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SUMMARY  

 

Microfabrication and the use of micro-electromechanical (MEMS) structures to address 

friction problems is the theme of this thesis.  To this end, MEMS structures called “sleds” 

are introduced.   

 

Sleds are microfabricated silicon plates with lateral dimensions of 100-300 µm and a 

plate thickness of only ~300nm or ~3µm.   Three sharp tips protrude from the plate and 

these form a 3-point contact when the sled is placed on a surface.  The objective is to 

make sleds move in-plane across a surface with user-controlled friction based on the idea 

of actuated superlubricity (A. Socoliuc, et. al. Science 313, 207-210 (2006)).  That is, to 

induce mechanical vibration of the tips in the vertical direction such that sliding occurs in 

the horizontal.   

 

No motion of the sled was observed using magnetic actuation of sleds with large 

magnetic particles attached.  Ultrasonic actuation was successful and results showing 

actuation of the sled motion are shown, with the movement controlled by changing the 

actuation frequency.  Sled rotation is often observed and occasionally translation over 

very large distances (mm).  However, we do not believe the motion represents 

superlubricity because ultrasonic actuation excites many tip-substrate vibration modes, 

and the phenomena more resembles lowering of friction using ultrasonic agitation.  For 

actuated superlubricity, only resonance modes of the sled should be excited and this could 

not be achieved because the magnetic actuation, required for exciting just the sled, is too 

weak to provide sufficient vertical displacement of the sled.   
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The resonance frequencies of a free standing sled on a surface are the driving frequencies 

for actuated superlubricity.  Extensive FEM analysis was undertaken to model the 

resonance modes of sleds attached to the process chip, completely free sleds, sleds placed 

on a surface, and sleds with and without a magnetic particle placed near the centre.  The 

vibration modes are measured experimentally using a laser vibrometer and qualitatively 

match the FEM modeling.  It is generally difficult to measure the modes of a free 

standing MEMS structure on a surface, and a new method is demonstrated to estimate 

such modes using data taken on the same structure whilst still suspended on the MEMS 

process chip i.e. before release.  The location of the sled tips on a surface is important.  

Poor tip positioning can severely distort the mode shape and it was found that for 

successful actuation at least two tips should be distant from any node location. 

 

In order to measure friction on the sleds, we present a new AFM based approach for 

measuring the friction of free standing MEMS structures.  In the method, an AFM tip is 

brought into contact with the sled resting on a substrate.  The substrate is displaced 

laterally and, provided the AFM tip does not slide over the plate, the twisting of the AFM 

cantilever is used to measure the friction of the underlying sled-substrate interface.  The 

method can measure nano-Newton to micro-Newton forces (both friction and load) and 

provides a means to measure friction of macroscopic structures at low load.   

 

Special MEMS cantilevers are also microfabricated for low friction force measurement 

and friction study in liquid.  Ultrathin cantilevers (~300 nm thick) are fabricated with a 1 

µm thick silicon massload at the free end.  The use of such ultra-thin cantilevers in a 

pendulum AFM geometry is proposed to measure very low friction forces e.g. on 

lubricants, with the AFM operating in contact mode.  Special cantilevers are also 

manufactured and characterized so that a droplet or a bubble can be reliably attached to 
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the free ends of the levers. The cantilevers are used as a colloid probe type AFM in 

aqueous solutions, enabling the drainage of water films between two approaching bubbles 

or droplets to be measured.  
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Chapter 1 Introduction 

 

1 

 

Chapter 1  Introduction  

1.1 Motivation 

Micro-electromechanical systems (MEMS) is a field studying micron sized objects 

fabricated using semiconductor processing techniques.  The technology is the basis for 

several major commercial products, such as miniature accelerometers and fluidic devices 

for biotechnology.1 

 

One of the most challenging aspects in the operation of MEMS is how to reduce friction 

when parts in relative motion come into contact.  This fundamental tribology problem 

severely limits the type of MEMS device which can be constructed.  Indeed, one can 

consider why there are so few types of devices in MEMS when in the macroscopic world 

such devices are abundant e.g. wheels, gears, motors, etc  The answer is that the friction 

problems have not been solved in MEMS to allow two surfaces to slide past each other in 

a reliable manner.   

 

Friction is an important aspect of MEMS because micro-components have a very large 

surface area-to-volume ratio and thus interfacial forces become predominant.  The 

predominance of these surface forces causes adhesion.  This leads to the problems of 

stiction, where the applied force cannot overcome static forces; extensive wear and 

creation of wear debris during operation; high contact shear stresses at high speeds; etc.  

Most of these problems lead to eventual failure of the MEMS device, particularly for 

Silicon which has very poor tribology properties.  
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An important aspect in solving friction problems is to have small surface forces i.e. to 

reduce the surface free energy.  Overall, chemical modification of surfaces is a favoured 

solution as this can be easily incorporated into the fabrication process.  Air bearings are 

another approach for rotating MEMS e.g. in hard disk drives, gas turbine structures, etc. 

In general, one can state that there is considerable effort being undertaken to discover 

methods of surface modification and boundary lubrication to reduce friction.2,3 Current 

technology is able to provide special solutions for devices that operate in dry, controlled 

conditions, and nearly all researchers in MEMS tribology work on solving friction 

problems in existing devices, such as tilting mirrors1 or in designing devices which do not 

have sliding surfaces e.g. comb drive actuators.   

 

From a MEMS perspective, almost all existing research effort aims to avoid sliding 

surfaces in MEMS rather than to discover alternatives that would allow sliding devices to 

be manufactured.  We turn the central problem around and do not avoid friction, but use it 

within a MEMS actuation scheme to turn sliding on and off.  Such an approach is also the 

basis of the simple scratch drive.4 

 

  

 

Our basic idea is to microfabricate simple prototypes called “sleds”.  The sleds consist of 

a silicon plate with 3 protruding tips as shown in Figure 1.1.  The sleds are 100 to 300 m 

in size with square, triangle or circular geometry, and the tips are made very sharp, 

Figure 1.1 a) Schematic of the sled design.  b) A fabricated sled.  The sleds are made 

from silicon and have lateral dimensions of 100 to 300 µm, and thickness ~0.3 to 5 µm.   

 

(a) (b) 
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similar to those fabricated for atomic force microscopy (AFM).  The tips form a 3-point 

contact when placed on a surface, and the working hypothesis is that the friction acting on 

the tips can be switched from high to low by changing the frequency of an external 

actuation force.  In this Thesis, ultrasonic (piezoelectric) and magnetic actuation are used 

to vibrate the sled into motion.  The use of a change in frequency to stop or start the sled 

sliding is based on the new concept called superlubricity.5 Superlubricity is a regime of 

motion in which friction vanishes or becomes negligible, and our ideas were initiated 

after a report showing that an oscillating external electrical field could switch the friction 

acting on an AFM tip from a high to negligible value over a very narrow range of 

oscillation frequency, with the frequency corresponding to mechanical resonances 

associated with the AFM cantilever.6 In this Thesis, we apply this concept of actuated 

superlubricity to a large, microfabricated MEMS structure, namely the sled.  In this way, 

macroscopic pieces can be moved with low friction based on nano-tribology ideas.   

1.2 Requirements for actuated superlubricity   

Most requirements for superlubricity conditions appear to be achievable for a MEMS 

device using available technology, as shown in Table 1.1.  The work presented can only 

explore some of these many aspects.  In particular, we note that for the sled to move we 

must also have low friction surfaces, irrespective of whether we can actuate a 

superlubricity condition.  Surface effects are not studied here.  The methodology we 

adopt is as follows.  

a) Thin sleds are microfabricated.  

b) We use the vibration modes of the sleds to define the frequencies at which 

actuated superlubricity is expected to occur.   

c) The sleds are placed on a surface and an external vibration is applied.    

d) The frequency and amplitude of the actuation is varied and any lateral motion of 

http://en.wikipedia.org/wiki/Regime
http://en.wikipedia.org/wiki/Friction
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the sled across the surface is observed.   

 

Many of the challenges that arise in our work occur because the sled is free standing i.e. 

un-tethered.   For example, for actuation we simply cannot attach an electrode to the sled, 

as done for the AFM cantilever experiments.6 Therefore, experiments had to be done to 

test that the general idea of external actuation of the sled is feasible, and we verified that 

sleds can be actuated (ultrasonically) to slide at specific driving frequencies.   

 

Table 1.1 The general physical requirements to achieve extremely low friction sliding5 

Requirement for superlubricity Possible MEMS solution 

Dry sliding i.e. no capillary forces Hermetically seal  

Low wear Vapor lubrication, polymer surfaces  

Smooth surfaces  SiO2, Diamond like carbon (DLC) 

High modulus surfaces to minimise contact 

area and stick-slip friction.   

Si3N4 tips, DLC coatings 

Sharp tips to minimise contact area.   Microfabricated tips, diamond tips  

Low loads needed.   Use very thin plates with loads <10 nN.   

 

The difficultly is in establishing that the underlying phenomena giving rise to the sled 

movement is superlubricity.  We must correlate the observed sled movement with the 

measured resonance frequencies of the individual sled and also measure the friction 

forces acting as the sled slides over the surface.  Combining actuation, friction and 

resonance data within one measurement is very challenging for free standing structures 

and only the individual parts have been completed within the thesis.   

 

Firstly, one must know the sled resonances to be able to actuate motion and finite element 

modelling (FEM) was used to find the eigenmodes for a given sled design.  In addition, 

we must not only excite the sled structure on a resonance, but also place the 3 tips of the 

sled at positions where the tips will move at resonance i.e. the tips must be placed at the 

vibration anti-nodes.  In principle, one can manipulate the position of the tips, the mode 
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frequency used and the shape of the sled to achieve different actuation motion e.g. 

translation or rotation.   

 

The situation is further complicated because the modes may change when the sled is 

placed on a surface, and we model the tip-surface contact with simple springs in the FEM 

simulation.  This provides a link to experimental data because we have extensively 

modelled and compared the mode frequency and shape before the sled is placed on a 

surface (i.e. still suspended on the microfabrication chip by soft cantilever beams) and 

after being placed on the surface.  This approach allows us to predict, with moderate 

success, the sled vibration modes when placed on a surface from measurements taken 

before the sled is released.  This method is important because measuring the vibration of a 

free standing structure using a standard MEMS vibrometer is difficult; the vibration 

energy from the vibrometer oscillator needs to couple between the substrate and the plate, 

and this is very uncertain.   

 

A final difficulty arising with un-tethered MEMS structures is to measure friction.  The 

friction acting on the sled must be measured to verify that the friction force is low (i.e. 

superlubricity occurs) when the sled begins to move under actuation.  The question arises, 

how can the friction be measured on a free standing, micron sized plate? Traditional 

tribometer methods and macroscopic approaches cannot be applied because the forces 

involved are much lower than standard commercial nanotribometers.  We therefore 

developed a new method based on indenting an AFM tip onto the sled and then 

measuring the forces acting by the twisting of the cantilever, as in standard friction force 

microscopy.  We believe this approach also has broad application to the measurement of 

friction on any small, free standing structure.   
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1.3 Thesis outline  

The thesis is organized as follows: 

 

Chapter 2 briefly reviews friction problems in sliding MEMS and possible solutions.  

The method of actuated superlubricity and low friction force measurements are discussed 

in detail to link with the present effort.   

 

Chapter 3 discusses the experimental procedures and processes that are related to the 

sled fabrication, characterization and actuation.  A home built AFM was constructed for 

the new method of measuring friction on free standing structures, and some details of the 

construction are described.  The plate resonances were recorded using a commercial laser 

vibrometer.  However, our experimental requirements are more stringent than typical 

dynamic MEMS measurements, usually limited to bulk micromachined membranes or 

cantilevers7-12. Very small displacements are encountered (<1 nm) in our experiments and 

the sleds can have important resonance modes up to ~900 kHz.  Considerable effort was 

therefore made to reduce the vibrometer noise levels.  We built special piezoelectric 

actuation stages, magnetic actuation stages, and a vacuum chamber to integrate with the 

vibrometer.   

 

The work in Chapter 4 reports the microfabrication of the sleds and the FEM simulation 

results.  Two types of sleds, ultra-thin plate (300 nm) and thick plate (3 µm thick), were 

fabricated incorporating 3 sharp tips.  The major fabrication challenges and their solution 

are described.  The FEM analysis was undertaken to understand the resonance modes of 

sleds attached to the process chip, completely free sleds, sleds placed on a surface, and 

sleds with and without a magnetic particle placed near the centre.  The particle is used 

experimentally for magnetic actuation of the sled.   
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Chapter 5 introduces the method to measure friction on a free standing sled, based on 

AFM.13 An AFM tip is brought into contact with the sled resting on a substrate and the 

twisting of the AFM cantilever is used to measure the friction of the underlying sled-

substrate interface.  The method can measure nano-Newton to micro-Newton forces (both 

friction and applied load).   

 

Chapter 6 summarizes the vibrometer measurements of the sled modes and the actuation 

of the sleds.  Both piezoelectric and magnetic actuation are explored, and the mode results 

in ambient and vacuum environment are discussed.  The experimental modes are 

compared with the simulation results, and plate mode shapes are determined.  The in-

plane movement of free standing sleds was observed on different surfaces (mica, fluorine 

terminated silicon and graphite) under piezoelectric actuation and some qualitative 

conclusions drawn.   

 

Chapter 7 describe the microfabrication and characterization of special AFM cantilevers 

for ultra-low friction force measurements.  The chapter includes the fabrication of 

ultrathin cantilevers (~300 nm) with a mass loading at the free end.  We propose that the 

use of such ultra-thin cantilevers in a pendulum AFM geometry14 can be used to measure 

very low friction forces e.g. on lubricants, with the AFM operating in contact mode.  The 

chapter also describes the fabrication and characterization of special cantilevers so that a 

droplet or a bubble can be reliably attached to the free end of the lever.  These levers were 

used at the University of Melbourne as a colloid probe type AFM in aqueous solutions, 

enabling the drainage of water films between two approaching bubbles or droplets to be 

measured.15,16  
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Chapter 8 provides a brief summary of the major results and suggests several problems 

for future work.   
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Chapter 2  Literature Review  

2.1 Introduction  

Micro-electromechanical systems (MEMS) is a field associated with integrated sensors, 

microactuators and Microsystems utilizing fabrication technologies that originated from 

the integrated circuit (IC) industry.  Several MEMS passive transducers such as inertial 

sensors, chemical sensors and biomedical systems have been brought into market since 

1980.  The first commercial MEMS product in mass production was the disposable blood 

pressure transducer (Foxboro/ICT, Honeywell), followed by the multiaxis accelerometer 

(ADXL50) and digital mirror devices (Texas instruments).17 With the advancement of 

nano-fabrication technology, the field of Nano-electromechanical systems (NEMS) has 

also immerged.  However, there exist many technical obstacles related to inherent 

technology limitations, and a major issue relates to device tribology.   

 

Tribology is the ‘science and technology of interacting surfaces in relative motion and 

associated subjects and practice’. It includes the research and application of friction, wear 

and lubrication.  Strong adhesion and friction are present because the surface areas to 

volume ratio is large in MEMS devices, and any contact or sliding of surfaces can 

dominate the device performance.  The term micro/nano tribology concerns the friction 

and wear of two objects in relative sliding whose dimensions range from the micro-scale 

level down to the atomic scale. Nano-tribology measurements are generally carried out 

using instruments such as the surface force apparatuses (SFA), atomic force microscope 

(AFM) or friction force microscope (FFM).18  

 

For MEMS devices where sliding surfaces are required for a motor drive, no satisfactory 



Chapter 2 Literature Review  
 

10 

 

(b) (a) 

lubrication scheme has yet been developed despite intensive research efforts.  Hence, 

much of MEMS design tries to avoid sliding surfaces rather than to explore alternatives 

that would allow sliding devices to be manufactured.  An example of actuating a micro- 

device motion avoiding surface sliding is the Texas Instrument’s Digital Micromirror 

Device (DMD). Using bottom electrodes, the mirrors can be controlled in slight rotation 

angles Figure 2.1a). Each individual mirror is only about 16 micron across and is required 

to rotate ±10˚ by using electrostatic attraction.19 

 

  

 

 

 

 

 

 

 

Initially, significant stiction issues were observed in DMD produced from the contact 

between the mirror and a mechanical stop on a mirror yoke underneath each mirror.  This 

yoke ensures that the mirror is at a correct angular position and the yoke surface can 

touch the mirror backside during operation.  The impact of stiction, produced by adhesive 

forces acting at contacts, has been extensively studied.3 Additional steps must be used, 

with significant cost, to curb the contact stiction, e.g. hermetic sealing, anti-stiction 

coating, and adding miniaturized springs to act against stiction.  The methods applied are 

effective in minimizing the stiction issue, but they cannot entirely eliminate the problem. 

High driving voltages must also be employed to overcome the stiction.  

Stiction in micromachines is also a topic of much research (Figure 2.1b). The micro-gears 

Figure 2.1 a) DVD micromirrors are shown.  Stiction is reported as the main failure 

mechanism. b) MEMS microengines used in load tests. 
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suffer from high friction and excessive wear, resulting in very short lifetime for most 

applications.19,20  The microengines cannot transfer a load particularly well, and most 

devices quickly fail if a driving load is applied.21  

2.2 Possible lubrication solutions 

The challenges in sliding MEMS, such as micro-gears, remains a large obstacle. Another 

equally troublesome problem is the excessive wear exacerbated by high friction during 

operation.22 Some possible solutions from present MEMS research are discussed below.   

 

2.2.1 Monolayer boundary lubrication 

Polymeric lubricants are excellent for low friction and low wear at a single asperity 

contact.23 However, polymers developed for MEMS to prevent stiction and related self-

assembled monolayers (SAM), are still considered to have too high a friction coefficient 

for dry sliding MEMS.  Also, there is always a concern for the film reliability during 

continuous sliding.  It has been reported that during initial mechanical contact, the surface 

of SAM coatings can be worn off and lead to unacceptable adhesion, friction, and wear in 

dry operating environments.24 A possible solution is to use liquid lubricants that lead to 

monolayer boundary lubrication.  However, liquid lubrication of MEMS structures has 

not been applied for real devices because of the large hydrodynamic drag at low sliding 

speeds.   

 

2.2.2 Gas lubricated bearings 

A MEMS electrostatic induction micromotor supported on gas lubricated bearings has 

been successfully demonstrated in aerospace projects by MIT Gas Turbine Laboratory.  It 

is a working MEMS power device which enables electrical to mechanical energy 

conversion.25 A torque on the motor is produced by the difference between a potential 
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waveform on a stator surface and induced waveform underneath the rotor.  The key is the 

gas acting as lubricant between the hydrostatic bearings and the periphery of the rotors. 

The high speed gas lubrication is realized by injecting pressured gas in the device, as 

shown in Figure 2.2. 

 

 

 

 

However, the fabrication of such devices is challenging.  The fabrication of the MIT 

turbine includes 25 steps of lithography, 14 steps of silicon etching, and 14 steps of 

deposition and etching. The fabrication process cannot be done in a general clean room 

e.g. the MIT team maintained dedicated equipment.  The main reason for a dedicated 

process tool is the requirement for multiple silicon fusion bonding.  This step requires 

stringent surface roughness and contamination control because processes such as 

lithography and etching can introduce surface contamination and affect the bonding 

quality.26  

2.2.3 Magnetic bearings and magnetic levitation 

Magnetic levitation (maglev) technology has been used for the positioning of a moving 

platform in a noncontact manner. Such platforms have been reported as a precision 

moving stage for photolithography purposes.27,28 Magnetic levitation is considered 

Figure 2.2 A cross-section view of a 5-layer MEMS turbine including bearings
25
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particularly useful in miniaturized valves or motors, since the friction and wear primarily 

are related to surface contacts on those devices.  However, the magnetic levitation method 

is not easy to be applied for MEMS sliding device.29  

 

Wegner et al demonstrate a type of magnetic levitation using a piece of rare earth 

magnet.30 The magnet is glued onto a silicon thin plate and suspended by thin silicon 

springs. The magnetic field is produced from a planar coil on the substrate and deflects 

the plate out of the plane of the silicon substrate by the magnetic force.  The design and 

the resulting magnetic force are shown in Figure 2.3. 

 

 

During operation, the planer coil generates a magnetic force which forces the platform to 

move vertically.  It is difficult to miniaturize the magnet.  The force acting on the The 

permanent magnet is given by,  

 

Figure 2.3 a) Schematic view of a vertical electromagnetic actuator with integrated coil and 

hybrid mounted permanent magnet, and b) electromagnet forces on a magnet near the planer 

coil.30 

 

(b)  (a)  
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where Μz is the magnetization, V the volume, and Bz is the vertical component of the 

magnet field produced by the coil.  The magnetic force Fm,z is proportional to the volume 

of the magnet. To produce large force, a NdFeB permanent magnet with dimension of 1.5 

× 1.5 × 1.0 mm3 is used and obviously such a dimension is too large to be sensibly 

integrated in MEMS.  

 

Also, the magnitude of the magnetic field depends on the current density achieved in the 

coils, and this current in turn is limited by heating.   The magnetic force in this example 

has a maximum value of 0.68mN at a distance 1.25mm from the coil plane ( b) and the 

deflection of the actuator can reach ~100 µm.30  

 

2.2.4 Gas phase lubrication  

A method of gas phase lubrication is reported by using 1-pentanol vapor.31  The 1-

pentanol can absorb on the silicon surface and sustain a lubricating layer, which prevents 

wear of the MEMS surfaces and minimizes friction.  Further, the lubricant layer can 

always be replenished from the surrounding vapor phase.  This is the key attribute of the 

technology because even if damage occurs to the surface the lubricant will always reform 

a protecting layer.  The main limitation to use of gas vapor lubrication is the environment 

control. High vacuum conditions with specific control for the gas mixture ratio are 

required.31  
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A special MEMS tribometer is built to measure the friction coefficient in the study.31 The  

microtribometer is a polysilicon device fabricated by the Sandia National Laboratories 

SUMMiTTM process32, as shown in Figure 2.4.  This type of MEMS tribometer is 

alternatively developed on SOI technology and a backside etching hole is included 

underneath the post in which liquid lubricant can be applied directly onto the desired 

region without affecting other components on the same device.  The sliding performance 

with or without the lubricants on the sliding surface can be studied and good wear 

resistance is reported on the sidewall with lubricants.33   

 

2.3 Superlubricity   

Superlubricity is a regime of sliding motion in which friction vanishes or is negligibly 

small.  No energy is released in the friction stick-slip process, but other dissipative 

mechanisms can still be present in the contact region. The existence of this low friction 

Figure 2.4 SEM image of a special MEMS  tribometer used for gas phase lubrication. 

The sidewall contact area is encircled. Loading/Unloading actuators cause the post 

(Labeled ‘‘A’’) to move and come into and out of contact. Push-Pull actuators cause 

the shuttle (Labeled ‘‘B’’) to move laterally and shear the contact.31 

 

http://en.wikipedia.org/wiki/Regime
http://en.wikipedia.org/wiki/Friction
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phenomena was shown by Hirano and Shinjo in the early nineties.34,35 

 

2.3.1 First superlubricity experiment 

To introduce superlubricity, it is insightful to describe the first experiment to verify 

superlubricity showing the sliding of two pieces of clean muscovite mica plates.36 

 

 

The experimental setup is shown in Figure 2.5.  One mica sheet is attached to a 

cylindrically curved substrate and the other to a planar disk.  To control water vapor and 

reduce contamination, both samples were heated at 130˚ and the experiment undertaken 

under an argon-purged dry atmosphere.  The two sheets are then brought into contact at a 

mean contact pressure of 0.9 MPa.  Static and dynamic frictional forces were then 

measured between the two contacting specimens during a traverse of a few micrometers.  

 

Figure 2.6 shows the measured static and dynamic frictional forces as a function of the 

lattice misfit angle θ between the two contacting mica lattices.  The friction shows 

Figure 2.5 Schematic illustration of the friction apparatus reported by Hirano.  The 

sliding direction is shown by the large arrow corresponding to the direction of extension 

of the piezoelectric transducer. 36 
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anisotropy, in which the force increases as θ approaches 0˚ or 60˚, and decreases as θ 

nears 30˚. The angles match the atomic lattice directions of mica. Figure 2.6a also shows 

that no frictional anisotropy is observed under ambient conditions.    

 

In Figure 2.6b, static forces are shown as the function of the twist angle θℓ between two 

contacting specimens with different environment control in term of water vapor pressure 

and temperature.  The anisotropy of the static friction varies over θℓ between 0˚ to 90˚ 

under a dry atmosphere and at high temperature.  The anisotropy is gradually weakened 

by increased vapor pressure and decreased temperature, and disappears under ambient.   

 

 

 

 

 

 

2.3.2 Types of Superlubricity  

The phenomena observed above by Hirano et al has been termed directional 

superlubricity.37   

Figure 2.6 a) The measured static and dynamic frictional forces show changes as a 

function of the lattice misfit angle θ between two contacting mica lattices. b) The 

measured static frictional force is changed as a function of twist angle θℓ between the two 

contacting specimens.36 
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Particular crystal planes slide with much lower friction.  Specifically, if two surfaces have 

commensurate orientation the friction will be high because the lattices can “lock” together, 

resulting in stick-slip motion.  If the surfaces have incommensurate orientation then 

sliding is easier and friction lower. The effect is especially studied on graphite and 

graphene where very low friction can be observed depending on lattice orientation.38 

 

Other mechanisms leading to superlubricity phenomena have also been defined37 and can 

broadly be placed under the categories of :  

i) The sliding of hard elastic surfaces at low load.  A state of ultralow friction 

can be achieved when a sharp, hard tip slides over a flat surface and the 

applied load is below a certain threshold. The threshold depends on the tip-

surface interaction and the stiffness of the materials in contact. Under these 

conditions, stick-slip motion disappears and hence the friction decreases.  

This effect has been observed by AFM6 and is the basis of the superlubricity 

idea followed in this thesis.   

ii) Chemical or chemolubricity. Friction can be greatly reduced by appropriate 

chemical treatment of the surfaces.  Coatings with extremely low coefficient 

of friction have been developed e.g. specific diamond-like carbon films, 

molybdenum disulfide coatings.39  

 

Unfortunately, superlubricity cannot be easily applied.  The surfaces must be very clean 

and smooth.  Persson et al have shown theoretically that even a relatively small surface 

roughness or a low concentration of adsorbents can completely remove the superlubricity 

effect.37 The load must also be as low as possible, typically in the nano-Newton range.   
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2.3.3 Actuated Superlubricity  

Recently, transition from stick-slip to frictionless sliding has been demonstrated using an 

external actuation.6 This method was demonstrated for a single AFM tip actuated by a 

sinusoidal electric field, where it was found that if the electric field was tuned at certain 

natural frequencies of the AFM cantilever, the tip moved with extremely low friction.  

This phenomenon has been termed dynamic superlubricity.40 Basically the friction can be 

turned “on” or “off” by applying a suitable voltage and frequency to the external 

actuation.  

 

 

 
 

 

The setup is shown in Figure 2.7.  The ionic crystals KBr and NaCl are used as samples 

and all experiments are under ultra-high vacuum.  The AC voltage for actuation is 

connected between a conducting AFM cantilever and a metal plate placed under the 

sample.  Both the normal load FN and the lateral force Fx between the tip and the sample 

were monitored.   
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Figure 2.7 Friction in a nanometer-scale contact, in the form of atomic-scale stick-slip 

instabilities (left), is dramatically reduced (right) when a modulation in the normal force 

by an external electrostatic actuation is applied.6 
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A common observation for ionic crystals is atomic scale stick-slip motion, as shown for 

the KBr sample in Figure 2.8a.  Here, the friction force sticks and then slips (i.e. slides) as 

the tips moves along the surface with a periodicity equal to the atomic lattice spacing.  

The friction increases as expected when the applied force is increased (the dotted line in 

Figure 2.8a).   

 

It was found that the atomic scale friction force could be made negligibly small by 

applying an oscillatory voltage between the substrate and the AFM cantilever at a 

particular frequency, as shown in Figure 2.8b.  The superlubricity effect was only 

observed at sufficiently high voltages and at certain actuation frequencies.  The 

frequencies corresponded to the resonance frequencies of the cantilever in the surface 

normal direction (not the torsion direction) and when the frequency moved away from a 

natural frequency of the AFM cantilever, the tip-surface friction force returned to a high 

value.  The transition between high and low friction was fully reversible.   

 

 

 

 

 

The applied voltage causes an electrostatic force to act on the cantilever in the surface 

normal direction.  Analysis shows that for a tip to move along the surface it must 

a) b) 

Figure 2.8 a) The lateral force Fx shows stick-slip with spatial periodicity of 0.5 nm 

corresponding to the atomic lattice of the surface. b) When the resonate frequency is 

actuated, the stick-slip disappears with negligible lateral force detected.
 6
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overcome the potential barriers between adjacent sites, and the tip displacement (in the 

vertical direction) caused by the actuation voltage changes the energy landscape by 

lowering the energy barrier between adjacent sites.  In effect, at a resonance frequency, 

the displacement of the tip in the direction normal to the surface is sufficient to “lift” the 

tip over the potential restricting the lateral motion.   

 

This report suggested a practical way to control friction and limit wear in MEMS systems, 

and formed the basis of initiating the work presented in this thesis.  The possibility of 

applying this phenomenon to larger sliding surfaces is very attractive when the actuation 

can be applied electrically or magnetically, because this opens a possible route to realistic 

low friction motors and robots compatible with MEMS fabrication approaches.  

 

2.4 Measuring very low friction forces  

The creation of low friction devices and systems is very challenging.  Equally challenging 

is the measurement of ultra-low friction in such systems.  This is particularly the case for 

MEMS because the contacting area is small and this means that the overall forces acting 

are also small.  For example, in our work we require friction measurements in the nano-

Newton range on a relatively large MEMS structure (~100 m size).  This problem is 

discussed in Chapter 5 but we note below some additional background information.   

 

Friction is usually measured using a tribometer, such as the classic pin-on-disc 

arrangement. However, commercial tribometers (even so called nano-tribometers) cannot 

measure either lateral friction or normal forces in the nano-Newton range.  Specially 

designed approaches for nanoscale work are required.  Nano-indentation can also be 

adapted for friction measurements on surfaces, but again suffers from a lack of resolution, 

http://en.wikipedia.org/wiki/Nanoelectromechanical_systems
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both force and spatial.   

 

For the characterization of surfaces and lubricants used for MEMS, specialized 

tribometers can be microfabricated.  Examples are the Sandia micro-tribometer shown in 

Figure 2.441, and the Leiden MEMS tribometer for dynamic friction measurement42. 

These tribometers are suitable for tribology studies of MEMS surfaces but cannot be used 

for more general investigation of MEMS structures (e.g. a sled) because the tribometer 

design is very specific (usually a comb drive type structure).   

 

AFM can also measure friction, using the adaptation called friction force microscopy 

(FFM).43,44 Basically, when an AFM tip slides along the surface, frictional forces can 

arise and can be measured by monitoring the twisting of the AFM cantilever.  In 

comparison to macroscopic friction experiments, AFM measure the friction at a single 

asperity contact.  This is an important attribute because the sliding and contact mechanics 

of a single asperity forms the basis of all mechanisms leading to friction.   

 

In FFM it is difficult to extract absolute values of the friction forces because the contact 

area and tip geometry is usually not well known.  However, AFM offers the best means to 

measure ultra-low forces.  It has been demonstrated that measurements even at the atto-

Newton scale are possible45 using a pendulum mode AFM setup46 in non-contact mode 

operation.  We also explore the use of pendulum mode AFM but suggest that the method 

can be adapted for measuring ultra-low friction with the tip in contact with the substrate. 

We further adapt AFM methods to the measurement of friction on a MEMS device (a sled) 

and show that using AFM approaches can push down the force detection limits for 

MEMS to the nano-Newton range.   
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2.5 Summary  

This chapter briefly reviews friction problems in sliding MEMS and possible solutions.  

The method of actuated superlubricity and low friction force measurements are discussed 

in detail to link with the present effort.   
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Chapter 3  Experimental Procedures and Processes 

3.1 Microfabrication  

 

3.1.1 Standard microfabrication processes  

Microfabrication forms a major part of the thesis and standard silicon based 

microfabrication techniques (lithography, deposition, etching, release) have been used 

throughout.  Processing is undertaken in a class 1000 cleanroom, except for lithography 

which is done under class 100 conditions.  The microfabrication steps are simply 

introduced below and any discussion is limited to methods or processes which differ from 

standard procedures.  Further details of specific new steps developed are described later 

for the fabrication of the sleds (Chapter 4) and specific AFM cantilevers (Appendix).  

 

3.1.1.1 Lithography 

Mask aligner based lithography is most often used in this work.  The mask aligners used 

are Suss MA8 with a wavelength of 405nm and Suss MA6 with a wavelength of 365nm. 

The alignment resolution is 1µm on the front side alignment and 20µm on the backside 

alignment.  

 

Different types (positive and negative tone) of photoresists and polymer films are selected 

based on the sample topology and the processes to be used after lithography. We have 

developed recipes for AZ9200 photoresist that can provide a photoresist thickness of 

100µm suitable for lithography. The thick photoresist allows for pattern transfer on 

substrates with varying topology, and a smooth photoresist coverage around etching 

cavities up to 30µm.  The thick photoresist is especially useful for local metallization or 
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post-process of the MEMS devices made by deeply etched features, and is used to support 

dry etching and plating.  

 

3.1.1.2 Low pressure chemical vapor deposition (LPCVD) processes 

This module adds a thin layer on a silicon sample surface.  The samples are first 

thoroughly wet chemical cleaned and are then loaded in a high temperature furnace.  In 

the thermal growth, wet oxidation and dry oxidation are used.  

 

This thesis work includes forming sharp nitride tips on the thin sled devices. For LPCVD 

nitride, low stress (LS) nitride and stoichiometric nitride processes are used. Both recipes 

are run in the same tube with different process parameters. LS nitride films have lower 

stress value (~600 MPa) than stoichiometric nitride film of the same thickness 

(~1200MPa); however LS nitride films tend to produce more particles. The stress effects 

are particularly important when sleds formed from large silicon plate as thin as 300nm are 

made. If excessive stress is present, the final thin sled curls and distorts after the structure 

release.  

 

3.1.1.3 Etching 

Either wet etching by solution or dry etching are used. In wet etching, potassium 

hydroxide (KOH) is used to etch cavity structures in silicon.  Buffer oxide etchant is 

applied to etch oxide layers to release the MEMS devices.  In dry etching, plasma etching, 

reactive ion etching (RIE), deep reactive ion etching (DRIE) and XeF2 vapour etchings 

are used in this thesis.  The dry etching tasks include forming and sharpening the silicon 

tips on the sled device using a combined RIE and DRIE dry etching technique.47  
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A submicron dry etching recipe on silicon has also been developed with the ZEP 620 

photoresist patterned by e-beam lithography as the mask.  In the typical Bosch DRIE 

recipe, two repeating steps are followed: a step of sidewall passivation by C4F8 plasma 

and a following step of silicon etching by SF6 plasma.  However, the Bosch recipe is 

unable to etch submicron features on silicon.  In the recipe we developed, two steps are 

still used but SF6 and C4F8 gases are flown together in Step 1 enabling in-situ sidewall 

protection while etching is on-going.  Step 2 consists of cooling and pumping the sample 

to remove reactive species from the submicron features.  Parameters such as pressure, 

power, and gas flow combinations are fine-tuned to achieve the best sidewall profile.  

With the established recipes we are able to process submicron features or fabricate a 

silicon device on SOI wafer with a device layer only 340nm thick.  In this thesis, this 

process is used to fabricate the ultra-thin sleds (Chapter 4) and ultra-thin cantilevers 

(Appendix A).  

 

Etching results for two types of submicron silicon features are shown in Figure 3.1.  

Different parameters are used since the gas loading are different depending on the 

exposed silicon.  In Figure 3.1a, only a small portion of silicon is etched away from the 

grating and most of the sample is covered by photoresist.  In Figure 3.1b, most of the 

Figure 3.1 SEM micrographs illustrate results of submicron dry etching recipes on 

silicon.  a) A grating structure of 220nm width. The insert shows the profile.  b) A single 

silicon submicron beam of 50nm width is produced while most of the silicon is removed.  

 

200 nm 

a b 



Chapter 3 Experimental Procedures and Processes  
 

27 

 

silicon is etched away, leaving the submicron line protected by photoresist.  Notably this 

etching result is achieved on SOI wafer and etching is stopped on the oxide layer.  The 

result demonstrates that the recipe does not generate footing effects and the final surface 

and silicon profile is clean.  

  

3.1.1.4 Metallization  

Thermal evaporation, e-beam evaporation and sputtering are used to deposit thin layers of 

metal on the sample surface.  The main consideration of the metallization is the stress on 

the thin devices and post-metallization processing.  

 

In electron beam or thermal heating of a source material, metal is deposited onto a 

substrate directionally from the source, and thus has a poor step coverage.  This coverage 

effect is utilized for the lift-off process.  Metal evaporating and lift off is usually 

conducted to form patterns when the particular metal is difficult to be etched away.   

 

Sputtering is generally applicable to all materials.  Since the ejected atoms are energetic, 

their high surface mobility leads to good step coverage.  Sputtering is normally not 

suitable for a lift-off process, and additional lithography and etching are required if a 

metal feature needs to be fabricated.  

 

Electroplating is a useful method for producing a thick metal layer onto a substrate, 

although the metals are typically limited to nickel, copper and gold.  We have fabricated 

thick nickel blocks and Co-Pt hard magnet alloys on silicon cantilevers, as shown in 

Figure 3.2.48 Pulse plating is adopted as it improves the properties of nickel such as grain 

size, smoothness and internal stress.49 The electroplated magnetic materials can be used to 

actuate the cantilever.  In this thesis, magnetic particles are glued to sleds to enable 

magnetic actuation (see 3.1.2.3) because the incorporation of electroplating in the sled 
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fabrication process would make the microfabrication unnecessary complicated.  However, 

in principle, sleds could be made in future with integrated microfabricated magnets.  

 

 

 

 

3.1.1.5 Release of MEMS devices by wet etching  

Release is the last step in the MEMS fabrication of sleds and special cantilevers in this 

thesis.  Release is generally performed by sequentially immersing the samples in several 

beakers filled with solutions.  

 

In a typical release, a chip is first transferred to a the solution of buffer oxide etchant, 

such as hydrogen fluoride (HF) or buffered hydrofluoric etchant (BHF).  The oxide layer 

is removed and free standing MEMS devices are formed on the chip.  The liquid 

surrounding the sample is then replaced by transfer through an ordered sequence of 

different solutions.  DI water, methanol and isopropyl (IPA) are generally used as the 

replacement sequence.  In the final step, the chip is transferred out of IPA and is air-

dried.50  In each transfer, careful handling of the sample is critical since agitation could 

break the microstructure.  The sample is generally kept in each new solution for at least 

20min after transfer.  

 

(a) (b) 

Figure 3.2 a) SEM micrograph of an AFM cantilever with a pyramidal nickel block as 

magnet.  b) Optical image of the nickel plated AFM cantilever. 
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3.1.2 Special microfabrication processes developed  

 

3.1.2.1 Release of mini-size chips  

Mini-chips of size of 2 × 2mm2 containing released sleds are required for two of the 

characterization methods, namely sled vibrometer measurements using piezoelectric (PZT) 

activation (see 3.3.3) and initial magnetization of ferrite particles placed on the sled (see 

3.1.2.3).  The small size chip is needed because of space restrictions in the test setups.  

During particle magnetization the chip with the sled and attached particle must be 

inserted into the gap between the poles of a permanent magnet, and the pole gap is ~4mm 

wide.  In PZT actuating, it was found that a low noise floor was only achieved if the PZT 

actuation plate was of small area (about 3 × 3mm2) and no portion of the MEMS chip 

extended off the PZT plate.  

 

It is not possible to mechanically dice a large chip with sleds to a smaller size, as most of 

the devices will be damaged.  In our approach, laser dicing (355nm pulse laser, power 

1.6W) is used before sled release to define grooves delineating 2 × 2 mm areas on a large 

1 × 1 cm chip.  By suitable adjustment of the groove depth, the 2 × 2 mm areas can be 

broken off manually along the dicing lines (Figure 3.3c).  

 

Particles are produced by laser dicing and manual break off as seen in Figure 3.3a.  The 

particles must be removed; otherwise the sliding of the sled maybe impaired.  By trying 

various release methods, it was found that only a solution based wet release can remove 

the particles.  Figure 3.3b shows the same chip in Figure 3.3a after the wet release process. 
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The sleds on a mini-chip can be released by the wet solution methods described in 3.1.1.5.  

However, special care must be taken when the chip size is small.  Figure 3.3d shows the 

simple setup for minichip sled release.  A metal bar is used to hang the chip and can be 

steadily moved up and down vertically along a shaft.  The chip is positioned 

perpendicular to the solution and the chip can be gently transferred in and out of the 

solutions with the smooth movement of the metal bar.  

 

3.1.2.2 HF vapor etching release developed for MEMS/NEMS  

The yield of devices depends heavily on the process control in the release step.  In a 

standard release method, solution based HF/BHF and water are used and capillary forces 

are always present and can cause stiction.  The transfer of the sample between different 

liquids is risky.  For nanometer scale structures (NEMS), this standard wet release 

(a) (b) 

(c) (d) 
Metal bar 

Minichip  solution 

Figure 3.3 Minichips fabricated with released sleds  a) The minichip after laser dicing and 

manual breakage.  b) The same minichip after wet release.  c) The dimension of a released 

minichip versus a normal 1 by 1cm chip.  d) Simple minichip setup for wet release. 

1 x 1cm chip 

Minichip 
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method is not suitable.  Various approaches are described in the literature, such as 

supercritical phase drying and freeze sublimation drying.51  However, those techniques 

require a complex setup.  HF vapour etch release is an alternative approach and the 

technology can be developed in a research lab environment.52  

 

We designed and constructed a simple HF vapour etcher in a well-ventilated acid wet 

bench hood.  The setup, shown in Figure 3.4, comprises 1) a Teflon acid beaker, 2) a 

customized PTFE chuck with suitable hole sizes, 3) a Teflon plate embedded with heater, 

and 4) a calibrated temperature controller.   

 

HF solution is put inside the Telflon beaker.  A fabrication chip with devices is put on top 

of the PTFE chuck with the etching surface facing the acid.  The Teflon plate heats the 

sample to a chosen temperature (typical range from 28–33˚C).  The chuck design 

maintains a very small gap (~100µm) between the chip and the heated Teflon plate.  Thus 

the devices are not damaged accidently when the Teflon plate is removed for device 

inspection.  

 

The chemistry of SiO2 etching by HF vapour generally follows two steps53 
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The key factor necessary for the etching is the surface adsorption.  Water and HF are first 

produced in the gaseous form, and adsorb on the SiO2 surface.  The adsorbed water 

catalyzes the HF etching of SiO2.  The water on the etched surface is controlled by the HF 

and water mix ratio, the heating temperature and the humidity.  Since the cleanroom 

humidity (RH) is maintained at 45-50% and a fixed mix ratio (49% HF: H2O= 1:1) is 

used, the etch rate is strongly dependent on the temperature of the MEMS chip.  

 

In our testing, the etch rate of SiO2 is inversely proportional to the MEMS chip 

temperature.  A high temperature inhibits the presence of water and results in a drop of 

the SiO2 etch rate.  However, a low temperature will promote moisture formation on the 

silicon surface and give rise to stiction.  The best process condition for thin sleds is a chip 

temperature setting of 31 to 33˚C, giving a thermal oxide etch rate of about 55nm/min 

with minimum water moisture formed.  

Figure 3.4  The components of the HF vapor etcher and a running set up is schematically 

shown in the inset  

Temperature Controller 

Teflon Heater 

Teflon Beaker  

PTFE Chuck 
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The setup is especially suitable for releasing a NEMS device with a whole oxide etching 

area smaller than 100 × 100µm2.  It remains challenging to release devices if the sample 

etching area is more than 100 × 100µm2. 

 

3.1.2.3 Sticking a magnetic particle onto a sled and magnetization 

For magnetic actuation, a magnetic particle is glued onto a 3µm or thicker sled.  It was 

found to be impractical to glue magnetic particles on thin sleds (300 nm thick) since the 

structure is too delicate. The magnetic particle (Iron oxide, Magnequench, 

www.magnequench.com) is in the form of a powder with diameter range from 30–70 µm.  

Large particles are preferred to increase the magnetization volume and hence provide a 

large actuating force.  Such particles have been used for magnetic actuation of AFM 

cantilevers.54,55 

 

A home-made 3-axis micron-positioner with a thin gold wire as probe (60µm diameter) is 

used for the particle gluing.  The gluing process is monitored under a long working range 

microscope.  The sled backside is deeply inside a release hole and careful methods of 

picking up, releasing and aligning the particle inside the hole are needed.  

 

The method of gluing is schematically shown in Figure 3.5.  A chip containing sleds is 

put onto a probe station with the sled tips facing to the probe station stage.  The soft metal 

wire is used to apply a small amount of vacuum glue (Ablebond 2025D from Ablestik, 

USA) onto the backside surface of the sled (Figure 3.5a).  Since adhesion exists between 

the glue and the wire, detaching the wire from the sled must be done carefully; otherwise 

the adhesion force can break the sled.  A magnetic particle is selected, picked up by 

another wire and placed onto the glue (Figure 3.5b).  It is important that the particle is 

picked up on the tip apex of the wire to ensure the particle can touch the glue during the 

http://www.magnequench.com/
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placement.  The exact location of the particle on the sled is difficult to control because 1) 

both the particle and the glue appear black under the microscope illumination, 2) the wire 

blocks the view at high magnification, and 3) reflection from the backside surface 

degrades image quality. 

 

 

 

The vacuum glue is cured by heating in an oven (130 C˚ for 45 min) and the magnetic 

particle is firmly held to the sled surface, as shown in Figure 3.6. 

 
 

(a)

(a) 

(b)

(b) 

(a)  (b)  

Figure 3.5 Schematic diagram to illustrate the gluing of a magnetic particle onto a sled.  

a) Vacuum glue is applied on the sled backside.  b) A magnetic particle is dropped on 

the sled backside.  

 

Figure 3.6 A magnetic particle is glued onto the backside of a square sled (a) and a 

circular sled (b). 
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After the magnetic particle is glued, the particle is magnetized in a chosen direction.  Two 

methods were used.  In the early experiments, the micro-chip containing the sleds was 

placed onto a metal rod and inserted into a ~4mm hole cut into a circular permanent 

magnet (Figure 3.7a). The magnetization field is measured to be ~0.9T, which is slightly 

less than the saturation magnetization of ferrites (~1.6 T). 

 

Recently an electro-magnet has been used (Figure 3.7b), with a magnetization field of 1.4 

to 1.6T. The pole gap separation is adjustable and even large 1 × 1 cm chips can be 

accommodated.  Also, the chip can be orientated inside the pole gap allowing the 

magnetization direction to be readily defined. 

 

 

 

3.2 Atomic force microscopy  

 

3.2.1 Introduction  

The link between Microfabrication and AFM is strong because the core AFM technology 

involves the fabrication of cantilevers and nanoscale sharp tips.  These issues will be 

discussed more fully in the following chapters.   

Coils  

 

sample stage 

Gauss 

meter 

Rod 

 
4mm holes 

(a) (b) 

Figure 3.7 a) Permanent circular magnet used in early particle magnetization work. The 

metal rod holds the sample chip and is inserted into the ~4mm magnet hole.  b) Electro-

magnet used in later work for particle magnetization.  
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Atomic force microscopy (AFM) is directly used in this work to measure friction forces 

on a sled (Chapter 5).  As such, a brief description of AFM and also a new AFM we have 

constructed will be given below.  

 

 
 

AFM is the most versatile scanning probe instrument.56 In most AFM, a laser beam hits 

the cantilever and is reflected to a four quadrant photo-detector (Figure 3.8a).  The normal 

deflection and lateral deflection of the cantilever cause a shift in laser position on the 

photodetector in either the vertical or lateral direction, respectively, which can be 

independently monitored to generate information about topography (the vertical signal) 

and friction (the lateral signal).  This simple technique can readily measure cantilever 

deflections in the order of ~ 0.1 Å or lower.57 Further, knowing the cantilever spring 

constant for the normal (  ) and torsion (  ) cantilever bending allows the normal force 

(  ) and friction force (  ) acting on the AFM tip apex to be found (Figure 3.8b).43 

(a) 

(b) 

Figure 3.8 showing a) Diagram of the AFM setup for the optical beam deflection 

method b) Schematic showing the main cantilever modes used for AFM, the bending 

mode in the surface normal direction and the torsion mode in the lateral (friction) 

direction.  
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3.2.2 AFM imaging and control 

Various modes of operation are available for AFM imaging.  Contact mode can be used to 

measure the forces at the tip by measuring the static deflection (∆z) of the cantilever, and 

        provides the simplest possible measurement of the force acting.  In this thesis, 

contact mode is used to measure the forces on drops and bubbles attached to special 

cantilevers in liquids (Appendix B) and a new contact mode measurement for AFM 

operating in the pendulum geometry is proposed (Appendix A).  Importantly, contact 

mode control is also required in the measurement of friction or lateral forces acting 

between an AFM tip and a surface. 

 

In lateral force microscopy (LFM) the tip is scanned over a surface and the lateral twist of 

the cantilever (Figure 3.8b) gives information about variation in friction acting between 

the AFM tip and the sample surface.  On very smooth or atomically flat surfaces, the 

lateral twist due to topographic effects can be neglected, and the lateral twist will only be 

due to the variation in friction acting on the tip.   

 

The introduction of LFM in 198743 invigorated the entire field of tribology because LFM 

enables the measurement of friction at a single asperity contact, which is the basic starting 

point of all fundamental friction studies.  The technology has been applied to dry sliding58, 

solid boundary lubricants23 and liquid lubricant films59.  Indeed, most samples in air are 

covered by a “lubricating” thin layer of water and other condensed contaminants.  These 

contaminants often form a capillary bridge between the tip and the sample, generating 

large adhesive forces in addition to friction, also referred to as capillary forces.  

 

In this thesis, the LFM approach is used to measure the friction between a 

microfabricated sled and a surface (Chapter 5).  
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3.2.3 High Vacuum AFM 

For AFM friction measurements on microfabricated devices it is desirable to have an easy 

access, controlled environment from vacuum to gas phase; the ability to position the AFM 

tip at any chosen location on a device; and a range of movement from nanometre to 

centimetre of both AFM tip and the sample.  Since no commercial AFM is available to 

satisfy all these requirements, a purpose built AFM was constructed (Figure 3.9).  The 

setup consists of a high vacuum chamber (10-7 Torr) with gas feed through enclosing the 

AFM for controlled environment.  The sample device is mounted onto a tube type 

piezoelectric scanner (Staveley Sensors EBL#2, 1/4” diameter, 3” long), giving a large 

~120µm square scanning area.  The entire piezoelectric scanner is itself mounted on a 3-

axis AttocubeTM piezoelectric for precise positioning and coarse approach of the sample 

plate with respect to the AFM tip.  The AFM cantilever holder is fixed and a 3-axis stage 

moves a miniature laser diode such that the focused laser beam strikes the AFM 

cantilever.  A camera (Edmund Optics EO 3112C with long focal length lens) is placed 

above to view the relative alignment of the AFM tip and the sample.  Surface 

imperfections and scattering can be used to observe the relative motion of both the sled-

cantilever and sled-substrate movement.  The image quality can be rather poor, depending 

on illumination and the type of substrate, and this limits the smallest detectable movement 

of the plate (optical resolution of ~3.4 µm).   

 

To reduce noise, the AFM is placed on a Viton O-ring vibration stack resting on the base 

of the vacuum chamber.  The vacuum chamber is placed on a vibration isolation table and 

the vacuum pumps (a rotary and turbo-molecular pump stack) are connected by a flexible 

hose.  All wiring runs through vacuum feed throughs to connect to the appropriate 

electronics (AFM controller, piezoelectric high voltage amplifiers, Attocube 3-axis 

controller, photodiode current amplifiers).  
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A 4-segment position sensitive photodiode (PSD) is used as the photodetector in the AFM 

instead of a more typical split quadrant photodiode60 because this allows the absolute 

deflection of the laser beam to be found directly.58  

 

 

 

 

 

3.3 Vibrometer and Actuation 

 

3.3.1 General 

A commercial Polytec Scanning Vibrometer (PSV) 300-F is used to experimentally 

determine the modal shapes and natural frequencies of a sled.  The heart of the PSV is a 

(a) 

Sample 

Attocube
TM

 x/y/z  

Laser  

PSD 

AFM piezoelectric scanner 

Vacuum  

Camera  

Vacuum  

Vacuum 

chamber  Camera 

lens 

Sample PSD 

(b) 

Figure 3.9 Basic outline of the home built AFM constructed for the study. (a) Schematic 

showing the major features of the AFM (video camera with long focal length optics, high 

vacuum chamber, AttocubeTM 3-axis positioner). The sample is mounted on the 

piezoelectric scanner.  A position sensitive detector (PSD) is used. (b) Photograph of the 

AFM sitting inside the vacuum chamber. A glass load-lock window covers the top flange. 
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laser Doppler vibrometer (LDV), which measures the surface velocity and allows non-

contact vibration measurements of a surface to be made.  Various optical and stage 

fittings were constructed to hold the sled chip during measurement, including a vacuum 

enclosure.  

 

 
  

Figure 3.10 shows the PSV head.  A helium neon laser provides a linearly polarized beam.  

The polarized beam splitter BS1 splits the beam into an object beam and a reference 

beam.62 The motion of the sample target adds a Doppler shift to the object beam 

frequency given by fd = 2× v(t) × cos(α)/λ, where v(t) is the velocity of the target as a 

function of time, α is the angle between the laser beam and the velocity vector, and λ is 

the wavelength of the light (633nm).   

 

The velocity of movements arising from sample vibrations can thus be extracted from the 

Doppler shift. The output of the PSV is a continuous analog voltage that is directly 

proportional to the object velocity component along the direction of the laser beam.  

 

Figure 3.10 The schematic configuration of the PSV head62 



Chapter 3 Experimental Procedures and Processes  
 

41 

 

  

 

 

There are two types of vibrometer measurements undertaken using PSV, namely; a) 

Spectrums are taken at one point of the sled and the vibration frequency is swept, and b) 

Mode shape is measured over many points of the sled at a single fixed vibration 

frequency.  The spectrum data Figure 3.11a is used to determine the sled resonant 

frequencies over a wide frequency range.  By proper setup we are able to measure the 

frequency peaks up to 1MHz.  The mode data Figure 3.11b is used to obtain the modal 

shape of a sled when the resonant frequency is already known.  When a sled is processed 

by HF vapor etching (see 3.3.2), the minimum diameter of PSV laser spot on the sled is 

about 20 µm and this defined the best spatial resolution obtained.  Good measurement 

Figure 3.11 a) shows spectrum data where the resonate frequencies are labeled. b) 

shows  mode shape data measured at 370kHz and 390kHz.   
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results (e.g. Figure 3.11b) can only be obtained if the resonant peaks are significantly 

higher than the noise.  

 

3.3.2 Requirements of the Sled surface for PSV measurement 

A strong intensity of light scattered from the sample surface to the PSV scanning head is 

found essential for measurement.  Very thin sleds (~300nm) are optically transparent.  

Most of the laser light will pass through the sled plate and not scatter enough back to the 

scanning head.  Thicker sleds (~3µm) are not transparent, but the PSV measurements 

were found dependent on the surface scattering capability.  The tip side of the sled (front 

side) is roughened by the tip formation processes and is suitable for PSV measurement.  

However, the other surface of the sled (backside) is not, and this is the surface that must 

be measured when a sled is placed onto a substrate. The scattering capability of the back 

side surface can be improved by plasma etching which roughens the surface.  A better 

roughening method was found by using HF vapor etching during the release step and 

useful PSV measurements could thus be obtained for thick sleds (~3µm).  

 

A 10nm gold layer is also deposited on the back side of the thick sleds.  The metal 

slightly enhances the scattered light intensity; however the main purpose is to obtain 

improved contrast for video camera monitoring.  For example, a sled with clean Si 

surfaces resting on a silicon surface is very difficult to observe under the video camera, 

whereas a gold coated sled greatly improves the visibility. 

 

Even with HF vapor etching thin sleds still have the problem of poor reflected-scattering 

to the PSV.  We also explored coating a thin layer of Au (about 4-10 nm thick) onto the 

sled surface to increase the reflectivity.  However, the metal deposition increases the 

stress and we observed that the surface of the plate becomes curved and cracks can form 
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(see section 4.1.3.3).  Unfortunately, a similar metal layer cannot be deposited on the 

other side to balance the stress because the metal layer will coat the tips.  Thus, the yield 

is low for the thin sleds needed for PSV measurement.  

 

3.3.3 Setup for piezoelectric (PZT) actuation 

In general, there were two major tasks to measure the movement of a sled under actuation, 

namely (a) to measure the vibration resonance modes, and (b) to observe if the sled 

moves as the frequency and amplitude of the actuation is varied.  

 

The vibration resonance modes (task (a)) were measured using PZT actuation, as shown 

in Figure 3.12.  Two cases are studied, namely with the sled still attached to the process 

chip (Figure 3.12a) and the sled free standing on a surface (Figure 3.12b).  In both cases 

the sled chip or the substrate are directly attached with adhesive to the PZT plate.  A 

typical PZT plate has dimension of 5 × 5mm2, thickness 1mm, and material EBL#2 poled 

in the thickness direction.  The camera within the PSV helps to align the PSV laser spot 

and also to monitor any actuation induced movement of the device on the surface.  

 

Using PZT actuation, the second task (b) is simple. A chosen substrate is mounted (e.g. 

by glue) onto a piezoelectric plate.  A sled is dropped onto the substrate and the sample 

placed under an optical microscope (similar to Figure 3.12b).  Any movement of the sled 

under varying actuation can be observed and recorded.  The results are discussed in 

Section 6.4.  
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Figure 3.13 shows schematically the implementation of the PSV measurement.  The 

sample is attached onto the PZT plate.  The laser is aligned to the sample area of interest 

and focused.  A 45° mirror directs the laser perpendicular onto the sample because the out 

of plane motion of the sled is required.  A function generator (HP 33120A) supplies a 

variable frequency/variable amplitude voltage to drive the PZT motion.  Typically, 

sinusoidal waveforms are used and if required a high voltage amplifier can increase the 

PZT drive voltage up to ±100 V.  Lock in detection can greatly improve measurements in 

which the frequency is swept (see Section 3.3.5). 

 

It was found to be challenging to measure the resonant frequencies and  the mode shapes 

of a sled, because i) the sleds are free standing, ii) the sleds are very thin, iii) the 

(b) (a)

` 

Figure 3.12: PZT actuation in the vibrometer setup.  a) Schematic showing the set up for 

measuring resonant frequencies of a sled which is not yet released from the  process chip.  

b) Schematic showing the setup for actuating a dropped sled on a surface. In both cases, 

the laser can scan across the surface and measure the mode shapes and the mode 

frequencies.  The piezoelectric is mounted on a large PVC block to increase damping and 

hence decrease spurious mechanical excitations.   
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displacement amplitude of the sled is small, and iv) PZT actuation produces much 

unwanted noise.  Increased noise and the excitation of unknown resonances restricted the 

use of PZT actuation to frequencies less than ~250 kHz.  To decrease the vibration noise 

to acceptable levels, the entire PSV is placed onto a vibration table, and the mirror stand 

and sample stage are bolted to the table.  

 

 

 

 

The PZT plates are relatively small and their first resonance is high.  Thus noise from the 

PZT plate vibration is not significant.  However, noise generated from the stage that holds 

the PZT plate is high because the plate directly couples to, and excites the vibration of the 

stage.  Efforts were made to seek a suitable type of material to damp this source of 

mechanical noise.  Ideally, the vibration of the PZT should show no resonances over the 

frequency range of interest.  Vibration tests with a few stage materials are illustrated in 

Figure 3.14.   

 

Figure 3.13 Schematic drawing of the method using PZT actuation to measure the sled 

vibration. 
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In the tests, a 10V periodic chirp waveform was used to drive the PZT plate glued directly 

onto the stage, while the laser was focused on the PZT surface.  Frequency spectrums 

show several strong peaks for a commercial optical stage (Figure 3.14a).  An aluminium 

block was also tested as a stage with a rubber pad to hold the sled chip.  However, the 

results show high noise peaks above 120 kHz (Figure 3.14b).  A stage made from a lossy 

(a) 

(b) 

(c) 

Figure 3.14 Example of raw data PSV measurement results from stages made of different 

materials. (a) a commercial optical stage, (b) a stage made of rubber/Al block, and (c) a 

stage made from PVC block. Stage (c) can best damp the mechanical noise. 
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material (PVC) is found to provide the best damping effects (Figure 3.14c), with the PZT 

response being liner up to ~250 kHz.  

 

Two types of PZT stages are constructed and are shown in Figure 3.15.  Stage (a) is used 

for small samples which are firmly stuck onto a single 5x5mm PZT plate with super glue.  

Stage (b) is made of copper tape connecting cross four separate pieces of 5x5mm PZT 

plate.  Whole large pieces of PZT were found to be unsuitable because plate resonances 

occurred at relatively low frequency.  Double sided tape is attached to the top of the 

copper plate. Large size samples, such as a silicon chip, can be easily stuck on and taken 

off.  However, the double sided tape is not as rigid as the glue method and the four pieces 

of PZT plate are not identical.  Both effects lead to small spurious resonances and in 

general stage (b) is noisier than stage (a).  

 
 

 

 

3.3.4 Magnetic actuation 

The problems of mechanical noise in PZT actuation can be circumvented if magnetic 

activation of the sled is used.  A magnetic particle is glued to the sled and an external, 

oscillating magnetic field is generated by a solenoid (Figure 3.16).  The magnetic field 

results in a force exerted on the magnetized particle, actuating the sled motion.  Only the 

sled responds to the magnetic force and thus the method has lower noise than the PZT 

Figure 3.15 Two PZT stages used. (a) The stage used for testing small samples, showing 

a silicon piece glued directly to the PZT plate. (b) The stage used for larger substrates. 

(b) 

1cm 

(a) 

4mm 
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approach because no other mechanical resonances are excited.  Compared to PZT 

activation, magnetic actuation provides clean frequency responses up to the PSV 

instrumentation capability (1MHz).  A disadvantage with magnetic actuation is the 

driving force is weak.  

 

 

 

 

 

The solenoid consists of insulated copper wires wound around a ~3mm diameter ~8mm 

long ferrite core.  The solenoid is pushed into a hole machined into a large Teflon block 

(Figure 3.17).  The solenoid is glued underneath a glass coverslip and two wires of the 

coil extend out from slots to connect a function generator.  Samples can be attached 

directly onto the glass coverslip.  It is found that the spectrum can change depending on 

the location of the sled above the solenoid.  This is not surprising given that the magnetic 

Figure 3.16  a) Schematic showing the laser vibrometer set up for magnetic actuation to 

measure resonant frequencies of an unreleased sled.  b) Schematic showing the setup 

for magnetic actuating of a sled placed onto a surface.  A magnetic particle is glued 

onto the sled.  The magnetic forces on the particle are produced from the field B which 

is created by the solenoid.  Current to the solenoid coil is provided by a function 

generator (HP 33120A). 

(b) (a) 
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field lines diverge from the surface normal direction the further one moves from the 

center of the solenoid.  Both the direction and magnitude of the actuation force at a given 

location depends on the strength of the local magnetic field (B) and the angle of the 

particle magnetization (Μ) with the field.  In the simplest case, the force (F) from the 

magnetic particle is given by, 

)( BMF  nV                   (3.3) 

where Vn is the volume of the particle. 

 

The torque (τ) applied on the magnetic particle is,  

BM nV                    (3.4) 

In general, the actuation displacement generated by the torque (τ) is significantly larger 

than the force (F).48  

 

 

 

One drawback of magnetic actuation is that the applied forces are rather small.  This is 

not an issue in the measurement of the sled resonances and mode shapes (Figure 3.16a), 

but it is a problem for experiments attempting to move the sled across a surface (Figure 

3.16b).  The maximum AC current that can be driven through the 0.79 Ω solenoid is 

Mirror Assembly PSV head 

Solenoid  Coverslip Stage with the solenoid 

Figure 3.17(a) Teflon stage used for magnetic actuation. (b) The stage is aligned with the 

mirror assembly and the laser vibrometer. 
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355mApp, and generates an oscillating field of 8mT measured at 50Hz using a Hall probe.  

The field falls to around half this value at 500 kHz because of the coil inductance.  A 

particle of diameter 60µm has a volume of Vn= 1.13 x 105µm3. Hence from Equations 3.5 

and 3.6, the maximum toque that can be generated for a ferrite particle is ~ 1nNּm.  

 

3.3.5 Lock-in detection with PSV  

The PSV vibrometer uses fast flourier transform (FFT) to obtain the frequency spectrum 

response, typically using a chirp waveform to drive the actuation.  For very small 

displacements of structures of narrow (high Q) resonance, the FFT approach does not 

work well as noise and poor spectral resolution mask the signal.  We therefore use a lock- 

in amplifier (Figure 3.13), giving high noise rejection63 and flexibility in acquisition 

parameters. 

 

The input of the lock-in amplifier is connected to the PSV velocity output.  The oscillator 

voltage from the lock-in used to drive either the PZT or the magnetic solenoid.  The 

maximum lock-in voltage output is about 2Vpk-pk, and to increase the activation 

displacement the output is amplified up to 20Vpk-pk using a variable gain WA301 

wideband amplifier.   

 

Table 3.1 Typical Settings Used for Spectrum Acquisition Using Lockin Amplifiers 

Connected to the PSV 

 EG&G Model 7265 SR844 RF 

Frequency Measurement Range 0-250kHz  25-950KHz 

Oscillator output Sinusoidal Square  

Sensitivity  3mV/10mV  10mV 

Frequency Step  0.1or 0.2kHz  0.5, 1 or 2kHz  

Time Constant  0.2ms  1s  

 

Two types of lock-in amplifiers, EG&G Model 7265 for low frequency and SR844 RF for 

high frequency, are used.  Typical settings are shown in Table 3.1.  Both lock-in 
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amplifiers are connected to a PC for data acquisition and analysis of the amplitude and 

phase of the PSV signal.  

 

3.3.6 Vacuum chamber for PSV measurement 

The mechanical motion of MEMS structures can be significantly damped by air or gas 

surrounding the structure.  Viscous damping broadens the vibration resonance peaks and 

decreases their amplitude for a given actuation force.  Both of these effects are 

undesirable, the former because it becomes more difficult to analyze broader peaks in a 

PSV spectrum, and the later because for actuation we require access to the highest 

possible displacement to move the sled.  

 

In order to remove viscous damping a vacuum chamber enclosing the MEMS device was 

constructed (Figure 3.18).  A vacuum environment not only removes viscous damping but 

also minimize contamination of the sample surfaces.  In particular, adsorbed water can 

lead to meniscus formation under ambient conditions.  The resulting capillary forces can 

be very strong, leading to the well-known stiction which often occurs in MEMS devices.  

Note that water meniscus formation can also be avoided by using a hydrophobic surface, 

as discussed in Section 3.4.  

 

An experimental problem is to determine the focus on the sled when the sled is in vacuum.  

Laser light scatters at the glass window resulting in additional spots, as shown in Figure 

3.18d, making it difficult to determine the exact laser location.  Also, the modal shapes 

can be distorted by the laser scattering.  Consequently, vacuum conditions can be used to 

measure the frequency spectra of a sled, but not for modal shape measurement.  
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3.4 Surfaces used  

Three substrates are used, namely freshly cleaved mica and graphite, and silicon coated 

with perfluorocdecyltrichlorosilane (FDTS) to produce a fluorine terminated monolayer 

on silicon (F-Si).  F-Si is used as a lubricating substrate and can effectively minimize 

water absorption and significantly reduce stiction and adhesion.64,65 

 

In our work, FDTS is coated on very smooth silicon chips,  produced from the prime 

silicon wafers for silicon fusion bonding (Ultrasil Corporation, resistivity 1-30 ohm-cm, 

TTV < 2µm,  particle number < 10 at 0.2µm).  The silicon chips are first dipped in a fresh 

b 

d c 

Vacuum Chamber 

PUMP 

Sled in Vacuum Scattering spots 

PSV laser vibrometer 

Figure 3.18 a) The vacuum chamber with a magnetic stage sitting just below a glass 

window.  The window rest on a Viton O–ring for vacuum sealing and can be easily 

removed for sample transfer b) the vacuum chamber aligned for PSV measurement, c) 

the pump rests on the floor and connects to the vacuum chamber by plastic and flexible 

hose tubing, and d) In vacuum, scattering spots are observed. Only one spot is focused 

on the sled surface; the other two spots are reflected from the glass window interfaces.  

 

a 
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diluted HF (1:100) for 15 sec to remove the native oxide. The chips are then rinsed by DI 

wafer, transferred inside IPA, and ultrasonic cleaned with IPA.  The samples are then 

rinsed by DI water and blow dried.  A 3 min oxygen plasma cleaning is then conducted 

(Trion Sirus) to remove surface organics.  Within 10min, the chips are loaded inside a 

SAM coater (AVC-150M, Sorona) for FDTS coating.  The coating temperature is 120˚C. 

 

AFM images over a 10µm square area show that the FDTS coating only slightly increases 

the surface roughness from 0.97 to 1.09 nm rms, although occasional large particles 

(~20nm) can also be observed.  

 

A sled is difficult to clearly observe when placed on F-Si and a thin layer of gold (4-10nm) 

is required to enhance the visibility.  In contrast, mica is transparent and a sled on the 

surface can be clearly observed. It is also generally found that both thin and thick sleds 

are easier to place on mica compared to F-Si.  One problem with mica is that the surface 

readily absorbs water and leads to meniscus formation around the sled tips under ambient 

conditions. The resulting capillary forces can be very strong and lead to stiction. Thus, 

actuating tests were typically conducted for a sled on mica within half a day.  The sled 

was typically gently pushed with a wire before actuating tests.  The graphitic substrate is 

only limitedly explored as on actuation the sled appears to stop almost immediately, 

presumably because the sled tips encounter and stop at step edges.

 

3.5 Summary  

This chapter discusses the experimental procedures and processes that are related to the 

sled fabrication, characterization and actuation.  Several Specialized fabrication processes 

were developed (submicron etching, HF vapor release, tip sharpening, magnetic particle 
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actuation).  A home built AFM was constructed for the new method of measuring friction 

on free standing structures, and some details of the construction are described.  The plate 

resonances were recorded using a commercial laser vibrometer.  However, our 

experimental requirements are more stringent than typical dynamic MEMS measurements, 

usually limited to bulk micromachined membranes or cantilevers. Very small 

displacements are encountered (<1 nm) in our experiments and the sleds can have 

important resonance modes up to ~900 kHz.  Considerable effort was therefore made to 

reduce the vibrometer noise levels.  We built special piezoelectric actuation stages, 

magnetic actuation stages, and a vacuum chamber to integrate with the vibrometer.   
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Chapter 4  Fabrication of Sleds 

The fabricated sled structure is shown in Figure 4.1.  Circular, triangular and square sleds 

are fabricated, all with three sharp tips, and of edge dimension of 100, 200 or 300µm.  

 

Very thin sleds are preferred since the plate resonance frequencies desired for actuation 

can be low (less than 500 kHz), making measurement and actuation easier to perform.  

Processes for making 300nm thin sleds are described in section 4.1.  However, the 

handling of very thin sleds is difficult and the most useful measurements were undertaken 

on 3-6µm thick sleds.  The process flows to fabricate the thicker sleds is described in 

section 4.2. 

 

Delicate spring legs are used to hang the sleds.  The legs can be broken to drop the sled 

onto a new substrate, with the 3 tips touching the substrate surface.  The legs are 

composed of a wide portion at the base, a centre beam and a short neck near the sled.  The 

large wide portion of the base is to anchor the sled onto the substrate and solve alignment 

shift during fabrication.   Since the spring constant is mainly determined by the centre 

beam, an extended etch does not change the spring leg performance.   

 

The tips should be as sharp as possible and located at anti-node positions of a plate 

resonance mode to achieve the largest amplitude under activation.  The mode shapes and 

frequency are studied using finite element modelling in section 4.3.  While the modelling 

results are clear for hanging structures as in Figure 4.1, it turns out that the addition of a 

magnetic particle or the touching of the 3 tips on a surface complicates the problem 

considerably (see also Chapter 6 experiment data).  Thus, for practical application, the tip 

locations chosen in the present designs are probably not optimal and further work is 

needed on this issue.  
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4.1 Thin sleds 

We have fabricated extremely thin sleds down to only 300nm thick.  Using very thin sleds 

is desirable to (1) decrease the resonance frequency of the free sled, allowing 

superlubricity actuation to occur in an experimentally more accessible frequency range of 

<500kHz , and (2) ensure the inertia (i.e. the mass) is very small, thus giving a very low 

load when in contact with a surface.  The sled must integrate sharp nitride tips for 

realizing three point contact and have a uniform thickness. 

 

However, the vibrometer testing of the ultrathin sleds proved challenging because there is 

little scattered light. A full or partial metal reflection coating is required but the stress 

must be kept low to prevent curling of the ultrathin silicon plate.  Handling the sled is also 

difficult because the sleds are very fragile.  Due to these difficulties, the vibrometer 

testing results obtained on the ultrathin sleds were limited and most data is taken on 

thicker (~3µm) sleds. 

 

Base of leg  

Neck   

Central  

Figure 4.1  Designs of legs are shown on a circular and a square sled. The alignment error 

can be seen between the device and the release hole, and the leg design must 

accommodate for this error.  
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4.1.1  Thin sled fabrication flow 

(a) 

Start of SOI wafer with 340nm thick 

silicon device layer

(b)

 Thermal oxidation and device silicon 

layer is ~ 300 nm thick

(c) 

 Pattern and etch holes through the 

interlayer oxide and then use KOH 

etch to form sharp cavities on 

substrate layer 

(d) 

 Deposition of  400nm LPCVD 

nitride

(e) 

Pattern and etch away the nitride 

thin film outside the cavity. Remove 

thermal oxide layer

 

 

Figure 4.2 Fabrication sequence for ultrathin sleds 

(Continued) 
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(g) 

 Pattern and E-beam evaporation 

(h) 

 Pattern the release hole on SOI 

backside, and DRIE etch silicon

(i) 

XeF2 silicon etching until buffer oxide 

layer. HF vapor is used to release the 

sled device.

Silicon Silicon

oxide

Photo-

resist
Nitride Metal

(f)

Pattern and etch silicon to form sled 

structure 

 

The fabrication process starts on a 4 inch SOI wafer (SOI Tech) with an ultra-thin silicon 

device layer.  The silicon device layer is 340nm thick, the interlayer oxide is about 1 µm 

thick and the substrate silicon is about 500 µm thick (Figure 4.2a).  

 

A 90 nm thick thermal oxide is grown onto the SOI surfaces by dry oxidation at 1000°C 

using pure oxygen only (Figure 4.2b).  The dry oxide layer is used as a good mask to 

protect the ultra-thin device layer in subsequent etching steps, specifically to withstand 
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KOH wet etching (Figure 4.2c) and to withstand the dry etching of the LPCVD nitride 

film (Figure 4.2e).   

 

The sequence of forming nitride tips into the SOI substrate layer is shown in Figure 4.2c-

e.  The lithography defines the tip regions in 4 x 4µm square shapes on the silicon device 

layer using 3 µm thick photoresist.  Reactive ion etching (Oxford 80) follows to etch 3 

layers of materials inside the patterns with the photoresist as the mask, i.e., the 90 nm 

thick thermal dioxide, 340 nm thick silicon device layer and the 1 µm thick buffer oxide 

layer.  The etching is stopped once the underneath substrate silicon is exposed.  The 

photoresist is then stripped off and the wafers are put into KOH (30% wt KOH, 65°C).  

With the dry oxide as the mask, sharp silicon cavities are fabricated after 15 min silicon 

etching (see Figure 4.2c).  The dry oxide is measured to be about 70nm after KOH 

etching.  

 

After a thorough cleaning with hot Piranha and RCA clean, LPCVD nitride deposition is 

carried out (LPCVD nitride tube, Centratherm).  To ensure the nitride tips are sharp, 

immediately before being loaded into the nitride furnace tube, the wafers are dipped into 

diluted hydrofluoric acid (HF 100:1) for a short period to remove the native oxide.  The 

stoichiometric nitride deposition is then conducted with combined gas flows of 

dichlorosilane (DCS) and NH3 (250mTorr, 775°C).  Alternatively, low stress (LS) nitride 

can also be deposited in a separate run under different process conditions (150mTorr, 

800°C).  Both nitride deposition thicknesses are controlled at about 400nm. (Figure 4.2d).  

 

The nitride layer is only kept in the cavities and a second step of lithography and dry 

etching removes the unwanted nitride.  In this step, the mask in Figure 4.2c is reused.  

However the photoresist tone is reversed by a image reversal technique (HMDS oven, 
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Yes Engineering).  A plasma etching follows (Plasma etcher, Trion Sirus) and all the 

exposed nitride film is etched away, except for the regions inside the cavities protected by 

the photoresist.  The etching is stopped when the nitride is completely removed and the 

dry oxide layer is exposed.  After nitride etching, about 50nm oxide layer remains and is 

removed by buffered oxide wet etching (Figure 4.2e). 

 

A third step of lithography and dry etching is conducted to pattern the thin sled plate 

structure and legs.  Using the submicron silicon etching recipe (Section 3.1.1.3), the sled 

plate and legs are fabricated (Figure 4.2f). 

 

A forth step of lithography followed by Cr/Au evaporation is conducted to form gold 

marks for backside alignment (Figure 4.2g).  An optimized process is attempted to solve 

cracks caused by metal stress, as discussed in Section 4.1.3.3.  

 

The formation sequence of the backside release hole is illustrated in Figure 4.2 h-i.  A 24 

µm thick photoresist (AZ9260) is prepared on the backside surfaces of the wafers, and 

lithography using backside alignment is conducted to pattern the release hole on the SOI 

backside.  Using the thick photoresist as the mask, deep reactive ion etching (DRIE) is 

used to deep etch the release holes from the SOI backside (Oxford 100).  Since DRIE also 

attacks the nitride films, the silicon etching is stopped when ~10µm thick silicon is left of 

the buffer oxide layer (Figure 4.2h).  The etching depth is controlled by the total number 

of DRIE loops based on the depth measurement from the initial 50 etch loops.  The etch 

rate is 0.8µm per etch loop.  

  

Finally, XeF2 vapor etching is used to etch the silicon residue inside the release hole 

(XeF2 vapor etcher, Xactix).  XeF2 is used to etch the silicon because XeF2 vapor is 
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reported not to attack nitride,66 and thus a sharp tip is maintained.  The sled release 

process follows and the SOI oxide is etched away using HF vapor etching (section 

3.1.2.2).  The final structure is shown in Figure 4.2i.  For an optimized process, the 

release is conducted by heating a thin sled chip at 32°C in a 49% HF and DI water 

mixture at 1:1 ratio.  It takes about 90 min to release a sled chip, and the best yield is 

about 60%.  

 

4.1.2 Fabrication Results for thin sleds 

 

 

Figure 4.3. SEM of microfabricated thin sleds with plate thickness 300 nm: a) a circular 

sled and b) a square sled, c) close-up SEM of a nitride tip. 

 

Figure 4.3 shows typical fabricated ultrathin sleds of circular and square shapes.  The tip 

dimensions (Figure 4.3c) are ~5 µm x 5 µm square base with an angle slope defined by 

the KOH etching.  The sled thickness is uniformly controlled at ~ 300 nm.   

 

(c) 

(a) (b) 
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4.1.3 Fabrication challenges for thin sleds 

4.1.3.1 Thin film residue in HF vapor etching  

During HF vapor etching, a layer of residue membrane was observed on the area of 

exposed SOI oxide layer.  The membrane has a very slow etch rate and could take an 

additional ~60 min to disconnect from the sled.  We suspect the membrane is related to 

the manufacturing dopant used for the very thin SOI wafer made by Smart Cut™.67  

 

 

 

Figure 4.4a shows a circular sled after 90min HF vapor etch with the thin film residue at 

the corners.  The sled is not entirely released but further etch of the device is risky 

because all the sled devices in the whole chip can suddenly break off from capillary 

forces.  Wide lateral undercuts are observed around the release hole (more than ~ 30µm in 

Figure 4.4a).  The HF vapor etches the interfacial oxide faster than the exposed sacrificial 

oxide. To overcome this problem, the backside release hole is not at first fully opened by 

a controlled XeF2 etching, resulting in less undercut and improved yield in the subsequent 

HF etch (Figure 4.4b).  

 

Figure 4.4 optical images showing a) a sled device with wide undercut in all in-plane 

directions.  This device was etched for 80min at 33°C in HF vapor. A thin residue 

membrane can also been seen. b) A better release result is achieved with less undercut by 

controlling the formation of the release hole.  

(a)    (b)    

Wide undercut 
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4.1.3.2 Nitride tips  

Both stoichiometric silicon nitride and low stress (LS) nitride are used as the tip materials.  

LS-nitride was initially proposed to maintain the tip sharpness since XeF2 vapour is 

reported not to attack the LS nitride film.67,68 However, more particles are produced 

during LS nitride film deposition.69 Further, LS nitride can be removed in diluted HF.  

We also found HF vapour etching can damage the LS nitride tip, probably as the vapour 

etches the particles embedded inside the film and diffuses to etch oxide film underneath.  

Figure 4.5 shows HF vapor exposure has completely etched the underlying oxide film to 

release the entire tip region. Also note the erosion of the tip surface. Because of these 

problems, stoichiometric Si3N4 is used for tips. 

 

 
Figure 4.5  SEM micrographs showing a) a triangle sled with LS-nitride tips after 100 

min HF vapor etching, and b) the removal of one of the tips.   

 

4.1.3.3 Stress caused by metal film used for optical testing  

Metal deposition on very thin sleds is challenging.  Figure 4.6a, b show the sleds after 

thermal evaporation of ~5nm gold.  The sleds are either broken at the legs or cracks 

appear at the surface.  The sleds with cracks can break along the crack lines.   
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Figure 4.6 Optical micrographs showing the effect of metal deposition on thin sleds. In (a) 

and (b), cracks are shown on the sleds after 5nm metal deposition. An improvement was 

made by using quick metal wet etch before the HF vapor etch.  Some results are shown in 

(c) and (d).  

 

To minimize the stress, chrome/gold metal deposition is done (Figure 4.2g), and a quick 

gold metal wet etching inserted between the XeF2 etching and HF vapor etch (Figure 4.2i). 

With SiO2 membrane still holding the sled, the devices can still withstand the wet etching 

by careful chip handling.  In the wet etching, the MEMS chip was immersed in gold 

etchant for 10 sec, replaced with DI water and IPA, and then moved out of IPA and air 

dried. The quick etch removes most of the gold thin film but some gold residues remain 

on the chrome layer.  The HF vapor release is then conducted and Figure 4.6c, d shows 

some results.  There is no cracking but some of the sleds still shown buckling, 

presumably from the ~1nm Cr layer.   

a b

) 

d c 
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4.1.3.4 Thin sled Removal 

For friction tests, the ultrathin sleds need to be cut and placed onto another substrate i.e. 

the spring legs must be broken.  Simply pushing using a metal wire to break the legs does 

not work because the metal wire can easily damage the ultrathin silicon plate. 

 

Dicing using laser cutting (µVia driller ESI 5200) was unsuccessful.  Even with the 

minimum laser energy settings ( laser power 0.08W, velocity 10mm/s), the laser power 

can ablate the thin sleds.  

 

Mechanical cutting using a Nanoindentor with a sharp diamond tip was tried.  In the 

operation, the diamond tip is aligned onto the leg and the tip is pushed downward as a 

point load.  However, in this method it proved difficult to break 4 separate legs to release 

a sled.  

 

 
Figure 4.7 a) An ultra-thin sled attached to the process chip, and b) after FIB cutting the 

sled drops onto the substrate.  

 

Focus ion beam (FIB) is the best approach to cut the thin sled legs.  We used a dual beam 

FIB i.e. a SEM monitors the sled cutting area while a focused gallium beam physically 

cuts the legs.  The sled shown in Figure 4.7a was cut by FIB and after taking the sample 

out of the FIB vacuum chamber, the removed sled is found nearby on the substrate 

surface( Figure 4.7b).  

(a) (b) 
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4.2 Thick Sled   

Thick sleds were made to overhang a free space etched through the entire wafer and 

connected to the chip substrate by 2 legs.  The sleds can be handled easily, and a 

magnetic particle can be glued on the backside to enable magnetic actuating. 

 

In the thick sled approach, the tips are fabricated in silicon by dry etching, and the sled 

plate is simultaneously etched with the tip process.  The sled plate thickness will vary 

slightly due to dry etching, and the variation will change the plate resonate frequencies. 

However, measurement of the mode resonance frequencies can be used to determine the 

plate thickness if required (section 4.3.1). 

 

Figure 4.8 shows the process flow for thick sled manufacture. The silicon device layer of 

the SOI wafer is 10 µm thick, the buffer oxide layer is about 1 µm thick, and the substrate 

layer is about 500 µm thick.  The SOI wafers are purchased from UltraTech, USA and are 

double-side polished.  The fabrication starts with a thermal oxidation step (Figure 4.8a).  

After a RCA clean, a 500 nm thick thermal oxide layer is grown on the SOI surfaces at 

1000°C with O2 and H2 (Centratherm).  

 

The first lithography step is to form the sled structure on the SOI device layer. A 1.4µm 

thick photoresist is used as the mask (Suss MA8) and the 500nm thermal oxide is then dry 

etched (Oxford Plasmalab 80). A second dry etching step follows and around 5µm thick 

silicon is etched by DRIE (Oxford Plasmalab 100) using the photoresist and oxide as a 

combined mask.  The final structure is shown in Figure 4.8b.  
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4.2.1 Thick sled fabrication flow 

(a)

 SOI wafers with LPCVD oxide 

grown 

(c)

Formation of Si tips via 

Lithography and DRIE etching

(d)

 Formation of backside hole and 

tips via lithography and DRIE/RIE,

Followed by XeF2 etch

(e)

 Wet etching to release the 

structure 

Silicon Silicon oxide

(f) Post process (Optional)

Metal Evaporation or

Sled thinning from backside  

(b)

Formation of sled structure via 

lithography and DRIE 

 
Figure 4.8 Fabrication sequence for thick sleds  
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The second patterning step is to align and form the tip features. A 5.5µm thick photoresist 

is used to planarize the wafer topology and there follows alignment, photoresist exposure 

and development (MA6, Suss).  RIE etching is then used to remove thermal oxide with 

photoresist mask.  A short period of silicon DRIE etching follows to etch silicon for an 

additional 5µm using photoresist and oxide as a combined mask.  The final structure is 

shown in Figure 4.8c. 

 

The last patterning step is to etch the backside release hole on the SOI substrate layer.  

Lithography with backside alignment is conducted using 24µm thick AZ9260 photoresist 

followed by RIE oxide etching. With oxide and photoresist as a combined mask, a silicon 

DRIE process is conducted to etch through the substrate layer and the etching progress is 

stopped when the etching almost reaches the interlayer oxide, when a small dot of light on 

every sled center can be observed under a microscope when light is shining from the 

backside release hole. 

 

The wafer is broken into chip sizes. The tips are sharpened by an isotropic etching of the 

silicon by RIE (Plamalab80).  XeF2 vapor etching (Xactix) is then used to remove the 

silicon residue underneath the sled structure and the legs (Figure 4.8d).   

 

The release step is conducted by HF vapor etching (Section 3.1.2.2.)  Since the thick sled 

is robust, a fast vapor etching can be used.  The HF vapor etching is conducted by heating 

the chip at 28°C with 49% hydrofluoric acid (HF) for about 5min to completely release a 

sled (Figure 4.8e).  The yield is about 90%. 

 

Some optional post-processes are as follows (Figure 4.8f).  A thin gold layer can be 

evaporated (Edwards 360) onto the sled backside to enhance the visibility for sled tests on 
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silicon surfaces.  The sled can also be thinned from the backside by RIE etching (Oxford 

Plasmalab 80).  The thickness can be made less than 1 micron so that the mode resonate 

frequencies can be low, with the surface also roughened and hence removing the need for 

metal evaporation.  However, the spring legs become delicate.  This approach could be 

optimized in future and also provide an easier method for ultrathin sled fabrication.  

 

 
Figure 4.9  Released thick sleds the fabrication.  a) A square sled and b) a circular sled, 

each with 3 tips  

 

Figure 4.9 shows fabrication results of a square and circular thick sled.  The design allows 

the sled to be placed onto any free surface by i) moving the substrate chip to the desired 

surface, and ii) pushing out the sled by breaking the legs (e.g. by using a ~50µm diameter, 

stiff metal wire) such that the sled falls on the surface underneath.   

 

4.2.2 Fabrication challenges for thick sleds 

4.2.2.1 Tip sharpening 

The tip sharpening is by silicon plasma etching (Figure 4.8d) and similar techniques are 

used to fabricate sharp AFM tips.70-72  Protected by the oxide mask on the top, the tip 

sidewall is isotropically etched away in a SF6 plasma (Oxford Plasmalab 80).  Although 

the pressure of the basic silicon etching recipe is 175mT, a high pressure of 300mT is 

found best for sharpening.   

(a) (b) 
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The etching progress is difficult to monitor optically since the tip apex is very small, even 

under the highest magnification. The sled tips are thus inspected by SEM after etching, 

although this is also difficult because of oxide charging. Thin gold can be deposited 

selectively over the tips to minimize the charging, but the sled must be discarded if the 

etching is not completed.  

 

With experience, SEM inspection is not required after an etching recipe is established. 

Table 4.1 summarizes the typical tips made.  The profile of type I tips is good and shows 

the tip sharpening process works. If the tips are over etched, then the profiles of type II 

are produced.  These two types are commonly observed with all three tips of the same 

sled being similar.  Three tips of a sled might not always be similar, as illustrated in tip 

type III.  In this example, the chips are located on the outside region of a 4 inch wafer 

with non-uniform plasma intensity; such tips can be very blunt.  

 

Table 4.1 Sled Tip Types after Sharpening Process 

 Tip 1 Tip 2 Tip3 

type I          

(common) 

   

type  II     

(common) 

   

type III 

(near the 

wafer edge) 
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4.2.2.2 Removing a sled with an attached magnetic particle  

A gold or copper wire can be used to gently push the sled backside and break the spring 

leg, and the sled drops onto the underlaying surface.  Even if the sled falls with the tips 

facing upward, the metal wire can be used to flip the sled such that the tips contact the 

surface. 

 

However, it is challenging to remove a sled with an attached magnetic particle because 

the wire can firmly adhere to the magnetic particle. For the same reason, it is awkward to 

flip a sled with magnetic particle by using a wire.  

 

A laser dicing method can be used to overcome the problem.  The sled chip is first 

aligned on a desired surface with the tips facing the surface.  A suitable gap of ~100-

150µm is needed between the sled chip and the substrate so that the chip will drop 

without flipping.  A smaller spacing can give problems since the sled can re-attach to the 

chip, probably due to the electrical charges generated by the laser cutting.  The laser (ESI 

5200) is focused on the legs. A minimum laser power of 0.08W and fast laser velocity 

(10mm/s) are used to give a minimum laser ablation area (~30 x 30 µm), with few 

particles generated.  Alignment of the laser spot on the leg is critical to avoid accidental 

damage of the sled structure.  Before actual cutting, several test cuts are repeated on other 

non-used sleds to optimize the cutting precision.  

 

4.3 Simulation of the sleds 

 

4.3.1  Analytical solutions for plates  

Approximate solutions for the resonance frequencies and mode shapes are known 

analytically for completely free square and circular plates.73  For example, the frequencies 

of a completely free square or circular plate are calculated using,   
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where  is some constant dependent on the particular mode and Poisson ratio [see Table 

4.61 in ref 73],   is the side length of the square plate or radius of the circular plate,    the 

density, and   is the bending stiffness of the plate,  

  
   

        
                                                                                                                         

in which   is Young’s modulus,   is the plate thickness, and    Poisson’s ratio.  One 

important conclusion is that for completely free plates the model frequencies are linearly 

proportional to the plate thickness, and this result is also found in the FEM simulations 

(section 4.3.2).   Further, by measuring the plate resonant frequencies, we can estimate 

the thickness of a sled and our results show good agreement between the analytical value 

and the thickness of the same sled measured using SEM.   

 

Analytical mode shapes can also be calculated using series solutions of the form,  

                                                                                                                    

in which    and    are normalized coordinates given by        and       ,         and 

       are calculated functions [see Eqn 4.58 in ref 73], and     are amplitude 

coefficients given for different modes [see Table 4.61 in ref 73].  Figure 4.10 shows the 

first 3 mode shapes for a completely free square plate and again the same results are 

found in the FEM calculations (section 4.3.2).    
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4.3.2 Comparison of FEM results between a completely free sled and an attached 

sled  

A design assumption is that for actuation of sled movement we must vibrate at a sled 

resonance to achieve large movement of the tips and also ensure the tips are at anti-node 

locations for the given resonance.  Therefore, we must measure the resonance frequencies 

and corresponding mode shapes of the sleds on a surface.  This is difficult because the 

sleds are free standing and there is a problem of how to apply the vibration actuation.  

 

In this section an indirect method is proposed for the measurement of dynamic properties 

of free standing MEMS structures. Briefly, the vibration modes and frequencies are 

measured by a vibrometer prior to the full release of the MEMS structure from the 

supporting substrate. By suitable design and positioning of small spring (cantilever) legs 

to hold the larger MEMS (sled) structure, one can achieve approximately the same 

vibration modes as for the free plate.  It is much easier to measure a sled anchored to a 

chip rather than free on a surface.   

 

The FEM vibration analysis of the plates is carried out by ANSYS. The material 

properties used are Young’s modulus 150 GPa, Poisson’s ratio 0.17, and density 2330 

Mode 1 Mode 2 Mode 3 

Figure 4.10 Analytical mode shapes for a completely free square plate 
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kg/m3.  Table 4.2 shows the natural frequencies of the completely free sleds studied and 

Figure 4.11 shows the corresponding mode shapes.  For comparison we have also carried 

out FEM modelling for the sleds with tips, and the modelling results show that the tips 

have negligible effect on the vibration frequency and mode shape of a completely free 

plate.  We only show the first four natural vibration frequencies.  Higher modes are not of 

practical interest for actuation because the vibration amplitudes become very small.  

 

We now present FEM modal analysis results for Silicon sled structures with attachment 

legs and compare with the corresponding results for the completely free sleds. Based on 

the results, the issues which influence the natural frequencies and the corresponding mode 

shapes, including leg positions, leg stiffness, leg shape and leg number, are discussed. In 

the modeling, the sled thickness (0.3 µm) and geometry (side length or diameter 200 µm) 

are the same as for the free plates (Table 4.2).  

 

The natural frequencies and the corresponding mode shapes of square plates with 

different leg properties are shown in Table 4.3 and Figure 4.12.  Three types of leg 

connections are studied, namely 2 and 4 leg connections of the leg type shown in Figure 

4.12 (these are 0.3 µm thick cantilevers consisting of 3 sections of width 24 µm, length 

29 µm; width 8 µm, length 29 µm; and width 4 µm, length 2 µm), and a 4 leg connection 

of a smaller stiffness leg type (cantilever of thickness 0.3 µm, width 8 µm, and length 60 

µm). In the FEM modeling, clamped boundary conditions are defined at the leg ends 

connecting to the substrate chip. 
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Table 4.2 FEM results for the natural frequencies of free standing plates with different 

geometry. 

Sled 

Thickness 

(µm) 

Sled geometry Natural frequency (kHz) 

Mode 1 Mode 

2 

Mode 

3 

Mode 

4 

 

0.3 

Square (side length: 200 µm) 40.9 58.7 66.1 102.6 

Triangle(side length: 200 µm)  96.2 108.6 242.9 276 

Circular (diameter: 200 µm) 64.4 97.6 148.0 228 

 

 
Mode 1 Mode 2 Mode 3 Mode 4 
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Figure 4.11 FEM results for the mode shapes of free standing plates with different sled 

geometry. The plate dimensions are given in Table 4.2 

 

The existence of the legs creates additional resonances of the suspended plate structure 

e.g. modes 1-3 in Table 4.3.  Images of all modes up to mode 10 for plates with legs were 

studied.  However, Figure 4.12 only highlights the main data to be discussed and shows 

the 3rd, 4th and 5th mode shapes for square plates with legs. Only these modes match both 
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the mode shape and approximate frequency of the 1st, 2nd, and 3rd modes of the 

completely free plate (see Table 4.3). Note that for the sled with legs, different mode 

numbers correspond to the completely free plate modes. For example, the 1st mode of the 

free plate is matched to the 3rd mode of the plate with 4 legs and to the 4th mode of the 

plate with 2 legs. 

 

In general (but not always) the presence of the legs stiffens the entire structure, resulting 

in an increase in the natural frequency. Again using the 1st free plate mode as an example, 

Table 4.3 shows that the resonance frequency increases from the free plate value of 40.9 

kHz to 42.8 kHz for the 2 leg plate and 44.7 kHz for the 4 leg plate. The plate with fewer 

legs has less overall stiffness and hence the resonance is closer to the free plate value.  

 

Similarly, the resonance frequency for the 4-leg plate attached using lower stiffness legs 

(43. 8 kHz) is closer to the free plate value in comparison with the stiffer leg structure. It 

is therefore recommended that to measure resonant frequencies that most closely match 

the resonance of the free plate, the legs connecting to plate should be as few as possible 

and of low stiffness. However, to faithfully image the mode shape it is also recommended 

to have symmetrical leg attachments. For example, the 5th mode of the plate with 2 legs is 

slightly distorted in comparison with the 4th mode of the 4-leg plate which has a totally 

symmetric arrangement of the legs (Figure 4.12). 

 

The frequencies of plates with legs can also decrease compared to the corresponding free 

plate value. In these rarer cases we find the mode shape of the plate with legs has some 

node lines slightly closer to the centre of the plate, making the mode shape more flexible, 

i.e. a lower natural frequency, compared to its free plate equivalent.   
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Table 4.3 FEM results of natural frequencies of square plates (length 200µm, thickness 

0.3µm) with different legs. The groups of frequency data with the same shading have 

similar mode shapes.  Yellow for free mode 1, blue for free mode 2, pink for free mode 3, 

and green for free mode 4.   

Plate with 2 legs 4 legs 4 lower stiffness legs Free plate 

Mode Freq. (kHz) Mode Freq. (kHz) Mode Freq. (kHz) Mode Freq. (kHz) 

1 6.8       

2 12.5 1 21.1 1 16.5   

3 30.9 2 32.1 2 26.9   

4 42.8 3 44.7 3 43.8 1 40.9 

5 65.0 4 71.1 4 70.3 2 58.7 

6 79.1 5 90.9 5 81.5 3 66.1 

7 104 6 110 6 108 4 103 

 

geometry 3rd mode 4th mode 5th mode 

 

Square sled 

with 2 legs 
 

  
 

Square sled 

with 4 legs 

   
 

Square sled 

with 4 lower 

stiffness legs 

   

Figure 4.12 FEM results for mode shapes of square sleds with different legs (length 

200µm, thickness 0.3µm). Data is shown only for those modes which match a 

corresponding free plate mode as shown in Figure 4.11.  

 

A more critical factor is the position of the legs.  Consider the plate with 4 legs.  The 3rd 

mode matches mode 1 of the free plate but the 4th mode matches mode 3 of the free plate 

and the 5th mode matches mode 2.  That is, the order of these modes has been reversed 
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comparing the plate with and without legs.  Table 4.3 shows the frequency of the 2nd 

mode of the free plate (58.7 kHz) has increased significantly (to ≥ 80 kHz) because of the 

leg attachment.  This observation also holds for the plate with 2 legs. The reason for this 

behavior is that in this case the legs are attached at anti-node positions for the 2nd mode of 

the free plate and this leads to a large effective stiffening of the plate for that specific 

mode shape.  The 1st and 3rd free plate modes are satisfactorily reproduced because the 

attachment locations are at a node.  It is therefore important to place the legs at node 

positions to faithfully mimic the movement of the free plate. In the example given, if one 

wish to measure the 2nd mode of the free plate, the legs should attach at the corner of the 

square plate. 

 

Another interesting observation is that the leg shape can be important.  Table 4.4 and 

Figure 4.13 show FEM results for an equilateral triangular plate attached by 3 legs of 

different shapes. One set of legs is straight and identical (a three section cantilever 

structure of thickness 0.3 µm, and width 24 µm, length 86 µm; width 8 µm, length 11 µm; 

width 4 µm, length 5 µm). The other set has 2 of the legs being longer with a kink near 

the end connecting to the substrate chip (kink section width 24 µm with one side length 

16 µm and the other 28 µm). In the geometry in which all 3 legs are straight, mode shapes 

can be found which match the free plate modes in both shape and natural frequency. 

Specifically, the 3rd and 4th modes of the triangular plates with the straight legs match 

the 1st and 2nd modes of the free triangular plate respectively (see Figure 4.11). However, 

for sleds having non-straight and asymmetric attachment legs, none of the mode shapes 

were comparable to the 1st, 2nd or 3rd vibration modes of the free plate. In this case, 

measurement of the sled structure when attached cannot be used to infer the dynamic 

properties of the free sled. It appears that the actuation does not couple into the suspended 
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plate in a simple manner, leading to complex vibration modes of the plate which cannot 

be related simply to the free plate. 

 

Table 4.4 FEM results for the natural frequencies of triangle plates (length 200µm, 

thickness 0.3µm) having different leg shapes. The groups of frequency data with the same 

shading  have similar mode shapes. Yellow for free mode 1, and blue for free mode 2.  

Plate with 3 non-straight legs Plate with 3 straight legs Free plate 

Mode Frequency (kHz) Mode Frequency (kHz) Mode Frequency (kHz) 

1 12.8  1 15.5   

2 24.0  2 26.8   

3 25.2  3 95.9 1 96.2 

4 88.4  4 101.2  2 108.6  

5 94.5  5 101.2  3 242.9  

 

Geometry 3rd mode 4th mode Geometry 

 

Plate with 3 

straight legs  

   
 

Plate with 

un-straight 

legs 

   

Figure 4.13 FEM results showing mode shapes of equilateral triangle plates (length 

200µm, thickness 0.3µm) having different leg shapes.   

 

From the FEM modelling results, it is shown that the resonance frequencies and the 

corresponding mode shapes of completely free plate structures approximate to those of 

suspended structures provided the attachment legs are properly designed. The legs should 

satisfy the following design criteria.   
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i) The legs must be identical and their arrangement symmetrical. 

ii) The leg stiffness should be low. 

iii) To study a particular mode, the legs should be placed at the node of the mode shape.  

 

In the cases studied, the mode shapes are slightly distorted by the presence of the legs but 

can be discerned; and with suitable design the difference in resonance frequencies can be 

small e.g.  Table 4.3 shows a difference in frequency of ~5% for a square plate with and 

without legs.   

 

4.3.3  Other factors influencing sled resonance modes  

Following the above recommendations, the dynamic properties of a free standing MEMS 

structure can in principle be indirectly measured before release from the supporting chip. 

However, practical considerations will also influence the outcome of any such experiment 

and in this section we study, using FEM, changes in sled mode shape and resonant 

frequency arising from the addition of a magnetic particle on the sled, and the effect of 

the tip-substrate contact through the tips.   

 

4.3.3.1  Effect on sled resonance of an attached magnetic particle  

The effect of placing a large magnetic particle on the resonance modes of a sled was 

modelled for a silicon circular sled (300 m diameter, 1.3 m thickness).  Note that in the 

results presented, the resonance frequencies are scaled by 3/1.3=2.306 (see section 4.3.1) 

so the frequency data corresponds to a 3 m thick sled.  This enables easier comparison 

with data taken on the thick manufactured sleds (Chapter 6).  In the model, the magnetic 

particle has diameter 44 m and density 5000 kg/m3.  Experimentally it is difficult to 

position a magnetic particle exactly in the centre of a sled and therefore two cases are 

studied; the particle in the exact center (0,0) or off-center (-24 μm, 17 μm), the later being 

a measurement from a real sled.   Cases were also investigated with and without two 
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spring legs attaching the sled to the surrounding chip.  Two different types of leg were 

studied; simple rectangle bars (length of 100μm, width 4μm, thickness of 1.3μm), or 

softer 2-stage legs (thickness 1.3m).   

 

Results of the resonance modes of a completely free sled (300 m diameter, 3 m 

thickness) with no attached particle are shown in Figure 4.14.  The modes are highlighted 

in yellow for free mode 1, blue for free mode 2, pink for free mode 3, and green for free 

mode 4.  Figure 4.15 shows  a free sled with a particle at the center; Figure 4.16 a free 

sled with the particle placed off-center; and Figure 4.17 a sled with off-center particle 

attached by 2 legs.  In Figures 4.15Figure 4.15-4.17, the modes corresponding to the 

completely free sled with no added mass (i.e. Figure 4.14) are also highlighted in yellow 

for free mode 1, blue for free mode 2, pink for free mode 3, and green for free mode 4.   
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Mode 1 Mode 2 Mode 3 Mode 4 

286 kHz 434 kHz 658 kHz 1013 kHz 

    

Figure 4.14 Simulation of the resonance modes of a completely free sled (300 m diameter, 3 m thickness) with no attached particle.  The 

modes are highlighted in yellow for free mode 1, blue for free mode 2, pink for free mode 3, and green for free mode 4. 

 

Mode 1 Mode 2 Mode 3 Mode 4 Mode 5 

4.1 kHz 286 kHz 310 kHz 665 kHz 880 kHz 

     

Figure 4.15 Simulation of the resonance modes of a free sled (300 m diameter, 3 m thickness) with a particle at the centre.  The modes 

corresponding to the completely free sled are shown in yellow for free mode 1, blue for free mode 2, pink for free mode 3, and green for free 

mode 4.   
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Mode 1 Mode 2 Mode 3 Mode 4 

4.0 kHz 299 kHz 307 kHz 312 kHz 

    

Mode 5 Mode 6 Mode 7 

  

670 kHz 850 kHz 904 kHz 

   

Figure 4.16 Simulation of the resonance modes of a free sled (300 m diameter, 3 m thickness) with the particle placed off-center.  The 

modes corresponding to the completely free sled are shown in yellow for free mode 1, blue for free mode 2, pink for free mode 3, and green for 

free mode 4.    
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Mode 1 Mode 2 Mode 3 Mode 4 Mode 5 

29.4 kHz 50.7 kHz 203 kHz 303 kHz 314 kHz 

     

Mode 6 Mode 7 Mode 8 Mode 9  

457 kHz 676 kHz 732 kHz 855 kHz 

    

Figure 4.17 Simulation of the resonance modes of a sled (300 m diameter, 3 m thickness) with off-center particle and sled attached by two 

soft 2-stage legs.  The corresponding free sled modes are in yellow for free mode 1, blue for free mode 2, pink for free mode 3, and green for 

free mode 4.   
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The FEM results for sleds with attached particles can be summarized as follows.   

 

a) The mode shapes are similar or only slightly distorted compared to the free plate 

modes, except for free mode 2 which becomes highly distorted if legs are attached 

or the particle is off-centre.   

b) The resonance frequencies are close to the free plate values for free modes 1 and 

3, but are much lower for mode 2 (decrease ~35%) and mode 4 (decrease ~13%).  

The reason is that the central region of the plate is moving for modes 2 and 4, so 

the placing of the particle in the central region changes the effective plate mass 

for these modes.   

c) The changes created by having the particle on or off-centre are important but of 

modest magnitude.  Comparing the on and off-centre cases, free mode 2 becomes 

distorted but the resonance frequency difference is less than ~5% with simple 

rectangular legs or ~10% with softer 2-stage legs.  The change in resonance 

frequency for the other free modes is less than ~2.5% with simple rectangular legs 

or ~7% with softer 2-stage legs.  New modes are also generated when the 

symmetry is broken with the off-centre mass (Figure 4.16), although it is not clear 

if these new modes could be used for magnetic actuation of a free sled as the 

amplitude of the motion is not known.   

d) Many more modes are created when legs are attached, as previously discussed in 

section 4.3.2.  The frequencies of the free modes change by less than 5% with the 

addition of the two legs.  A useful observation to determine which modes are 

associated with free modes is that for free modes the legs do not bend appreciably, 

whereas for non-free modes the legs are displaced (excepting the lowest mode e.g.  

mode 1 in Figure 4.17).   

e) Doubling of the particle mass decreased the frequency of free mode 2 by 5% and 

less than 1% for the other free modes (data not shown).   
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In summary, the simulations suggest that with care one can also relate the resonance 

modes of a sled with an attached particle to the modes of a completely free sled, although 

the case is complicated by the added mass. 

 

4.3.3.2 Effect on sled resonance on tip location and tip-substrate stiffness  

When a sled is placed on a substrate, the three tips are touching and this introduces 

additional stiffness to the plate motion.  In FEM, we model this additional tip stiffness 

(keff) as a spring perpendicular to the plate, and       
 

    
 

 

        
 
  

, where ktip is 

the stiffness of the tip apex and kcontact is the AFM tip-surface contact stiffness.74 This 

equation is fully discussed in Chapter 5.  Briefly, a sharp tip has a small spring constant 

and a blunt tip has a large spring constant.  For a Hertz contact model,  

 

           
   

   
 
   

                                                                                                     

where E* is the effective Young’s modulus, R the tip radius and F the applied force.  

Even for very sharp tips (R~10 nm) and low load (F~10 nN), one obtains         ~150 

N/m for silicon contacts.  Such relatively high contact stiffness has been confirmed 

experimentally using AFM tips.74 However, very sharp tips can also be flexible from the 

geometry of the tip shape, giving small values of ktip (~10’s N/m)
75 and  

            For these reasons the values                   N/m were chosen for 

study in the simulation.   

 

FEM simulations for a square sled (300 µm×300 µm, thickness 3 µm) with non-

symmetrically placed tips are shown in Figure 4.18.  Table 4.5 shows that if      is small 

(3 or 30 N/m) the frequency remains close that of the free plate, excepting for an 

additional low frequency resonance (mode 1) which corresponds to a rocking of the plate 
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on the tips.  The mode shapes are also similar.  However, if      is high (300 N/m) 

additional low frequency resonances occur (modes 1-3) and higher plate resonance 

frequencies (modes 5 and 6) can change significantly from those of a free plate (     

 ).  The reason for this is the mode shapes become distorted if the substrate-to-plate 

coupling is strong (compare modes 5 and 6 in Figure 4.18 with the free plate modes 1 and 

3).  If the mode shapes are not strongly distorted (e.g. modes 4 and 7), because the tips are 

on the node lines, the data remains similar to the free plate case.   

 

Thus to maintain the free standing sled resonance modes close to the free plate values 

requires low values of     .  It is difficult to reduce          because E* must remain 

high for superlubricity5, the inertia of a sled is already very small (typically F~1nN), and 

a tip radius of R~10nm is a lower limit for practical applications.  A possibility is to 

design flexible tips such that      is very small, but such an approach may remove the 

ability to achieve low friction because stick-slip will be occur.   

 

The best method, which was not considered in the initial designs, appears to be to 

carefully choose the location of the tips to minimize mode distortion yet maintain tip 

motion at resonance.  Figure 4.19 shows FEM results for a 300 µm diameter circular sled 

of 5.5 µm thickness with tips placed symmetrically near the rim.  In this case the mode 

shape and resonance frequencies (modes 3-6) are similar to the free plate modes (modes 

1-4), even with a high value of tip interaction (        N/m).  Two additional low 

frequency modes (modes 1-2), arising from a rocking motion of the plate, do depend 

strongly on the tip-substrate contact.   
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Table 4.5  Resonance frequencies of square plates (side length 300 m, thickness 3 m) 

with different tip stiffness     . The frequency data shown with the same colour have 

mode shapes comparable to a free plate mode.  Yellow for free mode 1, blue for free 

mode 2, pink for free mode 3, and green for free mode 4. 

Mode Frequency (kHz) Mode Frequency (kHz) 

 keff=300 N/m keff=30 N/m keff=3 N/m  Free plate ; keff=0  

1 101.1 74.7 23.9   

2 131 195 183 1 182 

3 201 264 261 2 261 

4 286 296 294 3 294 

5 300 459 458 4 458 

6 338 462 459 5 835 

7 474 767 767   

 

   

Free plate : mode 1 mode 2 mode 3 

   

keff = 300 N/m : mode 1 mode 2 mode 3 

   

keff = 300 N/m : mode 4 mode 5 mode 6 

 

Figure 4.18  Comparison of mode shapes for a square free plate (side length 300 m, 

thickness 3 m) and a plate with tip stiffness          N/m.  The corresponding 

frequencies are given in Table 4.5.  The red dots in the image for          /mode 1 

show the approximate location of the tips.   
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Table 4.6 Resonance frequencies of circular plates (300 m diameter, 5.5 m thickness) 

with different tip stiffness     . The frequency data shown with the same colour have 

mode shapes comparable to a free plate mode.  Yellow for free mode 1, blue for free 

mode 2, pink for free mode 3, and green for free mode 4. 

 

Mode Frequency (kHz) Mode Frequency (kHz) 

 keff=300 N/m keff=30 N/m keff=3 N/m  Free plate ; keff=0 

1 152 50 16   

2 174 59 19   

3 564 529 526 1 525 

4 803 797 796 2 796 

5 1240 1210 1207.3 3 1207 

6 1859 1858 1858 4 1858 

 

   

mode 1 mode 2 mode 3 

   

mode 4 mode 5 mode 6 

Figure 4.19 Mode shapes for a circular plate (diameter 300 m, thickness 5.5 m) with 

tip stiffness          N/m.  The corresponding frequencies are given in Table 4.6.  

The green dots in the image for mode 1 shows the approximate location of the tips.  

Modes 3-6 are very similar to the free plate modes.  
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4.4 Conclusion 

The work in this chapter reports the microfabrication of the sleds and the FEM simulation 

results.  Two types of sleds, ultra-thin plate (300 nm) and thick plate (3 µm thick), were 

fabricated incorporating 3 sharp tips.  The major fabrication challenges and their solution 

are described.  The FEM analysis was undertaken to understand the resonance modes of 

sleds attached to the process chip, completely free sleds, sleds placed on a surface, and 

sleds with and without a magnetic particle placed near the centre.   
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Chapter 5  Friction Measurement on Free Standing Sleds 

Using AFM 

 

In this chapter, a method is introduced to measure friction on free standing sleds based on 

atomic force microscopy (AFM).  An AFM tip is brought into contact with the sled 

resting on a substrate.  The substrate is displaced laterally and, provided the AFM tip does 

not slide over the sled, the twisting of the AFM cantilever is used to measure the friction 

of the underlying sled-substrate interface.  The method can measure nano-Newton to 

micro-Newton forces (both friction and applied load) and provides a general means to 

measure friction of small free-standing structures at low load.   

5.1 Introduction 

There are many instances when it is of interest to measure the friction acting between 

small, free standing objects and an underlying surface.  For example, in the removal of 

microorganisms for membrane technology,76 in the cleaning of particles from a surface,77 

in the sliding of two surfaces in microelectromechanical (MEMS) systems,78,79 or simply 

moving paper on a desktop.  In this thesis, we must measure friction of free standing sleds 

as a first step toward bridging nanoscale tribology concepts, such as superlubricity and 

AFM point contacts, to macroscale dimensions.80-82 However, an experimental difficulty 

arises, namely how can the friction be measured on a free standing object of only micron 

dimension?  Macroscopic tribometer methods, usually pin-on-disc instruments, cannot be 

used as spatial constraints e.g. the diameter of the ball in a pin-on-disk tribometer, impose 

a limitation on the smallest sized object that can be studied.  The minimum applied load 

and friction force are also high for MEMS studies83 e.g. >10N for a typical “nano-

tribometer84.   
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We introduce a method to measure friction on free standing surfaces based on AFM.  The 

method is outlined in Figure 5.1a and demonstrated using 300x300 m square sleds as 

samples (Figure 5.1b).  We have also shown the method is feasible on much larger 

(millimetre) plate structures (Figure 5.1c).  The plate is placed on a substrate within an 

AFM fitted with optical imaging capability.  The plate is positioned underneath the AFM 

b)  

lever 

Si substrate 

Sled 

a)  

Plate  

Cantilever  

AFM Laser  
Quadrant PSD 

AFM piezoelectric scanner 

Substrate  

Tip  

z  

 

lever 

Mica substrate 

plate 

c)  

Figure 5.1 a) The friction force measurement approach.  The AFM cantilever exerts a 

force on a free standing plate resting on a substrate.  The AFM piezoelectric scanner 

moves the substrate (or alternatively, the cantilever) laterally.  The resulting twisting of 

the lever can be used to measure the magnitude of the friction forces acting at the plate-

substrate interface, provided the tip-plate contact does not slip.  A position sensitive 

detector (PSD) is used so that the absolute movement of the cantilever deflection can be 

found.  b) The method applied using a triangular Si3N4 cantilever in contact with a 

microfabricated (300 m square) sled.  c) The implementation of the method in an AFM, 

showing a Si cantilever in contact with a large (3 mm square) Si plate. 
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tip and the tip brought into contact with the plate.  The AFM tip exerts a force in the 

normal (z) direction on the plate.  If the plate is then made to move laterally with respect 

to the surface (x direction) the twisting of the AFM cantilever can be used to measure the 

magnitude of the friction as in standard friction force AFM.43 The lateral movement can 

be provided by moving either the sample or the cantilever.  Provided the plate slips on the 

surface before the tip slips on the plate and this can be verified optically.  The 

measurement gives the friction acting at the plate-substrate interface, with the AFM 

cantilever acting as the sensor element.  

 

The technique is similar to the Mesoscale Friction Tester described by Wang et al 85 and 

similar slider type tribometers86, excepting that our approach is designed for general AFM 

usage.  Their approach and our method bridge the nano-to-micro measurement range, in 

terms of both force and length scale.  There is a notable gap between nano-tribometer and 

AFM instrumentation in this force range.85,86,87 Also noteworthy is the similarity with 

AFM experiments that manipulate nanoparticles or nano-scale islands.88,89 These studies 

use the AFM tip to move a nano-island on a surface and the associated friction is 

measured by the twisting of the AFM cantilever as the tip encounters the edge of the 

nano-island.  The method shown in Figure 5.1 could be adopted to nano-island 

experiments to measure the friction as a function of normal load; an important additional 

measurement that is currently not undertaken because the AFM tip simply pushes the 

edge of the nano-island (or nanoparticle) to initiate lateral movement.   

 

The chapter is organized as follows.  We first provide a simple analytical framework for 

the technique, including the conditions required for the AFM tip to remain fixed to the 

sample plate during sliding (section 5.2.1) and AFM cantilever stiffness considerations 

for the friction force measurement (section 5.2.2).  The experimental implementation of 

the approach is then demonstrated (section 5.3) and the results and observed technical 
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issues discussed (section 5.4). We conclude with a summary of the usefulness, application 

and possible improvements of the method (section 5.5).   

 

5.2 Theory analysis of AFM–plate sliding 

 

5.2.1 Ensuring no slip of the AFM tip  

In the new method (Figure 5.1a) a key requirement is to ensure the tip-plate contact does 

not slip i.e. the plate must slide on the substrate before the AFM tip slides on the plate.  In 

the simplest case sliding will occur when the measured lateral force (FL) reaches the 

limiting static friction force (Ff) at the respective interface, as given by Amonton’s Law 

(see Figure 5.2a),  

                                                                                                                   

where the subscript t denotes the tip-plate contact, subscript  s the substrate-plate contact,  

 the static coefficient of friction and Fn the normal force applied by the cantilever.  Note 

that given the experimental uncertainties in our study we make no distinction between the 

static and dynamic friction coefficient.  The applied force Fn is identical for the tip-plate 

and the plate-substrate contact.  The lateral force FL is also identical for both contacts if it 

is assumed the only elastic restoring force is the cantilever spring.  Thus in this simple 

case, Eqn. 5.1 shows the plate will slip before the tip (the desired outcome) provided,  

                                                                                                                                                     

 

In order to provide a general method over a wide range of samples, a large t is required.   

In principle, one could glue the AFM tip to the sample so that no possible slip occurs 

(t∞) but for a non-destructive technique a strong, reversible contact is preferred e.g. 

using a tacky tip-sample contact, an adhesive coating on the tip, very rough tip-sample 

contacts, or specialized tips such as colloid beads.  An interesting aside related to 



Chapter 5 Friction Measurement on Free Standing Sleds Using AFM  
 

95 

 

stopping the tip sliding, is that we attempted to lock the AFM tip into micron sized holes 

microfabricated clear through a Silicon plate.  This “lock-key” method does work and the 

AFM tip moves the plate across the substrate.  Unfortunately, the sensitivity of the 

friction measurement falls dramatically because the effective tip height decreases when 

the shank of the AFM tip engages the hole (see Eqn. 5.5 below).  Future experiments 

could explore the use of plate surfaces with shallow rather than clear-through holes or 

simply roughened plate surfaces.  However, in the experimental work presented below, 

no coatings or special tips are used. 

 

Equation (5.2) is itself overly simplistic because in general adhesion forces (Fads) are 

present.63 One expects the adhesive force from the small contact area of the AFM tip will 

be less in comparison with the adhesion at the plate-substrate contact.  Van der Waals 

attraction is also present between two closely spaced surfaces and whilst negligible for 

the AFM tip contact can be very significant for large area plates.90,91 Thus, although the 

applied load Fn is identical for both AFM tip-plate and plate-substrate contacts, the total 

load           is not.  The adhesion term depends on the surface chemistry and 

roughness.18 For very smooth plates the adhesion (stiction) of the plate-substrate will 

dominate over the AFM tip-plate contact, and even for very rough surfaces the plate-

substrate adhesion will probably be larger because there are more asperities in contact at 

the plate-substrate in comparison to the single asperity of the AFM tip-plate contact.  For 

rough surfaces, if N asperities are in contact, the applied force (Fn) is distributed over all 

contacting asperities i=1 to N such that Fn=
1F+2F+...+NF, with the applied force at the ith 

asperity being iF.  Ignoring adhesion, Eqn. (5.2) remains valid if the coefficient of friction 

is the same for each asperity contact.  However, if adhesion is included, the adhesion 

force for the ith asperity contact (iFads) depends on the details of the contact, including the 

contact area, asperity geometry, and relative humidity (Figure 5.2b), making the analysis 
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of adhesion effects difficult for real surfaces.92,93 Another major difficulty is the relation 

between friction and adhesion is not well understood, except for molecularly flat 

surfaces.91 

 

 
 

We assume the friction force in the presence of adhesion is given by,81,87,94 

                                                                                                                

where  is an interfacial shear strength of the contact,95,96 At is the AFM tip-plate contact 

area, and As is the total (multi-asperity) plate-surface contact area, assuming s is the same 

for all substrate asperity contacts (Figure 5.2b).  The condition for the plate to slip before 

the tip is,  

                                                                                                                           

 

At high applied force the load is dominated by Fn (Fn>>Fads) and the plate slides before 

the AFM tip if s<t i.e. Eqn. 5.2.  Conversely, at low force, the load may be adhesion 

controlled [6] and the plate slides before the tip if sAs<tAt.  Given that the plate-substrate 

Ff = tFn 

Ff = sFn 

h 

x 

Plate  

/2 x 

z (b) 

Rough plate  

Ff = tAt+tFn 

Ff = sAs+sFn 
3Fads 

2Fads 

(a) 

Figure 5.2  Schematics showing the basic analytical elements of the method. (a) The case 

with no adhesion. (b) The case with adhesion and a rough plate surface. 
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area is typically much greater than the AFM tip contact area (As>>At), the measurement 

method at low load is only feasible for very low shear strength plate-substrate interfaces 

(s), unless the tip is, for example, glued to the plate (t).   

 

5.2.2 The AFM cantilever as friction sensor  

Another important issue with the technique regards the use of the AFM cantilever as a 

friction sensor.43 Consider the lateral force measured by the cantilever, 58 

                                (5.5) 

where x is the displacement of the plate, h is the height of the AFM tip,   is the angle 

by which the laser beam is deflected (Figure 5.2a), and the effective lateral spring 

constant (keff) is,  

      
 

   
 

 

  
 

 

    
 

 

        
 
  

        (5.6)  

where kxT is the torsion stiffness of the AFM cantilever, kx is the in-plane cantilever 

stiffness, ktip is the stiffness of the tip apex, and kcontact is the AFM tip-surface contact 

stiffness.75,97   Note that in friction force AFM, the torsion stiffness kxT is the ratio of the 

lateral force at the tip and the corresponding lateral displacement, with units N/m.  

 

A first consideration is keff should be dominated by the cantilever stiffness (kxT) and not 

ktip or kcontact.  This is because if the springs ktip and kcontact are much smaller than kxT, then 

on displacing the plate the measured AFM friction signal will have significant 

components arising from large displacements corresponding to ktip and kcontact; a common 

situation in AFM when sharp tips are used at low load.58 Since it is very difficult to 

accurately find ktip and kcontact,
75 the best procedure is to negate the effect of these springs 

by using a blunt tip and/or a high load, thus ensuring ktip>>kxT and kcontact>>kxT, giving 

keff≈kxT (Eqn. 5.6).  The effect of blunting the AFM tip can be shown by considering the 

elastic contact of a sphere on a flat, in which,  
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                      (5.7)  

where a is the radius of the sphere-flat contact zone and G* the effective shear modulus.98 

The magnitude of the radius a increases with increasing load (Fn) and tip radius (R) e.g. 

for the well known Hertz contact,          , where E* is the effective Young’s 

modulus.  Thus kcontact increases with increasing Fn and R, and a blunt AFM tip has 

kcontact >>100 N/m at loads of ~10 nN.58 The value of ktip can be found using finite 

element modelling of the tip apex and results show that ktip=39-84 N/m for sharp silicon 

tips (R≈10 nm) and ktip=100-250 N/m for blunter tips (R≈50 nm).58,75 Blunt tips could 

also be purposely constructed e.g. by attachment of a colloid bead on the tip apex.99 

 

A second consideration is sensitivity.  Equation 5.5 shows that for a given lateral force we 

desire x to be as large as possible before slip occurs to achieve maximum photodiode 

signal h.tan(/2).  Hence, keff≈kxT should be as small as possible.  For a rectangular 

cantilever of width w, length L, and thickness t, 100 

 

    
    

    
                                                                                                                                 

 

   
    

   
                                                                                                                                   

 

   
    

   
                                                                                                                             

   

and kz is the cantilever stiffness in the normal (z) direction.  Table 5.1 lists some 

calculated values for commercially available cantilevers labelled as number no.1-4.  The 

torsion sensitivity is improved (kxT small) with thinner cantilevers and with longer tips.  

Extra tall tips (No. 4 in Table 5.1), although not available for our study, seem particularly 

promising as good torsion sensitivity can be achieved whilst maintaining kz reasonably 

high (kz=7 N/m) for high force loading.  Of particular interest are colloid beads attached 
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to the tip apex.101  Not only do colloid bead tips remove the problem of low tip stiffness, 

as noted above99, but a large diameter bead (e.g. ~50µm or greater) can effectively 

provide a tall tip to enhance sensitivity for stiff non-contact cantilevers. 

Table 5.1 The spring constants kz, kx and kxT calculated for several commercial 

rectangular Silicon cantilevers and one triangular Si3N4 cantilever.  Eq. 5.8 is used with 

E=169 GPa and G=60 GPa for the rectangular cantilevers.  The analytical method of 

Sader is used for the Si3N4 triangular cantilever with E=150 GPa and G=50 GPa.  All 

cantilever dimensions (L, w, t, h) are in micrometres and spring constants in N/m.  

no. Cantilever type kZ  kX  kxT  

1 Nanosensors PPP-NCCR-50 Silicon tapping mode,  

L=225; w=38; t=5.75 (measured thickness); h=12.5  

 

26.8 

 

1170 

 

4109 

2 Olympus OMCL-RC800PSA-1 Si3N4 contact mode 

L=100; W=40; t=0.8; h=2.9  

L=200; W=40; t=0.8; h=2.9   

 

0.87  

0.11  

 

2163  

270 

 

487  

243 

3 Budget Sensors triangular Si3N4 contact mode  

L=100; w=2x16; t=0.52 ; h=12   

 

0.27 

 

740 

 

7.3 

4 Nanosensors Silicon extra tall tips,   

SD-PXL-FM     L=225; w=70; t=3; h=50   

SD-PXL-CON  L=225; w=60; t=1; h=50   

 

7 

0.22 

 

3817 

801  

 

67 

2.1 

 

Cantilevers no. 1 and 2 in Table 5.1 highlight an additional problem noted by Sader and 

Green102 for rectangular cantilevers of larger length/width ratio, namely that for standard 

friction force AFM analysis it is assumed keffkxT and kxT/kX<<1.  This is clearly not the 

case for cantilever no. 1 and marginal for cantilever no. 2.  The problem arises because 

the optical lever arm based detection in AFM is very sensitive to angular deflections of 

the cantilever (such as the torsion deflection corresponding to kxT) but considerably less 

sensitive to pure linear displacement (such as the in-plane deflection corresponding to 

kx).
101  For triangular levers (e.g. cantilever no. 3) the issue is not important because 

kxT/kX is always <<1.102  

 

The results for cantilever no. 1 (Figure 5.5 below) are therefore only used to show the 

qualitative change in the friction force at high load, as these were the only high stiffness 

levers available, and the friction force is estimated from Eqn.5.5 using an effective spring 
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constant of keff=(kx
-1+kxT

-1)-1= 910 N/m.  For future investigation at loads in the micro-

Newton range it is recommended that stiff cantilevers with extra tall tips or colloid bead 

tips are used.   

 

5.3 Experimental Demonstration  

To demonstrate the method experimentally, a home built AFM was used (Section 3.2.3).  

Movement of the cantilever (which is equivalent to movement of the tip) relative to the 

sled can be easily observed from the relative movement between the edge of the plate and 

the cantilever chip holder.  Surface imperfections and scattering can also be used to 

observe the relative motion of both the sled-cantilever and sled-substrate movement.  

Also note that the camera image quality from the home built AFM can be rather poor, 

depending on illumination and the type of substrate, and this limits the smallest detectable 

movement of the plate (resolution of ~3.4 µm).  A modern commercial AFM has much 

superior optical microscopes installed and the method can thus be greatly improved in 

future implementations.   

 

AFM cantilevers no. 1, 2 and 3 are used (see Table 5.1).  The sleds are either 3 or 6m 

thick, with 300m side length.  One face of the sled has three sharp tips approximately 3 

m high.  When the sled is free standing on a surface, the tips touch the underlying 

substrate to form a three point contact.  The opposite face of a sled was also studied when 

contacting a surface and is planar silicon or silicon with a sputtered thin gold film.  The 

sleds are placed on two different substrate surfaces, either freshly cleaved mica or a 

smooth silicon surface with a fluorine terminated monolayer (F-Si) (see Section 3.4).  The 

later (F-Si) surface is hydrophobic and is used in MEMS to decrease adhesion and liquid 

capillary formation103.   
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Table 5.2 summarizes the different sled-substrate combinations studied, with the number 

S/N labeling the combination.  For application of the method we require the sled to slide 

on the substrate before the AFM tip slides on the sled, which was only reproducibly 

achieved for the 3 sled tips on F-Si (S/N #1) and smooth Si on mica (S/N #4).  The 3 sled 

tip on mica interface (S/N #2) was expected to be similar to the F-Si surface (S/N #1), and 

occasionally sled-substrate slip was indeed observed.  However, on many occasions the 

AFM tip also slid over the sled surface during the experiments, and hence reliable 

measurement could not be achieved on this system and the slip condition is listed as 

“variable”.  Similarly, the flat, etched Silicon surface of the sled plate was expected to 

display similar behaviour when placed on either F-Si (S/N #6) or mica (S/N #4).  

However, on F-Si the plate-substrate interface did not move, even under vacuum 

conditions.  The reason for this difference is unknown at present.  The adhesion is 

3.0sec 

4.0sec

c 

200µm 

200µm 

2.0sec 

3.8 sec 

(a) Sled moving  

Figure 5.3 Movies from the AFM video camera are used to verify that (a) the sled is 

moving and (b) the  AFM tip is  moving under the applied lateral force.  The photos are 

captured from movies 5.1 and 5.2. The movement is clearer in the inset. 

(b) AFM tip moving 
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expected to be much stronger for the silicon-mica interface than the silicon-F-Si interface, 

the former surfaces being smooth and hydrophilic whilst the later interface is only slightly 

rougher but hydrophobic.  Thus we anticipate the friction for both interfaces to be 

adhesion dominated at low load and hence Eqn. 5.4 suggests the plate does not move on 

the F-Si surface because the shear strength (s) of the plate-F-Si interface is higher than 

the plate-mica interface.  The high shear strength of the plate-substrate interface could 

also explain why plate-substrate sliding could not be initiated on contaminated F-Si 

surfaces (S/N #3) and Au coated surfaces (S/N # 5).   

 

Table 5.2 A summary of the experiments for different sled-substrate combinations 

undertaken (denoted by the S/N number) showing the conditions under which either the 

sled-substrate contact slips or the tip-sled contact slips, or both (listed as “variable”).  For 

application of the method we require the sled-substrate to consistently slip, which was 

only achieved for S/N #1 and S/N #4.  Note that the table is not inclusive and simply 

indicates generalisations.  For example, for the low friction interface of Fluorine-

terminated Silicon (F-Si) and a 3 tip contact (S/N #1), the sled will not move if the F-Si 

surface becomes contaminated.   

S/N sled-substrate interface  The interface 

which slips  

Lever 

no.  

Environment 

#1 3-sled-tips on F-Silicon  Sled-substrate 3 Ambient 

#2 3-sled-tips on mica  Variable 2, 3 Ambient 

#3 3-sled-tips on F-Silicon  

contaminated by C8H18 residues 

Tip-sled 3 Ambient or 

vacuum 

#4  Flat sled face on mica; The sled 

surface is smooth Silicon after a 5 

min vapor etch using 49% HF 

Sled-substrate 1 Ambient 

#5 Flat sled face on F-Silicon;  

The sled surface is thin film Au 

Tip-sled 3 Ambient or 

vacuum 

#6 Flat sled face on F-Si; The sled 

surface is slightly rough SiO2 after 

a 80 min vapor etch using 49% 

HF:DI mixture (1:1 ratio)  

Tip-sled 3 Ambient or 

vacuum 

 

In a typical experiment the AFM tip is placed on top of the sled and the AFM 

piezoelectric scanner is actuated with a triangular waveform in the lateral direction.  The 

peak-peak waveform amplitude ranged from 1 µm to 13 µm with a frequency range of 

0.1Hz to 5Hz.  The twisting of the cantilever records the lateral force acting at the AFM 
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tip apex and Figure 5.4  shows raw data of the lateral signal for a stiff cantilever (no.1) on 

a sled (S/N #4 in Table 5.2).  Optical observation shows the sled moves with the 

cantilever, and hence the measured friction relates to the sled–substrate interface.  The 

square wave shape is typical of a friction loop in AFM, with the amplitude being 

proportional to the dynamic friction force as the sample slides over the surface.104 Figure 

5.4 shows the square wave amplitude increases as the normal force increases, and this is 

again typical of AFM friction measurements at high load and is simply a reflection of 

Eqn. 5.1 (      ).   

 

 
 

Rather than measure individual waveforms on an oscilloscope, such as Figure 5.4, we 

continuously monitor the peak-peak height of the lateral force signal by inputting the 
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Figure 5.4 Oscilloscope traces showing the raw friction signal (i.e. the PSD signal 

corresponding to the twisting of the AFM cantilever) at three different applied loads 

(approximately 2, 8 and 16 N).  The triangular waveform (5Hz, 100mVp-p) is the 

voltage driving the displacement of the AFM piezoelectric scanner.  The peak-peak 

piezoelectric voltage corresponds to a displacement of 670 nm, giving a displacement 

speed of 3.35 m/s.  The friction signal changes to a new steady state value when the 

displacement changes direction and half the difference between the two steady state 

values is the dynamic friction force (Ff). 
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signal into a lockin amplifier (EG&G Instruments 7260).  In this way continuous force 

curves can be obtained59 in which the friction force is measured as a function of the load, 

as shown in Figure 5.5. 

 

The normal load is simply found as        , where    is the deflection of the 

cantilever in the normal direction.93 The magnitude of the lockin amplifier signal is 

converted into the friction force as follows.58,75 Let I1 and I2 be opposing currents 

generated by the laser spot on the quadrant PSD.  The lateral position of the spot (p) on 

the PSD is,  

  
     
     

 
 

 
                                                                                                                          

where l is the width of the PSD (l=4 mm, DLS-4 UDT Sensors).  A deflection of the 

cantilever by an angle   changes the laser spot location by   , and since the distance (S) 

between the cantilever and the PSD is always much larger than    (S=20 mm in our 

AFM) we can write,  

                                                                                                                                      

 

The calculated values of  , taking into account any gain factors, are inserted into Eqn. 5.5 

to give the friction force.  Note that the dynamic friction is half the peak-peak value of the 

input square wave.104 Most lockin amplifiers will provide the root-mean-square (rms) 

value as the output.  Therefore for a square wave the rms output is already half the peak-

peak value and no further correction is required to account for this aspect in the friction 

force conversion, provided the input signal remains a square wave.  The lockin technique 

is not robust if large additional waveform features are present e.g. from topography 

effects as the surfaces slide over each other.   
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5.4 Results and Discussion  

 

5.4.1 Flat surface side (non-tip) touching the substrate  

Figure 5.5 shows the friction of a flat Silicon surface sliding at relatively high loads 

(micro-Newton) on mica (S/N #4 in Table 5.2) using a stiff cantilever (no.1). Recall that 

for this cantilever the results are only qualitative because the effective spring constant is 

very uncertain. 

 

 

 

 

 

 

 

Figure 5.5 A force curve i.e. force as a function of piezoelectric displacement in the 

normal (z) direction, showing the change in friction as a function of the applied load.  In 

this experiment the flat face (i.e. smooth Si; no tips) of a square sled (300x300 m2, 3 m 

thick) contacts a mica surface.  The AFM tip approaches the sled surface from negative z 

values and contacts the sled at z=0 nm.  Positive z values correspond to the AFM tip 

being in contact with the sled.  At positive z values, the sled is observed (optically) to 

move with the cantilever, verifying that the measured friction relates to the sliding of the 

sled and not the AFM tip.  The sled moves linearly with speed 0.33 m/s and the 

experiment is undertaken in ambient atmosphere.  The AFM cantilever has calculated 

spring constants of kz=26.8 N/m and kxT=4109 N/m.   
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5.4.2 Tip side touching the substrate  

Figure 5.6 demonstrates the method at much lower load (nano-Newton) and shows the 

friction of a sled sliding with the 3 plate tips in contact with a F-Si surface (S/N #1 in 

Table 5.2).  A more sensitive cantilever is used for low force measurement (no.3).   

 

Figure 5.6 Approach (dashed line) and retreat (solid line) force curves as a function of 

piezoelectric displacement in the normal (z) direction, showing, a) negligible adhesion at 

the AFM tip-sled contact, and b) strong adhesion at the AFM tip-sled contact.  The AFM 

tip approaches the sled surface from negative z values and contacts the sled at z=0 nm.  

At positive z values, the sled is observed (optically) to be moving with the cantilever, 

verifying that the measured friction relates to the sliding of the sled and not the AFM tip.  

In this experiment the 3 sled tips of a square sled (300x300 m2, 6 m thick) contact a 

Fluorine-terminated Silicon surface.  The sled moves linearly with speed 9.5 m/s and 

the experiment is undertaken in ambient atmosphere.  The AFM cantilever has 

calculated spring constants of kz=0.27 N/m and kxT=7.3 N/m.  
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An interesting aspect is that different adhesion is observed in Figure 5.6a and Figure 5.6b 

and arises because the AFM tip is at different locations on the sled  Thus, in this example, 

the adhesion is related to the tip-sled contact and for the sled-substrate interface we can 

only state the adhesion is greater than ~70nN.  In order to measure the sled-substrate 

adhesion minima requires a stronger bonding of the AFM tip to the sled e.g. by gluing.   

 

Figure 5.6 shows that friction forces can be measured in the adhesive load region and the 

non-linear variation of friction with force is consistent with a) adhesion dominated 

friction, and b) only a few asperities (3 in this case) being in contact.  To briefly outline 

these aspects we consider the simplest single asperity model incorporating adhesion, 

namely the Derjaguin-Muller-Toporov (DMT) model for an elastic sphere (radius R) 

contacting a flat,105 in which,  

   
 

 
                                                                                                                 

                                                                                                                                         

where γ is the surface energy and   is the indentation depth.  For adhesion dominated 

friction Ff=   A (Eqn. 5.3), leading to the relation Ff~Fn
2/3 96 within the single asperity 

DMT model and a non-linear variation of friction with load.  An alternative means to 

highlight this aspect is to plot the friction coefficient µ=Ff/Fn, as shown in Figure 5.7.  

For adhesion dominated friction the DMT model leads to the relation     
    

 and 

Figure 5.7a shows the data at low load follows the general trend of decreasing µ with 

increasing load.  The friction measured over a larger load range (Figure 5.7b) shows the 

friction coefficient at first decreasing and then reaching a plateau of µ≈0.09 for loads 

great than ~7µN, consistent with a transition from adhesion dominated friction at low 

load to force dominated friction at high load (see Eqn. 5.3).  These results suggest the 

technique can be useful to study macroscopic interfaces at low load and how friction 
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evolves from few asperity contacts to multiasperity contact,79,106-109  and from adhesive 

dominated friction to load dominated friction.81 

 

 

Figure 5.7 The calculated friction coefficient (s=Ff/Fn) of the sled-substrate contact as a 

function of load.  a) Low load data corresponding to Figure 5.6a.  Data taken in ambient 

on a square sled (300x300 m2, 6 m thick) with the 3 sled tips in contact with a F-Si 

surface, and using an AFM cantilever with calculated spring constants of kz=0.27 N/m 

and kxT=7.3 N/m.  The sled moves linearly with speed 9.5 m/s.  The dashed line shows 

the theoretical single asperity relationship ~Fn
-1/3.  b) High load data corresponding to 

Figure 5.5.  Data taken in ambient on a square sled (300x300 m2, 3 m thick) with the 

flat face (i.e. smooth Si; no tips) of the sled in contact with a mica surface, and using an 

AFM cantilever with calculated spring constants of kz=26.8 N/m and kxT=4109 N/m.  The 

sled moves linearly with speed 0.33 m/s. 
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The present data is too preliminary to justify incorporating more complex modelling59,105-

110 of multi-asperity roughness, capillary condensation and adhesion.  Specifically, the 

data of Figure 5.5 and Figure 5.6 are taken on different sled-substrate interfaces, the 

adhesion minima of the sled-substrate interface has not been measured, and the surface 

roughness of the sled is unknown.  These issues need to be addressed in future studies.   

 

5.4.3 Technique problems 

Figure 5.8 and Figure 5.9 highlight two technical problems to address.  In addition to 

pure translation, as assumed in the above analysis, rotation of the plate can also occur.  

The lateral force components at the sled-substrate interface change for rotational motion 

because the applied lateral force is not parallel to the direction of sled motion.  Figure 5.8 

shows friction data measured in three separate approach force curves in the same 

experiment in which the sled moves over the surface by translation (Curve A), with a 

small rotational “jiggle” superimposed on the lateral translation (Curve B), and with a 

large rotational motion observed (Curve C).  The large step in Curve C shows the sled has 

rotated and then become locked into a state of higher friction during the force curve 

acquisition.  This conjecture is reasonable given that the sled used in Figure 5.8 has 3 

sharp tips contacting the substrate, and if one tip experiences higher friction force than the 

other two tips (e.g. one plate tip is blunt, or one sled tip encounters a surface defect) 

rotation is promoted until all the sled tips slip in translation.  However, Curve B shows 

that distinct steps in a force curve are not a necessary signature of rotation; rotation can be 

present even if the friction curve only changes monotonically with load.  In this regard, 

the experimental observation of sled rotation is limited by the resolution of the optics.   

 



Chapter 5 Friction Measurement on Free Standing Sleds Using AFM  
 

110 

 

 

 

Finally, if many asperities are in contact at the plate-substrate interface, the force Fn is 

distributed across the entire interface, as implicitly assumed above in deriving Eqn. 5.2.  

However, at low load (nano-Newton range) very few asperities may be in contact, even if 

the surfaces are rough.79,90,111  

 

In our experiments the sample plates (sleds) are specially constructed such that on one 

face of the plate only 3 tip asperities contact the substrate.  In cases having very few 

asperities in contact, the loading of each asperity depends on the location of the normal 

force applied by the AFM tip.  In turn, the different loading of each asperity may 

critically influence the friction force at the asperity and hence the lateral motion of the 

plate.  Figure 5.9a shows schematically the loading of a plate having three tips located at 

Figure 5.8 Approach force curves showing qualitative effects of sled rotation during 

data acquisition.  Observation shows the measured friction relates to the sliding of the 

sled and not the AFM tip.  Curve A) the sled moves linearly.  Curve B) some 

rotational jiggle is observed superimposed on the linear movement of the sled.  Curve 

C) a large rotational movement occurred during data acquisition giving a step jump in 

the friction force.  In this experiment the 3 tips of a square sled (300x300 m
2
, 6 m 

thick) contact a F-Si surface in ambient atmosphere.  The AFM cantilever has 

calculated spring constants of kz=0.27 N/m and kxT=7.3 N/m.   
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(x1, y1), (x2, y2), and (x3, y3), and a normal force P acting at the location (x0, y0). The 

reaction forces F1, F2 and F3 of the 3 plate tips can be written,   

   
                             

                             
                                                                                   

     

   
                             

                             
                                                                                    

      

   
                             

                             
                                                                                     

  

Equation 5.13 shows that in general the force acting on each plate tip is not the same, 

although special cases can be constructed.  For example, if the 3 plate tips are placed 

equidistantly on a circle and the normal force acts in the centre of the circle, as shown in 

Figure 5.9b, the reaction forces of the 3 plate tips are equal,  

          
 

 
                                                                                                               

 

 
 

Figure 5.9 Schematics showing the loading of 3 tips () of a plate by a point force 

applied at position P(xo,yo).  The force on each plate tip (F1, F2, F3) depends on the 

location at which the AFM tip exerts the load.  a) In the general case, the force on each 

plate tip is not equal.  b) A special case occurs if the AFM tip applies the force equidistant 

between the 3 plate tips, giving an equal load on each plate tip.   



Chapter 5 Friction Measurement on Free Standing Sleds Using AFM  
 

112 

 

Thus, it may be important to understand the load distribution in cases involving a few 

asperities in contact e.g. for plates in contact at ultra-low load.79,107   

 

5.5 Conclusion  

In conclusion, we have introduced and demonstrated a method to measure friction on a 

small, microfabricated sled by controllably bringing an AFM tip onto the structure.  The 

measurement principle has been demonstrated, but considerable refinement is required to 

produce reliable instrumentation as there remain many technical issues.  For example, the 

effects of sled-substrate velocity and loading position may influence the measured friction 

force and need to be further evaluated; often the AFM tip moves across the sled before 

plate motion occurs; rotation of the sled can be observed, suggesting local regions of the 

sled-substrate contact experience much higher frictional force; if very few asperities are 

in contact at the plate-substrate interface, the force acting on each asperity depends on 

where the AFM tip load is applied, which must also yield different friction forces acting 

at the asperity.   

 

Engineering solutions are possible for all these concerns.  Sample rotation can be 

monitored optically at high resolution and corrected by suitable analytical modelling.  

Note that at a fundamental level there is no difference between using low or high 

resolution optics.  Provided one can visualize the relative motion of the sliding bodies one 

can apply the method to measure the dynamic friction.  What is greatly helped by 

improved or high resolution optics is at the practical level.  Not only are the relative 

motions easier to observe, but smaller rotational movements would be resolved leading to 

improved correction analysis, and smaller scan sizes could be used, leading to weaker 

topography effects coupling into the friction signal.  For dry sliding conditions, using an 

AFM combined with a scanning electron microscope (SEM) would be advantageous.112  
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The problem of slipping of the AFM tip could be arrested by a tacky or very rough 

tip-plate contact, or perhaps using special AFM tips.  In this regard the use of colloid 

probe tips could be particularly important as the technology offers the advantages of 

decreasing the tip compliance, enhancing friction sensitivity through a large effective tip 

height, and increasing the tip-plate contact area to promote adhesion and make sliding 

more difficult at low load.  Stronger tip-plate adhesion may also allow the important 

adhesion minima data of the plate-substrate interface to be measured.  The difficultly of 

accounting for localised plate load when few asperities contact could in principle be 

overcome by optically monitoring the relative position of the AFM tip and using this 

information to amend the calculated friction forces.  However, such an approach would 

not be viable for a randomly distributed asperity contact.   

 

Notwithstanding the technical issues, we believe the approach has general application 

to measuring friction on small, free standing objects.  For example, experiments also 

showed the ability to place the AFM tip onto small samples of Aluminium foil and 

paper on mica, and subsequently to move the samples laterally (data not shown).  

Further. the method bridges the nano-Newton to micro-Newton force range for 

tribology studies and allows low load measurement of macroscopic structures e.g. 

microfabricated plates.  Our preliminary results suggest these attributes enable the 

technique to study interesting tribology questions, such as the evolution of friction 

from few asperity, adhesive dominated sliding to multiasperity, load dominated 

friction.   
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Chapter 6  Testing of Sleds  

 

6.1 Introduction  

This chapter presents experimental results for the vibration and actuation of thick sleds.  

Only selected data is shown to highlight particular aspects as the amount data collected is 

large.  Vibrometer results on ultrathin sleds are not presented because the data is not 

convincing, the mode shapes are not easily observed and the noise levels from the 

substrate signal are relatively high because not much light is scattered back from the sled. 

 

Section 6.2 presents vibrometer spectrums and mode shapes for circular and square sleds 

still attached to the process chip by spring legs.  The results are compared to the FEM 

simulations of Chapter 4 with particular emphasis on the free sled modes because these 

modes act as a reference within the multitude of observed modes.  Section 6.3 is similar 

but shows data for sleds which have been placed on a surface.   

 

The actuation of sled movement across a surface proved to be difficult to achieve in any 

consistent manner, and section 6.4 shows and discusses our results to date.  Actuation 

data for sleds on mica, FDTS coated silicon (F-Si), and graphite are summarized.  The 

magnetic actuation proved too weak to move the sleds, thus all results showing significant 

sled movement were taken using PZT actuation.  Video movies of sled motion are 

available in the supplementary materials. 

 

 

 

For ease of reading, we label the sleds discussed as follows.  
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 Sleds for PZT actuation across a surface : These circular sleds are labelled the C series.   

C1, 300 m diameter, 3.3 m thick, used on mica.    

C2, 300 m diameter, 3.3 m thick, 30µm magnetic particle, used on mica.  

C3, 300 m diameter, 3.3 m thick, 10nm gold on back side, used on F-Si.   

C4, 300 m diameter, 3.3 m thick, 10nm gold on back side , used on graphite.   

C5, 300 m diameter, ~4 m thick, 10nm gold on back side, used on F-Si.   

 

Sleds for magnetic actuation in vibrometer studies : These sleds labelled as the D series.   

D1, 300 m diameter, 3.3 m thick, ~60µm magnetic particle.   

D2, 300 m diameter, 3.3 m thick, ~60µm magnetic particle.   

D3, 300 m diameter, 3.3 m thick, ~80µm magnetic particle, one tip blunt.   

D4, 300 m diameter, 4 m thick, ~60µm magnetic particle, 4nm gold on back side.   

D5, 300 m square, 4 m thick, 40µm magnetic particle.   

D6, 300 m square, 4 m thick, 70µm magnetic particle.   

 

6.2 Vibration of sled attached to the chip 

 

6.2.1 Vibrometer results: Circular sleds with magnetic actuation  

The sleds D1 to D4 are characterized with the particles magnetized at 1.4 T.  Firstly, the 

spectrum is taken.  The PSV laser spot is focused at different locations on the sled and the 

PSV output recorded as the frequency is swept (Figure 6.1).  Vibration resonance 

frequencies are observed and the actuation driving voltage can be increased, to raise the 

resonance peaks above the noise floor, or decreased, to prevent signal clipping e.g. Figure 

6.1 compares spectra for 2V and 20V solenoid drive voltage.  The spectra can be 

compared at different locations (e.g. Figure 6.1 compares the centre of the sled with one 
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of the tips) but it is much more useful to simply use the spectra to find a resonance 

frequency (fo) and then map the mode shape over the entire sled, as shown below.  The 

spectra taken at different locations are entirely consistent with the mode shape results 

(data not shown) but the amplitude of the spectrum data can vary greatly depending on 

the quality of the backscattered laser signal at a specific location.  Mapping the mode 

shape is also faster and ultimately provides easier interpretation. 
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Figure 6.1 Frequency spectra of sled D1.  Drive voltages of 2V pk-pk (Top) and 20V pk-pk 

(Bottom) are compared over the centre (right) and a tip (left) region. 

 

 

Tables 6.1 and 6.2 show the mode shapes measured for sleds D4 and D1, respectively.  

The images are snapshots at the phase of the oscillation where the maximum (red) and 

minimum (green) occur.  Note that the color scheme for the PSV is limited and the colour 

red (or green) will be assigned for the maximum (or minimum) irrespective of the real 

amplitude of the oscillation.  Therefore, to compare the magnitude of the different modes, 

the value of the oscillation amplitude range is also shown.   
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In mode shape acquisition, specific areas of the surface can be localized for measurement 

and Table 6.1 shows two groups of images.  The first group (labelled “sled”) shows only 

the area of the sled plate.  The second group (labelled “sled and chip”) shows a larger area 

including the sled surroundings.  This feature is useful because the vibrometer 

measurement at each individual point is surface related.  If strong scattering occurs near 

the legs or edge of the sled then false displacement contrast in the mode image may be 

produced.  Typically a false image can be generated if the maximum displacement of the 

sled is less than ±70pm.  

 

Table 6.1 List of the first 11 measured experimental modes, in sequence of increasing 

resonance frequency (fo in kHz), for the sled D4 (300m diameter, 3.9m thick) still 

connected to the chip.  The voltage used to drive the actuation and the maximum 

measured amplitude range is shown.  The data labeled “sled” shows measurement defined 

only over the sled, whereas the “sled and chip” data shows a measurement area over the 

sled and surrounding chip.  The label “mode” is the mode number for the corresponding 

FEM simulation for a circular sled (Figure 4.17) with 2 legs and an attached off-centre 

particle, with the calculated fo in kHz shown in red.  The legs are perpendicular in the 

vertical direction.   

FEM 

fo kHz 

[mode] 

fo (kHz) 

(Volts) 

Range 

 

Sled 

 

Sled and 

chip 

FEM 

fo kHz 

[mode] 

fo (kHz) 

(Volts) 

Range 

 

Sled 

 

Sled and chip 

 
 

 

  

 

fo=408 

[5] 

1
st
 free 

 

370 

(10V) 

±1nm   

 

 

[1] 

 

3.4 

(2V) 

±24nm   

 

fo=394 

[4] 

2
nd

 free 

 

396 

(10V) 

±600pm   

 

not in 

FEM 

 

22 

(2V) 

±4nm   

 

fo=594 

[6] 

 

445 

(10V) 

±600pm   

 

not in 

FEM 

 

33 

(2V) 

±12nm   

 

not in 

FEM 

 

582 

(10V) 

±700pm   

 

not in 

FEM 

 

48 

(2V) 

±1.4nm   

 

fo=879 

[7] 

3
rd

 free 

 

772 

(10V) 

±300pm   

 

fo=264 

[3] 

 

101 

(2V) 

±50nm   

 

not in 

FEM 

 

932 

(10V) 

±700pm   
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Table 6.2 List of the first 16 measured experimental modes, in sequence of increasing 

resonance frequency (fo in kHz), for the sled D1 (300m diameter, 3.3m thick) still 

connected to the chip.  The voltage used to drive the actuation and the maximum 

measured amplitude range is shown.  The data labeled “sled and chip” shows a 

measurement area over the sled and surrounding chip.  The label “mode” is the mode 

number for the corresponding FEM simulation for a circular sled (Figure 4.17) with 2 

legs and an attached off-centre particle, with the calculated fo in kHz shown in red. The 

legs are perpendicular in the vertical direction.  

FEM 

mode 

FEM 

fo (kHz) 

 

fo (kHz) 

(Volts) 

Range 

 

Sled and chip 
FEM 

mode 

FEM 

fo (kHz) 

 

fo (kHz) 

(Volts) 

Range 

 

Sled and chip 

 

1 

 

32 

 

 

33.6 

(2V) 

±30nm 
 

 

not in 

FEM 

 

 

 

274 

(9V) 

±1.2nm 
 

 

2 

 

 

56 

 

 

50 

(9V) 

±600pm 
 

 

5 

1
st
 free 

 

345 

 

 

319 

(9V) 

±2nm 
 

 

not in 

FEM 

 

 

 

69 

(9V) 

±2nm 
 

 

4 

2
nd

 free 

 

333 

 

 

 

324 

(9V) 

±3nm 
 

 

not in 

FEM 

 

 

 

83 

(9V) 

±250pm 
 

 

not in 

FEM 

 

 

 

434 

(9V) 

±6 nm 
 

 

Similar 

to [3] 

 

 

 

 

108 

(9V) 

±260pm 
 

 

not in 

FEM 

 

 

 

528 

(9V) 

±240pm 
 

 

Similar 

to [3] 

 

 

 

 

144 

(9V) 

±240pm 
 

 

6 

 

503 

 

 

610 

(9V) 

±120pm 
 

 

Similar 

to [3] 

 

 

 

 

170 

(9V) 

±250pm 
 

 

not in 

FEM 

 

 

 

648 

(9V) 

±260pm 
 

 

Similar 

to [3] 

 

 

 

 

251 

(2V) 

±7nm 
 

 

8 

 

805 

 

 

905 

(9V) 

±600pm 
 

 

Tables 6.1 and 6.2 can be compared with corresponding FEM simulations (Figure 4.17) 

by matching the mode shapes.  The resonance frequencies (fo) of matching modes are also 

compared. The FEM frequencies are calculated based on the SEM measurement of the 



Chapter 6 Testing of Sleds  
 

119 

 

sled thickness (3.3m or 3.9m).  Note that we cannot compare the amplitude of the 

modes as this information is not available from the FEM modelling.   

 

The first observation is that many additional experimental modes arise than predicted by 

the FEM modelling, particularly at low frequency.  The additional peaks no doubt occur 

because real devices are not symmetric and defect free as in the simulated case.  

Nevertheless, many of the modes predicted by FEM are also observed in the experimental 

data.  Although the mode details can be slightly different, overall the experimental and 

simulation mode shapes are comparable; the 2nd free plate mode (listed as mode 4) even 

shows a distortion along the leg direction as predicted for a sled with attached particle 

(Figure 4.17, mode 4).  The predicted and experimental frequencies (fo) are in reasonable 

agreement for the low modes (1st and 2nd free modes) but diverge considerably (by ~100 

kHz  or ~20%) for higher modes.  The experimental data also confirms that the thicker 

sled (D4, Table 6.1) has higher sled resonances for the 1st and 2nd free plate modes 

compared to the thinner sled (D1, Table 6.2).  However, we again observe this is not the 

case for higher modes.  The reason for the divergence at high mode number is not known.   

 

The frequency of the 2nd free mode (listed as mode 4 in Tables 6.1 and 6.2) does not fall 

below that of the 1st free mode (listed as mode 5), as predicted by FEM (Figure 4.17).  

However, this is simply because the details of the real particle added to the sled differ 

from the simulation.  What is entirely satisfactory is the frequency of the 2nd free mode 

has dropped considerably compared to a sled with no particle (compare mode 2 in Figures 

4.14 and 4.15); and this is the major point to note. 
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6.2.2 Vibrometer results: Square sleds with magnetic actuation 

Table 6.3 shows mode shape measurements on a square sled (D6).  In this example, the 

experiment matches the FEM simulation very well.  The 3rd free mode shape (labeled 

mode 5) has lower frequency than the 2nd free mode shape (labeled mode 6) as predicted 

in FEM by the addition of the spring legs (Figure 4.12).  The experimental frequency of 

the 3rd free mode (374 kHz) is lower than the predicted FEM value (461 kHz), but this is 

expected because this mode (and also mode 3) is strongly influenced by a particle located 

in the centre of the sled, which considerably lowers the frequency (Figure 4.15).  The 

other sled modes have a node located in the central region and thus their experimental 

values of fo are very close to the predicted FEM values, if the thickness is taken as 4.8m.  

Using an improved value for the thickness of 4.8m, as opposed to the SEM value of 

4m, is entirely reasonable given the uncertainty in determining sled thickness across the 

entire structure using SEM. 

 

6.2.3 Factors influencing the PSV measurement  

Inevitably, variance in sled fabrication will occur (e.g. changes of the leg dimensions in 

the lithography step, differences in sled thickness in the etching step) and influence the 

measured resonance modes.  Device reproducibility is the key to minimize this 

uncertainty.  It is also important in the fabrication to fully open / remove any material in 

the back side release hole underneath the sled plate and legs. 

 

Spectra were also measured in vacuum and compared to similar ambient experiments.  A 

typical quality factor (Q) for a resonance is Q ≈ 200 e.g. see Figure 6.1.   The signal to 

noise level in vacuum is slightly better than in ambient but the improvement is very small.  

Therefore, for sleds still attached to the chip, it is preferable to simply undertake 
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experiments in ambient.  The situation changes when a sled is placed on a surface because 

squeeze damping becomes significant (section 6.3.4). 

 

Table 6.3. List of the first 8 measured experimental modes, in sequence of increasing 

resonance frequency (fo), for the sled D6 (300 m square, 4m thick) still connected to 

the chip.  The voltage used to drive the actuation is 9V for all data and the maximum 

measured amplitude range is shown.  The measurement area is over the sled and 

surrounding chip.  The label “mode” is the mode number for the corresponding FEM 

simulation for a square sled with 2 legs but no attached particle, with the FEM calculated 

values of fo shown in red for two different sled thicknesses.  The heavy line shown in 

mode [3] shows the leg orientation.  

  

 

Mode 

FEM 

mode shape 

FEM 

fo kHz 

 

t=4.0m 

FEM 

fo kHz 

 

t=4.8m 

Measured 

fo (kHz) 

 

Range 

Measured mode 

shape 

 

[3] 

 

 

183 

 

220 

 

87.8 

 

±24nm 
 

 

Similar 

to [3] 

 
 

 

 

 

 

105 

 

±4nm 

 

 

Similar  

to [3] 

 
 

 

 

 

 

125 

 

±800pm 
 

 

[4] 

1
st
 free 

 

 

254 

 

305 

 

300 

 

±2nm 
 

 

[5] 

3
rd

 free 
 

 

384 

 

461 

 

374 

 

±1.6nm 
 

 

[6] 

2
nd

 free 
 

 

466 

 

561 

 

549 

 

±1.2nm 
 

 

[8] 

 
 

 

643 

 

772 

 

732 

 

±4nm  
 

 

Magnetic actuation is sensitive to the particle magnetization direction and the particle size. 

The diameter of the magnetic particles tested varied from 30µm to 80µm.  We found the 
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particle size must be ≥60µm and the particle magnetization field must be ≥1.0 T, and 

preferably ≥1.4 T, in order to generate a clear free mode shape.  If either condition is not 

fulfilled, free mode shapes cannot be observed due to the small magnetic force exerted. 

 

 
Figure 6.2  PSV spectra taken with a lockin amplifier on a square sled attached by 2 legs 

showing the effect of the particle magnetization direction on the resonances measured in 

the centre of the sled.  a) The particle is magnetized along the plane of the sled (x 

direction).  b)  The particle is magnetized at 45o to the surface normal and the plane of the 

sled (x/z direction).  c) The particle is magnetized in the surface normal direction (z).   

 

Figure 6.2 gives a qualitative example of the influence of the particle magnetization 

direction.  If the particle is magnetized in a direction normal to the sled surface (Figure 

6.2c) the excitation of the resonances is much weaker compared to the case of the particle 

magnetized in the plane of the sled (Figure 6.2a); two lower resonance peaks (at 162 and 

323 kHz) entirely disappear.  An intermediate case is shown for the particle magnetized at 

45o to the sled plane (Figure 6.2b). These observations follow because the strongest 

magnetic force is generated for particle magnetization in the plane of the sled, which 

creates a torque perpendicular to the sled plate.  
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6.2.4 PSV measurement using PZT actuation  

Magnetic actuation was used extensively in PSV characterization because PZT actuation 

of the sled proved difficult to interpret.  Figure 6.3 shows an example of spectra measured 

at different locations on a 300 µm diameter, ~ 4µm thickness sled (D4) with PZT 

actuation.  There is a large noise peak from the substrate at around 230 kHz but the other 

peaks (labeled a-e) are related to the sled.  The frequency of all the peaks is less than 300 

kHz.  From the FEM simulation, the free plate modes of a ~4µm thick, 300µm diameter 

sled are above ~300 kHz. Thus it appears all the peaks of Figure 6.3 are related to the 

modes of the spring leg, not to the free plate modes. 

 

 

Figure 6.3 Frequency spectra measured using PZT actuation (50V) for a ~4 µm thick, 

300µm diameter circular sled (D4). The measurement locations are shown in the inset.   

This result gives an indication that one difficulty in PZT actuation is the spring legs 

cannot effectively transfer vibration energy to the sled during actuation.  To excite a plate 
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mode, it is best to directly exert a force onto the sled plate and thus the magnetic actuation 

is a more suitable method. 

 

6.3 Vibration of sleds on surfaces  

After mode measurements (section 6.2), sleds from the D series were broken from the 

chip and dropped onto a clean mica or F-Si surface such that the tips of the sled are in 

contact with the surface. The mica or F-Si is then stuck to the actuation stage using Blu-

Tack or double sided tape. We prefer using Blue-Tack as the adhesive because it is much 

easier to detach the mica or F-Si surface, which is important to avoid displacing the free 

standing sled resting on the surface.   

 

The out-of-plane vibration modes are then measured using the PSV vibrometer and 

compared with the FEM simulation for a sled in contact with the surface (section 4.3.3.2).  

Magnetic actuation is used to measure circular sleds on mica (section 6.3.1), square sleds 

on mica (section 6.3.2), and circular sleds on F-Si (section 6.3.3).  Both magnetic and 

PZT actuation is used for studying circular sleds on F-Si in vacuum (section 6.3.4). 

 

6.3.1 Vibration of a circular sled on mica with magnetic actuation  

The sleds D1 and D2 are placed on freshly cleaved mica and the mode shapes taken in 

ambient are shown in Table 6.4 for D1 and Table 6.5 for D2.  It is clear that the mode 

amplitudes are much smaller than comparable data taken when the sleds were suspended 

on the chip e.g. compare with Table 6.2 for sled D1.  The decrease in amplitude, 

presumably because some modes are now constrained by contact with the substrate or 

squeeze damping is present (see section 6.3.4), makes it difficult to observe the modes.  

This may be one reason fewer modes are visible.  An alternative, equally valid 
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explanation is the legs are now removed and many of the low frequency modes associated 

with leg movement for a suspended sled (Table 6.2) will disappear. 

 

Table 6.4  Experimental mode shapes for sled D1 (300 m diameter, 3.3 m thick) placed 

on mica with magnetic actuation.  The magnetic driving voltage is 10V for all modes. 

Mode 

Range 

fo kHz 

1 

±900 pm 

95 

2 

±240 pm 

150 

3 

±60 pm 

330 

4 

±100 pm 

415 

5 

±240 pm 

456 

 

     
 

Table 6.5 Experimental mode shapes for sled D2 (300 m diameter, 3.3 m thick) placed 

on mica with magnetic actuation.  The magnetic driving voltage is 10V for all modes. 

Mode 

Range 

fo kHz 

1 

±300 pm 

170 

2 

±80 pm 

344 

3 

±180 pm 

387 

4 

±160 pm 

440 

5 

±1 nm 

510 

 

     
 

In any case, the only known modes correspond to the 2nd free plate mode measured at 330 

kHz for D1 and 344 kHz for D2, and the 1st free plate mode measured at 387 kHz or 440 

kHz for D2 (the oscillation phase for which the snapshot is shown can be ambiguous).  

The experiments for the suspended sled (Table 6.2) show a resonance frequency of ~330 

kHz for the 2nd free mode and ~320 kHz for the 1st free mode, which closely matched the 

corresponding FEM data.  The FEM modeling of a circular sled on a surface (Table 4.6) 

also shows that the resonance frequency should not vary greatly with changes in the tip-

sample interaction stiffness (keff) for the 2nd free mode.  Therefore the measured 

resonance frequencies of the 2nd free mode for D1 and D2 on mica are in reasonable 

agreement with those predicted from the FEM simulation and from the suspended sled. 
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There is less agreement for the 1st free mode (i.e. ~320 kHz compared to ~390 kHz or 

~440 kHz) but we note that the 1st free mode is the only circular plate mode for which the 

resonance frequency changes considerably when placed on a surface (see Table 4.6). The 

difference between experiment and simulation suggests the tip-substrate interaction (keff) 

used in the FEM simulation should be even greater than 300 N/m.   

 

The experiments also verify the onset of several low frequency modes (95 kHz and 150 

kHz for D1, 170 kHz for D2) as predicted in the FEM study (Table 4.6, Figure 4.19), 

although it is not possible to directly compare the resonance frequencies because of the 

presence of the particle on the sled.   

 

Table 6.6 The variation over time in resonance frequency for the modes having 1st and 2nd 

free plate mode shape observed during experiments on the sled D2 on mica.  

Experiment 2nd free mode shape 1st free mode shape 

 
1st 

 

390 kHz 
±70pm 

 
 

480 kHz 
±400pm 

 
 

 
2nd 

344 kHz 
±80pm 

 
 

440 kHz 
±160pm 

 

 

3rd 360 kHz 

 

468 kHz 

 
 

 

The agreement between the different sets of results is encouraging.  However, some 

qualifications should be noted.  The FEM simulation predicts the mode shape for the 

circular sled should be almost distortion-free (Figure 4.19) but this is clearly not the case 

experimentally (Tables 6.4 and 6.5). Also, the simple interaction model using keff predicts 

relatively small changes in resonance frequency as keff varies (Table 4.6). However, Table 

6.6 shows a sequence of almost identical experiments on sled D2.  The frequency of the 
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1st and 2nd free mode shapes clearly vary significantly (around ~10%). This could be due 

to changes in tip geometry or location on the surface, but in this example it is highly 

probable changes in keff arise from the variation over time of tip-sample capillary 

adhesion because water adsorbs readily on mica exposed to ambient. 

 

6.3.2  Vibration of a square sled on mica with magnetic actuation  

Experimental mode shapes for a free standing square sled (D6) on mica are summarized 

in Table 6.7.  Many relatively large amplitude (nm) resonances are observed but none 

correspond to a free plate mode shape. Note that free plate modes were clearly measured 

at 300 kHz, 374 kHz and 549 kHz for this sled when suspended (Table 6.3).   

 

Table 6.7 Mode measurement for the sled D6 (300µm square, 4µm thick) on mica.  The 

approximate positions of the 3 tips are shown as circles.  The solenoid driving voltage is 

6V for all modes.   

Mode 

Range 

fo kHz 

1 

±2nm 

96 

2 

±1.8nm 

123 

3 

±2nm 

181.6 

4 

±540pm 

202 

5 

±2nm 

246 

 

     
Mode 

Range 

fo kHz 

6 

±1.2nm 

265 

7 

±500pm 

303 

8 

±1.4nm 

344 

9 

±1.2nm 

405 

 

 

    

 

 

The results emphasize the importance of the tip positions and suggest the effective tip 

stiffness is high (keff >>300 N/m).  Unlike the circular sled with tips near the 

circumference, the FEM simulation of a square plate in contact (Table 4.5) shows that for 

the tip locations chosen for the manufactured sleds, the mode shapes are distorted if keff is 

300 N/m.  In the simulation the free plates modes will still retain some symmetry even for 
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keff=300N/m, but the experimental data does not support this and indicates the tips have 

entirely disrupted the free plate modes.  Square plates fabricated in future will need to 

more carefully consider the location of the tips with respect to mode shape.   

 

6.3.3 Vibration of a circular sled on F-Si with magnetic actuation  

The sleds D3 and D4 are placed on F-Si and the mode shapes taken in ambient. Data is 

shown in Table 6.8 for D3 and Table 6.9 for D4. Unfortunately, the results are 

inconclusive because free plate modes cannot be clearly assigned.   

 

There are indications of a symmetric mode at 777 kHz for D4 (Table 6.9) but this 

frequency is far too high to be the 1st free mode, which occurs at 370 kHz for the same 

sled when suspended (Table 6.1). The resonance at 777 kHz must be a new mode.  

Further, the results do not show a 2nd free mode resonance near ~400 kHz, which is 

puzzling because this mode was clear for circular sleds on mica.   

 

Table 6.8 Mode measurement for the sled D3 (300µm diameter, 3.3 µm thick) on F-Si.  

The approximate positions of the 3 tips are shown as circles. The solenoid driving voltage 

is 10V for all modes.   

Mode 

Range 

fo kHz 

1 

±6 nm 

57 

2 

±7 nm 

142 

3 

±700 pm 

174 

4 

±9 nm 

239 

 

    
 

For the sled D3 (Table 6.8), the resonance at 174 kHz may possibly be the 2nd free mode.  

Although the frequency is very low, this sled has a much larger particle attached (~3 

times more mass) and the additional mass will drop the frequency of the 2nd mode 

considerably (Figure 4.15). The larger magnetic volume also explains the larger 

oscillation amplitudes observed for sled D3.   
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Table 6.9 Mode measurement for the sled D4 (300µm diameter, 4µm thick) on F-Si. The 

approximate positions of the 3 tips are shown as circles.  The solenoid driving voltage is 

10V for all modes.  

Mode 

Range 

fo kHz 

1 

±200 pm 

66 

2 

±400 pm 

191 

3 

±200 pm 

255 

4 

±400 pm 

293 

 

    

Mode 

Range 

fo kHz 

5 

±400 pm 

315 

6 

±90 pm   

570 

7 

±200 pm   

777 

8 

±130 pm   

887 

 

    
 

The underlying reason why the results on F-Si are less clear than comparable data taken 

on mica is unknown. One possibility is the experiments are more difficult on F-Si because 

the sled backscatter signal in the PSV is much weaker on F-Si substrates compared to 

mica, leading to poorer contrast in the mode images for sled D4. For sled D3 the 

displacement signals are large but one of the tips was found to be very blunt (Figure 6.4).  

One could speculate that the resulting strong tip-surface contact could greatly distort the 

mode motion. This explanation is tenuous because sled D4 was also imaged in SEM and 

all the tips were found to be sharp, yet the mode images remain poor. The sled 

displacement could also be much lower because of squeeze damping between the sled and 

the substrate, and this possibility is studied by placing the sled D4 under vacuum.   

 

 

Tip 1 Tip 2 Tip 3 

Figure 6.4  SEM images of the tips of sled D3 taken just before placing on a F-Si 

surface.   Tip 1 is noticeably blunt.   
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6.3.4 Vibration of circular sled D4 on F-Silicon in vacuum  

The sled D4 on F-Si, as used in section 6.3.3, was placed under vacuum and the mode 

shapes taken using both magnetic and PZT actuation. 

 

 
Figure 6.5 Spectrums taken at approximately the same location on sled D4 (300 m 

diameter, 4 m thick) placed on F-Si under different conditions.  a) Taken in ambient 

using magnetic actuation.  b) Taken in vacuum using magnetic actuation.  c) Taken in 

vacuum using PZT actuation.  d) Taken on the F-Si substrate in vacuum using PZT 

actuation.   

 

Figure 6.5 compares some representative spectra taken over approximately the same 

location on the sled under the different actuation and environmental conditions. 

Compared with the spectra taken in ambient (Figure 6.5a), the widths of the resonances 

are significantly narrowed under vacuum (Figure 6.5b). For a sled still attached to a chip 

there is no significant change in the spectrums when vacuum is applied (section 6.2.3), 

and thus the results of Figure 6.5a and Figure 6.5b indicate a squeeze film effect is 

present when measurements are undertaken in ambient conditions. This is not surprising 
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because the tip height is less than ~4 m, giving only a small gap between the sled plate 

and the substrate.  Note that Figure 6.5a is a rather extreme example with a quality factor 

of only Q~20, whereas in ambient the Q value can be much larger. 

 

Table 6.10 Vacuum measurement of modes for sled D4 (300µm diameter, 4µm thick) on 

F-Si using magnetic actuation.  Note that the mode numbers have been assigned to similar 

modes of the corresponding ambient data (Table 6.9) or labeled as new modes that appear.  

The solenoid driving voltage is 10V for all modes except for 59 kHz which uses 3V.  The 

approximate positions of the 3 tips are shown as circles.   

Mode 

Range 

fo kHz 

new 

±2.7 nm 

59 

new 

±300 pm 

86 

2 

±80 pm 

171 

3 

±2.4 nm 

262 

 

    

Mode 

Range 

fo kHz 

4 

±2.4 nm 

300 

new- 1
st

 free 

±500 pm 

517 

7 

±2.4 nm   

750 

8 

±140 pm   

880 

 

    
 

Table 6.10 shows experimental mode shapes under vacuum using magnetic actuation.  

Comparing the results to the corresponding experiments undertaken in ambient (Table 6.9) 

we note that some of the mode shapes (modes 3 and 7) are much clearer to observe, with 

a marginal visual improvement in other modes (modes 4 and 8).  This is because the 

mode amplitudes are an order of magnitude higher under vacuum for the same actuation 

conditions.  Interestingly this is not the case for modes 2 and 8, which have small 

amplitude in vacuum and ambient.  Clearly only some modes benefit from the lowered 

damping and this appears to be associated with the position of the tips.  For example, 

modes 2 and 3 appear the same shape but there is a subtle difference.  Two of the tips of 

mode 2 are on a node line and this clearly restricts the out-of-plane sled motion.  In 
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contrast, mode 3 has only 1 tip on a node line.  Similar conclusions can be drawn by 

comparing the modes at 59 kHz with 86 kHz, and mode 7 with the mode at 517 kHz.   

 

The lower damping conditions allow new modes to be observed and Table 6.10 shows the 

new mode at 517 kHz is similar to the 1st free plate shape. This mode was measured at 

370 kHz in the suspended structure (Table 6.1) but the 1st free mode can also stiffen and 

have a large increase in resonance frequency if the tip-substrate interaction keff is high 

(Table 4.6). The FEM simulations (Table 4.6) predict a ~7% increase in frequency for 

keff=300 N/m whereas the experimental data shows a ~31% increase, implying the tip-

substrate interaction is much more influential than the simulation would suggest. We 

again note that the 2nd free mode is not observed, and the reason for this is not clear.   

 

Data for PZT actuation is now presented. Figure 6.5c shows a spectrum taken on the sled 

under PZT actuation. The resonance amplitudes are an order of magnitude larger than the 

magnetic actuation case (Figure 6.5b). However, the PZT spectra is significantly noisier 

with many small vibration peaks.  Most of these peaks (if not all) are simply the substrate 

motion (Figure 6.5d) and it is therefore very difficult to assign any peak to a mode solely 

arising from a sled mode. 

 

Table 6.11 shows experimental mode shapes under vacuum using PZT actuation. The 

substrate displacement is shown in addition to the sled displacement because the substrate 

movement serves as a reference for the magnitude of the PZT actuation. 

 

The modes are different to those observed using magnetic actuation (Table 6.10).  There 

is no indication of a 1st free plate mode, whereas the 2nd free mode shape (labeled as mode 

4) now becomes observable under high PZT actuation voltage, with a resonance 
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frequency (404 kHz) comparable to that measured for the suspended structure (396 kHz, 

Table 6.1). FEM simulations (Table 4.6) show that the 2nd mode frequency will not 

change appreciably when a sled is placed on a surface.  This result shows the modes 

measured using the suspended structure approach can indeed be related to the free 

structure on a surface, provided the actuation is sufficiently strong.   

 

Three of the new modes observed (1, 2, and 7) appear to represent the entire plate simply 

being displaced vertically off the surface.  The displacement of these modes is large and 

can be used for lateral actuation of plate motion, as will be discussed later.  Modes 5 and 

6 are also new but there is no understanding of the origin of these modes because we lack 

a detailed study of PZT actuation.  Future research needs to describe the coupling of the 

substrate motion through the tips and to the plate, similar to studies on friction reduction 

induced by the ultrasonic vibration of surfaces.113-115 

 

We now note an important observation. In all the results presented previously using 

magnetic actuation we did not observe any significant lateral movement of the sled 

across the surface during the PSV measurements. The situation is different for PZT 

actuation.  During the first spectrum measurement, the sled was observed to move about 

~30 µm as the frequency was swept before stopping at a scratch on the surface. 

 

Only a large movement of the sled (e.g. greater than ~10 µm) can be clearly determined 

because of the poor optical resolution of the PSV.  Such large movement is essentially 

sled actuation and is discussed in section 6.4, where it is found that repeatable lateral sled 

motion can occur near 177 kHz i.e. at mode 2 in Table 6.11.  Mode 2 has the highest 

amplitude (5 nm with 10V PZT actuation) for sled D4 and it was found that lateral motion 

stops if the substrate amplitude falls below ~1 nm.  Clearly, if the actuation is too small 
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the sled cannot move, irrespective of the mode shape, and reviewing our mode data taken 

using magnetic actuation we find the oscillation amplitudes are typically much smaller 

than ~1 nm.  Thus it is not surprising lateral motion is not observed using magnetic 

actuation;  the vertical displacement is too small.   

 

Table 6.11 Vacuum measurement of modes for sled D4 (300 m diameter, 4 m thick) on 

F-Si using PZT actuation. The approximate positions of the 3 tips are shown as circles.  

Mode Drive voltage 

(V) 

Range 

substrate 

Range 

sled 
fo  kHz  

 

1 

 

10 

 

1.2 nm 

 

±1.1 nm 
 

94 

 
 

2 

 

10 

 

1.1 nm 

 

±5 nm 
 

177 

 
 

3 

 

10 

 

 

1.4 nm 

 

±2.5 nm 
 

221 

 
 

4 

 

46 

 

750 pm 

 

±600 pm 
 

404 

 
 

5 

 

28 

 

1.1 nm 

 

±1 nm 
 

760 

 
 

6 

 

30 

 

130 pm 

 

±90 pm 
 

893 

 
 

7 

 

10 

 

___ 

 

±2.4 
 

935  

 

 

There are examples using magnetic actuation in which large mode displacement occurs, 

such as with a very large particle (Table 6.8) or under vacuum (Table 6.10).  However, 

lateral movement still does not occur because in these cases either two of the tips are 
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located at a node position or only one tip is on a node but the other two tips resonate in 

anti-phase.  Mode 2 under PZT actuation (Table 6.11) shows all three tips moving in 

phase at large amplitude, and lateral motion can be observed.  Thus the tip position and 

relative motion is an additional important condition for successful lateral actuation.  The 

amplitude of the tip displacement should be large enough to overcome the tip-surface 

contact, especially in the presence of adhesion, and at least two of the tips should move 

in-phase.   

 

6.3.5 Conclusions for vibration of sleds on surfaces 

We now summarize some of the important conclusions from this section.  

a) The results qualitatively match the FEM modeling of section 4.3.   

b) The modes measured by the suspended structure approach (section 6.2) can be 

related to the free structure on a surface, provided the actuation is sufficient.   

c) Magnetic actuation is cleaner than PZT actuation but has limited actuation 

displacement.  

d) Tip location is important and can affect the mode shape for sleds on a surface.   

e) The tip-substrate interaction can change the resonant frequency over time.    

f) The modes appear different on mica and F-Si, but the reason remains unknown.   

g) To induce lateral sled motion, the amplitude of the tips should be large enough to 

overcome the tip-surface contact, and at least two of the tips should move in-

phase.   

h) Experiments should be done under vacuum to remove squeeze damping. 

i) PZT actuation needs analysis of the coupling of substrate motion to the sled.   
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6.4 In-plane actuation of sleds on surfaces 

In this section we describe several experiments in which a sled is made to move laterally 

across a surface (mica, graphite or F-Si) using PZT actuation. PZT actuation is used 

because no motion was observed using magnetic actuation (i.e. the actuation force is too 

low). Unfortunately, with PZT actuation, we cannot compare with any theoretical analysis 

and data of the modes is sparse; our only experimental PSV data for a sled is summarized 

in Table 6.11. We will refer to Table 6.11 in our discussion but must note this data may 

not describe the actual sleds used.   

 

Given these limitations, we simply note our observations in section 6.4.1 and 6.4.2, and 

then summarize in section 6.4.3.  Linking the actuation of in-plane motion with specific 

sled modes must await future study.  Further information showing movies of sled motion 

is provided as Supplementary Material.   

 

Circular sleds of the C series (300 µm diameter, 3.3 µm thick) from the same fabricated 

batch are discussed.  Square sleds could also be actuated.  The experiments were mainly 

undertaken using the optical microscope setup (Figure 3.13b) because clear video images 

can be obtained, making it easier to view in-plane motion compared to the PSV setup.  A 

sinusoidal voltage waveform is applied to the PZT, with the frequency and voltage 

adjusted manually. In a typical experiment, the frequency is manually ramped between 

two set frequencies at a constant peak-peak drive voltage.  Lateral actuation of the sled 

can be observed as a sudden onset of rotation or translation as the frequency sweeps 

across a vibration resonance.  If there is no movement, a higher voltage is applied to the 

PZT and the experiment repeated.  Before each test, the sled is gently pushed by a gold 

wire at the sled edge to make sure no stiction occurs.   
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6.4.1 Motion of circular sleds on mica and graphite  

Snapshots from a typical experiment are shown in Figure 6.6 for sled C1 on mica.  The 

frequency is ramped between 384 and 460 kHz.  We find that to actuate sleds on mica, a 

high voltage of 30Vpp is required, presumably because capillary formation occurs readily 

for this tip-substrate combination, thus increasing the adhesion force.  Rotation about one 

tip or rotations of almost 360⁰ are usually observed for sleds on mica.  Small vibrations of 

the sled at a resonance can also be observed as a sudden blurring of the image at a 

particular frequency (file C1_II in the Supplementary Material).   

 

    

62 sec 78 sec 84sec 85 sec 

Figure 6.6  Snapshots taken during piezoelectric actuation (30Vpp sine wave) of the sled 

C1 (300 m diameter, 3.3 m thick) on mica as the frequency sweeps from 384 kHz to 

460 kHz.   

 

Sled C4 could be actuated on graphite at a much lower voltage (5.8Vpp).  In the frequency 

range 320 kHz to 330 kHz, the sled moved to another location on the surface with rapid 

motion, including both translation and rotation.  After this sudden motion, the sled cannot 

be moved at all, even with 34Vpp applied over a broad frequency range.  We hypothesize 

that at least two of the tips become pinned at the graphite step edges.   

 

6.4.2 Motion of circular sleds on F-Si   

The results on F-Si were the most fruitful because the actuation proved to be much easier 

than comparable experiments on mica.  Three circular sleds (C3, C5 and D4) were used 

and often continuous motion of a sled could be achieved, sometimes moving rapidly over 
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millimeter distances on the surface.  The motion could be turned on or off by changing 

the frequency over a narrow range.   

  

Figure 6.7a shows a snapshot of rotational motion as the frequency is swept from 380 

kHz to 360 kHz for sled C3.  The motion can be actuated with voltages as low as 9Vpp 

and occurs only over a small frequency window (<<20 kHz) i.e. near a resonance.  Two 

additional resonances were found between 320 kHz and 380 kHz on which actuation of 

sled C3 occurred.  At ~320 kHz, a large translation was observed and the sled moves out 

of the camera frame to the edge of the substrate (Figure 6.7b).   

 

Figure 6.7 Snapshots taken during piezoelectric actuation (15Vpp sine wave) of sled C3 

(300 µm diameter, 3.3 µm thick) on F-Si.  The frequency is swept from, a) 380 kHz to 

360 kHz, and b) 319.8 kHz to 324.3 kHz.   

 

If the drive voltage is increased to 30Vpp, then further frequencies can be found for 

actuation over an extended range of 280 kHz to 600 kHz.  The observation that sled 

motion is most easily initiated with a frequency in the 300 kHz to 400 kHz range might 

suggest the 2nd free plate mode has been actuated (see mode 4 in Table 6.11).  However, 

the existence of many resonances and an increasing number with increasing PZT 

actuation voltage, implies the motion arises in a manner similar to the ultrasonic lowering 

of friction116-118 rather than a specific free plate mode.   

a)  
 

    
 30 sec 32.3 sec 33.5 sec 35 sec 

b)  

    
 116.1 sec 116.4 sec 118 sec End 
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There also appears to be another special frequency range for easy actuation near 180 kHz 

for all the circular sleds studied.  Previously, a very strong mode at 177 kHz was 

measured in vacuum for sled D4 using PZT actuation (Table 6.11), corresponding to the 

whole plate moving vertically off the surface.  For the sled C3, a smooth translation was 

observed within a narrow frequency range of 180-190 kHz.  The sled moves slowly and 

continuously for several minutes with 15Vpp actuation.  If the sled stops, a slight voltage 

increment sets the sled in motion again.   

 

For the sled C5, translation with rotation occurs within a frequency range of 180-205 kHz 

using 2Vpp actuation.  If the actuation is increased to 9Vpp, the sled suddenly moves a 

large distance out of the camera frame.  The results could be repeated several times.    

 

For the sled D4, actuation occurred over the narrow frequency range 173-177 kHz.  

Initially, the sled translated ~100µm, then stopped momentarily, then moved again or 

rotated.  This behavior continued for some time.  In a following experiment, the sled 

started and then stopped with 15Vpp actuation (corresponding to a substrate displacement 

of ±1nm).  On increasing the actuating voltage to 20Vpp the sled moved but then stopped 

again. We then used 25Vpp and the sled again moved and then stopped.  Eventually the 

sled will firmly adhere to the substrate and we must gently push the device to re-initiate 

motion.  We believe this behavior is related to defects on the surface.  AFM images show 

there are particles and scratches in the FDTS coating.  If a tip hits a defect, the tip can be 

pinned until a larger actuation amplitude is applied or some change in the tip location 

releases the tip.  
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6.4.3 Summary of sled actuation and Supplementary Material   

All 300 m diameter circular sleds could be actuated on mica, F-Silicon, and graphite.  

The actuation occurred over a narrow frequency window and was initiated most easily at 

300 kHz to 400 kHz, or near 180 kHz.  In general, a sled on mica requires a high 

actuation voltage (30Vpp), a sled on F-silicon requires a voltage of 9-15Vpp and a sled on 

graphite requires 6Vpp.   

 

Additional video movies of sled motion are shown in the Supplementary Material and 

some experimental details of each are provided.  Rotation is observed, presumably as one 

of the tips becomes pinned on a surface defect or one of the tips is blunt.  Translation 

across large (mm) distances on a surface could also be observed, showing that the basic 

concept of frequency control of the sled actuation is feasible provided the actuation 

amplitude is sufficiently large.   

 

Often sleds cannot be moved, and must be gently pushed using a wire to initiate 

movement.  Clearly the tips become trapped at surface defects or capillary forces have 

developed at the tips.  Many sleds cannot be actuated even after gently pushing, 

especially after prolonged use, and one must assume tip wear or damage has occurred 

leading to larger tip-surface forces which cannot be overcome even using the largest 

actuation amplitude.  Both of these effects highlight the importance of also having a 

suitable substrate i.e. a smooth, low energy surface with few defects, and low wear and 

friction for the given tip-substrate combination.  In our work, F-Si best fitted these 

attributes and the actuation results indeed showed most promise using F-Si, although 

improvement in the quality of the F-Si coating is needed.  The use of other suitable 

surfaces, such as diamond like carbon, and different tip material, such as silicon nitride, 

should be investigated to improve actuation.   
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Although PZT actuation has been used to show feasibility, the PZT approach is not well 

suited to MEMS applications.  However, we are confident the method of controlled 

friction could be implemented using magnetic or electrostatic actuation, provided means 

can be found to produce sufficient actuation force.  PZT actuation also suffers from 

having many small vibration resonances which may excite sled movement (Figure 6.5c), 

and the exact nature of each resonance depends on unknown tip-substrate coupling, as in 

friction lowering using ultrasonic vibration.116-118 Magnetic or electrostatic actuation of 

only the sled structure offers clear, well defined modes, which is essential for the 

engineering of any practical device.   

 

6.5 Conclusion 

This chapter summarizes the vibrometer measurements of the sled modes and the 

actuation of the sleds.  Both piezoelectric and magnetic actuations are explored, with 

magnetic actuation giving clearer resonance but piezoelectric drive providing stronger 

actuation.  The mode results in ambient and vacuum environment are discussed, with 

squeeze damping effects observed under ambient conditions.  The experimental modes 

are compared with the simulation results, and plate mode shapes are determined (see 

summary in section 6.3.5).  The in-plane movement of free standing sleds was observed 

on different surfaces (mica, fluorine terminated silicon and graphite) under piezoelectric 

actuation and some qualitative conclusions drawn (see section 6.4.3).   
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Chapter 7 Special Cantilevers for Friction Study 

7.1 Ultrathin Cantilevers for AFM Tribology Experiments  

 

7.1.1 Ultrathin levers for friction measurement 

In friction force microscopy (FFM), the AFM tip is in mechanical contact with the 

surface and slides along the surface.  The static deflection in the sliding direction (  ) 

measures the lateral force (FL), and clearly in this static AFM based method        . 

Typically the effective lateral spring constant of the cantilever (     is high, 

usually >>10N/m (see Table 5.1).  Such a high    limits the sensitivity of the FFM 

measurement to high friction force.  This limitation is often of no concern because high 

applied loading and /or high friction coefficient at the solid (tip)–solid (sample) contact 

ensure high friction forces are present.  

 

However, there is a large class of problems in which low friction forces and small 

coefficients of friction are highly desirable.  Indeed, producing very low friction is a drive 

behind much tribology research, including liquid lubrication119,120 and superlubricity6.  A 

good FFM example is the lubrication of a mica surface in the liquid dodecanol59.  With 

the tip in the dodecanol boundary layer, the friction is very low and cannot be measured 

by FFM.  Once the tip pushes through the boundary layer and contacts the underlying 

mica the friction suddenly jumps to a high, measureable value. 

  

To enable measurement of low friction force we propose and demonstrate the use of an 

ultra-thin cantilever used in contact mode AFM.  Typical ultra-thin cantilevers have a 

bending spring constant of            .46 Thus, if the cantilever is orientated 
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perpendicular to the sample surface (Figure 7.1), in the so-called pendulum geometry, the 

force sensitivity in the lateral (friction) direction can be extremely high, enabling ultra-

low friction FFM to be undertaken.  

In the following, aspects of the AFM pendulum geometry are discussed (7.1.1.1), 

including analysis in non-contact mode (7.1.1.2) and the new idea for use in contact mode 

(7.1.1.3),  and a concept of reducing noise by mass loading the end of the cantilever 

(7.1.1.4).  The later topic was proposed and tested by our collaborators at Basel 

University and is briefly introduced because the implementation of the idea greatly 

complicated the microfabrication requirements, as discussed in 7.1.2.  Section 7.1.3 

describes the characterization of the ultrathin cantilevers.   

 

7.1.1.1 Ultrathin levers used in pendulum geometry 

The pendulum structure was first introduced in AFM to allow the measurement of non-

contact forces for scanning near field optical microscopy45, using optical fiber type 

cantilevers.  The geometry was also adopted for ultra-thin cantilevers for magnetic (NMR) 

and electron (ESR) spin resonance AFM46, in which extremely high force resolution is 

required (less than atto-Newton sensitivity) in non-contact operation.  Ultra-thin 

cantilevers are very soft and have excellent force sensitivity;14 however soft cantilevers 

easily jump into contact when the attractive force gradient is larger than the spring 

constant, and thus the pendulum geometry has become common for high force resolution 

non-contact experiments. 121,122  

 

The new aspect we introduce (7.1.1.3) is to operate in contact mode for ultralow friction 

measurement, although the experimental setup is identical to standard pendulum mode 

AFM.  Figure 7.1 shows schematically force microscopy in pendulum geometry.  An 

ultra-thin cantilever is aligned perpendicular to the sample surface.  The cantilever is 
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driven by a piezoelectric dither element to allow non-contact mode control and 

measurement to be undertaken if required.  A bias voltage (V) is applied between the tip 

and sample to compensate the electrical contact potential, which is significant for non-

contact operation.  The sample is mounted on a piezoelectric tube scanner for 

displacement control.  One of the major modifications of a standard AFM is to change the 

orientation of the sample by 90 degree to accommodate the  pendulum geometry.  Our 

collaborators in Basel can conduct experiment at cryogenic temperatures (7k) to further 

minimize noise and increase sensitivity.  

 

 

 

 

7.1.1.2 Analysis of pendulum geometry AFM in non-contact mode14,123   

The most sensitive mode of AFM operation for non-contact force measurement is 

frequency modulation (FM-AFM), and this is also the method adapted in Basel.  Briefly, 

the cantilever is oscillated at a resonance (  ).  Changes in the tip-sample forces shift the 

Figure 7.1 Schematic of the pendulum geometry.  The cantilever response can be 

measured as a function of tip-sample separation (D). 
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resonance frequency by     and    can be measured with high accuracy.  For small 

oscillation amplitudes, a linear approximation is valid and the frequency shift     can be 

related to the tip–sample interaction force (  ).   

       
   

  

                                                                                                                             

where    is the spring constant and   is the length of the cantilever. 

  

The changes in the amplitude of the cantilever can also be monitored and related to the 

change in the tip–sample dissipation forces, such as “non-contact” van der Waals 

friction123.  The dissipative force is defined by Fdiss=Г∙ ν, where ν is the velocity and Г the 

damping coefficient factor, related to the quality factor (Q) as: 

  
  

   
                                                                                                                                         

Ultra-thin cantilevers are excellent to sense force and dissipation because    is small and 

high quality factor can be achieved by use of crystalline Si.  Note that any native oxide or 

surface contamination on pure single crystal silicon can greatly reduce the quality 

factor.124  

 

7.1.1.3 Analysis of pendulum geometry AFM in contact mode 

All previous studies of pendulum geometry AFM use non-contact mode operation.  We 

propose a new technique based on contact mode measurement of low friction forces.  The 

basic ideas turn out to be similar to the contact of a carbon nanotube (CNT) to a surface, 

in which the CNT either bends or buckles as the applied force increases.125-127 Consider 

Figure 7.2 which shows schematically a pendulum type rectangular cantilever in contact 

with a flat surface.  Experimentally it is not possible to have the cantilever exactly 

perpendicular to the surface45,127 and the cantilever will be titled at some small angle φ, as 
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shown.  If the surface is displaced in the surface normal direction (z) the force acting on 

the cantilever tip will be,  

         ;                                                                                                                  

where    is the total force and the subscripts x and z label the force components.   

 

 

The corresponding displacement of the tip is, 

                 ;                                                                                

where    (or   ) is the spring constant acting in the x (or z ) direction.  

 

In the compression (z) direction,  

   
   

 
                                                                                                                                       

whereas   is simply the well known cantilever expression, 

   
 

 

    

  
                                                                                                                                    

Surface 

φ 

z 

x 

z=0 

t 

 

x=0 

Figure 7.2 Schematic showing a cantilever in pendulum geometry and in mechanical 

contact with a flat surface. (a) 
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From Eqn. (7.6) the ratio of the bending (x) to compression (z) is  

  

  
       

   

  
                                                                                                                           

and Table 7.1 shows that for the ultra-thin cantilevers constructed in this thesis, this ratio 

is always very large.  Therefore, practically all the tip movement is in the x direction and 

the cantilever undergoes bending, with curvature  

                                                                                                                                            

as in standard AFM.  An important point is that the above discussion assumes the tip will 

slip over the surface.  This is a reasonable assumption because slip conditions are 

required for any measurement of a friction force and the technique is to be applied to 

systems of very low friction such that pinning is unlikely.  At the other extreme boundary 

condition, the tip is pinned and in addition to bending, buckling can also occur125 

 

Table 7.1 Calculated values of spring constants    and    for the two ultrathin cantilever 

designs. A Young’s modulus of E=170GPa is used.  

 Design 1 Design 2 

Length (µm) 150 150 

Width (µm) 5 5 

Thickness (µm) 0.362 0.67 

kc (N/m) 0.0030 0.019 

kA (N/m) 2050 3790 

          

     

11927 3887 

          

     

59783 17479 

 

Thus in a typical force curve measurement, the piezoscanner moves by a distance z and 

the lateral displacement is identical (x=z) because the tip slides on the surface.  During 

sliding, the lateral force on the tip is a small constant (the friction force). 
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The total force can be found from eqn. (7.4) as             since (x=z).  To measure 

the friction force the AFM is controlled at low gain at a chosen value of force   .  An 

oscillating triangle waveform, at a frequency higher than the control loop feedback, is 

applied to the tip by oscillating in either the x or z directions (         respectively).  

Since        the lateral force is equivalent using either direction, i.e.  

            ;                                                                                                                  

The friction force is then simply the value of   when the tip begins to slide (see Chapter 5, 

equation 5.5)  

 

7.1.1.4 Concept of mass load cantilever 

Analysis of noise and sensitivity in non-contact measurement is complex and reviews are 

provided in the literature128-130.  For a rectangular cantilever oscillating on the first 

(fundamental) resonance frequency   , the minimum force detectable (    ) is limited by 

the thermal noise driving the cantilever, and is given by,  

      
      

   
                                                                                                                   

where T is the temperature, kB  the Boltzmann constant and B is the measurement 

bandwidth.131 

 

The idea of the mass load cantilever is that by adding a mass at the end of the cantilever, 

the cantilever deflection is smaller at high eigenmodes.  A conceptual design, which is 

fabricated, is shown in Figure 7.3.   

The thermal vibration amplitude is also reduced at the higher harmonics.  This is 

demonstrated in Figure 7.4 showing a simulation of the eigenmodes of a 150nm thick 

cantilever.  

  



Chapter 7 Special Cantilevers for Friction Study 
 

149 

 

 

 

 

 

 

 

 

 

 

 

 

Top and side view of the cantilever 

(the dimensions are shown in microns ) 
 

Top view of the Si-chip design 

(the dimensions shown in millimetres ) 

Figure 7.3 Schematic design of a mass load cantilever   
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7.1.2 Fabrication of the ultra-thin cantilever with mass load 

From the discussion in Section 7.1.1, the ultra-thin cantilever should be made from single 

crystal silicon with minimal surface imperfections to increase the Q factor.  The most 

important concern is the thickness control of the ultra-thin cantilever using thermal 

oxidation.  It is a fabrication challenge to uniformly thin down the 2.5 µm silicon layer to 

300nm or less because there is about 500nm variance in the thickness of the as-received 

Figure 7.4 A simulation of the vibration amplitudes in the eigenmodes for a mass load 

cantilever (red) and a cantilever of the same dimension but with no load (black). At 

higher eigenmodes (b)-(e), the amplitude of the red curve is smaller than that of the 

black. The parameters of the cantilever are: L1= 72µm, L2= 12µm, L2= 10µm, W1= 

3µm, W2= 10µm, W3= 12µm, T1= 150 nm. The cantilever is silicon 150nm thick, and 

the mass load at the free end of the cantilever has thickness  t2=2μm. 
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device layer.  A sequence of three oxidation step is designed in the fabrication so that the 

thermal oxidation of silicon can be closely controlled.  The second concern is the impact 

of etching damage to the surface.  Dry etching of the cantilever surface is avoided since 

the plasma can produce surface defects.  Dry etching is used only once to pattern the 

cantilever and during the procedure the cantilever surface is protected by photoresist.  

 

The process sequence used to fabricate a very soft cantilever with a mass load is depicted 

schematically in Figure 7.5.   

 

A SOI wafer (UltraTech, USA) with a 2.5 µm thick silicon device layer is used as the 

starting material.  The interlayer oxide is about 1 µm thick and the total wafer thickness is 

about 500 µm.  The backside substrate is polished.  

 

RCA clean is first conducted on the SOI wafers. The wafers are dipped in 100:1 HF to 

remove native oxide before being loaded into the LPCVD furnace (Centratherm).  A layer 

of smooth and stress free thermal oxide is grown on the wafer surfaces (Figure 7.5a).  The 

recipe includes 3 growth steps: 100nm thick dry oxidization, 1μm thick wet oxidization, 

and another 100nm thick dry oxidation.  The process temperature is 1000˚C for all steps. 

Only oxygen is used in dry oxidation, whereas oxygen and dichlorosilane (SiH2Cl2) are 

used for wet oxidation.  The three step process is used to minimize the stress of the thick 

oxide.  

 

The first lithography step (Karl Suss MA6) is to pattern the area of mass load on the SOI 

device layer (Figure 7.5b).  Photoresist protects the oxide on top of the mass load, and the 

oxide layer covering other regions is removed using buffered hydrofluoric acid (BHF).  
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Figure 7.5 Fabrication process flow for mass loaded cantilever 

 

a) Start with SOI wafers with 2.5 

µm thick device layer and oxide of 

1µm 

c) Oxidation for ~1.5 μm to form 

the mass load, then remove oxide 

e)  A further ~300nm thick 

oxidation to sharpen the tip 

f) Align and pattern gold feature 

and guiding lines for AFM 

alignment   

g) Backside alignment and etch 

through backside release hole

h)  Release the mass loaded 

cantilever

d)  Precise align, pattern and 

dry etch cantilever structure

Silicon Silicon oxide Cr/Au layer 

b)  Pattern mass load  area by wet 

etching   
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A second RCA clean and HF dip is conducted, and a thermal oxidation step as in Figure 

7.5a follows. The exposed silicon device layer is further oxidized for 1.5 µm.  The device 

layer is then uniformly thinned by oxidation to ~400nm thick except for the mass load 

area, where the silicon is covered by thick oxide (although the sidewalls of the mass load 

area  is also oxidized inward, as shown in Figure 7.5c). 

 

After removal of the oxide layer by BHF, lithography and silicon etching are used to 

produce the cantilever structure, as shown in Figure 7.5d.  A 2µm thick photoresist is 

uniformly covered on the whole wafer surface.  Contact mode lithography is used to 

ensure the cantilever features are precisely aligned to the mass.  Silicon etching is 

conducted by RIE (Oxford 80) in a SF6 based plasma.  Silicon etching generally uses SF6 

and C4F8 based deep RIE, but this is not selected since C4F8 plasma can result in a surface 

polymer coating and decrease the quality factor.   

 

A third RCA clean with HF dip is conducted and is followed by dry oxidation.  This step 

is used to sharpen the end of the cantilever, which acts as the tip in pendulum geometry, 

and also precisely thins the cantilever thickness to 300nm or less (Figure 7.5e).  

 

The oxide layer is then removed by BHF etching and the next step is to fabricate Cr/Au 

features on the cantilever (see Figure 7.5f).  The metal is used for easy AFM optical 

alignment and measurement.  A metal lift off process is used with a mask made in 

reversed tone.  A 5μm thick photoresist is applied and an image reversal step (YES 

engineering oven) is used to reverse the photoresist tone and to make sharp photoresist 

edges.  Electron-beam evaporation then deposits a 0.5nm Cr and 10nm Au thin film.  The 

wafers are immersed in acetone overnight to remove the photoresist and metal covering 

the photoresist.  
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Further lithography and dry etching steps are used to pattern the backside release hole 

(Figure 7.5g).  A 10 µm thick photoresist uniformly covers the whole wafer backside.  

The lithography step (Suss MA6) is followed by a silicon DRIE process to etch the 

backside opening, with photoresist as the mask (Oxford 100).  The etching process is 

stopped when the etching depth almost reaches the SOI oxide because further DRIE 

plasma could produce heating to the oxide layer and can damage the cantilever features 

i.e. thermal stress.  Therefore, XeF2 vapor etching is used to completely remove the 

silicon left underneath the SOI oxide.  XeF2 etching is a pure chemical etching process 

with an isotropic etching of silicon and almost no impact to the SOI oxide.66 

 

A standard MEMS wet release process follows by sequentially transferring the chip in 

several beakers with solutions (BHF, DI water and IPA) as discussed in Section 3.1.1.5.  

In the wet release, careful handling of the dip is critical since agitation could break the 

microstructure.  In the final step, the chip is transferred out of IPA and is air dried (Figure 

7.5h). 

 

The above processes gave ultra-thin silicon cantilevers with a pure silicon mass at the free 

end, as shown in Figure 7.5.  The thickness of the cantilever varies between 230nm to 

600nm across the 4 inch wafer, and the cantilever yield is ~70% per wafer.  
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(a) 

(b) 

(c) 

Gold  Massload 

Figure 7.6 Photos of fabricated mass load cantilevers. (a) SEM of 3 cantilevers on a 

chip that can be directly mounted on an AFM (b) SEM of the mass load region and the 

tip at the free end of the cantilever. (c) Optical photo of the mass load cantilevers 

showing gold coated region near the mass load  
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7.1.3 Characterization of mass load cantilever  

Table 7.2 shows typical properties of ultrathin cantilevers experimentally determined at 

Basel University.  The cantilevers have a measured fundamental eigenfrequency ranging 

between 20–22 kHz for 362nm thick and around 41 kHz for 645 nm thick cantilevers, in 

good agreement with the theoretically predicted values.  The ring down time of the decay 

response, however, is less than 1 sec, whereas the ring down time should be several 

seconds for a good cantilever.  The small ring down time, or alternatively low Q value132, 

indicates internal friction losses are occurring. EDX studies of the cantilever surfaces 

showed that no silicon oxide or polymer residue from the processing was present.  Further, 

annealing the cantilevers in vacuum did not increase the ring down time.   

 

Table 7.2 Properties of Cantilevers Measured at 300 K. 

Length  μm 150 150 

Width  μm 5 5 

Thickness  nm 362 670 

Spring Constant  N/m 0.003 0.019 

Decay time  s 1 1 

Quality Factor   69587 129144 

Frequency (ω0/2π) Hz 22150 41108 

 

The most likely problem leading to lowered Q value is inhomogeneous surface 

topography along the cantilever surface.  Figure 7.7 clearly shows the surface is not 

smooth. Earlier observations of silicon cantilevers indicate that the smoothness of the 

cantilever has a considerable influence on the quality factor.133 In general an 

inhomogeneous surface structure lowers the quality factor, presumably by increasing the 

surface stress-strain losses as the cantilever deflects.134   
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The inhomogeneous structures themselves are most likely produced by the doping inside 

the silicon device layer.  Dopants are distributed inside the silicon device layer and can 

form defects on the silicon surface during high temperature oxidation.  In any event, the 

cantilever Q needs to be improved for non-contact experiments requiring force resolution 

in the atto-Newton or lower range.  

 

 

Figure 7.7 SEM of inhomogeneous surface topography along a mass loaded cantilever 
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7.2 Cantilever for dynamic droplet-droplet or bubble-bubble experiments 

in liquid 

 

7.2.1 Introduction  

 

7.2.1.1 AFM in Liquids and hydrodynamic force 

Measurement of the hydrodynamic drainage between approaching surfaces is very 

important for lubrication of surfaces and also adhesion between particles.  Indeed, most 

lubrication is based on keeping two surfaces separate from each other by use of an 

intervening liquid,93 with the load supported by hydrodynamic forces generated by the 

relative movement of the surfaces.  The removal of liquid (drainage) in the surface gap, 

particularly the velocity dependence of the hydrodynamic force, is therefore critical in 

understanding how to keep two surfaces apart for effective lubrication.  

 

AFM can be used to obtain drainage data at nanometer separations and with very high 

force resolution.  In collaboration with Melbourne University we have studied the 

drainage of water films between two approaching bubbles or droplets. Melbourne 

University undertakes the theory and AFM measurements, and these tasks are only briefly 

outlined below.  My task was to manufacture and characterize the special cantilevers 

required. Specifically, bubbles need to be reliably attached to the free end of a cantilever, 

and subsequently used as a colloid probe type AFM99 in aqueous solutions.  This is 

achieved by suitable patterning and molecular functionalization of the free end of silicon 

cantilever.  

 

 AFM can be operated in liquid environments when the sample and the cantilever are 

completely immersed in liquid media.  There are several advantages of using AFM in 
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liquid.  For example, it allows a much better control over tip-sample contact forces than 

in air by eliminating capillary forces, and a degree of control over surface contamination. 

More importantly, liquid AFM can study a wide range of phenomena occurring at liquid 

interfaces.  In our collaboration with Melbourne University, the hydrodynamic force 

between bubbles or droplets is investigated with liquid AFM.  Like Strokes friction, the 

hydrodynamic force is proportional to the velocity.  However, it also depends strongly on 

the bubble–bubble or bubble–surface separation, because as the gap gets smaller it 

becomes more difficult to remove the liquid from the gap.  The hydrodynamic force is 

therefore repulsive upon approaching and attractive upon retraction.   

 

7.2.1.2 The droplet-droplet experiment 

Bubbles (or droplets) are also highly deformable i.e. soft, and analyzing the 

hydrodynamic force between bubbles is difficult.  There are three disparate length scales: 

the bubble or droplet radii, on the order of 50μm; the axial length scale of the interaction 

force h(r,t), around 10 to 100nm; and the radial length scale of the interaction, around 

5μm (see Figure 7.8).93 Different types of force dominate at different length scales.  By 

using liquid AFM the hydrodynamic forces can be measured directly and compared to 

theory.  

 

A schematic diagram of the droplet-droplet setup in Melbourne University is shown in 

Figure 7.8.  In a typical droplet experiment, a tetradecane droplet is anchored on the end 

of the AFM cantilever as a soft colloid probe.  Some droplets (or bubbles) are then stuck 

onto a glass slide substrate.  The soft colloid probe is then aligned to the crest of one of 

the substrate droplets.  Approach and retract force curves are then recorded at different 

speeds.   
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The experiment allows for precision measurement of hydrodynamic forces because all the 

parameters are known or measured.  The droplet size and alignment can be monitored by 

inverted microscopy and controlled by AFM piezoelectric positioners.  The separation of 

the droplets h(r,t) can be precisely determined by AFM and the velocity  (t)  of the force 

curve controlled by the precision movement of the AFM peizo-stage.  The force acting on 

the droplet (or bubble) probe can be measured with accuracy, provided the cantilever 

spring constant is known.  The deflection of the cantilever as a function of time, d(t), and 

the movement of the piezo as a function of time, X(t), provides a force-displacement 

relationship for a given interaction.   

 

A typical force curve for a droplet to droplet experiment is shown in Figure 7.9.  The 

force distance (F-D) curves show the approach and retraction of a ~50µm radius 

tetradecane droplet anchored on a 0.04N/m cantilever.  Note ∆ = 0 is arbitrary and the 

true separation h(r,t) between the droplets must be found analytically.136 

 

Radial A
x

ia

l 

 Figure 7.8 Schematic diagram of the experimental setup used in droplet-droplet 

experiments137 
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However, there are two major problems which arise from the use of commercially 

available cantilevers.  Firstly, the bubble or droplet must be precisely located at the free 

end of the cantilever.  Secondly, the largest source of error on the force data results from 

the calibration of the cantilever spring constant.  The grey regions in Figure 7.9 show the 

bounds of uncertainty. Given that force curves must be modeled to extract the 

hydrodynamic force as a function of h(r,t) and velocity,137 it is critical to minimize 

experimental error by constructing cantilevers with well-defined spring constant.  

 

7.2.2 Fabrication of cantilever for colloidal probe AFM  

7.2.2.1 Special cantilever design 

Two major improvements were made on the cantilever design.  First, single crystal silicon 

is used instead of Si3N4 in the construction of very soft cantilevers (spring constant can be 

 

Approach 

Retract 

 

Figure 7.9 A typical AFM force-distance curve measured for a tetradecane droplet to 

droplet experiment. The grey area denotes the measurement uncertainty. ΔX is the 

change in piezoelectric displacement.137  

 



Chapter 7 Special Cantilevers for Friction Study 
 

162 

 

as small as 0.04 N/m).  The material properties of crystalline silicon are superior to Si3N4 

and more importantly are well defined.  Special attention is made to precisely control the 

cantilever dimension and thus to maintain a consistent spring constant for the same type 

of cantilevers across the entire wafer.  

 

Secondly, a thin gold feature is designed at the end of the cantilever.  The metal feature is 

a square or coin shape and is used to pickup and anchor a bubble or droplet.  For some 

types of cantilever, the end of the Si cantilever itself is made to have the  square or coin 

shape to remove any unwanted wetting or unpinning of the droplet / bubble contact due to 

the presence of silicon. Two typical designs with dimensions are shown in Figure 7.10.  

Other related types of designs are also fabricated.  

 

7.2.2.2 Fabrication steps for special Cantilever 

The process sequence used to fabricate the special cantilever is depicted schematically in 

Figure 7.11.  The major challenge is the precision alignments required to produce the Au 

patterns on the end of the cantilever.  The process starts with a SOI wafer as shown in 

Figure 7.11a. The silicon device layer is 2.5 µm, the interlayer oxide layer is about 1 µm 

thick, and the substrate layer is about 500 µm thick.  The backside substrate is polished.  
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Design type 1 

Design type 2 

Figure 7.10 A schematic showing two typical cantilever designs  
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The mask set is fabricated by direct laser writing (Heidelberg DWL66).  To ensure 

precision cantilever dimensions, masks with quartz plates are used instead of more typical 

glass plates because the quartz plate has a low thermal expansion coefficient.  

 

Figure 7.11 Fabrication flow to produce cantilever for a soft colloidal probe 
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The first lithography step is to fabricate the cantilever structure (Karl Suss MA6) on the 

SOI device layer.  To ensure the dimension precision, vacuum contact mode is used 

where the mask plate firmly contacts the photoresist using vacuum.  The vacuum contact 

mode can be used since both mask and wafer are totally flat, and ensures the light 

intensity is uniform across an entire wafer to precisely transfer the mask features to the 

photoresist. After lithography, silicon DRIE etching is conducted (Oxford100).  A straight 

sidewall is formed and the etching is stopped at the interlayer oxide (Figure 7.11b).  

 

The second lithography process is to produce the metal features at the end of the 

cantilever.  A 3 µm thick photoresist uniformly covers the whole wafer surface.  Hard 

contact mode is used that provide the best feature resolution (~1µm) on the wafer surface 

with topology.  During the mask aligner operation, a repeated alignment in proximity 

mode is conducted with the mask in close proximity to the wafer to recheck the alignment.  

Both exposure and development processes are tuned to form a near 90 degree photoresist 

profile.  Metal deposition and lift off follows (Figure 7.11c).  Layers of 20 nm thick Au / 

1 nm thick chrome are deposited (Edwards 360 E-beam evaporator).  The wafer is then 

immersed into acetone overnight to remove the photoresist, leaving only the metal coin or 

square features at the cantilever end. 

 

The third lithography step follows to pattern the backside release hole.  A 10 µm thick 

photoresist is coated on the wafer backside.  The backside alignment and exposure is then 

conducted (Karl Suss MA6).  Since standard backside alignment could produce about 20 

µm additional alignment shift, the alignment marks are optically enlarged about 5 times 

during the process.   
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Silicon DRIE is then used to etch the backside opening with photoresist as the mask 

(Oxford 100 DRIE).  It is generally difficult to keep the photoresist and maintain the 

photoresist profile while etching 500µm in depth.  In our case, to ensure the deep etch has 

improved selectivity, a special cooling step is added between the standard Bosch 

deposition and etch steps.  The selectivity between silicon and photoresist effectively 

reaches about 30:1.  The etching progress is stopped when the etching almost reaches the 

interlayer oxide, where a red light spot on each release hole can be seen optically when 

light is shining from the backside.  A low density silicon RIE process follows (Oxford 80) 

to ensure a straight silicon sidewall.  The process is completed when all of the silicon in 

the exposed region is removed. The final profile is shown in Figure 7.11d. 

 

A MEMS wet release process follows (see Figure 7.11e).  During the release, solutions of 

BHF, DI water, Methanol, and IPA are sequentially used as discussed in Section 3.1.1.5.  

In the final step, the wafer is transferred out of IPA and is air-dried.  The release is 

conducted on the whole wafer and care is required in transferring the wafer in or out of 

the liquid/air interface.  The pulling or immersing direction should align with the released 

cantilever beam for the best yield (about 90%).  

 

 Figure 7.12 Photograph of gold coin cantilevers batch-fabricated on SOI wafer  
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In the last step (Figure 7.11f), 1nm thick chrome and 20nm thick Au films are evaporated 

on the cantilever backside (Edwards 360).  This metal layer provides a reflection coating 

for improved operation of the AFM optical detection.  Figure 7.12 shows a photograph of 

the completed cantilevers. 

 

7.2.3  Characterization of the cantilevers 

 

7.2.3.1 Calibration of the cantilever spring constant in air 

Individual cantilevers were tested on an Aslyum MPF-3D AFM (Santa Barbara, USA) 

mounted on a Nikon TE-2000 inverted microscope.  The spring constant is found by 

measuring the resonant frequency, and then calculated using either the method of 

Cleveland
138

 or the thermal spectrum method of Hutter and Bechhoefer
139

.  

 

In thermal spectrum measurement, the first step is to measure the deflection sensitivity in 

contact mode when the cantilever approaches a surface.  The same measurement is 

repeated at least 5 times to obtain the average deflection sensitivity.  In the second step, 

the thermal spectrum is measured when the cantilever is not touching the surface.  The 

fundamental frequency is selected and the AFM software calculates the spring constant 

based on the measured deflection sensitivity.  

 

Table 7.3 shows measured values of the spring constants kc, quality factor Q and 

fundamental frequency f0 for design type 1 and design type 2 (Figure 7.3).  Four 

rectangular cantilevers of design type 2, taken from different chips on a wafer, are 

measured. 

 

With good control of the in-plane dimensions of the cantilever in microfabrication, the 

variation of the spring constant is mainly dependent on the cantilever thickness (equation 
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5.8c), and the thickness is dominated by the local thickness of the SOI device layer.  The 

manufacturing spec of the SOI wafer are 2.5±0.5µm (Ultratech), the variance of the 

thickness could readily explain the small variations in f0 and kc.   

 

Table 7.3 Values of the measured spring constant kc, quality factor Q and fundamental 

resonant frequency f0 in air for 1 device of design 1 and 4 devices of design II   

Cantilever Type Design 1 Design 2a Design 2b Design 2c Design 2d 

Q 120.0 43.7 45.4 43.1 42.0 

f0 (kHz) 27.151 5.778 6.503 5.776 5.767 

kc(N/m) 0.084 0.045 0.048 0.047 0.050 
 

7.2.3.2 Characterization of the cantilevers in the fluidic cell  

The other requirement of the new cantilevers is to be able to pick up and form stable 

bubbles or droplets on the metal pad at the end of cantilever, and this was successfully 

demonstrated using the Aslyum MPF-3D AFM.   

 

Surface modifications of the substrate and the cantilever are required.  The substrates are 

circular glass slides used specifically for the liquid cell of the AFM.  The glass disk is 

mildly hydrophobilized by immersing briefly in a 3mM solution of 

octadecyltrichlorosilane in heptane to give a water contact angle in a range of 20 – 60˚.  

For the cantilever, the gold area at the end of the cantilever was hydrophobized by 

immersing the cantilever overnight in 10mM n-decanethiol solution in ethanol.  The 

degree of hydrophobicity of the glass disc substrate must be lower than the alkane-thiol 

coated cantilever gold pads so that the droplets can be picked up by cantilever.   

 

Liquid AFM experiments were generally undertaken in 0.1-10mM Na+ electrolyte 

solution. Tetradecane oil droplets on the glass surface are generated by a needle syringe 

and the droplets are sprayed onto the glass surface.  This process is undertaken in a Petri 
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dish containing electrolyte solution.  Immediately after the droplet generation, the glass is 

transferred into the AFM fluidic cell.   

 

The thermal tuning method is used to measure the cantilever properties in air, and in 

liquid before and after picking a droplet..  Calibration must be performed for each 

cantilever prior to a series of measurements without disassembling the AFM fluid cell.  

For measurement in liquid, the previous deflection sensitivity number found in air is used 

for the spring constant calculation.  As an example, thermal spectrum measurement 

results for cantilever design 2a (Table 7.3) are shown in Table 7.4.   

 

With a droplet attached onto the cantilever, the mass is increased and hence the resonant 

frequency decreases.  The measurement also shows that the cantilever Q is very low in 

the liquid compared to that in air because of increased viscous damping from the liquid. 

After a droplet is attached the resonance frequency decreases further due to the additional 

mass. This drop in frequency can be used to verify that a droplet is successfully attached 

to the cantilever.  Optical verification of attachment can also be used for large droplet, as 

shown in Figure 7.13.  

 

Table 7.4 Thermal spectrum results of the cantilever design type 2a (Table 7.3) in a fluid  

Design 2a In air 
in liquid* 

(before droplet) 
in liquid* 

(after droplet) 

Q 41.0 2.4 2.6 

f0 (kHz) 5.764 2.144 1.445 

kc (N/m) 0.0513 0.0267* 0.0180* 

* In liquid, kc, f0 values are used for verifying the droplet attachment. They are different 

from the definition of the spring constant because additional fluid mass changes the 

inertia.  

 

It proved much easier to use the special cantilevers to pickup an oil droplet compared to 

standard cantilevers.  By using the special cantilevers, a 100% success rate was obtained 
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in picking up oil droplets.  Another observation is that no apparent liquid slip is found 

using the silicon cantilever and droplets are nicely anchored onto the metal pad area.  

Previous experiments using Si3N4 cantilevers showed the surface roughness of nitride can 

lead to an apparent slip length because the liquid contact line can still move.  Surface 

roughness can also reduce the adhesion force making it difficult to attach a bubble or 

droplet at all to the cantilevers.140 

 

 
 

7.2.3.3 Results from the Melbourne group 

The extensive experiments on bubble–bubble and droplet–droplet interactions undertaken 

at Melbourne University using the special cantilevers do not form part of this Thesis.  For 

completeness, some major findings are; 

 

In reference 16: Bubbles of air are placed on a cantilever and force curves measured 

for interactions with a mica surface in either 1mM NaNO3 electrolyte or in a 10mM 

Droplet on srface(a) 

Droplet  

on lever 

Figure 7.13 An oil droplet attached to a cantilever. This droplet can then be placed over 

another droplet, some of which can be observed (out of focus) on the underlying glass 

substrate 



Chapter 7 Special Cantilevers for Friction Study 
 

171 

 

sodium dodecylsulfate (SDS) surfactant solution.  The boundary condition at the 

bubble-liquid interface can be determined rigorously by comparing the measured 

hydrodynamic forces with model Reynolds equations, with verification strengthened 

by comparisons over a range of approach velocities.  In the presence of surfactant 

SDS, the no slip boundary condition holds i.e. the radial component of the fluid 

velocity is zero at the mica interface and the bubble-liquid interface.  This is expected 

and has been measured for wetting liquids.
141

 However, the results using the pure 

NaNO3 electrolyte fall between no slip and full slip (fully mobile interface) boundary 

conditions.  Whilst this observation could be fitted within a model incorporating some 

slip length (~20nm), as in many previous reports,
142

 an alternative explanation is 

proposed that fully fits the AFM data.  In the absence of surfactants, bubbles are very 

sensitive to trace amounts of insoluble surface active impurities, which need only 

slightly lower the surface tension at the air-liquid interface to change the 

hydrodynamic forces.  In the NaNO3 electrolyte experiments, the required change in 

surface tension to fit the hydrodynamic force data is less than 0.1mN/m, which is 

smaller than the error in the measured bubble-liquid interfacial tension (72 ±1mN/m).   

 

In reference 15: A~100m diameter bubble is again placed on specially fabricated 

cantilevers (Figure 7.14), but here the cantilever bubble is positioned symmetrically 

above another bubble attached to a surface (mildly hydrophobic glass).  This 

arrangement allowed the forces between two interacting bubbles in liquid to be 

directly measured.  Of particular interest is bubble coalescence.  Force curves were 

undertaken under a variety of different conditions (approach velocity, initial 

separation, continuous or stop-start approach) and the time-dependent forces 

measured.  Experiments were undertaken in 0.5M NaNO3 so no electrical double 
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layer repulsion is present between the bubbles, the only forces being van der Waals 

attraction, hydrodynamic forces from the flow of water, and the surface tension of the 

bubbles (which influences the deformation of the bubble when external forces are 

applied).  It was found bubbles can coalesce if the force on approach was sufficiently 

strong to overcome the repulsive hydrodynamic force arising from water trying to 

drain from the bubble-bubble gap.  Surprisingly it was found that coalescence can also 

occur, and at lower forces, as the bubbles separate or remain stationary after approach.  

These counterintuitive “coalescence on separation” results arise because it is found 

the basic requirement for coalescence is that some local region of the intervening 

water film (around the outer rim of the deformed bubble under the experimental 

conditions) becomes thinner than ~5nm, in which case the van der Waals attraction to 

destabilizes the water film, leading to rapid film rupture.  This can occur on separation 

of the bubbles because attractive hydrodynamic forces occur as water flows back 

between the bubbles, deforming the bubbles towards each other.  In contrast to 

previous reports,
143

 there appears to be no special role played by thermal fluctuations 

in triggering coalescence; nor is there support for the use of special ions at high 

concentration to prevent coalescence
144

. 

 

 
 

Figure 7.14(a) Side view of a bubble anchored on the tip of a cantilever.  (b) Plan view 

of a cantilever showing the extended gold pad at the end used to anchor the bubble.   
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7.3 Conclusion 

This chapter describe the microfabrication and characterization of special AFM 

cantilevers for ultra-low friction force measurements.  The chapter includes the 

fabrication of ultrathin cantilevers (~300 nm thick) with a mass loading at the free end.  

We propose that the use of such ultra-thin cantilevers in a pendulum AFM geometry can 

be used to measure very low friction forces e.g. on lubricants, with the AFM operating in 

contact mode.  The chapter also describes the fabrication and characterization of special 

cantilevers so that a droplet or a bubble can be reliably attached to the free end of the 

lever.  These levers were used at the University of Melbourne as a colloid probe type 

AFM in aqueous solutions, enabling the drainage of water films between two approaching 

bubbles or droplets to be measured. 

\
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Chapter 8 Conclusion  

 

8.1 General Conclusion  

Very thin sleds were constructed, down to 300nm thick with atomically sharp Si3N4 tips.  

Thicker sleds (~3µm) were also constructed with sharp silicon tips.  The vibration modes 

were measured experimentally using a laser vibrometer and qualitatively match the FEM 

modelling of section 4.3.  The modes measured by the suspended structure approach 

(section 6.2) can be related to the free structure on a surface (section 6.3), provided the 

actuation is sufficient.   

 

Tip location is important and can affect the mode shape for sleds on a surface.  To induce 

lateral sled motion, the amplitude of the tips should be large enough to overcome the tip-

surface contact, and at least two of the tips should move in-phase.   

 

All thick sleds could be actuated on mica, F-Si, and graphite surfaces.  The actuation 

occurred over a narrow frequency window and was initiated most easily at 300 kHz to 

400 kHz, or additionally near 180 kHz on F-Si.  In general, actuation of a sled on mica 

requires a higher actuation voltage than a sled on F-Si, and the actuation is repeatable 

using the same sled.  Actuation of a sled on graphite requires smaller voltage however the 

actuation cannot be repeated on the same device.   

 

A new AFM based approach for measuring the friction of free standing MEMS structures 

was demonstrated.  The method can measure nano-Newton to micro-Newton forces (both 

friction and load) and provides a means to measure friction of macroscopic structures at 

very low load.   
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Ultra-thin AFM cantilevers were also microfabricated for ultra-low friction force 

measurements. The use of such cantilevers in a pendulum AFM geometry is proposed to 

measure very low friction forces with the AFM operating in contact mode.  Special 

cantilevers are also manufactured and characterized so that a droplet or a bubble can be 

reliably attached to the free ends of the levers. The cantilevers are used as a colloid probe 

type AFM in aqueous solutions.  

8.2 Future work 

One outstanding task is to unequivocally relate the sled movement to actuated 

superlubricity by the simultaneous measurement of the sled friction, actuation, and mode 

properties.  This remains very challenging and several related problems will require 

investigation.  For example, the PZT approach is not ideal unless an accurate analysis of 

the coupling of substrate motion to the sled can be successfully undertaken.  A more 

straightforward approach for stronger actuation of the sled would be to develop improved 

magnetic or electrostatic actuation methods.  Also, future experiments should preferably 

be done under vacuum to remove squeeze damping and to minimize surface 

contamination.   

 

Of the surfaces studied, F-Silicon proved to be the most reliable substrate for actuation 

studies, but curiously not for vibrometer measurement.  The use of other surfaces, such as 

diamond like carbon (DLC), should be investigated.  DLC has excellent tribology 

properties and satisfies the substrate requirements for actuated superlubricity (Table 1.1). 

 

Finally, some aspects of the sled manufacture could be improved.  The tip locations 

require more careful analysis in future designs for optimum sled movement. For 

improved optical properties of the sled surfaces, a simpler fabrication flow for making 

thin sleds is desirable e.g. using RIE to thin down a thicker sled would remove the need 
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of a metal coating and minimize the stress. 
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