materials (Au-Au/MWCNT pair) with a dynamically applied force of ~25mN (hot-

switched condition) and up to 3000 cycles [73]. In this study, the number of 

cycles achieved was beyond 3000 cycles and this was needed to observe a 

realistic reliable contact materials. 

 

4.9.2.1 Dry-circuit condition 
 

Over 1000 cycles the Au-Au/MWCNT contact pair demonstrated a much more 

stable contact resistance than the Au-Au contact pair which degrades ~430 

cycles as shown in Figure 4.30.  The reason was that Au is soft and it wears 

easily. Increasing the load experiment using 3mN applied force shows a tear 

and crack as shown in Figure 4.35 (b) and 4.36. The probable reasons for the 

crack were: 1) the insufficient infiltration of Au being sputter-coated on some 

areas of the MWCNT surface to form the composites and due to this it has 

displace or deflect the MWCNT; and 2) the poor anchorage or adhesion of the 

MWCNT to the silicon substrate. This deterioration has not resulted in any 

measurable change in the contact resistance. This improvement was believed 

to be due to the Au/MWCNT surfaces conforming to the shape of the Au 

hemispherical probe. The dynamic impact on the Au hemispherical probe was 

absorbed by the Au/MWCNT surfaces thus reducing the wear. The compliant 

effect on Au-Au/MWCNT helps to reduce the deterioration by reducing the 

plastic deformation and subsequent adhesion between the Au contact surfaces. 

 

4.9.2.2 Hot-switching condition 
 

An applied cyclic load and contact resistance between Au-Au/MWCNT 

composite contact pairs was investigated using the test rig at current loads of 

1mA and 10mA and supply load of 4V and Rc measurement methods. This 

contact pair combination was compared with an Au-Au contact pair. The Au-Au 

contact pair shows degradation over 220 cycles but the Au-Au/MWCNT contact 
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pair demonstrated a much more stable contact resistance over 1000 cycles 

(Figure 4.38) and beyond 2 million cycles (Figure 4.41).  

 

These were believed to be due to: 1) the compliant behaviour of the 

Au/MWCNT surfaces conforming to the shape of the Au hemispherical probe, 

thus reducing plastic deformation of the contacts; and 2) the MWCNT could 

have improved the heat dissipation produced by heat generated within the 

contact surfaces. The MWCNT have excellent heat-conduction properties and 

this could have reduced the softening or melting temperature between the 

contact surfaces. 

 

To observe a current load benchmark, the same experimental setting as above 

was employed but with higher current load (20mA-50mA) and supply voltage of 

4V. This is above the high current range for MEMS relays.  The sample used 

was a Au-Au/MWCNT contact pair. It was observed that failure occurred for a 

current load between 30mA to 50mA after 45 to 150 cycles. This failure was 

only observed on the Au hemispherical probe where delaminating Au adhered 

to the Au/MWCNT surface. This was probably due to enough heat generated 

during the contact to soften or melt the Au on the hemispherical probe. At the 

current load of 20mA with supply voltage of 4V, failure only occurred after 50 

million cycles (Figure 4.47) for the Au-Au/MWCNT contact pair. It was observed 

(Figure 4.48) that the Au coating from the Au/MWCNT surface had melted and 

adhered to the Au hemispherical probe. The likely reason: (1) current load has 

generated enough heat to melt the contact Au coating on the Au/MWCNT 

surface to adhere on the Au hemispherical probe; and (2) Au fatigue after a 

large number of cycles.  

  

The above experimental method was the first to test a Au-Au/MWCNT contact 

pair at large numbers of cycles. It has shown that the MWCNT improves the 

mechanical integrity and electrical properties of the contact pair. This analysis 

and these results would be useful for MEMS relay contact development and 

could serve as a platform for future research and investigation. In this initial 

study we could observe their behaviour and thus future improvement could be 

made in terms of their performance.  
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CHAPTER 5: CONCLUSION 
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5.1 Findings 

 

This study was the first step towards realising the value and potential of the new 

material for MEMS relays‟ application. The contributions are as follows: 

1) A new compliant material has been developed; a forest of vertically 

aligned multi-walled carbon nanotubes and Au/MWCNT composite,  

2) A new technique of testing the relationship between electrical 

contact resistance and contact force using a modified nano-

indentation apparatus and a PZT actuator test rig was developed, 

and  

3) The test approach in this study has been used in a parametric study 

at a low force contact for MEMS relays application, measurement of 

contact resistance, having different current loads (dry-circuit and 

hot-switched conditions) and running tests to a large number of 

cycles for reliability testing. 

 

An increase in the performance of MEMS relays is desired by the MEMS and 

electronic industries. Currently, the preferred lifetime for a MEMS relay is 

greater than 1010-1011 cycles. It is important at these numbers of cycle failure 

does not happen with the contact materials. Therefore, a new contact material 

needs to be developed to withstand such lifetime.  

 

Using CVD, a forest of vertically aligned MWCNT was developed. A composite 

Au/MWCNT surface was also developed by sputter coating Au. The Au was 

used to increase the conductivity of the composite. Moreover the vertically 

aligned MWCNT was used because of Au‟s infiltration possibility when sputter 

deposited, to form the composites. This has been observed by Bult et al. 

(2008), where there is an infiltration of sputtered Au, forming the composites 

[73]. In this study the Au infiltration was between 700nm to 4µm. These different 

depths of infiltration are probably because of different compactness of the CNTs 

surfaces. Moreover, the dimensions of Bult et al. (2008) composite needed to 

be scaled down [73] for use in MEMS relay with a low force applications. That is 

why in this study the dimensions of the composites were smaller.  
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When a new contact material is developed, a method of testing is needed to 

validate its potential. A modified nano-indentation apparatus was used to test 

low force response (maximum applied force of ~1mN) of Au-Au/MWCNT 

contact surfaces. The Au-Au and Au-MWCNT contact pairs were used to 

observe and benchmark the new material. The study was the first to perform 

tests on Au/MWCNT contact surfaces at low forces for MEMS relay 

applications. 

 

Over one load cycle, Au-Au and Au-Au/MWCNT contact pairs have a similar 

graph patterns as shown in Figure 4.16. During the first 10 cycles of the Au-

Au/MWCNT contact pair, the contact resistance was observed to be 

comparable to the Au-Au contact pair and shows little change. The possible 

reasons would be because: 1) the contact was between the Au surface on the 

hemispherical probe and the Au surface of the composites; and 2) the 

Au/MWCNT surface was compliant thus conforms to the Au hemispherical 

probe when loaded, increasing the contact area. This was confirmed with the 

results plotted in this study of “force against displacement” as shown in Figure 

4.19. The results showed deeper penetration for Au-Au/MWCNT composites 

compared to Au-Au contact pair.   

 

Due to the low frequency response of the modified nano-indentation apparatus 

and the error presented on the results plotted in the graph of “force against 

displacement” for “with” and “without” wires attached on the Au hemispherical 

probe; as shown in Figures 4.27(b) and 4.29 respectively, a new method has to 

be developed. A PZT actuator test rig was designed and fabricated to perform a 

large number of cycles. Even though Bult et al. (2008) has performed an 

experiment for Au-plated ball-Au/MWCNT contact pair (hot-switched condition 

with 5mA and 5V and using a maximum applied load of ~25mN) that had 

reached up to 3000 cycles with no observable degradation [73], this was not 

enough to reflect the potential of the new material. MEMS relay lifetime needs 

to be greater than 106 (preferably >1010-1011) cycles. In this study the largest 

number of cycles achieved was 50 million cycles for hot-switched condition at 

20mA with 4V supply voltage.  
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Two experimental set-ups for the test rig were used: dry-circuit and hot-

switched conditions.  Most significant was the hot-switched results. During hot-

switching a current load of 1mA and 10mA (typical high range current load for 

MEMS relay) and a supply voltage of 4V were used. It was shown that the 

contact resistance of the Au-Au/MWCNT contact pair was stable up to 2 million 

cycles compared with Au-Au contact pair which degraded after 220 cycles. The 

possible reason would be due to the good heat dissipation properties of 

MWCNT which helps to reduce the heat generated which could soften or melt 

the contact surfaces.  

 

Furthermore, the current load was increased to 20mA-50mA. This study was 

the first to test the new material at this high range current load. At 30mA to 

50mA the degradation occurred after 45 to 150 cycles respectively. At 20mA the 

contact resistance was stable, but after 50 million cycles it degraded. The likely 

causes would be heat generation and Au fatigue due to large number of cycles. 

Furthermore, bridge transfer has removed the gold from the MWCNT surface. 

These initial results showed that when using the new material, it has improved 

the performance of the contacts. Overall the study had shown that MWCNT has 

improved Au‟s mechanical and electrical integrity at a low force contact and 

during hot-switching conditions, and at large number of cycles. 

 

Finally, the above experimental method will be useful for MEMS relay contact 

analysis and can serve as a platform for future research and investigation. This 

is mainly applicable to Au/MWCNT-Au/MWCNT and Au/SWCNT-Au/SWCNT 

contact pairs with different quality, roughness, length of CNT and coating 

thickness of Au. With this experiment we can observe their effects and improve 

its performance further. Furthermore, this experimental methodology could fill 

the gap in terms of using a resilient material (CNTs and its composites) and the 

data will be useful to MEMS relay‟s electronic development. 
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5.2 Future work 

 

This study is the first step to realising the potential of the new material but 

further experiment is needed to achieve a positive recognition from the MEMS 

electronic industries. The following explanation is for future work, which can 

help to motivate the MEMS electronic industries in utilising the new material: 

 

1) It is desirable to grow forests of MWCNT or SWCNT on both the 

hemispherical probe and the flat substrate contact pairs to observe their 

mechanical and electrical behaviour. There were difficulties in growing 

CNT on the hemispherical probe/stainless steel ball as shown in Figure 

5.1. No CNTs were detected on the stainless steel ball even though a Fe 

catalyst and Al2O3 were coated on it but when 1µm thick film of SiO2 was 

applied followed by the catalyst, agglomerisation and CNT can be 

detected as shown in Figure 5.2 (a) and (b). This indicates that growing 

CNT on the stainless steel ball will be impossible unless the ball is 

coated with very thick Si or SiO2 to avoid any contamination of the 

chemical composition on the stainless steel ball which hinders the 

growth. Furthermore, SiO2 is needed to stop the Al2O3 from cracking. Fe 

diffuses preferentially into the cracks preventing CNT growth on the ball 

surface. 

 

Figure 5.1: Attempts to grow CNT on a stainless steel ball. 
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Figure 5.2: (a) Agglomerisation of catalyst, (b) CNT is detected. 
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2) As claimed by Hjortstam et al. (2004), the single walled CNT offer 

improved electrical and mechanical properties [81]. To grow an aligned 

forest of SWCNT, the use of PECVD, experiments on different catalysts 

and a gaseous carbon source would be necessary. The catalysts that 

can be utilised include iron, nickel, or cobalt. Moreover, CNT-composite, 

doping and filling need to be looked at for fabricating the microstructure 

of a MEMS relay.  

 

3) Reduction of the roughness of CNT and Au/CNT could potentially 

enhance or improves the conductivity of the material. The average 

roughness or surface roughness is ~1.3μm compared with the Au-

substrate at ~0.03μm. There is a possibility that reduction in roughness 

will decrease the contact resistance. First suggestion would be to 

increase the thickness of the Au by sputtering it until the CNTs‟ trough is 

levelled and lastly, decreasing the CNT‟s film thickness. Further 

experiments and research is needed to make it successful because if the 

surface is smooth there will be adhesion. MEMS relays need to avoid 

these situations because it can lead to degradation and failure of the 

system after longer cycles.  

 

4) The literature review indicates that the experiment does not need an 

environmental chamber, but to have a contact that can withstand any 

environmental condition, the use of the environmental chamber would be 

appropriate for both experimental set ups (modified nano-indentation 

apparatus, Figure 5.3 (a) and PZT actuator test rig Figure 5.3 (b)). This 

will make a versatile experimental method. This will mimic the usage of 

the contact in a MEMS relay in different environments and includes 

atmospheric pressure, atomic oxygen erosion, a vacuum (contact 

intended for space applications), organic vapours (emanating from 

various organic materials e.g. benzene, toluene, and naphthalene which 

can produce carbon particles), and silicone vapour, to observe if CNT 

and its composite can withstand such environment. This will be a vital 

area of the research to see how and why failure may occur in the contact 

by introducing the contaminants rather than using inert gases. 
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Figure 5.3: (a) Modified nano-indentation apparatus and (b) PZT actuator test 
rig within an environmental chamber. 
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5) From the beginning, the goal was to determine the parameters that affect 

reliability of MEMS relays. It was crucial in the early stage of the design 

and development phase to subject the contact to operational and 

environmental extremes. This would help identify and mitigate 

detrimental issues. Once the above experiment is successful and CNTs 

are proven to be the best material, it would be appropriate to use finite 

element analysis to design a MEMS relay using the material. Thus we 

can test and simulate its performance capability in a simulated safe 

environment.  

 

6) If the material and the design of the MEMS relay for the contact is found 

to be reliable then fabricating the actual MEMS relay would be the 

ultimate test to see its real life performance (the propose fabrication 

procedure for the MEMS relay is shown on Figure 5.4). The proposed 

MEMS relay will be fabricated on a Silicon substrate. The following are 

the proposed fabrication methods (refer to Figure 5.4): 

(a) The Fe Catalyst and Al2O3 layers are sputtered on the Si substrate 

using a very fine patterned metal lift-off technique,  

(b) Growing CNT using chemical vapour deposition, 

(c) Using the lift-off technique, Au is sputtered on top of the CNTs to form 

the composites, 

(d) Sputtered Au for the anchor and electrode, 

(e) Before fabricating the structural beam, hinge and dimple, a defined 

photoresist is produced using photolithography techniques, 

(f) A timed reflow in an oven with flowing nitrogen is to be used to reform 

the hinge and dimple, and  

(g) The upper contact metals are to be sputtered. 

 

Furthermore with this proposed structure a higher number of cycles can 

be tested (>1010-1011) and studied to see if it can withstand higher 

frequency actuation up the to MHz range (Figure 5.5 shows Experimental 

test setup). This would be the ultimate validation of the performance and 

reliability of the material in use and within a practical MEMS relay design. 
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Figure 5.4: Proposed micro-fabrication for the MEMS relay with CNT 

composites. 
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Figure 5.5: Proposed MEMS relay testing actuation and measurement methods. 
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Appendix 1: Carbon nanoutubes growth at different growth temperature 

 

This experiment was performed by Dr David Smith. The carbon nanotubes were 

grown on a Si wafer, which was coated with SiO2 (1µm). SiO2 layer is needed to 

avoid any contamination of the chemical composition of the under-layer which 

hinders the growth. Furthermore it prevents the Al2O3 to crack thus preventing 

growth of CNT. First the Al2O3 is deposited with a thickness of ~7.5nm and 

followed by Fe with a thickness of ~2nm. Aluminium oxide is a good catalyst 

support for nanotube growth.  The coated sample is then placed in the CVD and 

once the growth temperature is reached, a gaseous carbon source (ethylene) is 

then introduced for 10 minutes.  

 

In this experiment, the growth temperature was in the range of 800 oC to 875oC. 

At growth temperature of 800oC as shown in Figure 1, a tangled carbon 

nanotubes was achieved. At the growth temperature of 825oC and 850oC, not 

fully aligned forest of CNT was achieved as shown in Figures 2 and 3, thus not 

enough CNT supporting each other and making them to crack.  

 

 
Figure 1: Tangled MWCNT at growth temperature of 800oC.  

(Supplied by Dr. David Smith of the School of Physics and Astronomy, 
University of Southampton). 
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Figure 2: MWCNT at growth temperature of 825oC.  

(Supplied by Dr. David Smith). 
 
 
 
 

 
Figure 3: MWCNT at growth temperature of 850oC.  

(Supplied by Dr. David Smith). 
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At growth temperature of 875oC, a dense forest of vertically aligned MWCNT 

was grown as shown in Figure 4. In this study the temperature of 875oC is 

therefore used. This is because a dense forest of vertically aligned MWCNT is 

needed to produce a composite that is compliant and resilient for MEMS relay 

contact. 

 

 
Figure 4: Dense forest of vertically aligned MWCNT after using growth 

temperature of 875oC. 
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Appendix 2: Calculation for resistive loss for MEMS relay microstructure  

 

To calculate the electrical or resistive loss of a typical MEMS relay 

microstructure a system is considered as shown in Figure 1. 

 

 

Figure 1: Schematic MEMS relay. 

 

 

Where, 

L – Length of the cantilever from anchor to the contact centre (m) 

W- Width of the cantilever (m) 

T- Thickness of the cantilever (m) 

 

Then, assuming the current passing through the cantilever and the contact acts 

as resistor in series as shown in Figure 2. 

 

 

Figure 2: Schematic resistance in series. 

 

Therefore, R = R1 + R2   (Equation 2.2.15) 

 



 

  
162 

But, R1 =  ρL/A (Bulk resistance from Equation (2.2.1)) 

 

Where; 

ρ – resistivity of the material (Ωm) 

A- Cross sectional area of the cantilever T x W (m2) 

 

And assuming the contact area radius r and that no surface films and the 

surface are smooth are presented the contact resistance R2 is presented below: 

 

R2 = ρ/2α   (Contact Resistance from Equation 2.2.5) 

 

Where; 

α – is the radius of the cluster spot (contact spot) sometimes defined as the 

Holm radius (m) 

 

Thus substituting equation (2.2.1) and (2.2.5) to (2.2.15) 

 

R=  ρL/A + ρ/2 α   (Equation 2.2.16) 

 

Now, the electrical or resistive loss = I2
R (Equation 2.2.17) 

 

Where current I (A), which passes through the micro-cantilever and the contact 

and R is the resistance of the microstructure. 

Substituting equation (2.2.16) to (2.2.17) We have: 

 

Electrical or resistive loss (W) = I
2
(ρL/A + ρ/2 α) (Equation 2.2.18) 

 

Assuming that the current I is 1mA and the contact radius, α is 10μm, the cross-

sectional area of the cantilever A is 2 x 10-10m2 (having thickness 2μm and 

width 100μm) and the length of the cantilever is varied between 900μm to 

1.5mm and resistivity of different materials (these materials are used in MEMS 

relay/devices) as shown in Table 2. 
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Appendix 3: Contact ball bearing holder. 
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Appendix 4: Contact Substrate holder. 
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Appendix 5: Test Rig detail designed. 

1. Front View. 

2. Side View. 

3. Plan View. 

4. Perspective View. 
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1. Front View. 
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2. Side View. 
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3. Plan View. 
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4. Perspective View. 
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Appendix 6: Natural Frequency of PZT-KOVAR cantilever beam 

 

Before the experiment is performed using the PZT actuator, it is important to 

identify the natural frequency of the PZT actuator at its 1st harmonic mode. This 

is the approximate calculation for the natural frequency of the PZT. Figure 1 

shows the schematic section of a PZT actuator. 

 

 

 

Figure 1: PZT actuator section 

 

The natural frequency is given by [131]: 
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                              (Equation 2.2.23) 

 

 

Where β is a constant depending on the bonding conditions and the mode 

number, l is the length of the beam (see Figure 1), E is young‟s modulus, I is 

area moment of inertia, ρ is mass density, and the area of the cross section. 

 

For “Fixed-Free” end condition of the beam and for the 1st Harmonic, β1l is 

1.875104 [119]. 

 

 

For composite beams: 

 

l 
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Where K1 is a constant and defined as below: 
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Where w is width, ta is thickness of material “a”, tb is thickness of material “b” 

(see Figure 1), Ea is the Young‟s modulus of material “a” (PZT), and Eb is 

Young‟s modulus of material “b” (KOVAR). 

 

Using equation (2.2.25), to calculate K1, 

 

Where, 

 

ta = 80µm 

tb = 80µm 

Ea = 70GPa [132] 

Eb = 137GPa [133] 

 

Thus, K1 = 16.5 

 

Then using equation (2.2.24), to calculate EI, 

 

Where w = 5 mm 

 

Thus, EI = 0.00014 
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Therefore using equation (2.2.23), to calculate the natural frequency, 

 

Where mass density for PZT is ρ ~5000kg/m3             (Equation 2.2.26) 

 

And l= 20mm 

 

Therefore Natural Frequency is  
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n ~ 1693Hz 

 

 

Based on this calculation the PZT actuator‟s operation should not exceed the 

determined frequency. Therefore in the case of this experiment there is no 

worry of the PZT actuator to vibrate beyond the 1st harmonic mode because the 

frequency used (0.2 to 20Hz) is much less than the natural frequency calculated 

(~1693Hz).  
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Appendix 7: To calculate elastic modulus 

 
Figure 1: Graph of Applied force against displacement for Au substrate. 

 

Figure 1 shows an example of indentation (Berkovich) on an Au substrate. 

Region 1 is the loading phase, region 2 is the holding phase (in this case 10 

seconds), region 3 is the unloading phase and region 4 is the permanent depth 

penetration.  

 

To calculate the elastic modulus Er of the Au substrate is shown as below 

[134,135]: 

 

A

S
Er

2


                                    (Equation 1) 

Where S is the initial slope of the unloading phase as shown in Figure 1 and A is 

the projected contact area.  
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Slope, 
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dh
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                                  (Equation 2) 

Where y1 and y2 are the coordinates from the applied force and x1 and x2 are the 

coordinates from the displacement on the slope. 

  

For a perfect Berkovich indenter, the Projected Area,  2
56.24 chA  (Equation 3) 

 

Where hc is the residual indentation depth. 

 

From the slope (Figure 1, region 3): 

y1 = 1mN and y2 = 0.81mN 

x1 = 95.44nm and x2 = 93.08nm 

 

By substituting the values above into equation 2 

 

Slope, S = 80508.47                            (Answer 1) 

 

To calculate the projected area: 

 

From Figure 1 (region 4), hc = 75.2nm, substituting this value into equation 3. 

 

The projected area, A= 1.389 x 10-13m2               (Answer 2) 

 

By substituting the answer 1 and 2 into equation 1 

 

The elastic modulus Er for Au substrate ≈191.5GPa. In the calculation a perfect  

Berkovich indenter was used but in the experiment the diamond indenter could 

be blunt, thus giving a higher elastic modulus.  
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Figure 2: Graph of applied force against displacement for MWCNT and 

Au/MWCNT surface. 

 

Figure 2 shows the graph of applied force against displacement for MWCNT 

and Au/MWCNT surfaces. To calculate the elastic modulus of MWCNT and 

Au/MWCNT surface the data from the slope S1 and S2 and region 5 and 6 are 

taken from the Figure 2. The same method of calculation as above is used. 

Thus the effective elastic modulus for Au/MWCNT is 92.3MPa and MWCNT is 

67.5MPa. 
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Appendix 8: Abstracts. 

 
1. 9th Material Engineering Conference, SES, University of Southampton, 

2006: The Relationship between Contact Resistance and Contact 
Force on Au coated Carbon Nanotube surfaces.  

 
2. 10th Material Engineering Conference, SES, University of Southampton, 

2007: Improving Microelectromechanical System Relay’s Low Force 
Contact Electrodes Performance And Reliability. 

 
3. Holm 2007- 53rd IEEE Holm Conference on Electrical Contacts, 

Pittsburgh, USA, 2007: The Relationship between Contact Resistance 
and Contact Force on Au coated Carbon Nanotube surfaces. 

 
4. The 24th International Conference on Electrical Contacts, St. Malo, 

France, 2008: Improving the Contact Resistance at low force using 
Au coated Carbon Nanotube surfaces. 

 
5. The International Session on Electro-Mechanical Devices, Sendai, Japan 

(IS-EMD 2008): Low force electrical switching using gold sputter 
coated vertically aligned multi-walled carbon nanotubes surfaces. 

 
6. The Material Research Society Conference, Boston, USA, Fall 2008: 

Investigation of gold sputter coated vertically aligned multi-walled 
carbon nanotubes for RF MEMS contact surfaces. 

 
7. Holm 2009- 55rd IEEE Holm Conference on Electrical Contacts, 

Vancouver, Canada, 2009: Carbon Nanotube Surfaces for Low Force 
Contact Application. 
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9th Material Engineering Conference, SES, University of Southampton, 2006 
 

The Relationship between Contact Resistance and Contact Force on  

Au coated Carbon Nanotube surfaces.  

 

E. Yunus, J. W. McBride and S. M. Spearing 

Electro-Mechanical/Engineering Materials Research Group, University of 

Southampton, SO17 1BJ 

pgesa@soton.ac.uk, J.W.Mcbride@soton.ac.uk, spearing@soton.ac.uk 

 

 

Abstract 

 

 Carbon-Nanotube (CNT) coated surfaces are investigated to determine the 

electrical contact performance under low force conditions. The surfaces under 

investigation are multi-walled CNT formed on a Silicon substrate and coated in with an 

Au film. These plane surfaces are mated with a hemispherical Au plated probe mounted 

in a nano-indenter.  The contact force used is below 100mN. The contact resistance of 

these surfaces are investigated as a function of the applied force and also studied under 

repeated loading cycles. The surfaces are compared with a reference Au-Au study under 

the same experimental conditions and the results linked to established contact theory. 

The results show that the multi-walled CNT surface provides a stable contact 

resistance, but that the performance could be improved further with the application of 

single-walled CNT coatings. This initial study shows the potential for the application of 

CNT surfaces as an interface in low force electrical contact applications. 

 

mailto:pgesa@soton.ac.uk
mailto:J.W.Mcbride@soton.ac.uk
mailto:spearing@soton.ac.uk
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10th Material Engineering Conference, SES, University of Southampton, 2007 

 
IMPROVING MICROELECTROMECHANICAL SYSTEM RELAY’S LOW 

FORCE CONTACT ELECTRODES PERFORMANCE AND RELIABILITY. 

 

E. M. Yunus1. J.W. McBride1, S.M. Spearing2 

 

1 Electromechanical Engineering Research Group, School of Engineering Sciences, 

Southampton University, UK. 

2 Materials Research Group, School of Engineering Sciences, Southampton University, 

UK. 

 

Abstract-Carbon-Nanotube (CNT) coated surfaces are investigated to determine the 

electrical contact performance under low force conditions. The surfaces under 

investigation are multi-walled CNTs formed on a Silicon substrate and coated with an 

Au film. These planar surfaces are mated with a hemispherical Au plated probe 

mounted in a nano-indentation apparatus.  The maximum contact force used is 1mN. 

The contact resistance of these surfaces is investigated as a function of the applied force 

and is also studied under repeated loading cycles. The surfaces are compared with a 

reference Au-Au contact under the same experimental conditions and the results 

compared to established contact theory. The results show that the multi-walled CNT 

surface provides a stable contact resistance, but that the performance could be 

improved further with the application of single-walled CNT coatings. This initial study 

shows the potential for the application of CNT surfaces as an interface in low force 

electrical contact applications. 
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Holm 2007- 53rd IEEE Holm Conference on Electrical Contacts, Pittsburgh, 
USA, 2007 

 

The Relationship between Contact Resistance and Contact Force on Au coated 

Carbon Nanotube surfaces. 

 

E. M. Yunus  

pgesa@soton.ac.uk  

J.W. McBride  

J.W.Mcbride@soton.ac.uk  

S.M Spearing  

S.M.Spearing@soton.ac.uk  

School of Engineering Sciences, University of Southampton SO17 1BJ  

 

Abstract-Carbon-Nanotube (CNT) coated surfaces are investigated to determine the 

electrical contact performance under low force conditions. The surfaces under 

investigation are multi-walled CNTs formed on a Silicon substrate and coated with an 

Au film. These planar surfaces are mated with a hemispherical Au plated probe 

mounted in a nano-indentation apparatus. The maximum contact force used is 1mN. 

The contact resistance of these surfaces is investigated as a function of the applied force 

and is also studied under repeated loading cycles. The surfaces are compared with a 

reference Au-Au contact under the same experimental conditions and the results 

compared to established contact theory. The results show that the multi-walled CNT 

surface provides a stable contact resistance, but that the performance could be improved 

further with the application of single-walled CNT coatings. This initial study shows the 

potential for the application of CNT surfaces as an interface in low force electrical 

contact applications. 
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The 24th International Conference on Electrical Contacts, St. Malo, France, 
2008 

 

Improving the Contact Resistance at low force using Au coated Carbon Nanotube 

surfaces. 

 

E. M. Yunus 

pgesa@soton.ac.uk 

J.W. McBride 

J.W.Mcbride@soton.ac.uk 

S.M Spearing 

S.M.Spearing@soton.ac.uk 

 

School of Engineering Sciences, University of Southampton SO17 1BJ 

 

Abstract-Investigations to determine the electrical contact performance under repeated 

load cycle at low force conditions for carbon-nanotube (CNT) coated surfaces are 

performed. The surfaces under investigation are multi-walled CNT synthesized on a 

silicon substrate and coated with a gold film. These planar surfaces are mounted on the 

tip of a PZT cantilever and mated with a hemispherical Au plated probe.  The maximum 

dynamic applied force used is 1mN. The contact resistance (Rc) of these surfaces is 

investigated at the applied force and the repeated loading cycles are performed for 

reliability testing. The surfaces are compared with a reference Au-Au contact under the 

same experimental conditions. This initial study shows the potential for the application 

of CNT surfaces as an interface in low force electrical contact applications. 
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The International Session on Electro-Mechanical Devices, Sendai, Japan 
(IS-EMD 2008) 

 

Low force electrical switching using gold sputter coated 

vertically aligned multi-walled carbon nanotubes surfaces. 
 

E.M. Yunus J.W. McBride S.M. Spearing 

pgesa@soton.ac.uk J.W.Mcbride@soton.ac.uk Spearing@ soton.ac.uk 

 

School of Engineering Sciences, University of Southampton, SO17 1BJ, UK 
 

Summary 

Gold coated vertically aligned carbon-nanotubes (Au/MWCNT) surfaces are 

investigated to determine the electrical contact performance under low force conditions 

with repeated load cycling. The multi-walled CNT‟s are synthesized on silicon planar 

and sputter coated with a gold film. These planar surfaces are mounted on the tip of a 

PZT actuator and mated with a coated Au hemispherical probe.  The load is typical of 

MEMs devices, with a 4V supply, 1 and 10mA current, and applied force of 1mN. The 

contact resistance (Rc) is monitored with the repeated loading cycles (over 1000 and a 

million cycle) to determine reliability and durability testing. The surfaces are compared 

with a reference Au-Au contact under the same experimental conditions. This study 

shows the potential for the application of CNT surfaces as an interface in low force 

electrical contact applications. 

 

 
 



 

  
182 

The Material Research Society Conference, Boston, USA, Fall 2008 

 

Investigation of gold sputter coated vertically aligned multi-walled carbon 

nanotubes for RF MEMS contact surfaces. 

 

E.M. Yunus, S.M. Spearing and J.W. McBride 

School of Engineering Sciences, University of Southampton, SO17 1BJ, UK 

 

ABSTRACT 

 

A novel approach has been developed for the long-standing problem of durable contact 

surfaces for RF MEMS switches.  In this work the performance of gold sputter-coated 

vertically aligned carbon nanotubes are investigated under the low force electrical 

contact conditions typical of MEMS switches. The carbon nanotubes provide a support 

for the conducting gold surface layer, minimizing the degradation, and adhesion 

between the contact surfaces which is the principal source of wear in such contacts. 

Contact surfaces were prepared by thermal chemical vapour deposition (T-CVD) of a 

“forest” of multiwalled carbon nanotubes (MWCNTs) on a silicon wafer surface.  A 

thin gold layer is then sputter-deposited on top of the nanotube forest.  The counter 

surface was formed using a gold sputter-coated stainless steel hemispherical probe. 

Quasi-static and cyclic loading was applied to these contact surfaces.  Quasi-static 

loading using a modified nano-indenter was used to determine the mechanical 

behaviour of gold coated vertically aligned carbon-nanotubes (Au/MWCNTs) surfaces. 

The study reveals that the Au/MWCNT conforms to the shape of the Au hemispherical 

probe during the penetration. The surfaces are compared with a reference Au-Au 

contact and Au-Au/MWCNT pair under the same experimental conditions.  Similar 

contact resistances were obtained for the Au-Au/MWCNT contact as were achieved for 

conventional Au-Au contacts. Cyclic loading was conducted using a piezo-driven 

micro-cantilever (PZT actuator), with load measured using an ultra-high resolution load 

cell.  Electrical contact resistance was monitored throughout.  Tests were run out to 1 

million cycles.  At 1 mN load, the Au-Au contact exhibited a significant increase in 

contact resistance, and accompanying surface degradation at ~430 cycles.  The Au-

Au/MWCNT pair contact resistance consistently remained unchanged at this load level 

out to 1 million cycles and there was significantly less surface degradation. Cyclic 

loading tests at other load levels and “hot switching” tests were also conducted. This 

initial study shows the potential for the application of metal-coated CNT surfaces as 

contact surfaces in RF MEMS electrical switching applications. Combinations of 

scanning electron microscopy and TaiCaan Technologies XYRIS 4000CL laser scanner 

were used to characterize the surfaces after quasi-static and cyclic loading.  
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Holm 2009- 55rd IEEE Holm Conference on Electrical Contacts, Vancouver, 
Canada, 2009 

 
Carbon Nanotube Surfaces for Low Force Contact Application. 

 

Abstract 

An investigation of a gold coated vertically aligned carbon-nanotubes (Au/MWCNT) 

surfaces are performed to determine the electrical contact performance under low force 

conditions and hot-switched condition with repeated load cycling. The multi-walled 

CNT‟s are synthesized on silicon planar and sputter coated with a gold film. These 

planar surfaces are mounted on the tip of a PZT actuator and mated with a coated Au 

hemispherical probe.  The load is typical of MEMs devices, with a 4V supply, 1 and 

10mA current load, and applied force of 1mN. Moreover the current load is increased to 

20mA-50mA to observe and benchmark the performance of these surfaces. The contact 

resistance (Rc) is monitored with the repeated loading cycles to determine reliability and 

durability. The surfaces are compared with a reference Au-Au contact under the same 

experimental conditions. This study shows that Au/MWCNT composite has potential 

for the application of on MEMS relay contact surfaces due to its durability and 

mechanical integrity. 
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Appendix 9: Proceedings. 

 
1. 9th Material Engineering Conference, SES, University of Southampton, 2006: 

The Relationship between Contact Resistance and Contact Force on Au 
coated Carbon Nanotube surfaces.  
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Abstract-Carbon-Nanotube (CNT) coated surfaces are investigated to determine the electrical 

contact performance under low force conditions. The surfaces under investigation are vertically 

aligned multi-walled CNTs formed on a Silicon substrate and coated with an Au film. These planar 

surfaces are mated with a hemispherical Au plated probe mounted in a nano-indentation 

apparatus. The maximum contact force used is 1mN. The contact resistance of these surfaces is 

investigated as a function of the applied force and is also studied under repeated loading cycles. The 

surfaces are compared with a reference Au-Au contact under the same experimental conditions and 

the results compared to established contact theory. The results show that the vertically aligned 

multi-walled CNT surface provides a stable contact resistance. This study shows the potential for 

the application of CNT surfaces as an interface in low force electrical contact applications. 

 

 

Keywords: nano-indentation apparatus, contact resistance, carbon nanotubes, and Au/multi walled 

carbon nanotubes.  

  

 I. INTRODUCTION.  

 

This paper presents a study of carbon nanotube electrical contact surfaces under low force conditions, 

typically below 1mN. Such conditions are relevant to micro-contact applications, for example in MEMS 

relay devices. There are a number of potential contact materials for such applications; gold, palladium or 

platinum are commonly used [1]. The main disadvantage of these materials is that they are relatively soft 

and easily wear. Other potential contact materials for the low force applications are silicon carbide and 

diamond, however both have high elastic moduli, coupled with low electrical conductivity. SiC film 

doped with NH
3 

has a resistivity of to 1 x 10
-4 

Ωm [2] and DLC (Diamond Like Carbon) doped with 

ruthenium has a resistivity of 1 x 10
-5 

Ωm [3]. Both materials have a much higher resistivity when 

compared to gold and its alloys (for example Au-6.3% Pt has a resistivity of 7.17 x 10
-8 

Ωm) [1].  

 

Carbon nanotube surfaces (CNT) have shown potential as an electrical contact material for MEMS relay 

applications. In [4], Au contacts with a substrate coated with tangled single walled carbon nanotubes 

(SWCNT) were investigated; the resistivity was shown to be between 1 x 10
-4

 and 1.8 x 10
-4

 Ωm. A CNT-

CNT pair at a load of 500mN showed an average contact resistance of 0.87Ω. The following mechanical 

properties have been determined for CNTs; a tensile strength of 63 GPa (compared with 1.2 GPa for high 

strength steel) [5]. Experiments using atomic force microscopy have been performed to measure the 

elastic modulus and bending strength of individual structurally isolated multi-wall carbon nanotubes, 

indicating values of 1.26 TPa and 14.2 GPa respectively [6]. Experiments have been conducted on CNTs 

using a nano-indentation apparatus; values were obtained for the bending modulus; 1.24 TPa, axial 

modulus; 1.23 TPa and wall modulus; 5.61 TPa [7]. Another report shows that CNT‟s have an elastic 

modulus greater than 1 TPa [8], which is comparable to that of diamond, at 1.2 TPa.  

 

It is estimated that a 4-10 μm long Single Walled Carbon Nanotube (SWNT) with a diameter of 1.2nm 

has a resistivity of 0.88 x 10
-8 

Ωm [9]. The conduction mechanism is thought to be through ballistic 

electron transfer process. When a CNT is filled with metal, to form a composite, the resistivity falls to 

0.35 x 10
-8 

Ωm [9]. The mechanical and electrical properties are therefore potentially comparable to 

diamond and gold respectively. No experiments have been reported on CNT materials for micro-contact 

applications. The study presented here investigates the application of a CNT metal matrix surface as a 

potential electrical contact material for low force applications. 

 

 II. MATERIAL PREPARATION AND EXPERIMENTAL METHODS 
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In this study three contact pairs have been investigated; sample 1, Au to Au; sample 2, Au to multi walled 

carbon nano-tubes (MWNT) and sample 3, Au to Au/MWNT composite. The geometry selected is shown 

in Fig.1 with a 2mm diameter hemisphere contacting a flat surface. In all cases the hemisphere consists of 

a stainless steel base, sputter coated with Au, 500 nm thick, with surface roughness, R
a
≈400nm.  

 
Figure 1: Schematic layout of the Au-Micro-contact and Au/CNT composite Substrate. 

 

In experiment 1, the flat surface is a silicon (Si) substrate (5mm by 5mm), sputter coated with Au 500 nm 

thick, with a surface roughness, R
a
≈30nm. In experiment 2, a “forest” of MWNT is grown on the Si wafer 

as shown in Fig. 2 using thermal CVD. The catalyst used is sputter deposited Fe and the gaseous carbon 

source is ethylene. The growth temperature and time is 875
o

C and 3 minutes respectively to produce 

vertically aligned MWNT of ~50μm in length. Experiment 3 is the same as experiment 2, but with Au 

sputtered on the upper surface of the MWNT forest to produce Au/MWNT composite coatings as shown 

in Fig. 3, where it is also shown that the Au penetrates the MWNT surface to a depth of 2 to 4 μm.  

 
Figure 2: Sample 2, SEM image of a forest of MWNTs on an Si substrate.  

 

 

 
Figure 3: Sample 3, 2 - 4µm of Au coating on MWNT by sputtering.  

  

To achieve a low contact force (<1mN) with a high degree of repeatability; a modified nano-indentation 

apparatus is used, [10]. The diamond indenter tip is replaced with a hemispherical contact surface shown 
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in Fig‟s 4 and 5. The force and electrical contact resistance (CR) is measured simultaneously. The force 

measurement is intrinsic to the apparatus and the resistance measured using the 4-wire measurement 

method, as shown Fig 5. The DC current source across the micro-contact and the substrate is set at 1mA, 

using a micro-ohmmeter. The connections to the surface are made using a conduction epoxy resin. The 

experimental apparatus is maintained at a constant temperature of 31
o

C, to prevent thermal drift affecting 

the experiment due to expansion of the apparatus or the specimen. The coated micro-contact and substrate 

are brought into contact at a controlled loading rate of 0.2 mN/s until the maximum load of 1 mN is 

reached. The targeted load is held for 10 seconds so that an average peak resistance value can be 

determined. The contacts are unloaded at the same rate until they are separated.  

 
Figure 4: Schematic of modified nanoindenter. 

 

 
Figure 5: Schematic of contact zone with its electrode and Rc measurement.  
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Figure 6: Example of one load cycle for an Au-Au contact pair. 

 

Fig 6 shows an example of the resistance variation over one load cycle. During the first 5 seconds as the 

force increases the contact resistance falls; the resistance then remains relatively stable during the holding 

time, and then increases during the unloading period. The result shows that the contacts remain together 
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after 20 seconds, as a result of the Au contacts “sticking”. The procedure is repeated in order to detect any 

cyclic changes in the electrical contact resistance. 

 

 
Figure 7: Top view micro-contact positions on the Au-substrate.  

Prior to the experiments, two control measures are used. (1); To determine the bulk resistance of the 

component. By changing the width between the sense (-ve) and source (-ve) point on the substrate, Fig 7. 

In addition the micro-contact position is moved relative to the current source connections, to positions 

100nm and 200nm, shown schematically in Fig 7. Both tests result in the same resistance of 0.38Ω. This 

confirms that the 4-wire measurement method is a measure of the contact resistance and not the bulk 

resistance. (2) To determine the nature of the film conduction. In this test the contact resistance across the 

Au micro-contact with the substrate coated by the catalyst only (i.e. no MWNT) is measured and no 

conduction is detected. This shows that the electrical conduction mechanism is through the MWNT and 

Au/MWNT coatings. This observation is expected to have important implications in the evaluation of the 

contact resistance [11]. 

  

 III. RESULTS AND DISCUSSION.  

 

A. Contact resistance –force characteristic for experiment 1 (Au-Au)  
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Figure 8: Contact resistance between Au-Au contact pair as a function of the applied load.  

 

Fig 8 shows the experimental contact resistance versus contact force of the Au-Au contact pair up to a 

maximum load of 1mN. At very low forces below 0.1mN the average contact resistance during the 

holding period is approximately 0.5Ω, which decreases to 0.4Ω at 1mN. The figure also shows the contact 

resistance based on theoretical predictions. Assuming that the contact deforms plastically, based on the 

Holm analytical model, [12], using the following equation:  
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2

1

2

4 









F

H
Rc


                       (eqn. 1) 

Where for Au:        ρ = 2.24 x 10
-8 

Ωm.  

and for sputtered Au. [13]:     H = 1.7 x 10
9 

N/m
2 

,  

 

The measured contact resistance data are significantly greater than the analytical model using the above 

formula. There are three possible reasons for this difference: 

(i) the contact surfaces are assumed to be clean (thus assume η=1) but in the experiment there are likely to 

be surface films and contaminants (η >1), thus giving a higher contact resistance. 

(ii) the Holm model assumes an electron diffusion dominated conduction model. It has been shown that 

under low force conditions the model requires modification, to account for ballistic transfer, [13, 22]. 

(iii) the Holm model assumes an infinitely large conducting body; the model will be compromised by 

conduction dominated by the thin films.  

 

B. Consideration of Contamination. 

 

Gold is a logical choice as a contact material for MEMS relay applications because it has a low 

propensity to form alien surface films and is corrosion resistant [13]. However a gold surface has the 

tendency to have a thin layer of carbon as a residue from cleaning processes and/or adsorbed due to 

exposure to air [14]. For example, it has been reported that there can be a 2-4 nm layer of adsorbed 

hydrocarbons on freshly cleaned Au [15,16]. In an investigation of the influence of the position of the 

resistance sensing probe on the surface, there was no change in the resistance measurement. This suggests 

that there is negligible contamination as any influence from contamination would be expected to be non-

uniform over the surface. It is thus proposed that the contamination is negligible and that the assumption 

that η=1, is valid. 

 

 C.  Modification of the Holm model for low contact force.  

 

Consideration is initially given to the breakdown of the classical Holm conduction model. This follows a 

study by Coutu et.al., where the influence of elastic-plastic material deformation and the associated 

contact resistance under the low force conditions typical of MEMS relays, where conduction is likely to 

be dominated by ballistic and diffusive electron transport; were considered [13]. Using the formula from 

[13];  

 

R’
c 
= R

c 
(ballistic) + Γ(K)R

c 
(diffusive)                  (eqn. 2)  

 

Where R
c 

(ballistic) is the contact resistance equation based on ballistic electron transport and elastic-

plastic material deformation, R
c 

(diffusive) is the contact resistance equation based on diffusive electron 

transport and elastic-plastic material deformation and Γ(K) is the Gamma function. This formulation is an 

updated micro-contact resistance model for low force contact developed using Chang‟s [17] improvement 

to the Chang, Etsion, and Bogy (CEB) model [18] and the Gamma function using a Wexler interpolation 

[19]. Where; 
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354.0062.1

3

4
)(           (eqn. 3) 

 

Rc(ballistic) is the contact resistance equation based on ballistic electron transport and elastic-plastic 

material deformation, ρ is the resistivity of sputtered Au on the micro-contact, H is the hardness of 

sputtered Au, F is the applied load (ranging from 10μN to 1mN), K is Knudsen number, KY is the yield 

coefficient, αc is the critical vertical deformation, α is the asperity vertical deformation. 
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Rc(diffusive) is the contact resistance equation based on diffusive electron transport and elastic-plastic 

material deformation. To calculate the Knudsen number [13,20]; 

 

eff

e

r

l
K        (eqn. 5) 

The Knudsen number, K, is a dimensionless number describing the flow of the electron particles and is 

defined as the ratio of the molecular mean free path length to a representative physical length scale; the 

length scale is the radius of the contact surface. le is elastic mean path (for most metals ~50 nm [13,20]) 

and reff is the effective contact area radius. In a single asperity model, the individual contact spots are 

assumed close enough together that their interactions are not independent. In this circumstance [13] 

assumes that the effective contact area is defined as the sum and not the parallel combination of the 

individual contact areas.  

 

To understand the implication of the modified contact resistance model consider the 1mN contact force 

with the values of H and ρ used in eqn. 1, assume η=1; this leads to a predicted contact area of 0.58μm
2 

based on A= F/H. This generates a predicted constriction resistance of 26mΩ as shown in Fig.8. The 

corresponding contact radius is 430nm, based on a single circular contact. The corresponding relationship 

with force is shown in Fig.8. As reported this shows a significant difference with the measured values. To 

determine the adjustment to the predicted resistance based on the application of eqn‟s 2,3  and 4. If we 

assume the same area of contact then; using eqn. 5,  K= 0.000116. Thus for the selected area the 

contribution to the resistance of the ballistic transmission model is negligible. To determine the 

contribution to the resistance resulting from the modified diffusive model; the yield coefficient can be 

calculated using [13]; 

vKY 158.11282.1                         (eqn. 6) 

 

Where v is Poisson‟s ratio for Au (0.42), thus, KY is 1.61456. When the asperities are considered having 

elastic-plastic deformation, the α (asperity vertical deformation) and αc (critical vertical deformation) are 

assumed equal [17,18]. To estimate the Γ(K) Gamma function we can use the graph as shown in Fig. 9 

[19,21,22]. Since K (Knudsen number) is 0.000116, from the graph the Gamma function is ~1. By 

substituting eqns. 3 and 4 and the above data into eqn. 2 a new analytical model is plotted as shown in Fig 

8. 

 

 
Figure 9: Plot of Mikrajuddin et.al.‟s derived gamma function. 

 

The new analytical model defined in (eqn 2)  gives a contact resistance slightly lower than Holm‟s 

contact resistance model in (eqn 1). In this model; (1) the new micro-contact resistance considers elastic-
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plastic material deformation, (2) it uses a single effective contact area rather than multiple a-spots, (3) 

conduction during the micro-relay‟s closure is considered to be a mixture of ballistic and diffusive 

electron transport, and (4) the contact load discontinuity (which exists at the transition from ideal elastic 

to ideal elastic-plastic behavior) is accounted for. The model falls short of the measured values and it is 

therefore concluded that the existing models for contact resistance are not applicable and further 

consideration should be given to the influence of thin film conduction.   

 

D .Modified Contact Resistance for Thin-Films  

The theory presented in the previous section is based upon the analysis of bulk materials. There are two 

additional factors not considered; the conduction in a thin film upon a non-conducting surface, and the 

local hardness value, which is expected to differ from the bulk value.  

 

When the radius of the contact area is no longer small compared to the film thickness, the contact 

resistance is no longer dominated by the Holm constriction resistance, [22]. In this case a spreading 

resistance is required from the contact area to the thin metallic film. In this study the radius of the contact 

area was estimated to be 430nm, which is comparable with the film thickness of 500nm. In [11] an FEM 

model was used to show an increase in the constriction resistance from 1mΩ using a modified version of 

the Holm equation, to 12mΩ using the FEM model, for a 1µm film, with a 5µm contact radius.   In this 

study an FEA model was created with a 500nm Au film, shown in Fig. 10, modelled on the 1mN contact 

force with the same values of H and ρ used in Eqn. 1. The model is a simple 2D axi-symmetric system, 

which models a 3D system with the current fed through a cylindrical electrode. This generates a predicted 

constriction resistance of 62mΩ, compared to the 26mΩ in Fig.8. The result from the FEM study 

identifies the importance of thin film conduction mechanisms, as being the most likely contribution to the 

increase in the measured values of resistance over the predicted values. 

 
Figure 10: FEA model of thin film with current flow through a 500nm Au film with a contact area of 

0.58μm
2

.  

 

E. Contact Resistance - Force Characteristic for Experiments 2(Au-MWNT) and 3(Au-Au/MWNT) 

 
Figure 11: Contact resistance between Au-MWCNT, Au-Au/MWCNT and Au-Au coating contact pair as 

a function of applied load. 
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Figure 12: Con-focal Laser Scanned image of MWNT 301x301 (60μm x 60μm) using TaiCaan 

Technologies (Xyris 4000CL), showing 2D section of data.   

 

Experiment 2. Fig 11 shows the contact resistance against an applied load for the Au-MWNT contact 

pair. The surface roughness was shown to be R
a
≈1.3μm. Fig 12 shows a corresponding SEM image of the 

top surface of a MWNT coated surface. In this experiment, the dominant factor is expected to be the 

elastic deflection of the MWNTs rather than plastic indentation. As the applied load is increased, more 

deflection occurs of the MWNTs closing the air gaps between the vertically aligned MWNTs, thus 

improving the transfer of electrons. Furthermore the MWNTs will conform to the form of the Au micro-

contact, increasing the contact area. 

 

Experiment 3. In this case the contact resistance is lower than the Au-MWNT contact pair and higher than 

Au-Au contact pair as shown in Fig. 11. The Au coating on MWNT makes contact with the Au coated 

ball thus leading to a decrease in the contact resistance when compared to the un-coated surface.  

 

G. Cyclic loading  

 
Figure 13: Cyclic contact resistance of Au-Au and Au-Au/MWCNT contact pair. 
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To determine the performance of these materials under cyclic loading conditions, an initial study is 

presented using the nano-indenter apparatus to cycle for 10 repeated operations. Fig 13 shows the contact 

resistance of an Au-Au pair over 10 load cycles at a maximum applied load of 1mN. The points include 

the corresponding standard deviation of the contact resistance measured during the hold period. A recent 

experiment using a modified nano-indenter with a Au-Pt surface showed that the contact resistance 

increased after the 10
th 

cycle, [10]. It was proposed that this was due to the “hot-switched” contact 

resulting in arcing. In this experiment the contact are under the “dry circuit” condition with negligible 

current loading, therefore changes in contact resistance are only due to the mechanical deterioration of the 

Au-Au contact surfaces. Au is a soft metal with low hardness 1-2GPa [13], it has a low melting point, and 

is susceptible to wear.  

 
Figure 14: Cyclic contact resistance of an Au-MWCNT contact pair. 

 

Fig 14 shows the contact resistance of an Au-MWNT contact pair during cyclic load. The contact 

resistance of the Au-MWNT contact pair during cyclic load is much higher (~108 Ω) than the Au-Au 

contact pair (~0.39 Ω). Fig 13 also shows the contact resistance of an Au-Au/MWNT contact pair. The 

contact resistance of the Au-Au/MWNT pair shows a small decrease over the first 10 loading cycles, but 

with a reduced resistance (~0.46Ω) when compared to the Au-MWNT contact pair (~108 Ω).  

  

H. Load-Displacement Characteristic of the surfaces  

 
Figure 15: Graph of applied indentation load vs. displacement. 
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Fig 15 shows a graph of indentation load versus displacement, for the hemispherical contact on the plane 

surface, as shown in Fig.1, (with data extracted from the nano-indentation apparatus). We first describe 

the general features of the load-displacement responses we have observed from the experiment. The curve 

in region 1 shows the loading and the curve in region 3 shows the unloading of the contact. Region 2 

shows there is creep, a deformation that occurs over a period of time when a material is subjected to 

constant stress, which may also be temperature-dependent. Region 4 is the permanent depth deformation 

after the contact pair separates. From Fig 15 it is observed that the displacement of the Au-Au/MWNT 

contact pair is greater than for the Au-Au contact pair, 70nm compared to 2800nm; this will provide a 

larger conducting surface area. The results suggest that the Au-Au/MWNT sample exhibits a residual 

plastic deformation of approximately 1300nm depth. This is a result of the Au film deforming on the 

surface of the CNT surface.  

 
Figure 16: Graph of indentation load vs. displacement (depth) for Au-MWCNT. 

 

The characteristic for the Au-Au/MWNT sample is also shown in Fig 16 for comparison to the Au-

MWNT contact pair. For the Au-MWNT sample the deformation of the surface is further increased over 

the Au-Au/MWNT sample, to 3800nm compared to the 2800nm, however the residual deformation is 

similar for both samples. This indicates that the plastic deformation process is dominated by the CNT 

surface.  

 
Figure 17: Au micro-contact after contact with Au/MWNT substrate.  
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Figure 18: (a) Fresh and (b) tested Au (ball) micro-contact with spherical shape removed, 301x301 

(400μm x 400μm) using TaiCaan (Xyris 4000CL).  

 

Fig 17 shows an SEM image of the Au (ball) contact surface after the load cycles for the Au-MWNT 

surface, showing areas of damage. When the area marked „A‟ was scanned using a non-contact 3D laser 

profiler (TaiCaan Xyris 4000CL) many small impressions on the Au micro-contact are detected as shown 

in a 3D scanned surface in Fig 18 (b), which can be compared to a new surface in Fig 18 (a). These 

impressions are due to the asperities on the MWNT surfaces. Moreover the surface roughness, R
a 

in this 

region has increased from ~400 nm in (a) to ~1.5μm (b). X-ray spectroscopy of the Au (ball) micro-

contact at the position named “Spectrum 1”, in Fig 17, has shown gold to be the predominant element 

with carbon and oxygen also observed. This is consistent with the composition of the film, with some 

additional surface contamination and water adsorbtion. The overall atomic percent of Au is 38.60%, C is 

55.49% and O 5.91%. When a point on the exposed hemisphere (Au ball contact) was analysed, marked 

„Spectrum 2‟, in Fig 17. The „Fe‟ peak was predominantly observed and Cr peak indicates both elements 

come from the stainless steel ball. The atomic percent shows Fe is 68.69%, Cr is 19.08%, C is 11.67% 

and Au is 0.57% thus indicating that wear has occurred on the Au micro-contact exposing the surface of 

the ball. No evidence of deformation or change in chemical composition on Au/MWNT surfaces has been 

detected.  The creep shown in Fig‟s 15 and 16 is identified as the mechanism responsible for the increase 

in stiction [23]. A fundamental understanding of the relationships between contact force, adhesion, and 

contact resistance is needed for MEMS relay design [24]. 

 

IV. CONCLUSION.  

 

The contact force and contact resistance between Au-Au/MWNT composite contact pairs was 

investigated using a modified nano-indentation apparatus and 4-wire measurement methods. The contact 

pair combination was compared to a Au-MWNT pair, and showed a decrease in the measured contact 

resistance. The contact resistance characteristic of the Au-Au/MWNT composite surface was shown to be 

comparable to a Au-Au contact pair studied as a benchmark for the new material. Furthermore during ten 

load cycles, the Au-Au/MWNT contact pair showed a stable contact resistance.  

 

A study of contact resistance modeling based on existing analytical models shows that there is a 

discrepancy with the benchmark Au-Au surface. This leads to the conclusion that the mechanics of such 

surfaces at low force must fall outside the current understanding. An initial study suggests that the main 

reason for the difference is due to the conduction mechanisms associated with thin film surfaces. FEA 

analysis shows that conduction through the thin film conductor leads to an increase in the predicted 

resistance.  
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Improving the contact resistance at low force using gold 

coated carbon nanotube surfaces. 
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Abstract. Investigations to determine the electrical contact performance under repeated cycles at low 

force conditions for carbon-nanotube (CNT) coated surfaces were performed. The surfaces under 

investigation consisted of multi-walled CNT synthesized on a silicon substrate and coated with a gold 

film. These planar surfaces were mounted on the tip of a PZT actuator and contacted with a plated Au 

hemispherical probe.  The dynamic applied force used was 1mN. The contact resistance (Rc) of these 

surfaces was investigated with the applied force and with repeated loading cycles performed for stability 

testing. The surfaces were compared with a reference Au-Au contact under the same experimental 

conditions. This initial study shows the potential for the application of gold coated CNT surfaces as an 

interface in low force electrical contact applications. 

 

PACS.  Contact force, contact resistance, carbon nanotubes, and Au/multi walled carbon nanotubes.  
 

1 Introduction  

This paper presents a study of electrical contact between surfaces under low dynamic force conditions, 

typically 1mN. Such conditions are relevant to a number of micro-contact applications, for example 

MEMS relay devices. There are a number of potential materials commonly used for this application 

including gold, palladium and platinum [1]. The weakness of such materials is that they are relatively soft 

and wear easily. Other materials which are of interest on MEMS relay‟s micro-contact include silicon 

carbide and diamond films. Both have high moduli but low electrical conductivity. The latter makes them 

unsuitable for electrical contact applications. There have been attempts to increase the conductivity. 

When doping SiC film with NH3 the resistivity drops to 1 x 10
-4

 Ωm [2] and doping DLC with ruthenium 

the resistivity drops to 1x10
-5

 Ωm [3], however, both materials still have a high resistivity compared to 

gold and even gold alloys (for example Au-6.3% Pt has a resistivity of 7.17 x 10
-8

 Ωm) [1].  

 

A carbon nanotube (CNT) coated surface has potential as a material for MEMS relay applications 

specifically as a contact material because of its excellent mechanical and electrical properties. An 

experiment has been performed [4]  to measure the contact resistance, Rc between CNT coated electrodes 

in ambient air and in a vacuum. The author concluded that the contact resistance, Rc was found to be 

much lower in ambient air (~160 Ω) than in vacuum (>4kΩ). In a more recent experiment [5], Au 

contacts with a substrate coated with tangled single walled carbon nanotubes were investigated. The 

authors concluded that a tangled Single Walled Carbon Nanotube (SWCNT) film against an Au coated 

surface has a better performance than two contacting tangled films. 

 

The following mechanical properties have been determined; CNTs tensile strength of up to 63 GPa has 

been measured [6]. Experiments using an atomic force microscope were performed to measure the elastic 

modulus and bending strength of individual, structurally isolated, multi-wall carbon nanotubes and 

indicated values of 1.26 TPa and 14.2 GPa [7] respectively. Experiments were also conducted on CNTs 

using a nano-indentation apparatus and values were obtained for the bending modulus; 1.24 TPa, axial 

modulus; 1.23 TPa and wall modulus; 5.61 TPa [8]. Another report shows that CNT‟s have an elastic 

modulus greater than 1 TPa [9] compared to diamond, which has a modulus of 1.2 TPa. 

 

In terms of its electrical properties, it is calculated that a 4-10 μm long SWCNT with a diameter of 1.2nm 

has a resistivity of 0.88 x 10
-8

 Ωm and is thought to exhibit ballistic electrical conduction. The calculation 

is performed using the theory of ballistic conductors and it is assumed that the CNT is defect-free. In 

addition, if a CNT were to be filled with metal, to form a composite its resistivity would fall to 0.35 x 10
-8

 

Ωm [10]. The mechanical and electrical properties are therefore potentially comparable to diamond and 

gold respectively, however, as yet no experiments have been reported on CNT metal composites for 
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micro-contact applications.  In the present work a novel approach is used in which a CNT “forest” is over 

coated with gold, in order to provide a high conductivity surface layer with a compliant under layer. 

 

This paper presents a continuation of previous experimental work.  In this previous work a modified 

nano-indentation apparatus [11] was used to determine the contact resistance, Rc, as a function of contact 

force and load cycling up to ten load cycles. These initial results showed that the performance and contact 

resistance of Au-Au/MWCNT contact pairs is comparable to Au-Au contact pairs and during ten load 

cycles of Au-Au/MWNT contact pair shows stable and constant contact resistance. 

2 Material preparation 

In the present study two contact pairs have been investigated; Au to Au and Au to Au/multi walled carbon 

nano-tubes (MWCNTs) composite. The geometry selected is a 2mm diameter hemisphere contacting a 

flat surface. In all cases the hemisphere consists of a stainless steel base, sputter coated with Au, ~500 nm 

thick, with surface roughness Ra≈400nm. In the Au to Au case (Sample 1), the flat surface is a silicon 

(Si) substrate (~2mm by 7mm), sputter coated with Au ~500 nm, with a surface roughness Ra≈30nm. 

 

For the Au to Au/MWCNT case (Sample 2), a “forest” of MWCNTs is grown on the Si wafer using 

thermal CVD. The catalyst used is sputter deposited Fe and the gaseous carbon source is ethylene. The 

growth temperature and time is 875
o
C and 3 minutes respectively to produce a dense forest of vertically 

aligned MWCNT of an average length of ~50μm as shown in Fig 1. Au is then sputtered on the upper 

surface of the MWCNT forest to produce Au/MWCNT composite coatings as shown in Fig 2. It is shown 

in Fig 3, that the Au penetrates the MWCNT surface to a depth of ~4 μm.  

3 Experimental 

In order to determine the performance of the surfaces under repeated switching actions, an apparatus has 

been designed, in which a PZT actuator is used to support the planar coated surfaces as shown in Fig 4. 

This surface makes electrical contact with the hemispherical Au-coated probe to mimic the actuation of a 

MEMS relay micro-contact. The apparatus has been designed to allow control of the gap and to allow the 

performance of the contact materials to be investigated ultimately over large numbers of switching cycles 

(>10
6
). 

 

 

Fig. 1. Dense forest of MWCNT with average length ~50µm.  
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Fig. 2. Sample 2, Au/MWCNT composite contact surface.  

 

 

Fig. 3. Au penetration on MWCNT by sputtering.  

. 

 

Fig. 4. Schematic side view of the test rig. 
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A signal generator with voltage amplification is used to actuate the PZT actuator as shown in Fig 5. The 

PZT actuator‟s layers consist of Nickel (1
st
 layer), PZT material (Lead Zirconate Titanate) (2

nd
 layer), 

Nickel (3
rd

 layer) and Kovar (Nickel-Cobalt ferrous alloy, final layer). The resonance frequency of the 

PZT actuator is ~900Hz (1
st
 harmonic). In this experiment the PZT actuator is actuated at low frequency 

0.2Hz to allow a quasi-static study of the contact surfaces. The dynamic force is measured using a 

piezoelectric force sensor [12-15] situated as shown in Figs 4 and 5. The force sensor is amplified using a 

charge amplifier and the dynamic force monitored. 

 

 

Fig. 5. Schematic top view of the test system. 

 

There are several methods to control the applied force as follows; 1) By controlling the gap [16]. This can 

be achieved by turning the adjustment screw as shown in Fig 4 and the contact gap is monitored using a 

triangular laser, 2) By controlling the length of the actuator [14], and 3) By controlling the amplitude of 

the supply voltage to the actuator. In the experiment presented here all other parameters are held constant, 

with the contact gap used to set the contact force at 1mN. 

 

The contact resistance, Rc is measured using the 4 wire-measurement methods as shown in Fig 5 and 6. 

The DC current source across the planar coated surfaces and micro-contact is set at 1mA using a Keithley 

580 micro-ohmmeter. The number of cycles and contact resistance can be controlled and extracted by 

using the control and data acquisition program. The apparatus is enclosed and held at ambient air and 

room temperature. 
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Fig. 6. Schematic of contact zone with its electrode and Rc measurement. 

 

In this experiment, the PZT actuator is actuated up to 1000 cycles at 0.2 Hz under dry circuit conditions 

(maximum supply of 20mV at 1mA) with the contact resistance Rc measured simultaneously. The aim of 

this initial study is to determine the stability of the contact surfaces, prior to longer duration testing at 

higher frequencies.  

 

In order to replicate the conditions of a MEMS relay, a dynamic applied force of 1mN is used. The coated 

planar surface and Au ball are brought into contact at 0.2Hz using an applied square wave form, and the 

gap and amplitude adjusted so that a maximum load of 1 mN is reached. The targeted load is applied for 

~3 seconds so that a representative average contact resistance value can be determined.  

 

Fig 7 shows an example of the load history over a period of time. Fig 8 shows the variation in Rc over a 

period of time at a frequency of 0.2Hz. This procedure is repeated in order to detect any cyclic changes in 

the electrical contact resistance.  

 

Fig. 7. Example of load cycles (0.2 Hz) for an Au-Au contact pair at 1mN. 

1st contact 2nd contact  

loading unloading 

holding 

time 
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Fig. 8. Example of contact resistance during load cycling for Au-Au contact pair. 

 

The performance of the Au-Au/MWCNT surfaces is compared to a reference Au-Au contact pair under 

the same experimental conditions in order to assess their mechanical and electrical stability. A TaiCaan 

Technologies XYRIS 4000CL laser scanner is used to confirm any changes on the contact surfaces 

samples such as degradation and wear. 

4 Results and discussion 
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Fig. 9. Cyclic contact resistance of Au-Au and Au-Au/MWNT contact pairs.  

 

Fig 9 shows the contact resistance of Au-Au and Au-Au/MWCNT pairs over 1000 load cycles at a 

maximum (quasi static) applied load of 1mN. The contact resistance of the Au-Au pair is initially ~0.2Ω 

and increases rapidly to 4-6Ω at 450 cycles. Under dry circuit conditions the contacts are unlikely to 

degrade by “hot-switching”, therefore the increase in contact resistance is solely due to the mechanical 

deterioration of the Au-Au contact pair surfaces, reflecting the recognized problems of using soft metals 

for electrical contacts on a hard substrate. The reason for the sharp increase in Rc of Au-Au pair at ~430 

cycles is believed to be due to the initial smoothing of the Au surfaces which leads to increased adhesion 

 

Au-Au/MWCNT pair 

Au-Au pair 

Second contact 

loading unloading 

holding 

time 

First contact 
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[17]. The smoothing is the result of the repeated impacts and time-dependent deformation of the Au.  Fig 

10 which shows the damaged Au surface planar for the Au-Au contact pair. 

 

Fig. 10. Scanned image of Au planar surface 201x201(0.2mmx0.2mm) using TaiCaan (Xyris 4000CL).  

 

The adhesive force increases with the number of cycles and is consistent with creep being one of the 

underlying physical mechanisms for the increase in adhesion [18]. The creep of the gold was shown in 

[11] during a single load cycle, as shown in Fig 11. Fig 11 shows the graph of load against displacement 

for an Au-Au contact pair. The experiment was carried out by replacing the diamond tip indenter with the 

Au hemispherical probe of a nano-indentation apparatus. The curve shows there is creep, a deformation 

that occurs over a period of time when a material is subjected to constant stress, even at room 

temperature. The force cycle exhibited in Fig 11 occurs over a longer holding time scale than that used in 

the test procedure. 

  

Fig. 11. Graph of load against displacement for Au-Au contact pair.  

Fig 9 also shows contact resistance of Au-Au/MWCNT contact pair. The initial contact resistance 

(~0.7Ω) is higher for the Au-Au/MWNT pair. The likely cause is the difference of surface roughness 

between Au and Au/MWCNT coated planar surface and the irregularity of the Au film on the MWCNT.  

It is anticipated that this can be improved in subsequent experiments by better process control. The 

contact resistance is much more stable than for the Au-Au pair over the 1000 loading cycles. This is 

believed to be due to the Au/MWCNT surfaces conforming to the shape of the Au hemispherical probe. 

The dynamic impact on the Au hemispherical probe is absorbed by the Au/MWCNT surfaces thus 

reducing the wear. The sponge-like effect on Au-Au/MWCNT helps to reduce the deterioration. 

Furthermore, as the applied load is increased, more deflection occurs of the MWNTs closing the air gaps 

between the vertically aligned MWNTs thus improving the transfer of electrons [11].  

Fig 12 shows a graph of load against displacement using a modified nano-indentation apparatus with Au-

Au, and Au-Au/MWCNT contact pair. It shows the depth of penetration during the impact. The curve for 

creep 
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Au-Au/MWCNT pair shows that there is much depth penetration compared with Au-Au pair (~70 nm and 

~2500nm respectively). Once the indentation load is removed permanent displacement can be observed 

(~1400 nm). In [[11] the results  show an SEM image of the Au hemispherical probe contact surface after 

the load cycles having some damage to the Au surfaces where many small impressions on the Au 

hemispherical probe are detected. These impressions are due to the asperities on the MWNT surfaces. 

Moreover when the surface roughness (Ra) is measured in this region it has changed from ~400 nm to 

~1.5μm.  

 

 

Fig. 12. Graph of load against displacement for an Au-Au, Au-MWCNT and Au-Au/MWCNT contact 

pair. 

 

In addition, as the Au/MWNTs surface conform to the shape of the Au hemispherical probe it increases 

the contact area. There is a smoothening of the Au asperity and a significant indentation marks on the Au 

covering the surface of the Au hemispherical probe as shown in „A‟ and „B‟ respectively on Fig 13. No 

visible damage can be detected on the Au/MWCNT planar composite, further suggesting that the CNT 

under layer has improved the mechanical integrity of the gold surface.  

 

 

Fig. 13. Scanned image of Au ball for Au-Au/MWCNT with the sphere removed, contact pair 301x301 

(0.4mmx0.4mm) using TaiCaan (Xyris 4000CL). 

B                       A                      B 
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5 Conclusion 

The applied cyclic load and contact resistance between Au-Au/MWCNT composite contact pairs was 

investigated using a PZT actuator apparatus and Rc measurement methods. This contact pair combination 

was compared with an Au-Au contact pair. Over 1000 load cycles the Au-Au/MWCNT contact pair 

demonstrated a much more stable contact resistance than Au-Au contact pair.  This improvement is 

believed to be due to Au/MWCNT surface conforming readily with the dynamic impact of the Au 

hemispherical probe thus decreasing the tendency of smoothing and adhesion that damages the surfaces.  
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Appendix A (Keitley  580 Micro Ohmeter) 
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Appendix B (KISTLER Dynamic Force Sensor) 
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