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Abstract 

In last decade, there has been a tremendous progress in scanning probe micro

scopies, some of which have achieved atomic resolution. However, there still exist 

some problems which have to be solved before the instrument can be used as 

a metrological measurement tool. The object of the project introduced in this 

thesis was to develop a scanning force microscope of metrological capability with 

the aim of making significant improvement in scanning force microscopy from the 

viewpoint of instrumentation. 

A capacitance based force probe has been studied theoretically and experi

mentally with the main concern being its dynamic properties, characterized by 

squeeze air film damping, which are believed to have direct effects on the fidelity 

of measurement. The optimization of design is investigated so as to achieve the 

results of both high displacement sensitivity and force sensitivity. 

An x-y scanning stage has been designed and built, which consists of a two 

axis linear flexure system of motion amplifying mode machined from a single 

aluminium alloy block. The stage is driven by two piezo actuators with two ca

pacitance sensors monitoring the actual position of the platform to form a closed 

loop control system. The design strategy is introduced and the performances and 

characteristics of two commonly used types of flexure translation mechanisms, leaf 

spring and notch hinge spring system, are analyzed. The finite element analysis 

method is employed in the analysis and design of translation mechanism. 

Finally, a metrological scanning force microscope has been constructed, com

bining a constant force probe system, an x-y scanning stage and a 3D coarse 

positioning mechanism into a metrological system. The performance of the in

strument system has been systematically evaluated and its measuring capability 

investigated on the. specimens of various properties and features. The results from 
\ 

this first prototype of the instrument demonstrated a subnanometer resolution 

with comparable stability and repeatability in all three axes. 
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Chapter 1 

Introduction 

1.1 Surface metrology in engineering 

In engineering terms, surface metrology is usually referred to as the measure

ment and investigation of geometrical properties of surface, or surface texture, 

although sometimes other physical, chemical and biological properties may be in

cluded. Surface texture describes a surface in terms of the variation in amplitude 

and spacing. Depending upon the scale of lateral features, surface measurements 

are classified as form, waviness and roughness when ranging from 'large' to 'small' 

[1]. Large scale deviations from design shape obviously prevent reasonable oper

ation. Roughness measures small characteristics that also affect the functional 

performance of engineering components [2]. Applications which are affected by 

surface finish include tribological regimes of friction, wear and lubrication, as 

well as optical, electrical and thermal contact properties. Therefore, to investi

gate or assess these performance related properties of surface, a understanding 

of surface texture is essential. Besides, the surface topography can also provide 

the information about manufacturing process or mechanisms used for generation 

of the surface [3] [4]. As mentioned by Whitehouse [7], the surface is a link 

between the manufacture of an engineering component and its function. From 

this perspective, surface measurement is key for both monitoring of manufactur-

1 



1.2 Instrumentation for surface metrology 2 

ing process and prediction of component function, as shown in Fig. 1.1. For 

most conventional machining processes, roughness features will typically contain 

asperity heights of the order of micrometers. Modern precision manufacturing 

techniques require that surface features be measured down to the nanometer 

regime or even smaller. The term 'nanotechnology' was coined- by Taniguchi to 

describe engineering and measurement at such scales [5] [6]. 

Requirement of surface feature 

,------------------------------------------

'V 

Manufacturing 
process 

I 
I 
I 
I 

-Control Surface 
measurement --

prediction -

I 
I 
I 
I 
I 

Functional 
performance 

fi.. 

I I 
I I 

~--------~-------------------------- ______ I 

Satisfied surface roughness 

Figure 1.1: Block diagram of relationship between surface measurement, manu
facturing and function 

1.2 Instrumentation for surface metrology 

To satisfy engineering requirements, a large number of instruments have been 

developed for the measurement of surface profile or topography. Various physical 

principles are used to reveal surface geometric features. These instruments can, 

generally, be categorized into three groups or types: 1) stylus instruments, 2) 
'\ 

optical metho(13, and 3) modern scanning microscopes. They can also be con-

sidered as three generations of surface measurement techniques in this sequence. 

Although there are some overlaps between these techniques in their capabilities, 



1.2 Instrumentation for surface metrology 3 

none of them can replace the other. Therefore, it is useful to have a general review 

on these existing instruments before moving to the main topic of the thesis which 

pr~sents the development of a metrological scanning force microscope which is a 

particular example of the last category. 

1.2.1 Stylus instruments 

The stylus instrument is one of the most popular instruments used for surface pro

filing in both the workshop and research laboratory. A typical stylus instrument 

usually consists of five basic components, 1) a relative displacement transducer, 

2) a datum surface, 3) a traverse mechanism, 4) a stylus probe, and 5) a signal 

and data processing unit. Fig. 1.2 shows a schematic diagram of the instrument. 

Although the structure details of the instruments may vary considerably, their 

general arrangements nearly all conform to it [8]. In the system shown in Fig. 1.2, 

a beam, pivoted on a knife edges, carries the stylus at one end and a transducer 

at the other. When measuring, the stylus is contacted and drawn by the traverse 

mechanism across the surface under examination. The irregularities of surface 

cause the stylus to move vertically, and the motion is sensed by a transducer that 

monitors the deflection of the beam. The displacement of the stylus relative to a 

datum surface is then used as a quantitative measurement of the surface profile. 

A commonly used stylus transducer is an inductive gauge, LVDT or LVDI, 

in which a ferromagnetic slug is usually fixed on the beam and located between 

coils. When the stylus moves and the beam deflects, it causes a change in the 

mutual inductance in the coils modulating a high frequency carrier signal in pro

portion to the displacement of the stylus. In addition, some other displacement 

transducers such as optical interferometers and capacitors are also found in mod

ern instruments [9]. All these transducers are of high sensitivity and capable of 

carrying out measurements at nanometer levels. Because stylus profiling is a rel

ative measurement, a properly arranged datum reference is essential. It is usually 

realized in either of two ways, skid datum or independent datum [10]. The skid 
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Figure 1.2: Schematic diagram of typical stylus instrument 

system uses thc: measuring surface itself as a reference to generate the datum -

the locus of the skid center, as shown in Fig 1.3 (a). It functions like a mechani

cal filter, corresponding to information of small scale surface features, but losing 

the form and waviness information. Because only local surface "roughness" is 

of interest, in it majority of engineering applications this type of datum can be 

widely used. The independent datum is often defined by an optically flat surface 

on which the stylus traverse arm is rested, as shown in Fig 1.3 (b). This datum 

system has its mechanical loop open and, therefore, is susceptible to external vi

bration. Almost all styli are diamond, with the most common shapes being either 

conical with a 2 J-Lm radius tip or 90° pyramids with the tip truncated to a 2 J-Lm 

square or somHimes 0.1 x 2.5J.lm like chisel. The finite dimensions of the stylus 

ine'vitably produce a high frequency filter characteristic, exaggerating the radius 

of peak's curvature and reducing the width of troughs [11] [12]. The interaction 

between stylus and surface is predominantly a mechanical contact. This makes 

the measurement less sensitive to surface contaminations and what is measured is 

truly a mechanical surface. However, the contact forces may produce permanent 
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o 

Optical flat datum surface 

(b) independent datum 

Figure 1.3: Schematic diagram of stylus datum systems 

5 

deformation and micro-scratches on some engineering surfaces, preventing its use 

on soft specimens. The relative low dynamic response is another drawback of 

the instrument, which limits the speed of measurement and makes "in process" 

measurement difficult. 

1.2.2 Optical methods 

Although the stylus techniques are of great versatility, their drawbacks such as 

contact deformation and slow response limit their use in many applications. There 

are many othel conventional techniques for surface measurement, such as optical, 

capacitive and pneumatic methods. Among them, optical methods are considered 

to be the most obvious complement to the tactile instruments [13]. The optical 

methods can be generally divided into two categories: focused and area methods. 

Focused methods 

In focused met hods, a small spot of light beam scans over a surface under mea

surement. The changes of reflected beam produce the information on the surface 

texture. There are a large number of focused instruments that can be classified 

as optical followers, which work on a closed-loop null principle so that the nature 
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of the optical change does not have to be fully understood [14][15][16][17]. The 

feedback signals from photo diode sensors are used to control a servo mechanism 

which moves ohjective to follow the surface profile by keeping the light spot in 

focus. Fig. lA illustrates a simple optical arrangement of the follower deviced 

by Dupuy based on the principle of the Foucault knife-edge test [i4]. 

Light source 

Objective 

Specimen 

Figure 1.4: Optical arrangement of Foucault knife-edge follower 

The defect-of-focus method is a non-follower focused technique [18], which 

uses a comparison of the differences of the intensities obtained by two photo 

detectors to sense the relative surface height. Most of these focused methods 

have a vertical resolution similar to that of stylus technique and the output of 

these instruments is analogous to the profile traces recorded by stylus instrument. 

Because of its nature of non-contad and high speed, the instruments based on 

this or similar principles may become a serious rival to stylus instruments in the 

market-place as the level of sophistication and accuracy of these devices improves 

[19]. The fundamental problem associate with the optical stylus to simulate the 

mechanical stylus is the fact that the focused spot size and the depth of focus are 
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limited by the Rayleigh criterion for resolution [1]: 

(1.1 ) 

where Sd is the diffraction-limited spot size, J.L is the refractive in,dex between the 

medium and the object and sin a is the effective numerical aperture of the lens. 

The depth of focus D I is defined as the change in focal position for an increase 

in beam diameter (if, of V2 is given): 

D = 1.22'\ 
I J.L sin a tan a (1.2) 

However, recent development of scanning near-field optical microscopy breaks 

. the barriers [20] and may make optical technique more competitive in surface 

metrology (more on these later). 

Area methods 

Interference microscopy is a popular technique in area methods. If two slightly 

inclined glass plates are illuminated by. a coherent monochromatic light source, a 

series of inference fringes will be visible, as shown in Fig. 1.5 (a). The distance 

between neighbouring fringes is ,\/2. If these two glass plates are replaced by 

a reference plane and a specimen, a. contour pattern of the surface texture will 

be generated by the interference between light beams from these two surfaces. 

There are many types of interferometers such as Newton, Twyman-Green, Fizeau, 

Michelson and Mach-Zehnder interferometers [21]. Among them, Fizeau interfer

ometer is the most commonly used, the optical arrangement of which is shown in 

Fig. 1.5 (b). The interferograms can be not only analyzed directly by visual ob

servation, but "Iso digitized using a CCD camera and analyzed by computer with 

which higher resolution and morf> detailed information can be obtained [22) [23]. 

In the phase measuring interferometer (PMI), the phase of the cavity is changed 

in a controlled manner and several interferograms are ~ecorded to allow one of 
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many PMI algorithms to interpolate the phase changes in interferogram. Vertical 

and lateral resolutions of 0.5 nm and 1.25 11m is claimed [23]. 

Er=::;;Inte~":s~' g==ray~, ~~/==::J=:, Glass 

- Glass 

(a) 

surface 

(b) 

Fringes 

11111111 
Interferometric 
cavity 

under test 

Figure 1.5: Interferometer for surface metrology, (a) Interference fringes, (b) 
Fizeau interferometer 

Miscellaneous 

All of the optical methods mentioned above measure surface topography directly, 

while other optical techniques use the reflection of light to quantify surface rough

ness in parametric terms. Many of these methods can provide surface roughness 

data in very short time, so they have considerable potential for "in process" 

application. Scattering measurement is one of these methods, which uses the 

diffracting properties of the surface to assess its topography [24]. One has to 

be careful with this method that the theory which reliable predicts the pat

tern of scattered light is only available for a surface having specific geometric 
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properties [25]. The optical scattering instruments give excellent results for the 

features down to optical wavelengths. To extend the information to subnanome

ter features, wavelengths of similar order are needed. Recent advances in X-ray 

instrumentation have made the measurement of surface roughness and topogra

phy at nanometer level available by using specular or diffuse X-ray scattering 

technique [7]. Fig. 1.6 shows a schematic arrangement of X-ray reflectometry. A 

beam conditioner is used to collimate the X-rays providing a incident beam with 

very small divffgence, and a detector captures the reflected beam from which 

the surface roughness information is extracted by a computer using an efficient 

algorithm. The surfaces only show strong specular reflectivity near the critical 

angle for total external reflection, so that the specimens have to be flat enough 

to allow the beam to be incident at the grazing angle. The method averages 

the reflected X .. rays over an are(l of a few square millimeters. The quantitative 

information on roughness between 0.05 and 5 nm, on correlation lengths from 

sub-nanometer to tens of micrometers have been claimed [27]. 

Detector 
X-ray source 

r----, \~ 

~ Split 

Beam conditioner ~ 

Specimen 

Figure 1.6: Schematic arrangement of X-ray reflectometry 

1.2.3 Modern scanning microscopies 

As the result of rapid development of precision engineering, the requirements 

on measurement of surface topography have become ever more increased and 

strict. Many conventional methods based upon stylus and optical techniques 

can provide a "-ery high vertical resolution, sometimes at sub-nanometer levels. 
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However, their lateral resolution is poor, usually of order about one micrometer, 

which is inadequate for the characterization of current advanced materials and 

for the application in nano-fabrication technology. Almost all of the modern 

microscopies such as electron microscopy and scanning probe microscopy have a 

significant improvement in lateral resolution. Therefore very fine details of surface 

feature can be distinguished, even sometimes atomic images can be obtained. 

Electron microscopy uses electron beams to form magnified images of surface 

topography. The very short wavelength of the electron beam makes it much more 

superior to optical methods in respect of lateral resolution and the depth of res

olution. A scanning electron microscope (SEM) can resolve to approximately 3 

nm and a transmission electron microscope (TEM) to about 0.2 nm [28]. The 

SEM has become a very popular tool for observation and investigation of surface 

feature in engineering due to its versatility, and the use of TEM is not as pop

ular as SEM because of the difficulty in preparing specimens thin enough to be 

measured. A basic diagram of an SEM is shown in Fig. 1.7. Electrons from a 

filament are accelerated by a high voltage and condensed by the condenser lens 

and then focused by the objective lens. Scanning coils located within the objec

tive lens cause the electron spot scanning over the specimen. A detector captures 

usually the sewndary electrons emitted from the surface and transfer them into 

signal for displ.!y on a CRT screen. The principal drawback of the method is that 

the interpretation of the images is not necessarily straight forward and they do 

not readily yield quantitative data about the height of surface feature. Although 

many attempts have been made tb derive such data from the process [29] [30] 

[31], the result,; are, so far, still not reliable enough for practical application. 

The introduction of scanning tunneling microscope (STM) in 1982 by G. Bin

nig and H. Roher has had a great impact on surface science. Meanwhile, it has 

stimulated an entir~ family of scanning probe microscopes (SPM) which mea

sure a range of physical and chemical properties of a surface on the nanometer or 

sometimes atomic scale [32]. The SPMs use near-field technique, so that Rayleigh 
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Figure 1. 7: Schematic diagram of an SEM 

criterion which assumes that the ultimate resolution of optical systems will be 

limited by the wavelength of the radiation used to form the image is surpassed. 

The resolution of the SPMs has approached to the physical limit of instrumenta

tion. Their applications have not been limited to surface measurement, but also 

expanded to surface manipulation for subnanometer machining, single atom ma

nipulation as well as a variety of chemical and biological processes. More details 

about SPM are reviewed in chapter 2. For surface metrology, scanning tunneling 

and atomic force microscopes are most commonly used. The atomic force mi

croscope (AFM), or scanning force microscope (SFM), is more versatile for the 

measurement of surface topography because it can measure not only conduct

ing but also non-conducting specimens. The SFM is similar to stylus techniques 

in principle, therefore the measurement is that of the mechanical surface. The 

research work of this thesis is aimed to improve SFM instrumentation with par

ticular emphasis of the metrological function of the instrument, and introduces 
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a new SFM instrument suitable for surface metrology. 
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Chapter 2 

Development of scanning probe 
• mIcroscopes 

Since an atomi::. image was first achieved by Binnig and his coworkers, 1982 [1] [2], 

using the scanning tunneling microscope, subsequent developments have resulted 

in the emergence of an entire family of SPMs from scanning tunneling and atomic 

force microscopes to th~se based on sensing techniques of capacitance, magnetic, 

near-field optic, thermal, ion-conductance and many other near-field physical 

and chemical properties. From the instrumentation point of view, all these have 

similar principles of operation with any particular design consisting of 

1) A probe transducer system. 

2) A three dimension positioning and scanning mechanism. 

3) A control system. 

4) Data processing and imaging software. 

2.1 Scanning probe microscopy 

2.1.1 Scanning tunneling microscopy 

The scanning t.unneling microscope (STM) is an example of a super resolution 

microscope capable of atomic imaginl!;.. In the STM, the probe consists of a ,7 . 
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fine metal tip which is positioned in close proximity to a conducting surface 

with a voltage applied between them. The separation between tip and sample 

is sufficiently small that electrons can tunnel across and therefore generate a 

current. For all idealized one-dimensional planar tunneling model, when the gap 

is small and the voltage low, the current-gap distance relation can be simplified 

to [3] 
-1 

I ex (V/d)exp( -A~2 d) (2.1) 

0-1 
where A = 1.025(eV)-1/2A , V is the bias voltage between the sample and the 

tip, d is the gap distance and ~ is average of the barrier height between the 

two electrodes. It indicates that the tunneling current varies exponentially as 
o 

gap distance changes. Actually, 1 A change in the gap distance can produce an 

, order of magnitude change of the tunneling current with «I> '" 4e V. By this, 

displacement of 10-4 A can be measured. This phenomenon was first introduced 

into metrological application as a field emission ultramicrometer by Young, 1966 

[4], and possible applications of contact free measurement of surface profiles or 

surface contours were proposed. After that, the first surface profile measuring 

instrument based on field emission was invented by Young et al. 1972 [5], called 

"Topografiner". In this instrument, a tungsten tip (emitter) is held on an x-y-z 

piezoelectric trc.nslation stage. The specimen is brought to the probe close enough 

so that it is within the range of z piezo translator using a differential micrometer. 

The current in the gap is fed back to a servo controller to maintain a constant 

field emission current and hence a fixed gap distance. As the tip is scanned lat

erally across the specimen, the changes of z piezo driver voltage are interpreted 

into the variations of surface height, Although the subnanometer resolution was 

not achieved by this instrument, tunnelling was demonstrated and STM instru

mentation proposed. Ten years later, a working scanning tunneling microscope 

system was built by Binnig and Rohrer, 1982, [1] [2]. Their device had good vi

bration isolation and stable feedback servo controller and was maintained under 

DRV condition. The tip is kept close to the sample with even smaller gap sepa-
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ration of a few Angstroms, so that a tunneling current is obtained. At this time, 

atomically resolved images were obtained such as topographic maps of Cal r Sn4 

and Au (110) surface and an image of the 7 X 7 Reconstruction on Si(111) [6] . 

Stimulated by these results, there was a boom in research to further understand 

tunneling mechanisms, improve instrumentation and explore new applications of 

this technology. Therefore, their work was generally considered as a pivot for the 

development of whole range of scanning microscopes based on local probes. 

2.1.2 Scanning force microscopy 

Although the STM conducts atomical imaging successfully, it operates only with 

conducting surfaces. This prevents its normal application on an insulator or in 

. a working environment in the presence of surface contamination. The invention 

of the atomic force microscope (AFM), also by Binnig and his coworkers 1986 [7] 

solved this problem. The AFM probe measures minute changes in force between 

the tip and the surface as a means of proximity detection. Therefore, it can image 

nonconducting as well as conducting sample surfaces. 

In the AFM, a sharp tip is attached to the end of a small cantilever beam 

which bends dt'.e to van der Waals interatomic (or intermolecular) forces as the 

tip is brought into near proximity to the surface. The deflections of the beam are 

monitored with a sensitive detector. The signals from the detector are used to 

servo a vertical piezoelectric translator on which the force probe (or specimen) is 

mounted to maintain a constant force acting between the tip and the specimen 

as the tip scans across the surface, as shown in Fig. 2.1. The short range nature 

of the interatomic, or intermolecular, forces makes it possible for the AFM to 

get high resolution in both the vertical and lateral directions. Atomic resolution 

images have also been achieved lu,ing this technique [8]. 

Interatomic forces acting between any two solids can be divided into repulsive 

or attractive, short or long range. It is found experimentally that in the absence 

of contaminants and in equilibrium, typical interatomic spacings are on the order 
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Figure 2.1: Schametic diagram of the configuration of atomic scanning microscope 

of 2 to 3 A [9], below which interatomic forces are always repulsive, and above 

which they appear attractive within a certain range. According to Lennard-Jones 

potential, the main forces involved in the interatomic interactions can be classified 

as 

A) electrostatic or Coulomb interactions between charges or charge distribu

tion, such as m:mopoles, dipoles, quadrupoles, and their combinations. 

B) polarization forces, where a distribution of charges in one molecule create 

a dipole moment in an adjacent molecule. 

C) quantum mechanical forces, which give rise to covalent bonding and to 

repulsive exchange interactions. 

The experimentally derived Lennard-Jones molecular interaction energy, com

bining the attr2.ctive van der Waals and repulsive atomic potentials, provides an 

easily understood view of general properties of these interaction forces: 

(2.2) 
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The forces are obtained by differentiating equation 2.2, yielding 

(2.3) 

where, r is distance between two interacting atom systems, Wo and (J are exper

imentally derived constants. This force and distance relationship is plotted in 

Fig. 2.2 without a scaling for demonstration purpose, 

F 

~ 
.E 
u ·s 
~ ~----~----~----~----~--~====~=----r--
.s Distance between two interacting atom systems 

Figure 2.2: The plot of interatomic force 

The real ca~es for these interatomic forces are far more complicated and are 

not encountered in AFM which 'see' only many body interactions. Discussions 

on that are beyond the scope of our interests in the thesis. More details can be 

found in references [9][10]. 

Corresponding to the characteristics of the interatomic forces, there are two 

distinct operation modes of the AFMs, attractive (noncontact) mode or repulsive 

(contact) mode. In the first, the probe is approached to the surface until a 

predefined attractive force is sensed. By servo controlling to maintain this force 
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while the surface is moved relatively to it, the probe will move following the 

contour. The second mode is achieved by reducing the probe to surface separation 

until a repulsive force is encountered. This is directly analogous to conventional 

stylus profilometry only the force is maintained at a constant value which may 

be in the region of nanonewtons, which is three to six orders of magnitude lower 

than the forces commonly used with the stylus. Because of the short range 

nature, the AFMs working in repulsive mode are capable of achieving atomic 

resolution. In contrast, attractive mode AFMs operate with relatively large tip

sample distan(cs and it is therefore difficult to reach the same resolution. Its 

probe usually has interacting forces which are much smaller than that encountered 

by repulsive mode AFM, so that resonance enhancement techniques are required. 

In this case, the cantilever beam is vibrated and the changes of the vibration 

caused by small variation of the attractive forces or force deviatives are monitored 

and interpreted into profile information. Sarid gave a good summary on the 

enhancement tf..chniques in his book [9]. 

Attractive mode scanning force microscopes have been used to conduct a 

number of novel measurements ranging from non-contact profiling of surfaces to 

magnetic [12] and electrostatic imaging [13]. 

In magnetic force microscopy (MFM), the tip is replaced by a magnetic one 

typically iron or nickel and a magnetic interacting force between tip and sample is 

detected. The topography measured over a fiat magnetic surface can be directly 

related to its magnetic features. 

In the electrostatic force microscopy (EFM), an AC voltage is applied between 

tip and sample and the induced force is sensed. The force is proportional to the 

square of the applied voltage V 2 times the rate of change of tip-sample capacitance 

with spacing, {)C / aT. By keeping the spacing constant the surface topograph can 

thus be measured. 
" 
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2.1.3 Scanning near-field optical microscopy 

In a long history of the development of optical microscopy, it was conventionally 

believed that the ultimate spatial resolution that can be achieved in any optical 

system is roughly one half the wavelength of the radiation used to form the 

images - the so called Rayleigh criterion (from equation 1.1). This limit was not 

surpassed until the invention of scanning near-field optical microscopy (SNOM). 

In this technique, an optical probe with a tiny aperture at the end of the tip 

is illuminated from the base side and scanned along the sample in very close 

proximity, typically less than 5nm. As a result, a scanning optical micrograph of 

the surface can be obtained, in which the lateral resolution is determined by the 

tip probe diameter and not by the wavelength of the radiation. Since the optical 

. probe tip can be fabricated to the order of 10nm in diameter, SNOM offers 

the possibility of spatial resolution far exceeding the Raleigh limit. The papers 

written by Durig et al. [14] and Isaacson et al. [15] give a good introduction and 

review of this technique. 

2.1.4 Scanning capacitance microscopy 

Capacitance has been used as the basis of a local probe resulting in the devel

opment of scanning capacitance microscopy (SCM), which provides a means for 

surface characterization through the measurement of local capacitance between 

tip and sample. A conductive tip is usually used as one of the electrodes and 

the other electrode, sample, can be either conductive or nonconductive. The 

capacitance or local charge storage between the proximal tip and sample forms 

the interaction. Therefore, both conductors and insulators can be profiled with 

SCM. If feed back control is used to scan the tip at constant gap across a sample, 

noncontact surface profiling can be realized. Explored by Matey [16], the scan-
. '\ 

nmg capacitance microscope demonstrated a vertical resolution of O.3nm and a 

lateral resolution of O.lpm by 2.5pm. The system of Bugg and King [17] has been 

developed into a commercial instrument with lateral resolution of 2pm. Using 
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a near-field capacitance microscope built by Williams et al. [18], a capacitance 

image with resolution less than 25nm has been achieved. Another unique capa

bility of the technique is that it can measure buried conducting layers. This is 

potentially useful for semiconductor applications. 

The capacitance method suffers from the problem that it measures variation in 

dielectric as well as topography. With current microscope designs the sensitivity 

is not as high as other near-field probe techniques. 

2.1.5 Scanning thermal microscopy 

Thermal imaging is another novel application of SPM. Scanning thermal mi

croscopy (SThM) is to measure thermal interactions between tip and sample using 

SPM technique. The first scanning thermal microscope was built by Williams and 

Wickramsinghe (1986) [19], which aimed to overcome the inability of the STM 

to image non-conductive surfaces since the AFM was not well developed at that 

time. The thermal probe consists of a thermo-couple junction built at the end of 

a tungsten tip (50nm in diameter). The probe is heated and brought within near 

proximity of surface. The thermo-couple junction is used to measure the temper

ature change due to the conduction of heat between the tip and sample via air. 

This provides the feedba.ck signal to maintain constant tip-sample spacing during 

lateral scan. Because of the large difference in thermal conductivities between air 

and solids, the measurements tends to be independent of the material properties. 

However, temperature changes on the scan surface may appear as features on 

surface image thus making it difficult to separate temperature from topographi

cal variations, and the surface temperature can not be imaged separately. These 

limit the applic.ation of the technique. 

Weaver et al. [20] modified a STM to make a tunneling thermometer in or

der to measure optical absorption of thin metal film, achieving a 1 nm spatial 

resolution. More recently, atomic force microscopes have been used for thermal 

mapping by integrating a thermo-couple into the force probe [21][22][23]. Using 
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this method, simultaneous thermal and topographical measurement becomes pos

sible and thermal image and topographical image can be obtained separately. So 

called "passivell and "active" thermal measurement modes can be implemented. 

In the "passive" mode, the thermo-couple is only used to measure the surface 

temperature, so that temperature image is obtained. In the "active" mode, the 

thermo-couple is heated. The heat flow between the probe and sample will be 

influenced by the thermal conductivity of the sample and the temperature dif

ference. In this case, it is possible to image the thermal properties of the sample 

surface or subsurface. 

2.2 SFM transduction methods 

, A force detecti on system is essential for the realization of the scanning force 

microscopies mentioned above. Common to the force detection system is the use 

of a delicate transducer that measures the minute force-induced deflections of a 

flexible cantilever supporting the force sensing tip. The output of this is used 

to maintain the constant force feedback. Many possible sensing techniques have 

been tried for t.he deflection monitoring, of which some of the more successful are 

outlined below. 

2.2.1 Tunneling detection system 

In the first atomic force microscope invented by Binnig et al. [7], electron tun

neling was used for its force detection system. The working principle of the 

tunneling detection system is shown schematically in Fig. 2.3. In this system, 

the minute deHections of the force sensing lever is monitored by a STM probe 

which measures the tunneling current from the back of the cantilever. The sig

nals from the STM probe are fed to the servo controller for the z translator of 

specimen to maintain constant contact force between the tip and the specimen. 

By modulating the tunneling current it is possible to measure displacements as 
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Figure 2.3: Schematic diagram of tunneling detection system 
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small as 10-4 .~i, corresponding to a force of 10-16 N if a cantilever of O.OlN/m 

in stiffness is used, and by vibrating the lever, the sensitivity to force can be 

further increased [7]. Atomic resolution has been achieved using the AFM with 

tunneling detection system by Binnig and Rohrer 1987 [25], Marti et al 1987 

[26] and Kirk et al. 1988 [27]. However, some problems were encountered in its 

applications. Local topography of the cantilever surface and contaminants on 

tunneling interfaces can be detrimental to the stability of the tunneling current. 

The proximity of the tunneling tip and the cantilever will also introduce the ef

fect of interaction atomic forces, resulting in further interpretation problems of 

measurement results. These problems make it unreliable for use as the tip force 

detector in air or even in UHV. Although it is an extremely sensitive transducer 

for high resolu~ion displacement, it has become less favoured for force detection 

because of its local nature effects mentioned above. 
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2.2.2 Capacitance detection system 

Capacitance displacement detection is an alternative method for monitoring the 

minute deflections of the force sensing cantilever. Fig. 2.4 shows a diagram of 

capacitance based force probe system. A stationary electrode is located very close 

to the back face of the force sensing cantilever to form a capacitance sensor. The 

gap between the electrodes is usually in the region of a few micrometers. The 

capacitance changes caused by force-induced cantilever displacement can be de

tected using a transformer bridge. Again, the signal from the capacitance gauge 

is used for servo control of z PZT to maintain constant contact force during scan

ning. The capacitance detection measures the average effect of the two electrode 

surfaces, so that it is much less susceptible to the local conditions of detecting 

area than STM detection. Therefore it is a more stable and reliable detection 

method and can be made compact in structure. In previous work by T. Godden

henrich, et al. using capacitance detection in their magnetic force microscope, a 

minimum force 10-10 N was reported [28]. The SFM built by G. Neubauer, et 

al., [29] using bidirection~ capacitance sensing technique for simultaneous mea-
o 

surements of normal and lateral forces, achieved a vertical resolution of 10 A and 

noise level of 0.03 A RMS. Design details of the capacitance based force probe 

will be discussed in Chapter 3. 

Another novel application of the capacitance sensor is its additional use for 

electrostatic force balance. Generally, the force sensing modes of AFM can be 

divided into two classes simply known as "de" and "ae" modes. In the de mi

croscope, the interaction force between tip and sample is directly sensed through 

the static deflection of a weak cantilever when the tip is in the proximity of the 

sample. To achieve high sensitivity requires a low spring constant. It, however, 

makes operation in the attractive mode difficult. When the probe-sample force 

gradient, 8F/8z, where z is the surface separation, exceeds the spring constant of 

the cantilever, instability of cantilever-tip-sample potential will occur, i.e. the tip 

is pulled into the surface. "ae" microscopes can overcome this problem by detect-



2.2 SFM transduction metbods 

I 

PZT 

Porce probe 

,/ ~ Capaci 
electr 

tance 
odes 

]J.. 

x-v scanner I 

Figure 2.4: Schematic diagram of capacitance detection system 
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ing the force gradient through variations in either the amplitude or the frequency 

of a vibrating ~;tiffer cantilever. In this way, however, the force is not directly 

available. By llsing the cantilever having large spring constant in de mode, the 

instability can be reduced, but the force sensitivity will decrease as well. A solu

tion for the problem is electrostatic force balanced force probe explored by Joyce 

and Houston (1991) [30] and Miller et al. (1991) [31]. Fig. 2.5 shows a schematic 

diagram of the probe. A force sensing beam, with a tip mounted on the end of it, 

IS centrally supported by a torsion bar which is, in turn, rigidly fixed on a solid 

base. A small gap exists between the beam and the base. Two electrodes (Cl 

and C2) on the opposite surfaces of them forms a differential capacitance sensor 

monitoring beam's position using an rf phase shift technique. 

A positive voltage is applied to each of t.he two electrodes inducing an elec

trostatic force J"c on the beam, which is given by 

(2.4) 

where d IS the gap between electrodes and A is the over covered area of the 
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Figure 2.5: Schematic diagram of electrostatic force balanced force probe 
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electrodes. When the tip approaches the sample the interaction force between 

tip and sample will cause the beam to rotate about the torsion bar, resulting in the 

gap change of each capacitance sensor, increasing one and decreasing the other. 

The signal from the sensor is fed back to a servo control system which applies 

a restoring force, by applying a positive voltage, to the appropriate electrodes. 

The gap change can be counter-balanced, i.e. the interaction force is counter

balanced, maintaining the beam at its rest position. This force feedback control, 

therefore, eliminates the instability or jumping problem and enables a higher 

sensitivity and an electrostatic stiffness. 
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I I 
I I 
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I I 

V : C2~ 
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Figure 2.6: Schematic diagram of a high stiff tribological force probe 

As an extecsion of this technique, a high stiffness tribological force probe 

is in investigation in our laboratory at. t.he Universit.y of Warwick [ll). In t.his 

probe, schematically shown in Fig. 2.6, a tip is mount.ed on a T shape cantilever 

and the bot.tom end of the cantilever is fixed on t.he plat.eau of a solid base. 
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Two electrodes at the top end of cantilever form a differential capacitance sensor 

monitoring the normal bending as well as twist of the cantilever. Correspondingly, 

both normal forces and lateral forces can be measured. By applying a voltage to 

each of these electrodes through servo control the twist of the cantilever can be 

counter-balancE·d by induced electrostatic forces. The stiffness of the probe can 

be increased in both normal bending and twist without reducing the sensitivity. 

2.2.3 Optical detection system 

Application of various optical techniques has become more and more popular in 

development of force detection system of SFMs. Some advantages of optical de

tection over tunneling detection of the lever deflection are quite clear. It is more 

reliable and easier to implement, it is insensitive to the roughness of the lever, 

and it has a lower sensitivity to thermal drifts [12]. These techniques include 

optical beam deflection, laser diode feedback detection and interferometer detec

tion. All these methods are very sensitive for measuring the deflection of force 

sensing cantilever and, ideally, atomic resolution can be achieved. 

2.2.3.1 Optical beam deflection '. 

Optical beam detection technique was firstly used in scanning force microscopy by 

Meyer and Amer (1988) [32] [33]. The working principle of the detection system 

is shown in Fig. 2.7. A collimated laser beam is focused on a reflective surface on 

the back of force sensing cantilever, and is reflected back into a position sensitive 

detector. The force induced deflection of the cantilever will produce a relative 

angle change 60; between the l'efledtng surface and incident light beam, resulting 

in a 260: angle change ~of reflected light beam. The detector can be as simple 

as a split photodiode, whose photo currents are fed into a differential amplifier. 

Two segmented photodiode can be used for single beam deflection monitoring. 
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The angle change of the reflected light beam causes changes in received light 

distribution on the sensing elements resulting in one segment collecting more 

light than the other, the output of differential amplifier is used for imaging force 

across a sample. If four segmented photodiode is used, normal deflection and 

twist of the cantilever can be measured with one laser beam, Le. the normal 

forces as well as lateral forces can be monitored simultaneously. 

Laser Photodiode 

Cantilever 

Specimen 

Figure 2.7: Schematic diagram of optical beam deflection detection system 

Both theoretical analysis [34] and experiment results [35] [36] indicate that this 

method has similar sensitivity as the more complex interferometers. More over, it 

is simple in structure and reliable in performance so that it has been widely used 

in laboratory and commercially available AFMs. Atomic corrugations on a NaCl 

(001) surface were imaged in ultrahigh vacuum by Meyer and Amer [35] using 

an optical-bearn-deflection atomic force microscope operating in the short-range 

repulsive regime. Alexander et al. [36] presented a atomic-resolution image of 
" • 't 
natIve oxide" silicon surface, using similar optical lever AFM. The lateral forces 

between tip and surface were measured by Taubenblatt [37] by combining the 

optical lever technique into a modified AFM. Developed at the University of 



2.2 SFM transduction methods 33 

Utah by Wenzler et al.[38], an integrated scanning tunneling, atomic force and 

lateral force microscope has achieved simultaneous measurement of normal and 

lateral forces successfully using this optical technique. 

2.2.3.2 Laser-diode feedback detection 

Laser-diode feedback detection is a quite new technique compared with the other 

two optical methods used in atomic force microscopy. It takes advantage of 

the extreme sensitivity of a laser diode to optical feedback to obtain the same 

sensitivity as that of other optical techniques. 

In a laser diode detection system, shown schematically in Fig. 2.8, a force 

sensing cantilever is mounted close to a laser diode, about several micrometers 

from the front facet of the laser. The reflective surface of the cantilever and front 

facet combine to act as a Fabry-Perot etalon. A minute deflection of the cantilever 

modifies the reflectivity of this effective front mirror of the laser diode strongly 

affecting the threshold current of the laser diode. A photo diode is integrated 

into the laser diode package, located close to the back facet of the laser diode, 

monitoring the light emitted from it. The signals from the photodiode can then 

be used for AFM imaging. No other optical components, such as mirrors, lenses 

and fibers are necessary in this system. It is therefore simple to assemble and easy 

to align. Developed at the University of Arizona by Sarid et al. [39] [40] [41], the 

atomic force microscope using a laser diode detection system of a sensitivity of 3 

pm per VB; has been used in the noncontact mode to image magnetic domains 

and in the contact mode to image large area samples. The improved version of 

the AFM uses commercially available mechanical and electronic components of 

the laser diode package leading to an atomic resolution [42]. 

2.2.3.3 Interferometer detection 

Interferometry is a time-tested and well understood method for precision mea

surement of displacement. Various interferometric techniques have been applied 
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Figure 2.8: Schematic diagram of laser-diode feedback detection system 

to atomic force microscopy for force sensing detection. 

McClelland et al. (1987) [43] and Erlandsson et al. (1988) [44] employed a 

homodyne interferometer in atomic force microscopy. In this detection system, as 

shown schematically in Fig. 2.9, a polarized beam from a ReNe laser is incident on 

a polarizing bel:Lm splitter and goes through a quarter-wave plate. The quarter

wave plate toge,~her with the polarizing beam splitter serve as an optical isolator 

to prevent stability problems due to retro reflection of the laser beam. The beam 

continues towards a flat half mirror and part of it is reflected back passing again 

through the quarter-wave plate and deflected by the polarizing beam splitter 

into a photo diode. The second part of the beam passes through the flat half 

mirror and is focused onto the force sensing cantilever and is reflected back. The 

beam then traverses the same path as the first beam back to the same diode. 

The interfereno~ between these two beams is affected by the optical path length 

difference betw~en the half mirror and the cantilever. 

This interferomet.er has an excellent sensitivity when used for ac displacement 
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Figure 2.9: Schematic diagram of homo dyne detection system 
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measurements. However, since this system provides no particular immunity to 

optical path length fluctuations it is not well suited to low-frequency or static 

measurements. In recognition of this deficiency, Rugar et al. [45] improved the 

Michelson interferometer used by Erlandsson et al .. By guiding the light in an 

optical fiber they were able to minimize the interferometer cavity and thereby 

improve the de stability. Later, it was improved into a differential fiber-coupled 

homo dyne detection system, shown schematically in Fig. 2.10 [46J [47J [48J. The 

light from a laser diode is coupled into the input of a 2 x 2 single-mode directional 

coupler through a single mode optical fiber. The coupler splits the light power 

equally into two parts. One part is carried by a fiber to the reference photodiode 

and the other part is guided by the fiber which is placed up to a few micro meters 

from the reflective surface of force sensing cantilever. Approximately 4 % of the 

light in the fiber is reflected at the cleaved end of the fiber. The remainder exits 

the fiber and is partially scattered from the cantilever back into the same fiber. 

T here, it interferes wi th the light reflected from the fiber end and is directed by 

directional coupler into the fiber leading to the signal photodiode. The outputs of 

the two photodiodes are compared electronically and the difference between these 
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two is used for force imaging. In this way, the laser amplitude noise is cancelled 

and better performance is obtained, especially at frequency below 1kHz with 
o 

peak to peak noise less than 0.1 A. 

Coupler Directional § 
Las[e:=r di:=·o=:d:=eJ-_-=--__ -f I-........ ;----~-r ~ 
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photodiode 

Reference 
photodiode 

Cantilever 

Figure 2.10: S.:hematic diagram of fiber-optic interferometer detection system 

Various diff'!rential interferometers have been developed and employed in 

atomic force microscopy. In the optical detection systems build by den Boef 

(1989) [49J, and Schonenberger and Alvarad (1989) [50], the reference beam and 
o 

signal beam are orthogonally polarized. A very low noise level of 0.01 A (rms) 

has been achieved in a frequency range from 1 kHz to 20 kHz [50]. 

Laser heterodyne interferometer was also employed in atomic force microscopy 

by Martin and Wickramasinghe (1987) [51J. Using this detection system, static 

and dynamic magnetic force fields and electric force fields were measured [51 J [52J 

[53][54J. The unique feature of the heterodyne det.ection system is that it is 

independent of optical path length drifts so that the stability can be improved. 

2.2.4 Others 

Besides the force detecting techniques introduced above, people are putting ef

forts in exploring more simple and compact force sensing methods for AFMs. 

Some sensors are fabricated directly onto force sensing cantilevers, and others 
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use cantilever material itself to form a sensor. !toh and Suga at University of 

Tokyo reported a force probe for non contact AFM, in which a piezoelectric film 

with electrode on each side was deposited on a cantilever. The deflection of the 

cantilever can be monitored by detecting the induced charge between the elec

trodes when using piezoelectric vibrator, or the current through the piezoelectric 

layer when cantilever is vibrated by a voltage between the electrodes. The small

est detectable derivative of the force and the minimum detectable change rate 

of the lever amplitude (amplitude change / amplitude in free vibration) were 

claimed to be 1.8 X 10-3 Nm-1 and 0.017, respectively [55]. 

Using the piezoresistive effect of p-type silicon, Park Instruments developed a 

force probe using cantilever material itself as a strain gauge. The deflections are 

measured by connecting the force probe as one element of a Wheatstone Bridge. 

The minimum detectable deflections of around 0.2 nm with a bandwidth of 1 

kHz was reported [56] 

2.3 Scanning and coarse positioning mechanism 

2.3.1 Scanning mechanism 

Imaging or profiling surfaces to high resolution in both vertical and lateral direc

tions is a unique capability of scanning probe microscopy. It is widely accepted 

that this capability depends largely on the performance of its scanning mech

anism. Therefore, the design of scanning mechanism is always a key aspect of 

SPM development. Almost all of the SPM scanning mechanisms use piezoelectric 

ceramic electromechanical actuator!> to provide motions along scanning axes. Al

though it is not possible to describe all of the scanning mechanisms in this thesis, 

some of the mo:e common mechanisms will be discussed here. 
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2.3.1.1 Piezoelectric tripod 

One of the earliest three dimensional scanners used for scanning microscopy was 

that developed by Young et ale [5] for their Topografiner. A sample holder 

is supported by a flexible post which is driven vertically by a z piezoelectric 

element and deflected by two orthogonally arranged lateral piezoelectric elements 

to produce :x-y-z scanning motions at the holder. Later on, a more compact and 

practical tripod scanner was built by Binnig and his co-workers [57], consisting 

of three separated piezoelectric transducers in a tripod arrangement in which 

the three meet at a common vertex on which the scanning tip is held, as shown 

in Fig. 2.11. It demonstrated a high resonant frequency and was found to be 

capable of scanning with high resolution. However, a scanning range of only a few 

micrometers was achieved because the scanning range is solely determined by the 

axial expansion of the piezoelectric elements. Drake et ale [58] used combinations 

of bimorphs in their designs of scanning mechanism to increase motion range and 

resonant frequencies. 

2.3.1.2 Tube scanner 

One of the replacements for tripod driver is tube scanner, which was first pre

sented for this application by Binnig and Smith [59] in their STM and has become 

very popular in todays SPM systems. It is a three dimensional scanner fabricated 

from a single piezoelectric tube. The electrodes are coated on both the inside and 

outside walls. The electrode on the outside is axially sectioned into a quartered 

pattern with equal area for each part, as shown in Fig. 2.12. Applying a voltage 

to single inside electrode causes the tube to expand uniformly along its axis and z 

motion is obtained. To realize the motion in :x and y axes, voltages are applied on 

electrodes spaced 90° a part on the outside individually, causing the tube to bend 

perpendicular to its axis in two orthogonal directions. A scanning tip is mounted 

at the end of the tube scanner. This design exhibits a low cross talk and a high 

resonant frequency. Commonly used tube scanners have similar dimensions to 
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Sample 

Figure 2.11: Schematic diagram of piezoelectric tripod scanning mechanism 

that used by Binnig and Smith [59], which is measured 12.7mm long, 6.35mm in 

diameter and 0.51mm thick, resulting in resonant frequencies of 8kH~ in lateral 

and 40kHz vertical. To improve the transient response behaviour, some users 

have filled the tube with silicon rubber [60] [61]. 

It should b(~ noted that the x - y motion produced by simple tube bending is 

not entirely orthogonal to z axis, which may reduce accuracy of tip position. The 

coupling can be minimized by mounting the probe tip on one of the dc motion 

electrodes [59]. By splitting the x - y electrodes appropriately along z axis, it is 

possible to bell(~ the tube into S shape, as shown in Fig. 2.13. The end surface of 

the tube move~ strictly parallel to the x - y plane. Then the error can, therefore, 

be reduced. Again, the scanning range of the tube scanner is very small, usually 

a few micrometers. Although longer tubes can provide larger scanning range, a 

lOOmm tube for a 100pm expansion, as the tube becomes longer, its resonant 

frequency will reduce, theoretically with the inverse cube of the length, and the 
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problem of creep and hysteresis will also become more serious. 
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Figure 2.12: Schematic diagram of tube scanner 
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Figure 2.13: BI~nding mode of tube scanner. (a) Simple bending, (b) S-shape 
bending 

2.3.1.3 Bimorph scanner 

Similar to tube scanner in principle, piezoelectric bimorph can be used as scan

ning actuator. It cons ists of two thin sheets of piezo ceram ic material, one of 
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which expands and the other contracts upon application of a voltage, resulting 

in a bending motion. A bimorph x-y scanner built by Durig et al. 1985 [14J is 

schematically shown in Fig. 2.14. In this scanner, the sample holder is supported 

by a pair of parallel bimorphs which provide scanning motion in the x axis. The 

y-axis scanning is realized by adding another pair of parallel bimorphs with one 

end of them fixed to the base and the other end to the x-scanning mechanism. a 

scanning range of 50J.l x 50J.l has been obtained. 

Base 
y-bimorph 

x-bimorph 

Figure 2.14: Schematic diagram of bimorphscanner 

2.3.1.4 Piezo-flexure stage 

In an effort to develop long range, metrological scanning microscopes, more and 

more precision scanning stages have been developed in recent years. At the time 

of writing, almost all of the scanning stages used in SPMs are piezo-driven flexure 

stages. This type of stage has the advantages of smooth motion (free from hystere

sis and stick-slip friction), favourable dynamic properties and long time stability. 

Most of these st ages are fabricated monolithically on a thick metal plate, usually 

aluminium alloys or stainless steel, in which lever arms and spring hinges are 

arranged to amplify the motions produced by the expansions of piezo actuators 
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so that large motions can be obtained with a compact mechanism. For metro

logical purposes, a highly sensitive sensor can be easily inserted into the stage 

for position monitoring and/or closed loop control. The piezo-flex stage built 

by Scire and Teague (1978) [3] is probably the first precision stage of this type 

reported and is reproduced in Fig. 2.15. It is of a typical hinge-lever structure 

with notch hinges employed to produce flexure. 50J.lm range and subnanometer 

resolution were achieved, but its low resonant frequency and poor linearity lim

ited its wide applications. The revised version of the stage was used in scanning 

tunneling microscopy by Fu et al. [63]. After that, various piezo-flexure scanning 

stages have been developed and many of them have been commercialized. Now 

the application of scanning stage in scanning microscopy has been increasingly 

reported, especially for metrological SPMs. [12] [65] [12] 

Figure 2.15: Schematic diagram of piezo-flexure stage, (From reference 59) 

2.3.2 Coarse positioning mechanism 

Coarse positioning generally refers to three dimensional relative motion of a probe 

tip to a sample, with a large moving range whi ch covers the scanning range. 
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Mostly concerned and investigated by designers is z translating device which is 

usually called tip approaching mechanism. The tip approaching mechanism is 

to bring the tip approach to the sample to a proximity at which the interaction 

between them becomes available for detection system to pick up without punching 

the tip into the sample, and to maintain this in the controlling range of z piezo. 

Therefore, the fundamental requirements for the mechanism comes to a smooth 

motion, a large positioning range and a relative high resolution. 

2.3.2.1 Inchworm 

Long range piezo-driven translators are widely used for coarse positioning in SPM. 

The "Inchworm™'' is a typical piezo-driven device available for this purpose. It 

combines piezo clamps and piezo expansion to produce step motion by properly 

implementing a sequence of clamping, unclamping, expanding and contracting. 

Fig. 2.16 shows schematically the principle of operation of the inchworm. 

With this kind of device, a resolution of a few nanometers has been achieved 

and the translation range is theoretically unlimited [60][65]. However, the effects 

of clamping introduce parasitic motions typically of many 100's of nanometers. 

As a consequence they can only be used to provide the motions of resolutions 

that are between a clamp cycle. 

2.3.2.2 Piezo-walker 

Another well known piezo driven device is micro-walker, so called "louse", which 

was firstly developed by Binnig et al. [1]. A typical design of this type is shown 

in Fig. 2.17. The walker consists of a piezoplate and three dielectric feet standing 

on a metal plate. The feet can glide freely on the metal plate or are clamped in 

place by applying a voltage on them. Two dimensional motion can be realized 

by expansion and contraction of the piezoplate with an appropriate clamping 

sequence of the feet. A resolution of a few nanometers and a dynamic range of 

centimeters have been obtained. The drawback of the device is that the clamping 
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Figure 2.16: Operation principle of inchworm. (a) The inchworm is ready for a 
new step. piez() 1 clamps. (b) Piezo 2 expands. (c) Piezo 3 clamps and Piezo 1 
releases. (d) Piezo 2 contracts, and the tube is moving up. 
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forces are very sensitive to the surface condition of the dielectric material and 

poor in low resonant frequency. Decreased piezo expansion at low temperature 

also makes the louse performance unreliable for low-temperature application. 

Metal plate Feet 

Figure 2.17: Schematic diagram of operation principle of piezo-walker 

2.3.2.3 Magnetic walker 

To overcome the problems on piezo-Iouse mentioned above, a magnetic walker 

was first built at Stanford University [67] and used by Elrod et a1.[68] for low

temperature vacuum tunneling microscopy. It was later developed and employed 

for STM by other groups [69][70]. The device generates movement from the force 

derived from pulses of current in the presence of a magnetic field. It slides on 

a low friction surface and requires no clamping, as shown schematically in Fig. 

2.18. A permanent magnet is mounted on a sample holder which sits on a plate 

of smooth surface through three legs. A solenoid is fixed with the plate. When 

current is pulsed through the coils, an induced force pushes the sample holder 

moving in steps. The holder can move backward and forward depending on 

the direction of the current pulses. Again nanometer resolution over centimeter 

motions have been achieved. If two pairs of permanent magnets and solenoids 

are properly ar:·anged , two dimensional motion can also be achieved . 
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Figure 2.18: Schematic diagram of magnetic walker 

2.3.2.4 Inert.ial glider 

Built by Pohl [71J an inertial glider is another piezo-driven positioning device 

successfully used for tip approaching in scanning probe microscopy. As shown in 

Fig. 2.19, it consists a sample holder riding on a guide-way which is supported 

by a pair of leaf springs. The leaf springs connect the guide-way to a base and 

a piezo tube is firmly clamped between the guide-way and the base. A sawtooth 

electric waveform is applied to the piezo tube to generate step motion. During 

the slow ramp piezo's expansion causes guide-way and sample holder moving 

forwards together due to static friction forces. While the rapid jump of piezo's 

contract produces such a high acceleration of guide-way that the holder does not 

follow it anymore because of its inertial forces. Then a sliding motion happens 

between them. The device provided step sizes of 0.04 - O.2pm and translation 

range is only limited by its structure. 

Anders et al. [72J built an inertial sliding positioner capable of two dimen

sional motion. In their design a piezoelectric disc is clamped into a quadrate 

metal frame with a sample holder siting on it. The electrode on one side of the 

disc is cut into four quadrants. Step motion in disc plan is achieved by connecting 

different neighbouring pairs of quadrant electrodes to the same sawtooth-shaped 
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Figure 2.19: Schematic diagram of inertial glider 

voltage. The inertial forces generate relative motion between the disc and the 

holder. 

2.3.2.5 Screw-driven mechanism 

Screw-driven mechanisms have also been widely explored and possibly provide the 

least expensive method for tip/specimen adjustment. Differential micrometers 

can be used directly for tip approach [73]. Various lever reduced and differential 

spring reduced screw mechanisms have also been developed and used for this 

purpose [74][7S;[76][77]. As an example, for one such mechanism, motion of a 

lead screw turned by rotational manipulator is reduced by a lever with a ratio 

of 1/100 - 1/5000, resulting in a 500 A to 25 J.L1n translation per revolution [74]. 

Similarly, for differential spring mechanism the reduction of motion is produced 

by difference in spring constants between two series arranged springs. Fig. 2.20 

shows a simple differential spring mechanism [4]. 
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Figure 2.20: Schematic diagram of a differential spring reduced screw positioner 
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Chapter 3 

Force probe system 

3.1 Introduction 

The force probe is the heart of a scanning force microscope. Its force sensing 

capability and other properties have a direct effect on the performance of the 

microscope. From a general point of view, almost all the force probes developed 

so far measure deflections of a cantilever as the force sensing mechanism. A sharp 

tip is mounted on a flexible cantilever beam whose deflection senses the resultant 

interaction of the tip with the surface. The role of the beam is to transfer the force 

acting on thetlp into a deflection that can subsequently be monitored by var

ious deflection- sensing methods. Among these, electron tunneling, capacitance, 

piezoelectricity, piezoresistivity, optical interferometry, optical polarization, and 

optical deflection have been used. A nanometre or sometimes even subnanometre 

resolution can be achieved by these techniques. 

The force probe introduced in this chapter is a capacitance based constant 

force sensor, the first prototype of which was built and used by L.P.Howard and 

S.T.Smith [1, 2, 3] in our laboratory. It demonstrated a very good sensitivity and 

a high stability. Further understanding of the characteristics and the optimization 

of the force probe design was investigated by the author. Then the new optimized 

force probe was applied to a metrological scanning force microscope. 
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Fig. 3.1 shows a diagram of the force probe sensor. The probe consists of a 

thin cantilever beam that is rigidly attached to a solid base at one end and with 

the stylus tip attached at the other. The base extends below the cantilever on 

the face opposite to the tip and is separated by a small air gap. An aluminium 

film deposited onto the opposing faces forms capacitance electrodes which are 

used to monitor the deflection of the beam. 

Figure 3.1: The force probe 

Generally, the higher the resolution of the instrument, the smaller the field of 

view or measurement length. Although AFM is capable of very high resolution, 

its scanning range is too small for application to many precision engineering prob

lems. Typically, traditional stylus instruments can measure profiles over many 

millimeters, but are limited to a relative low traverse speed and high contact 

forces. The constant force probe presented in this thesis is aimed to be devel

oped as a hybrid of these techniques incorporating both the long range traverse 

characteristic of stylus instruments and high bandwidth response and low contact 

force of AFM. Theoretically, an ideal probe should be made as small as possible 

to reduce mass with minimal separation and large area electrodes for high sen

sitivity. However, as the separation reduces there arises significant. squec2e film 

forces which, for small oscillations, result in an inherent vi scous type damping 

between the beam and the base. The parameters of the cantilever beam not only 
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determine the electrode area, but also affect the probe's dynamic properties as 

well. Sometimes, these effects are contradictory, so great care has to be taken in 

balancing the various aspects properly if an optimal probe is to be built. 

In this charter, a theoretical analysis of the dynamic characteristics of this 

kind of force probe is introduced and extended to an assessment of the sensor's 

characteristics. Based on this analysis. optimization is discussed and methods for 

parameters selection are presented. The experimental verification of squeeze film 

forces between the beam and base is demonstrated and other properties of the 

probe have also been assessed experimentally. Finally, fabrication consideration 

are briefly discussed. 

3.2 Effects of damping on surface measurement 

with stylus method 

The scanning force microscope is generally considered as a new generation of 

stylus technique. In particular, the contact mode SFM simulates the conven

tional stylus instrument in performance and many other aspects. As the surface 

features to be measured become finer and finer, the restrictions on the environ

mental conditions become more stringent. This requires modern instruments to 

speed up the measurement cycle so as to minimize the influence of environmental 

drift and vibration. In this case, the dynamic properties of the instrument be

come of increasing concern to both designers and users. A high natural resonant 

frequency provides high dynamic response which enables the tip to follow the 

sharp changes of contours while damping helps to reduce susceptibility to vibra

tion and may ilcrease general measuring fidelity. However, too much damping 

makes the dynamic response unacceptably slow, with a corresponding increase 

in tip/surface forces which may cause damage to the surface. Theoretical work 

on stylus dynamics by Whitehouse [4, 5] based on a study of the reaction force 

at the contact indicates that the measurement fidelity might be enhanced and 
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measuring speed be increased if the damping factor is controlled properly. 

Damping c 
r:;:l 

F ~ ~n-m ________ ~ ____________ ~~ ______ L--
Spring k 

R 

Figure 3.2: Schematic diagram of simplified model of general stylus method 

For modeling purposes, a stylus system may be represented by a simple mass

spring-damping system, Fig. 3.2. The governing equation is 

meY + ciJ + ky + F = R(t) (3.1) 

where me is the effective mass of the stylus relative to pivot, c is the damping 

factor, k is the rate of the equivalent spring, F is the static force and R is the 

reaction force. The statistical form of the model is more realistic for a discussion 

of the fidelity of surface measurement. From equation 3.1, taking the Fourier 

transform of both sides, squaring and taking to the limit gives PR{W), the power 

spectral density of R( t) 

(3.2) 

The expression [1 + (:,.)2(4e2 - 2) + (:,.)4], designated as H(w), is the weighting 

factor on .Py(w) to produce PR{W). From this equation it can be seen that the 

properties of the output PR(W) are related intimately to the system and input 

signal parameters, m,wn ,{, and .Py(w) respectively. From the point of view of 

damage and fidelity, two ways can be approached to improve the performance 
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of the stylus instrument. One is to reduce the reaction; the other is to make 

the reaction ma.tch the surface profile. According to the equations 3.1 and 3.2, 

reducing damping is an obvious way to reduce the magnitude of the reaction, but 

making f.. tend to 0 introduces the problems of sensitivity to disturbances and 

long settling times which should be avoided in the instrument systems. How

ever, too much damping makes the dynamic response unacceptably slow, with a 

corresponding increase in reaction R, which may cause damage and deteriorate 

fidelity. Therefore, there exists an optimum value of damping ratio f.. to improve 

20 
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Figure 3.3: Surface spectrum weighting factors for different damping system (af
ter reference 5) 

fidelity and reduce damage. One approach is to optimize the shape of H(w). Fig. 

3.3 shows the shapes of weighting factor H(w) corresponding to different damp

ing systems. One criterion is to make H(w) = lover the band of interest. The 
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classical way to do this is to make Wn > > Wu (wu is the highest frequency on the 

surface), but iii is unrealistic for modern instruments because very fine features 

have to be measured and relative high speed is required by these instruments. 

An alternative criterion, which utilizes all the band of frequencies up to Wn , is to 

pick damping l'J.tio e from equation 

(3.3) 

In this case, H(w) is not unity for each individual value of w, but it is unity, on 

average, over the whole range. The solution for the equation (3.3) comes to be 

e = 0.59. 

Damping effects on the fidelity of surface measurement have also been exper

imentally inve~tigated by Liu et al.[6]. From this study damping ratios corre

sponding to optimal fidelity are claimed to be in the range of 0.4 - 0.8. 

3.3 Dynamic characteristics of the force probe: 

theoretical analysis 

From the damping effects discussed above, it is clear that dynamic properties of 

the stylus instrl1ments have direct influence on the surface measurement. It is 

easy to see that the force probe of cantilever type can be considered, in principle, 

as a miniature stylus system. It is generally used to measure the surface on 

much finer feat.ures with much lower contact force and higher speed. In this 

case, its dynamic characteristics become paramount factors for obtaining desired 

performance frc,m the measurement system. 

The geomet.ric parameters for mathematical modeling are shown in figure 3.4. 

The cantilever of the force probe is modeled as a simple prismatic beam with 

concentrated mass (diamond tip) on the free end and distributed mass (beam 

mass) along the beam. Since the beam has distributed weight, theoretically, it 



3.3 Dynamic characteristics of the force probe: theoretical analysis 64 

can vibrate at an infinite number of frequencies, where each frequency has a 

unique deformation profile, or vibration mode. In reality it is the lowest, or fun

damental, mode that will limit the dynamic response. The effects of the other 

frequencies are usually small and will decay rapidly enough to be considered neg

ligible. Therefore, only the first or fundamental vibration mode is considered in 

our analysis. Using Rayleigh's approximate method, the fundamental undamped 

1 

z 
x 

---------- --- .. _- -,~. -------- .. ------ ,'~ ------ -----(// ---."",-

Figure 3.4: Modeling parameters of the force probe 

resonant frequency Wn of a. prismatic cantilever with both distributed and con

centra.ted mas& is given by 

(3.4) 

where k is the static bending stiffness of the beam and me is its effective mass 

both of which are given by [7, 8] 

(3.5) 

where mt and md are the concentrated mass (tip mass) and distributed mass 

(cantilever mass) respectively, I is the second moment of area (= btP/12 for a 
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rectangular cross section, where b is the width and d the depth of the beam) and 

E is its elastic modulus. The probe is modeled as a linear second-order system 

described by the equation 

meZ + cZ + kz = F (3.6) 

where c is the damping factor dominated primarily by squeeze film acting between 

the cantilever electrodes and F is the contact force applied to the tip. 

Ignoring the effect of the tip mass, the classical solution of the ith deflection 

mode for lateral vibration of a prismatic cantilever is given by 

(3.7) 

where Zo can be considered as the deflection amplitude at free end which is 

the function of time, t. For the fundamental vibration mode (i = 1), we have 

k11 = 1.875 and 0:1 = 0.7341. A simplified deflection model using the equation 

for static deflection of the beam with both distributed and concentrated mass is 

given by 

(3.8) 

Because the gap between the electrodes are minimized to obtain high sensitivity 

there is a high aspect ratio between electrode separation and beam dimension. 

This results in significant squeeze film forces and therefore introduces energy dis

sipation when the beam vibrates. In this model, the squeeze film is approximated 

as an incompressible and adiabatic film with low Reynolds number, and under 



3.3 Dynamic characteristics of the force probe: theoretical analysis 66 

these conditions Reynolds equation reduces to 

(3.9) 

where p is the gauge pressure distribution in the gap, I' is the viscosity (for air, 

I' = 1.862 X 10-5 N sm-2 ), h is the stationary air film thickness and V is the 

instantaneous velocity of relative motion in the z direction. The distribution of 

damping pressure in the air gap is obtained from a solution to equation (3.9). Be

cause the mode shape is independent of time (although its magnitude is changing) 

and, for a slender beam, the bending across the width of the beam is negligible 

so that the velocity in x is constant at constant y, the velocity V(x, y, t) can be 

represented by two separable functions 

V(x, y, t) = Vo(t)f(y) (3.10) 

where Vo(t) is the amplitude of instantaneous velocity at the free end (= 2'0) 

and f(y) the function of deflection mode obtained from equation (3.7) or (3.8). 

Assuming a solution to equation (3.9) of the general form [9] , 

( 

00 n1r ) 
p(x,y) = n~,5 cosTx Y(y) (3.11) 

and substituting equation (3.8), (3.10) and (3.11) into (3.9), the solution for the 

pressure distribution is given by 

where 

00 

p(x, y) = L cosRnx[BnsinhRnY + CncoshRny + Y·] 
n=1,3,S 

Y· = Aly4 + A2y3 + A3y2 + A4y + As 

Rn=~ 
b 

(3.12) 
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As = _ Qn 
R2 n 

12 md 
C= -(mt+-) 

2 3 
13 

md 
D = C 1 - -(mt + -) 

6 4 
481'( -1) (n;1) 

Qn = h3 Va 
1(" n 

Correspondingly for the model of equation (3.7) 
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(3.13) 

(3.14) 

To determine t.he constants Bn and Cn in equation (3.12), the boundary condi

tions must be ~atisfied. At the fixed end of the beam air can not be squeezed 

out. To set up the boundary conditions satisfying this situation, a double length 

beam with a symmetrical vibration mode with a stationary node at the centre 

is assumed, Fig. 3.5, and only half of the resultant pressure distribution is used 



3.3 Dynamic characteristics of the force probe: theoretical analysis 68 

to compute the squeeze film force. In this case, the boundary conditions can be 

expressed mathematically as 

p=o, at x = ±~ and y = ±l 

and the expression of the velocity distribution has to be rewritten as 

v = Yo/(Iy!) (3.15) 

and correspondingly, y* in equation (3.12) becomes 

(3.16) 

Introducing the boundary conditions into the equation (3.12), the constants 

En and en can be determined 

Bn = Y*( -I) - Y*(l) 
2sinh(Rl) 

en = Y*(l) + Y*( -I) 
2cosh(Rl) 

(3.17) 

Fig. 3.6 shows the calculated pressure distribution along the central axis of 

a cantilever beam with an air film of thickness 15 pm. This pressure can be 

integrated over the y axis to give the total damping force acting on the beam, Fd 

Fd = j jp(x,y)dxdy (3.18) 

b b -- < x < - 0 :5 y :5 1 2 - - 2 ' 

For modeling purposes the distributed damping force can be translated to a 

concentrated damping force Fe at the same point as the effective mass or probe 

tip. Using the simple second order model of equation (3.6), the damping factor,c, 
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Figure 3.5: Beam model satisfying the boundary condition of zero flow at the 
clamped end and ambient pressure at the beam edge 
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can be derived from the equation 

Fe = CZ (3.19) 

where z is the velocity at the free end of the beam. Using the principle of virtual 

work, 

Fe~O = f f p(x, y)~(y)dxdy (3.20) 

where ~o is an assumed small displacement at the end of the beam, ~(y) is 

deflection profile due to Ao, given by 

A(Y) = ~of(y) (3.21) 

Substituting equation (3.19) and (3.21) into equation (3.20), the damping 

factor is given by 

c = ~f f p(x, y)f(y)dxdy (3.22) 

b b -- < x < - 0 _< y _< I 
2 - - 2 ' 

Then the critical damping ratio e and damped resonant frequency w,. can be 

calculated from the equations 

c 
e=2~ (3.23) 

(3.24) 

Fig. 3.7 shows the calculated damping ratios against squeeze film gap for 

cantilever lengt.hs ranging from 5 to 8 mm. For a wide range of applications, 

using the deflection model of equation (3.7) with no tip on the cantilever beam, 
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Figure 3.7: The relationship between damping ratio and gap for a variety of 
lengths of a glass (E = 70GPa) cantilever with the dimension b = 1.5 mm, t = 
0.1 mm and tip mass mt = 2mg 

the damping factors against cantilever beam length for a variety of widths have 

been calculated. All the calculation are performed on a Sun work station using 

the software package Mathematica TM. The program used for this model solution 

can be found in the Appendix A of the thesis. The results of the calculation are 

listed in Table 3.1 and plotted in Fig. 3.8 (ch3 
/ I-' vs l&b). These curves can 

be used for beams from 3 to 22 mm in length and 1 to 3 mm in width to 

determine the damping constant for a system of any material, gap medium and 

thickness of prismatic cantilever. As an example, if one has a silica cantilever 

beam (E = 70GPa of dimension 7 and 1.5 mm in length and width respectively 

with an air gap of 15 I-'m (I-' = 1.862 x 10-5 N sm-2
), ch3 

/ I-' = 46.04 X 1O-13m4 

can be obtained from figure 3.8, giving a damping factor of c = 46.04 X 10-13 x 

1.862 X 10-5 /(.1 5 x 10-6 )3 = 0.0254 N sm- t
• 
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Figure 3.8: The relationship between damping factor and cantilever geometry 

b (rnm) 1 (mm) 
3 6 9 12 15 18 21 

1.0 5.20 12.31 19.66 27.08 34.53 42.0 49.47 
1.5 15.39 38.04 62.30 87.05 112.01 137.08 162.22 
2.0 33.25 83.27 139.14 196.89 255.48 314.51 373.80 
2.5 61.78 151.56 257.00 367.66 480.70 595.02 710.11 
3.0 107.04 246.32 421.58 608.62 801.19 996.78 1194.20 

Table 3.1: The calculated values of ch3 / J.l vs 1 & b 

72 
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3.4 Experimental assessment of the theoretical 

model 

The Fig. 3.9 is a schematic diagram of the apparatus used to measure the dy

namic response of a variety of force probes. With this the force probe is fixed 

on a Bruel & Kjaer (3443) accelerometer, which is, in turn, mounted on a Ling 

Dynamic (V201) vibrator. A swept-sine signal from an Advantest (TR98021) 

signal generator was fed to the vibrator through a Derritron (25WT) power am

plifier. The sigllal response from accelerometer and force probe is then recorded 

using an Advantest (TR9403) digital spectrum analyser and the frequency re

sponse computed. Some typical measurement results are shown in Fig 3.10 to 

3.12. Fig. 3.10 is the transfer function of an underdamped force probe (No.13 

in Table (3.2)). From this, a resonant frequency of 1625 Hz is observed along 

with a rapid 1800 phase change, typical of a second-order dynamic response. Fig. 

3.11 shows the coherence of the same probe, indicating good linearity between 

input and output over all frequencies below 3 kHz and thus justifying the as

sumption of small oscillations and therefore linear frequency response. Fig. 3.12 

is the transfer function of a overdamped force probe No.3, in which no resonant 

frequency can be seen. 

Recorder 
Force Probe 

J-o---1 Capacitance Gauge 

Dynamic Digital Analyser 

Vibmtor 
Amplifier 

Vibmtion Signal Genemtor 

Figure 3.9: The schematical diagram of the dynamic testing system 
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Figure 3.12: The measured transfer function of over damped force probe 
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More than twenty force probes were produced and their dynamic characteris

tics measured for comparison with theoretical results. However, some were found 

to be so overdamped that their damping ratios could not be measured. The re

maining results are listed in Table 3.2 and plotted in Fig. 3.13. The parameter 

h (air gap) is from the measurements using a SIP optical micrometer and the 

tip mass is measured using precision balance with 0.1 mg resolution. Comparing 

these results, a. relatively small difference between theoretical and experimental 

values can be seen. The difference between theoretical and experimental results 

can be analyzed in two aspects, modeling and experimental errors. 

A potential error could be introduced by the simplification of the assumed 

vibration mode. To assess this, two deflection models, equat ion (3.8) which is 

based on the static deflection curve of a prismatic beam with a concentrated 

mass (tip mas~) at one end and equation (3.7) which is the dynamic distortion 

curve of a simple prismatic beam, were used in the calculations and the results 

are compared i!l Fig. 3.14. Fig. 3.15 shows that the profile of equation (3.8) 

is more curved than that of equation (3.7) due to the effect of tip mass, so the 

integrated speed along the former beam will be smaller, resulting a lower value 



3.4 Experimental assessment of the theoretical model 76 

Probe t 1 h Ire Irf e: ee ef error 
(pm) (mm) (pm) (B%) (B%) 

No. 1 195 7.0 6.0 - - 4.546 4.634 - -
No. 3 105 6.0 11.2 - - 1.276 1.325 - -
No. 13 195 8.0 24.5 1667 1625 0.094 0.095 0.044 0.050 
No. 15 195 7.0 10.2 1781 - 0.925 0.943 - -
No. 20 105 6.0 18.6 1082 1130 0.279 0.289 0.325 0.046 
No. 23 195 7.5 17.7 1791 1765 0.211 0.215 0.225 0.014 
No. 26 105 5.0 18.5 1530 1449 0.173 0.181 0.110 0.063 
No. 101 105 5.7 18.8 1207 1190 0.235 0.245 0.257 0.022 
No. 102 105 5.2 14.0 1227 1200 0.445 0.463 0.466 0.021 
No. 108 105 6.2 26.5 1105 1100 0.105 0.109 0.148 0.043 
No. 109 105 6.0 22.5 1149 1150 0.157 0.163 0.180 0.023 
t - thickness of the cantilever; 
I - length of the cantilever; h - thickness of the air film between the electrodes; 
ee - calculated damping ratio; 
et - testing value of damping ratio; 
Ire - calculated value of damped resonant frequency; 
Irf - measured value of damped resonant frequency; 
* - calculated with deflection model equation (3.8); 
error = Ie: - et I 
For all the probes: 

Glass cantilever E = 70G Pa ; 

Width of the cantilever b = 1.5 mm ; 
Mass of the tip (concentrated mass) me = 2 mg 

Table 3.2: The comparison of the results of experiment and calculation 
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Figure 3.13: The comparison of the results of experiment and calculation. X 

C, + - ee, 0 -- et 

of damping factor c. The shorter the beam, the larger this relative difference. 

Over the range of geometric dimensions used for these calculations, the maximum 

difference between calculated results of ch3 / J.l is 5.58 % at the point (l = 3mm), 

as shown in Fig. 3.14. From this, it can be seen that the damping factors are 

not very sensitive to the deflection models and the longer the beam, the smaller 

the error. Gent:rally, if the tip mass is very small compared with the cantilever 

beam mass, then deflection model of equation (3.7) can be used to calculate the 

dynamic property of force probe without significant loss of precision, which is also 

verified by comparison of the calculated results ~~ and ~e in Table 2. The main 

merit of using the model of equation (3.7) is that it is independent of thickness, 

width, density and elastic modulus of the beam. 

For most of t.he probes in Table 3.2, the measured damping ratios and damped 

resonant frequency were respectively higher and lower than the values calculated 

from the mathematic model. A large number of factors will influence the ex

perimental results such as probe dimensions, viscosity of ambient atmosphere, 
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Figure 3.14: Calculated damping forces using different deflection models, (a) 
results, ( b) difft rence between the two theoretical models 
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internal losses, and rigidity of the mounting. The sensitivity of the predicted 

damping ratio to errors in geometric dimensions has been assessed and the re

sults are listed in Table 3.3 in which probe N 0.101 (in Table 3.2) is taken as 

an example where all measurement errors are assumed to be 5% of the measured 

parameters. From this table it can be seen that damping ratio errors are very sen

sitive to the thickness of capacitance gap and the beam parameters band l. This 

illustrates the necessity for stringent manufacturing tolerances if the damping 

ratio, and therefore dynamic characteristics, of such probes are to be controlled. 

Due to the small dimensions of our probes, it was very difficult to assess the errors 

in this experiment. However, we feel that, in general, we achieved measurements 

of geometric pa.rameters to within a few percent. The separation It, being less 

well defined, is probably subject to an error margin between 5 and 10%. Table 

2 shows the error bet.ween calculated and measured damping ratios. This shows 

a standard deviation of 0.0175 with a worst case error of 0.063. If probes with 

optimal damping ratio of 0.6 were desired, the present manufacturing process 

would therefore show a standard deviation of approximately 3 % whi ch will be 
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acceptable in view of the wide margin of 0.4 to 0.8 for good measurement fidelity 

of contact probes. 

~h= A/= Ab= At= Amt= 
hx5% 1 X 5% b x5% t X 5% mt x 5% 

Ae 0.039 0.025 0.026 0.020 0.005 
T X 100% 16.6 10.6 11.1 8.5 2.1 
The parameters used in calculation are same as the parameters of 
probe No.IOI in table 1, 
h = 18.8pm, I = 5.7 mm, b = 1.5 mm, t = 105JLm,mt = 2mgj ~ = 0.325 
All errors of parameter measurement are assumed to be 5 % of the parameters. 

Table 3.3: Damping ratio errors caused by parameter errors 

3.5 Parameter design 

3.5.1 Introduction 

In principle, it is more complicated to optimize the design of the capacitance force 

probe than that of others such as the probes monitored by electron tunneling or 

laser interferometers. For the capacitance force probe, the parameters of the 

cantilever beam are not only determined by the stiffness characteristic which is 

usually the main concern of force probe designers, but also by the capacitance 

property because the beam's surface opposite to the base block works as one of 

the capacitance electrodes. The gap thickness is also one of the parameters of 

importance. The damping effect and sensitivity of the probe are very susceptible 

to the parameter according to the analysis work introduced above and to be 

discussed later. In the parameter design of our force probe, four parameters 

to be determined are: air gap thickness h, cantilever beam width b, thickness 

t and length I. The objective of optimal design to be achieved is to improve 

the properties of the probe in the aspects of displacement and force sensitivity, 

resonant frequency and damping ratio. 
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3.5.2 Mathematical model 

To optimize the properties of the probe, it is, first of all, essential to develop some 

mathematical models, in which the relationships between the properties and the 

parameters are revealed. 

1. Capacitance 

If a commercial bridge electronics is chosen for the sensor, there is therefore a 

requirement on capacitance matching between the probe and the electronic mod

ule. We used Queensgate Instruments nanosensor capacitance gauge for which a 

capacitance of between 2 - 10 pF is required. 

Given a static condition with no force on the sensor tip, the relationship 

between capacitance and probe parameters 

(3.25) 

where e is the dielectric constant, ho is the thickness of the air gap between elec

trodes and b and I are the width and length of the beam, respectively. 

2. Damping ratio and resonant frequency 

As pointed out at the beginning of this chapter, the dynamic characteristics of 

the force probe are important for a stylus measurement of high fidelity. A critical 

damping ratio of between 0.4 and 0.8 corresponds to optimal dynamic conditions. 

According to the results of dynamic analysis on the force probe introduced before, 

the damping ra.tio can be expressed as 

e = c = H{b,l)~ 
2vrm; 2vrm;h~ 

(3.26) 

where, k and me are the functions of the parameters of cantilever beam, see 

equation (3.5), /1. is the viscosity and ho is the stationary air film thickness. H(b, I) 

is also the function of beam parameters b and I. One can obtain H(b, 1)( = ch~/~) 
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from Fig. 3.S by doing polyfit on ch3 / J1. with respect to parameters I and b, 

respecti vely 

H(l, b) = (1. 7] 1-5.09)b3 +(2.SlI- 0.49)b2
- (3.65/-S.31)b+ (1.631-5.23) (3.27) 

3. Deflection and force sensitivity 

As mentioned before, the cantilever beam of the probe will be bent when a small 

force acted on the tip. The deflection leads to a gap change of capacitance 

electrodes, resulting a difference in capacitance output. Deflection sensitivity is 

the ability of the probe to sense small displacement, while the force sensitivity 

determines the magnitude of the contact force which acts on the surface being 

measured. Therefore, for the capacitance force probe, to obtain high resolution 

needs high deflection sensitivity, and to keep low contact force requires high force 

sensitivity. Considering the state which the tip and surface are in contact, the 

capacitance of the probe can be expressed as a function of contact force [1] 

C(F) = eb tanh-Ila 
a ho 

/hoF 
a = 12k (3.28) 

where, F is contact force and k is the stiffness of the beam. Substituting initial 

static bending A.ho(= F/k) into equation (3.2S), we have 

(3.29) 
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Then, the deflection sensitivity 

(3.30) 

From which the force sensitivity can be expressed as 

(3.31) 

3.5.3 Determination of optimal parameters 

With the above mathematical model, it is possible to determine the optimal 

parameters for the probe. Before doing that, some constraint conditions have to 

be set on the properties of the probe we concerned, based on the fundamental 

technical criterion set to the probe. 

Firstly, the capacitance of the probe has to be limited between 2 - 5pF which 

is required by the commercial bridge electronics. 

Secondly, to achieve good fidelity of profiling, the dynamic property of the 

probe needs to be properly controlled. The results of research work [5] [6] indicated 

that for stylus type of instruments, optimal dynamic conditions correspond to a 

system critical damping ratio between 0.4 and O.S. 

Finally, with the concern of the stability and the respond speed of the probe 

system, the lower limit of the resonant frequency of the probe is set to be 400 

H~. 

Summarizing all these, the constraint conditions for the optimal parameter 

search are as followings 

2 < Co < 10 

0.4 < e < O.S 

400 < Jr < 2000 

(3.32) 
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Solving the mathematical model by substituting probe's parameters into equation 

(3.24, 3.25, 3.26, 3.30, 3.31), gives the results in Table 3.4, 3.5 and 3.6, for 

parametre values which satisfy the constraint conditions. The mass of diamond 

tip used here is 1.5mg. Other conditions are as same as in Table 3.2. The 

calculation ranges of the parameters are 

O.l(mm) < b < 1.5(mm) 

2.0(mm) < I < 10.0(mm) 

3(JLm) < ho < 10(JLm) 

(3.33) 

In the results with ho = 3JLm, no group of parameters within the calculation 

range satisfied the constraint conditions of equation (3.33). So, Table 3.4,3.5 and 

3.6 start from ho = 4JLm. 

Among the properties, The force sensitivity is usually a main concern of de

signer. From the equation (3.30, 3.31), it can be seen that ho should be chosen 

to be as small as possible if maximum sensitivity is to be obtained. It is found 

that reducing Ito is mainly limited by the damping ratio constraint. Varying ap

proximately as an inverse cube, the damping ratio is extremely sensitive to the 

thickness of air gap (see equation (3.26». This can be improved by modifying 

other parameters, the width and length of beam, 6 and I . Among them b has 

dominant effed on damping ratio, and as b reduces so too must the stiffness k, 

which can result in a further increase of the force sensitivity. 

Then, the sequence of parameter determination can be derived. First of all, 

the width of beam, (6), should be chosen as narrow as possible. Then work out 

the minimum value of air gap ho with which the constraint conditions should be 

satisfied. Finally, the length of beam I is determined. The same conclusion can 

be drawn directly from the calculation results in Table 3.4,3.5 and 3.6. 
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ho = 4pm 
b (mm) I (mm) Co (pF) e fr (HII ) Cd (pF/m X 10:1) Cle (pF/N) 

0.3 5.0 3.319 0.490 634 2.782 5722.5 
0.3 4.5 2.987 0.374 898 2.504 3754.6 
0.4 4.0 3.54 0.547 896 2.968 2343.9 
0.4 3.5 3.098 0.386 1454 2.597 1370.0 
0.5 3.5 3.872 0.649 764 3.246 1374.0 
0.5 3.0 3.319 0.431 1935 2.782 741.6 
0.6 3.0 3.983 0.653 1023 3.339 741.6 

ho = 5pm 
b (mm) I (mm) Co (pF) e fr (HII ) Cd (pF/m X 10:1) Cle (pF/N) 

0.3 6.0 3.186 0.400 549 2.134 7585.0 
0.3 5.5 2.921 0.320 677 1.956 5355.7 
0.4 5.0 3.540 0.499 712 2.371 3658.0 
0.4 4.5 3.186 0.380 996 2.134 2400.0 
0.5 4.5 3.983 0.642 548 2.618 2400.0 
0.5 4.0 3.540 0.472 1169 2.371 1498.3 
0.5 3.5 3.098 0.332 1702 2.075 878.3 
0.6 3.5 3.717 0.505 1468 2.490 878.3 
0.8 a.o 4.247 0.634 1340 2.846 474.1 

Table 3.4: The parameters versus properties of the probe (ho = 4, 5pm) 
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ho = 6/Lm 
b (mm) I (mm) Co (pF) e fr (Hz) Cd (pF/m X 105

) Cle (pF/N) 
0.4 6.0 3.540 0.460 576 1.975 5263.0 
0.4 5.5 2.245 0.369 741 1.810 3716.2 
0.5 5.0 3.688 0.488 805 2.057 2538.2 
0.5 4.5 3.319 0.372 1114 1.851 1665.3 
0.6 4.5 3.893 0.567 849 2.221 1665.3 
0.6 4.0 3.540 ' 0.614 1380 1.975 1039.7 
0.7 3.0 4.130 0.592 1002 2.304 1039.7 
0.7 3.5 3.614 0.414 1824 2.016 609.4 
0.8 3.5 4.130 0.558 1467 2.304 609.4 
1.0 3.0 4.425 0.597 1800 2.468 329.0 

b (mm) I (mm) Co (pF) e fr (Hz) Cd (pF/m X 105
) Cle (pF/N) 

0.5 6.5 3.595 0.354 564 1.502 4073.7 
0.6 6.0 3.983 0.443 624 1.660 2957.6 
0.6 5.5 3.651 0.354 793 1.526 2088.3 
0.7 5.5 4.259 0.506 686 1.78 2088.3 
0.7 5.0 3.872 0.394 945 1.618 1426.3 
0.8 5.0 4.425 0.535 790 1.849 1426.3 
0.8 4.5 3.983 0.404 1167 1.664 935.8 
0.9 4.5 4.480 0.527 999 1.872 935.8 
0.9 4.0 3.983 0.384 1511 1.664 584.2 
1.0 4.5 4.978 0.667 522 2.080 935.8 
1.0 4.0 4.425 0.485 1373 1.849 584.2 
1.1 4.0 4.868 0.598 1051 2.034 584.2 
1.1 3.5 4.259 0.415 1963 1.780 342.5 
1.2 3.5 4.464 0.500 1780 1.942 342.5 
1.3 3.5 5.033 0.594 1418 2.103 342.5 
1.4 3.5 5.421 0.695 504 2.265 432.5 
1.6 3.0 5.310 0.597 1947 2.219 184.9 

Table 3.5: The parameters versus properties of the probe (ho = 6, 8/Lm) 
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ho = 10J,lm 
b (mm) 1 (mm) Co (pF) ~ fr (Hz) Cd (pF/m X lOS) Ck (pF/N) 

0.6 7.0 3.717 0.383 599 1.242 3504.7 
0.6 6.5 3.452 0.317 716 1.153 2605.6 
0.7 6.5 4.027 0.454 656 1.346 2605.6 
0.7 6.0 3.717 0.369 828 1.242 1891.8 
0.8 6.0 4.284 0.502 724 1.419 1891.8 
0.8 5.5 3.894 0.400 972 1.301 1335.7 
0.8 5.0 3.540 0.312 1229 1.183 912.5 
0.9 5.5 4.381 0.522 835 1.464 1335.7 
0.9 5.0 3.983 0.406 1178 1.331 912.3 
0.9 4.5 3.584 0.307 1530 1.198 598.6 
1.0 5.0 4.425 0.514 1033 1.479 912.3 
1.0 4.5 3.983 0.388 1485 1.331 598.6 
1.1 5.0 4.868 0.634 693 1.626 912.3 
1.1 4.5 4.381 0.478 1362 1.464 598.6 
1.1 4.0 3.894 0.348 1939 1.301 . 373.7 
1.2 4.5 4.779 0.578 1104 1.597 598.6 
1.2 4.0 4.248 0.420 1859 1.419 373.7 
1.3 ·l.0 4.602 0.499 1694 1.538 373.7 
1.4 4.0 4.956 0.583 1391 1.656 373.7 
1.5 4.0 5.310 0.675 760 1.774 373.7 
1.7 3.5 5.266 0.605 1706 1.706 210.0 
1.8 3.5 5.576 0.681 917 1.863 219.0 

Table 3.6: The parameters versus properties of the probe (hQ = lOJ.lm) 
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3.6 Fabrication of the force probe 

For the force probe, the thermal stability is a main concern for material selection, 

because the small thermal capacitance may make it responsive to thermal distur

bances due to its small size. Therefore a low thermal expansion material, Zerodur 

™ [10] is used for the base of the force probe. The Zerodur flat of 4 mm in thick

ness is first lapped on both sides and then optically polished on one side. After 

that, it is cut into the base block size using diamond slicing machine. A small 

plateau of a few micrometer in depth is then chemically etched on the optical flat 

surface in a solution of HF & HCL acids. Usually a 4:1 HF(48%):HCL(35.4%) 

acid solution is used with the temperature of 18-20°C. Although ~any masking 

techniques are possible, for convenience the unetched part of the surface is masked 

with electrical insulating tape. Fig. 3.16 shows the curve of etching depth against 

time, from which a constant etching rate of ~ 0.3p.m/ sec is found. Finally the 

surface is carefully cleaned with standard acetone and coated by deposition with 

a 50 nm aluminium film patterned to produce one of the electrodes and to form 

a connection between electrodes and external wiring, as shown in Fig. 3.17. 

The cantileyer beam is machined from a thin glass cover slide of thickness 100 

p.m. Two methods have been tried to cut the cantilever from the slide. One is 

to use a high speed air motor spindle which is mounted on the vertical spindle 

of a CNC milling machine. A glass slide is first fixed to a piece of float glass 

using 50ft wax. With a little heating the wax will be melt so that the glass slide 

can be easily glued on or removed from the float glass, which is, in turn, fixed 

on the work table of the CNC milling machine. The cantilever is so cut that the 

diamond pin tool mills narrow grooves with certain pattern on the glass slide, as 

shown in Fig. 3.18. 0.5 mm webs are left at the ends of the cantilever to hold 

it for later processing. The diameter of the cutting tool is 1 mm and the spindle 

speed is between 50,000 and 100,000 r/min., providing a cutting speed of 5.2 

m/8. Because of this low cutting speed, the feed rates have to be kept slow to 

prevent cutting force breaking the workpiece. Approximately 2 to 3 mm/min was 
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Figure 3.17: The di agram of the pattern of aluminium layer deposited on base 
block 
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used. It is very difficult to increase the cutting speed due to the small diameter of 

the cutting tool. Low cutting speed generally produces high cutting force which 

limits the width of the cantilever to be machined down to submillimeter. The 

advantage of this method is its capability for cutting curved traces so that the 

components of more complicated shape can be produced. After machining the 

glass slide is removed from the float glass by heating the wax and cleaned in 

petrol to remove wax residue. It is then coated with a 50 nm aluminium by 

vacuum deposition after cleaned with acetone and methanol. 

Air Motor spindle 

DiaMond tool 

Figure 3.18: Schematic diagram of cantilever machining using milling machine 

The other method is to cut the glass slide directly to narrow strips using a 

diamond wheel slicing machine. The deposition of aluminium has to be done 

before the glass slide is machined. In this case, to maintain the integration of 

the deposited surface becomes very important in the following manufacturing 

process. The glass slide is then sandwiched between two glass pieces, a thick 

float glass at the bottom and a glass slide of 0.5 mm thickness at the top. Both 

pink soft wax and nail polisher have been tried for bonding the workpieces . Soft 
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wax is easy and quick for bonding, but not convenient for removing and cleaning 

so that damage on the surface is difficult to avoid. On the contrary nail polisher 

takes long time to dry when squeezed between glass pieces, usually about one 

day, but is quite easy and quick to be dissolved by acetone, resulting in less 

damage on the surface. The diamond wheel is 200 mm in diameter and 1.2 mm 

in thickness, with rotating speed of 3000 r/min, giving a cuttin'g speed of 31.4 

m/ s. 6.4 to 10 mm/min feed rates have been used. According to the general 

principle of diamond cutting, the feed rates have direct effect on the cutting 

thickness of single diamond grit on the cutting wheel, therefore the cutting force 

and cutting quality. The higher the feed rate, the bigger the cutting thickness, 

which corresponds to a higher cutting force and poorer quality. The microscope 

observation did not show obvious difference in cutting quality within this feed 

rate range. However the cutting force did have influence on machining process. 

The very narrow beams can only be obtained with low feed rate. Cantilevers of 

0.3 mm in width have been obtained using this method. 

Mating the cantilever to the probe base is the most critical step in the as

sembly process. To do this, the base is seated on a clean table with step-etched 

surface facing upwards. The cantilever is then laid on the base, aligned parallel to 

and facing electrode surface against the base. A metal wire clamp can be used to 

press the, cantilever to contact against the base tightly at the plateau area. The 

etched-step on the base separates the cantilever and base with a few micrometer 

gap, in which two facing electrodes form a capacitance sensor. The small gap has 

to be kept free of dust during the assembly. Once it is built, foreign matters will 

not be easy to get into the gap because of its very small thickness. Before bonding 

the cantilever permanently to the base, the probe is checked with electric meter 

to make sure that the cantilever has been properly located, conducting at the 

contact area and insulating between electrodes. Then it can be glued to the base 

with a small fillet of Araldite ™ or Superglue ™ along the plateau. The final 

stage is to bond a stylus to the free end of the cantilever. This is done by holding 
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the stylus with tweezers, gently dipping its rear back in glue and attaching it on 

end to the cant.ilever. 

3.7 Force probe system 

The force probe is versatile to use. It can be usd in either open loop or closed 

loop control. In the open loop applications, the outputs from the force probe are 

directly interpreted as the forces acted on the tip or displacements of it. The 

closed loop system utilizes the outputs of the force probe as feedback signals to 

maintain the tip contact force constant, so is usually called constant force probe 

system. 

3.7.1 Linearity 

When the force probe is used in open loop state, the forces acting on the stylus are 

transferred into a displacement by the deflection of the cantilever and then sensed 

by the integral capacitance sensor. The outputs of the sensor directly correspond 

to the forces or displacements. In this case a good linearity of the force probe is 

essential for its performance and, therefore, it becomes important to determine 

the linear range. From the equation (3.29) it is clear that the linearity will be 

affected only by the thickness of capacitance gap ho and deflection magnitude 

Ah, and is indep(~ndent. of the width and the length of the cantilever. Fig. 3.19 

is the plot of the function (3.29) showing the relationship between the output 

of capacitance gauge and the deflection of cantilever. From this it can be seen 

that in the range of small deflection the linearity is quite good. As the deflection 

increases the nonlinearity grows. 

When the <!eflection range is kept constant the linearity error will increase 

as the thickness of the capacitance gap ho reduces, as shown in Fig. 3.20. This 

indicates that the linearity range varies as the changes of the capacitance gap. It 

is found that the linearity error is mainly determined by a relative deflection range 
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Figure 3.19: Plot of the output of capacitance C / K(I{ = Ibc} versus the deflection 
of cantilever t:lh, (h o = 1OI-Lm), from equation (3.29) 
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hr , whi ch is defined as the ratio of absolute deflect ion range ~h and thickness of 

the gap ho, i. e. hr = ~h/ho . From Fig. 3.21, it is obvious that there will be no 

change in linearity if the relative deflection range keeps constant. For example, 

a relative deflection range of 20 % capacitance gap is calculated to produce a 

linearity error of 2.08 % in the output of the force probe. If a probe of 10 pm 

capacitance gap is used, a relative deflection range of 20 % corresponds to a 2 

pm absolute deflection range. 

· .. . . · . . . . . 
4 .5 ····!··· ·· ·· ·j ··· ····· i··· ··· ··i· ·· ··· ··j· ······ ·j··· · ... . j • • • • •• • • j. . · i ·· .. ... \ 
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Figure 3.21: Plot of the linearity error against the thickness of capacitance gap 
ho corresponding to relative deflection ranges of 20 % and 30 % 

To assess the linearity of the force probe experimentally, a probe is mounted 

on a linear tramlator and driven against a surface. The di splacement of the trans

lator and the output of the probe are monitored simultaneously. Fig. 3.22 shows 

a curve of the output of capacitance gauge versus the relati ve di splacement of t he 

probe and surra_ceo The linearities of both calculated and measured are li sted in 

Table 3.7. The experimental results are the averages of several measurements on 

surfaces of Zerodur, polymer and silicon. 
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Figure 3.22: The Curve of the output of probe versus the relative displacement 
between the probe and surface 

Deflection range Calculated nonlinear M easurccl nonli near 
error (%) error (%) 

ho X 20% 2.08 2.29 
ho x 30% 3.52 3.74 

Probe: ko = 7.5 lJ.m, b = 1.5 mm, I = 6.5 mm 

Table 3.7: The nonlinear errors of the capacitance probe 
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3.7.2 Constant force probe system 

In the application of surface profiling and topographing, a constant contact force 

between stylus and surface is desired for improving the fidelity of measurement. 

In this case, a dosed loop servo control is usually used, forming a constant force 

probe system. A constant servo control system usually consists a force probe, 

a piezo actuator and control unit, as shown in Fig. 3.23. The signals from the 

capacitance gauge of the force probe are fed back to the controller. The controller 

then drives the piezo actuator to expand and contract following the change of 

contact force. The use of piezo actuator is popular in this application. It has a 

high mechanical response, no backlash and is simple in structure. However, its 

inherent nonlinearity due to hysteresis and creeping is usually a big problem to 

the precision profiling and topographing instruments like STM and AFM because 

the driving signals of the actuator are directly used for interpretation of surface 

profiles. To overcome the nonlinear problem, a so-called Digital Piezoelectric 

Translator (DPT) produced by the Queensgate Instruments Ltd. [11] is adopted 

in our system. An integrated capacitance sensor is built in the translator to 

monitor the actual expansion of the piezo stacks. The outputs of the sensor can 

be used for the compensation of the nonlinearity or as the measurement results of 

the force probe system. Therefore, the nonlinear effect will not be introduced into 

the measurement. The DPT has a dynamic range of 15 p.m and a subnanometer 

resolution. To assess the profiling capability of the constant force probe system, 

a force probe profiling system was set up as shown schematically in Fig. 3.24. 

The profiling system is based on a Rank Taylor Hobson Nanostep (an advanced 

profiling instrument) utilizing its frame, positioning stage and super-precision 

slideway. The force probe is held on the DPT which is, in turn, mounted on 

an approaching stage driven manually by a differential micrometer screw. The 

adjustment of contact force is implemented by the DPT. The specimen is located 

on a working table which is mounted on a slideway. When the sample is carried 

to move along the slideway, the surface profile can be obtained by sampling 
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F igure 3.24: The diagram of the constant force profiling system 
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the outputs from the capacitance gauge of DPT through a AID converter to a 

computer. Alternatively, the specimen may be placed on an x-y stage to obtain 

the topographic image. This will be discussed later. 

Fig. 3.25 shows the profiles of a single diamond turned silicon surface. Fig. 

3.25 (a) is the plot of a short range profiling in which the surface features of short 

wave length are revealed. The section profiles of the diamond cutting trace are 

shown clearly with an approximate period of 14.3 pm and a cutting depth of 

35 nm. The repeated feature in the profile can be considered as the projection 

of the cutting edge shape of the single diamond tool. The long wave length 

features of the surface are demonstrated in Fig. 3.25 (b). The constant force 

in the measurement is controlled at about 300 nN. The detailed assessment of 

the force probe system will be discussed in Chapter 5, but from the profiles it is 

evident that nanometer resolution is achieved. 
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3.8 Conclusion 

The force probe introduced in this chapter demonstrated a very good sensitivity 

and stability working for surface profiling and topogrphing [2] [12]. The results 

of the analysis above reveal that the geometric parameters of the force probe 

have great effects on its performance. When the desired ranges of capacitance, 

damping ratio a,nd natural frequency are chosen, the parameters of the probe can 

be optimized to improve its properties in both deflection sensitivity and force 

sensitivity simultaneously. The former determines probe's capability in resolu

tion, and the later limits the contact force between tip and surface. From the 

analysis, it is found that there exists a proper sequence for parameter selection. 

The width of cantilever beam should be first chosen as narrow as possible. Then 

work out the minimum depth of air gap between two electrodes (mainly limited 

by damping force). Finally, the length of the beam is determined accordingly. 

The squeezing air damping is an unique characteristic for capacitance based 

force probe. Properly chosing the damping ratio can improve its performance 

in the aspect of measurement fidelity. The mathematical model which has been 

verified with experiment can be used for parameter design and prediction of 

dynamic properties. Moreover, the investigations show that the force probe has 

an intrinsic good linearity in certain range, which makes it available to be used 

in closed loop and/or open loop controls. Further applications of the probe are 

under investigation. 
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Chapter 4 

Precision X-Y stage 

4.1 Introduction 

Recently, as tlt~ result of rapid development in precision engineering there has 

been a large increase in the need for precision positioning and scanning systems 

capable of nar.:.ometer or, sometimes, even subnanometer level motions. This 

trend is expected to grow, requiring new design concepts for the exploration of 

new devices. The major applications of these devices are in the areas of scanning 

probe microscopy, lithography and micro-fabrication technologies (mainly in the 

semiconductor industry). Among these, scanning probe microscopy is the most 

active and rapidly developed technique which provides the main motivation to 

build new x-v scanning stages of ultra high accuracy, resolution and dynamic 

characteristics. As reviewed in Chapter 2, the new generation of scanning probe 

microscopes uses an x-v scanning stage for the implementation of area scanning 

instead of the conventional tube scanner, due to the requirements of long scanning 

range and metrological capability. 

Because of ··;he exceptionally high vertical resolution of the probes such as 

STM and AFM, for metrological evaluation of surface features down to the atomic 

level the lateral resolution has to be matched by the scanning stages in similar 

range. To do this, the primary requirement on stage performance is that the stage 
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4.2 Flexure translation mechanisms 104 

travels smoothly and rectilinearly in the x and y directions, desirably with no 

undulations, rumble, vibration or other vertical displacement. In other words, the 

stage motion should map out an ideally flat datum with a precision greater than 

the vertical resolution expected. Any vertical erroneous motion could be falsely 

interpreted as surface roughness or waviness during surface measurement. Since 

the stage is usually scanned in a closely spaced raster pattern and a high scanning 

speed is needed to reduce the effect of environment, it is necessary that the stage 

have sufficient horizontal rigidity and compact size for a high resonant frequency. 

Scan-to-scan reproducibility so that an accurate measurement of surface feature 

positions can be made both perpendicular and parallel to the scan traces is also 

very important to this application. 

Crucial to the success of such scanning stages is the availability of actuators 

and translation mechanisms of very high resolution and precision. The latter is 

the main concern of this chapter. The performance of the translation mechanism 

and its general design principles are analyzed and discussed. The design of a 

precision x-y scanning stage for such applications is described in detail. 

4.2 Flexure translation mechanisms 

Elastic flexure mechanisms have been used for over a century in a wide variety 

of instruments such as precision balances, tiltmeters, gravitymeters, optical and 

x-ray interferometers, surface metrology and many other devices which require a 

smooth and accurate motion over a limited traverse range [1]-[4]. The well known 

advantages of the flexure mechanisms are: 

1) They are friction and wear free. Because there are no sliding pairs between 

moving parts, no wear will be produced. Therefore, the performance of the 

mechanisms will keep stable over a complete lifetime. 

2) There is no backlash or creep, so that the displacement is smooth and 

continuous. 
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3) The performance is predictable due to the linear relationship between de

flections and driving forces over a certain range. The stiffnesses of the flexure 

members can be completely determined through a knowledge of their geometry 

and the elastic modulus. 

4) They are simple, inexpensive and compact. 

Generally, there are two types of spring components used in flexure transla

tion mechanisms, the leaf and notch hinge spring. A basic form of the flexure 

translation mechanism is a simple rectilinear spring system, as shown in Fig. 4.1. 

Both of these systems can achieve precise motions. Jones devised a platform 

supported by a system of parallel horizontal leaf springs which could be moved 

parallel to itself by applying a force normal to the springs, limiting roll, pitch 

and yaw to less than 37 arcseconds over a 10 mm displacement [5]. Scire and 

Teague developed a single axis notch hinge stage, providing ultrasmooth move

ments over 75 pm with roll, pitch and yaw less than 1 arcsecond [3]. Meanwhile, 

the performances in nanometer or even sub nanometer level have been achieved 

using these simple flexure translation mechanisms driven by either piezo actuator 

[3] or a high compliance solenoid/magnet force actuator [6] [7]. 

4.2.1 Stiffness 

The stiffness of the flexure springs is one of the most important specifications of 

concern to the designer. It determines both the static and dynamic characteristics 

of the system. For the simple leaf spring flexure, there is a pair of cantilevers 

rigidly attached to both the base and the free moving platform, Fig. 4.1 (a). 

Each spring then deflects into an S-shaped curve, Fig. 4.2. Using elementary 

beam theory, the stiffness for the leaf spring is [4] 

(4.1) 
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F igure 4.1 : The diagram of simple flexure rectilinear mechanisms 
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where E is the elastic modulus, L is the length of the spring, and band dare 

width and depth of the cross section of the spring. For notch type rectilinear 

x 

y 

(a) 
(b) 

Figure 4.2: The configurations of the flexure springs 

mechanism, the motion of the platform is produced by the elastic compliance 

of the four flexure notched hinges, Fig. 4.1 (b). The circular shaped hinges 

are most popularly used in practical applications, mainly because of its ease of 

manufacture. According to Paros and Weisbord's model [8], the rotation stiffness 

about the hinge axis (z axis in Fig. 4.2) can be expressed as 

(4.2) 

where R, t and b are the dimensions of the hinge as shown in Fig. 4.2(b). For t 

< R < 5t, an approximation derived empirically from the finite element method 

gives [4] 

(4.3) 

where f( = 0.565t/ R + 0.166, Izz = /2ht3 

For analysis of system performance, the stifrnesses in other directions are 

also of interest . Deflect ions in these axes deteriorate the system's performan ce 
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by reducing accuracy and providing mechanisms for 'lost' motion (as will be 

discussed later). The stiffnesses of hinge spring along the x and y axes are given 

by [8] 
Fa; Eb 

ka; = - ~ --:-=-:--:-:-:-::---:---:-
~x 7r(R/t)1/2 - 2.57 

(4.4) 

k = F" ~ 2Gb ( ~ )5/2 
" ~y 91r R 

(4.5) 

where G is shearing elastic modulus which can be derived from E: G = E/2(1+1I), 

where II is Poison ratio. The torsional stiffness of a leaf spring about the y axis 

can be expressed by 

(4.6) 

4.2.2 Deflection range 

The deflection range of a simple flexure rectilinear mechanism is limited either 

by its stiffness, through the maximum force that can be applied to it, or by its 

maximum elastic strain. For the simple leaf spring mechanism (Fig. 4.1 (a», the 

permissible displacement is [4] 

(4.7) 

where O'moa; is a. maximum allowabl~ tensile stress which is usually 0.3 to 0.1 of 

the effective yield stress for metal springs. For simple notch hinge rectilinear 

mechanism, the maximum moment which is allowable on each hinge is 

(4.8) 

where 

r '" 2.7t + 5.4R 325 = 2.7 + 5.4(R/t) 0325 
it'" 8R+t +0. 8(R/t) + 1 + . (4.9) 

is the stress concentration factor caused by the circular notch shape. Combining 

equations 4.2 and 4.8, the maximum allowable rotation of the hinge Omo:r; and the 
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maximum allowable displacement of the platform qmax are given by 

( 4.10) 

_ 37r Lumax Q 
qmax - 4E (4.11) 

where Q = (Rlt)1/2 I J(t is plotted in Fig. 4.3. 
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Figure 4.3: Plot of Q in equation (4.10) against Rlt 

From equations (4.1) and (4.7), it can be seen that by keeping d/L constant 

and increasing L the deflection range of the leaf spring mechanism can be in

creased without losing system stiffness. However, for notch hinge mechanism of 

equations (4.2) and (4.11) the deflection range can be increased by increasing 

either Lor Rlt, both of which will reduce the system stiffness . A certain stiffness 

is important for the dynamic response. Furthermore, the leaf springs store the 

elast ic deflection energy in whole spring length so that the components are less 

strained. The notch hinges hold the energy in very small local area, resu lting in 
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a high strain in the components. Therefore, from the points of view of deflec

tion range and strain state, the leaf spring mechanism is superior to notch hinge 

mechanism. 

4.2.3 Parasitic deHection errors 

One of the advantages of using parallel spring mechanisms is that it produces a 

parallel or rectilinear displacement of a platform. If the specified performance 

is to be attained, attention has to be paid to some factors which may affect the 

accuracy of the performance of the mechanism. 

4.2.3.1 Effect of driving force 

The simple rectilinear mechanisms in Fig. 4.1 are assumed to be perfectly built, 

i.e. ignoring the manufacturing errors. When a horizontal driving force acts on 

a platform, the legs constrain each other to prevent end rotations: a tensile force 

built up in one, and a compressive force in the other to provide a moment that 

keeps the platform parallel. The forces in the legs will produce elastic distortions 

under the axial forces: the tensile force stretches the leg and the compressive 

force shortens the leg. 

For the simple leaf spring rectilinear mechanism, possible motions of the plat

form are shown in Fig. 4.4. For a force F applied as shown, the position of 

the moving platform can be described by the superposition of two deflexions, the 

intended parallelogram type of motion (Fig. 4.4(b)) and an undesired tilt due 

to cantilever type bending (Fig. 4.4( c)). The later produces a deviation from 

purely parallel motion. For small displacements, the pitching angle O'./ea/ of the 

platform is approximately given by [9] 

( 4.12) 

where L is the free length of leaf springs, La is the height of acting line of force F, 
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Lb is the distance between two parallel leaf springs, d is the thickness of spr ings 

and q is the displacement of platform. 
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Figure 4.4: Simple parallel movement of leaf spring system: (a) undeBected, (b) 
intended parallel deBexion, (c) undesired deBexion 

For simple notch hinge rectilinear mechanism, the pitching error caused by 

driving force can be considered in a similar way. The undesired distortions happen 

at four hinges resulting in a pitching angle Ohinge of the platform. The magnitude 

of the tensile or compressive force Rx acted on each hinge can be worked out by 

(Appendix B) 
2kz(2La - L) 

Rx = L2Lb q ( 4,.13) 

Then the pitching angle Ohinge of the platform can be written as 
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= [8(2La - L)kz] 
L2L~k:r: q 

= [16(2La - L)t
2

[ _ 2 57( /R)1/2]] 
97r L2 Lb 2 7r • t q ( 4.14) 

As an example the Table 4.1 gives a solution for the pitching angle models of 

equations (4.12) and (4.14), in which the two mechanisms have the same stiffness 

k. in motion translating direction. From the resultant pitchings it can be 

Flexure R/t d b q k, a 
mechanisms (mm) (mm) (I'm) (N/m) (I'rd) 
Leaf spring 0.294 15 58 53.3 18.0 

Hinge spring 1/0.2 15 58 53.3 4.1 
La = 14 (mm), Lb = 10 (mm), L = 10 (mm) 

Table 4.1: Parasitic pitching errors caused by driving forces (from mathematic 
models) 

Flexure R/t d b q k, a Uma:r: 
mechanisms (mm) (mm) (I'm) (N/m) (I'rd) (N/m 2

) 

Leaf spring 0.3 15 57 52.9 18.9 38.9 
Hinge spring 1/0.2 15 58.1 51.7 10.0 72.6 
La = 14 (mm), Lb = 10 (mm), L = 10 (mm) 

Table 4.2: Parasitic pitching errors caused by driving forces (from FEA models) 

seen that the performance accuracy of simple leaf spring rectilinear mechanism 

is poorer than an equivalent simple notch hinge rectilinear mechanism. From 

equation (4.12) and (4.14), the performance accuracy of both mechanisms can be 

improved by reducing the stiffnesses of the flexure elements and move down the 

acting lines of driving forces F. When the forces act midway along the springs, 

the pitching error is reduced to zero. These two pitching models were verified by 

Finite Element. Analysis. Fig. 4.5 and 4.6 give the FEA models and solutions 

with the numerical results listed in Table 4.2. 
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Figure 4.5: FEA model of leaf spring and its solution. (a) FEA model - deformed 
and undeformc::d, (b) Pitching curve of moving platform a-b. 
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Figure 4.6: FEA model of hinge spring and its solution. (a) FEA model -
deformed and undeformed, (b) Pitching curve of moving platform a-b. 
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Comparing the results in Table 4.1 and 4.2, it can be seen that for leaf spring 

mechanism the result of mathematic model has a very good agreement with 

FEA. For hinge spring mechanism, the situation is more complicated because 

of the effects of stress concentration which makes the pitching error from FEA 

much bigger than that from mathematical model. By considering the effect of 

stress concentration on hinges the pitching error calculated with equation (4.14) 

becomes 6.9 p.rd. More importantly, misalignment of the driving force will cause 

rather large unexpected parasitic twisting. According to equation (4.6), the twist

ing error r.p of a single leaf spring can be estimated by 

Fz 12LFz 
r.p = k; = Gdb3 ( 4.15) 

where F is driving force, z is the force misalignment distance from symmetric 

point. From this, it can be seen that the most sensitive parameter to the error 

is the width of spring. An error estimation done by Queensgate instruments 

Ltd. using computer modelling shows that a force acted at 7.5mm away from the 

center of platform will produce a twisting error r.p = 12p.rd for a 50j.tm motion of 

simple notch hinge type rectilinear mechanism, parameters of which are given in 

Table 4.3 later in this section [10]. 

4.2.3.2 Effect of manufacture 

Most of the simple parallel rectilinear spring systems used in earlier times were 

fabricated from many individual components. To achieve optimum performance 

requires a careful and systematic assembly. Fixing the component parts with

out introducing undesirable internal stresses and distortions is still a problem at 

assembly. It has been found with some flexures that there can now be a discrep

ancy of 30 % or more between the theoretical and actual stiffness mainly due 

to the compliance of the screws and fixing plates [4]. Because of rapid advances 

in CNC machining techniques, monolithic mechanisms can be readily produced. 

Manufacture of notch hinge mechanisms is ideally suited to CNC milling and 
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boring machines. Two holes are drilled close together in a solid blank and then 

excess material removed to reveal the desired shape. The accuracy of the hinge 

flexure is primarily dependent upon the accuracy of the centre of the holes with 

the material removed from the rest of the original blank being of little influence, 

so manufacture costs can be quite low. Manufacturing tolerances of these hinges 

always degrades performance of the platform from the geometric ideal. There 

are three sources of potentially significant errors, Fig. 4.7. The first two are the 

errors in the x - y plane, which are similar to the cases analyzed by Jones [9] 

on lea! spring mechanism. When hinge separations on two legs differ by f,u i.e. 

one leg length is L and the other L + fa, as shown in Fig. 4.7 (a), the parasitic 

pitching error about the z axis can be approximately given by 

( 4.16) 

where x is platform motion along the x axis, and Lb is the nominal separation 

between two legs. In the other case Fig. 4. 7(b), where two legs are not parallel 

due to error fb between the separations of the two legs Lb on the platform end 

and base end, the parasitic pitching error is then 

( 4.17) 

For general precision devices, displacement x is always very small compared with 

the geometric parameters of rectilinear mechanism. Then among the two equa

tions above, the later will predominate. The third case is that the hinges are 

not machined vertical to the moving plane with a deviation angle fc from the x 

axis, i.e. they are not parallel in the x - z plane. This will cause an unexpected 

platform rotation about the y axis, as shown in Fig. 4.7(c). The parasitic yawing 

0; can be geometrically worked out as 

( 4.18) 
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Figure 4.7: Defiexion from parallelism of motion caused by manufacturing errors 
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However, the two legs connected to the platform will restrain each other rotating 

about the y axis. Because they have same stiffness, the actual parasitic yawing 

Be will be reduced by half 

B ~ Xf.e 
e 2Lb (4.19) 

The investigation to this case has recently been done by Queensgate Instruments 

Ltd. using computer modelling with finite element analysis [10], Table 4.3. If 

Case f.c(mrd) Error Bc(prd) 
f.e1(mrd) f.e2(mrd) f.e3(mrd) f.c4(mrd) 

c1 17 0 17 0 +9.6 
c2 17 -17 17 -17 +20 

t = 0.5mm, R = 2mm, hinge's thickness and radius 
L = 26mm, Lb = 40mm, b = 15mm 
x = 50pm, platform motion in the x axis 
f.e1, fc2, cc3, fc4 are the errors on hinge 1,2,3 and 4 

Table 4.3: Rotation error of a simple flexure caused by non-parallel arrangement 
of parallel hinges 

the same pararneters in Table 4.3 (case c1) are brought into equation (4.19), one 

can obtain Be = 10.6prd which is very close to the result of computer modelling. 

Bringing the parameters in Table 4.3 into equation (4.16)and (4.17) with fa = 

f.b = 1mm, the parasitic pitching errors are calculated to be B(j = O.046JLrd and 

Bb = 48.1prd, respectively. fa = f.b = 1mm and fe = 17mrd are huge errors 

for CNC machining, therefore, from the results it can be seen that the effects of 

manufacture errors on the performances of platform are very small, pitching and 

yawing errors being less than 10-3 of manufacturing errors. 

4.2.4 Conlpound rectilinear mechanisms 

The simple rec~ilinear mechanism discussed above has the disadvantage of intrin

sic parasitic motion perpendicular to the traverse direction. In some applications 

this motion, although very small, is not acceptable. Using two such motions in 
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a compound design, Fig. 4.8, eliminates the error. The double compound recti

linear mechanism is simply two simple compound rectilinear mechanism joined 

together about the x axis, Fig. 4.9. The symmetrical structure gives a sym

metrical stress distribution on both platform and base frame. The platform is 

restrained by flexure legs on both sides, an extremely precise rectilinear motion 

along x axis can be achieved. The distortions of both platform and base frame 

will be much smaller than other rectilinear mechanisms due to the symmetrical 

stress distribution by which the bending moments on the platform or base frame 

cancel each other. The other advantage of using this type of mechanism is that 

there will not be any moment force transferred from the system to the external 

mechanisms on which it is mounted. This characteristic is particularly important 

for application in two dimensional precision rectilinear translation mechanism, 

in which the moment force from the stage moving in the x axis will affect the 

performance the other stage moving in the y axis. Further more, the symmetrical 

design is obviously less susceptible to the influence of thermal effects. Therefore, 

the symmetrical structure has been commonly used in precision x-y positioning 

and scanning stages. For the scanning stage used in modern microscope, a com

pact structure is essential for high dynamic response and vacuum availability. In 

practice, several variations of double compound spring systems have been devel

oped. The para-flex stage deviced by Teague and his colleagues, Fig. 4.10, uses 

three-hole/two-web flexure elements to form a symmetric restrain to platform, 

so that the forces transferred to its frame are symmetric and moment forces are 

cancelled by themselves [11]. Another example is double leaf spring hinge used 

recently in some commercial x-y scanning stages, Fig. 4.11. 

4.2.5 Two dimensional rectilinear mechanisms 

Two-axis linear systems can be generally considered as combinations of two one

axis linear systems discussed above. There are two basic configurations for two 

dimensional rectilinear mechanisms, symmetric structure and asymmetric struc-
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co 

Figure 4.8: Schematic diagram of compound rectilinear mechanism 
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Figure 4.9: Schematic diagram of double compound rectilinear mechanism 
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E 

Figure 4.10: Schematic diagram of a symmetric rectilinear system of 
three-holeftwo-web flexure elements 

II II 

II II 

Figure 4.11 : Schematic diagram of a symmetric rectilinear system double leaf 
spring flexures 
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ture as shown jn Fig. 4.12. The merits of the symmetrical mechanism can be 

summarized as 

(1) It has higher accuracy in its motion. Because double compound spring 

system has to be used, theoretically, there is no intrinsic error. 

(2) The system has a symmetrical stress distribution. The forces transferred 

from platform to frames are symmp.trically balanced and the moment forces are 

balanced locally, so that the frames are distorted symmetrically, which will have 

less effects on the motion of platform. 

(3) The symmetrical structure is less susceptible to thermal effects. 

( 4) It is <:apable of supporting heavy specimens because the platform is 

closely connected to the base on its four corners. 

The main advantage of asymmetrical mechanism is that it is easy to build 

the system very compact in structure, especially for the piezo actuator driven 

monolithic translation mechanism. The piezo actuators for driving in both the 

x and y axes can be seated outside of the translation system in the solid block, 

keeping far away from the platform. In this case, the driving forces can be 

directly transferred to the solid frame, producing very small influence on the 

translation system. Besides, its compactness in structure makes it superior in 

dynamic characteristics which is also very important for the precision mechanism 

with these concerns. The x-v scanning stage which will be introduced later is an 

example of the application of this configuration. 
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Figure 4.12: Schematic diagram of two dimension rectilinear mechanism 
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4.3 Design of precision X-Y scanning stage for 

SPM 

4.3.1 Introduction 

To meet the special requirements of the new generation of scanning probe mi

croscopes, Queensgate Instruments Ltd. in U.K. is, in recent years, developing 

a serious of stages for precision positioning and scanning. The author joined 

the project as one of the designers. As an important part of our metrological 

scanning force microscope, the 8220 x-v scanning stage has been built jointly by 

Queensgate Instruments Ltd. and the Centre for Nanotechnology and Microengi

neering at the University of Warwick. The rest of this chapter gives the details 

of designing, building and performance assessment of the stage, and concludes 

with some discussions. 

The main objectives to be achieved for the design of the stage are: 

(1) Positioning and scanning range 50 JJm in both the x and y axes with 

potential resolution at nanometer or subnanometer levels. 

(2) Resonant frequency of the system> 500 H •. 

(3) Closed loop control with high linearity, insignificant hysteresis and low 

drift. 

(4) Low crosstalk for open loop application. 

(5)Compact. 

4.3.2 Description of the X-Y stage 

Fig. 4.13 show~ a diagram of the 8220 x-v stage, which consists mainly of stage 

body, actuators and position sensors. A group of flexure pivoted levers amplify 

the translation of the PZT actuators. There are two piezoelectric actuators em

bedded in the stage to provide the driving force for each axis. The expansion 
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range of the PZT stacks is about 15 flm for a drive voltage of 100 V. To move 

the platform in the x axis, the corresponding piezo actuator pushs lever 1 to 

rotate about hinge a (see Fig. 4.14). The lever 1, in turn, pulls the platform 3 

to move along the x axis through a flexure arm 2. The expansion of the actuator 

is amplified by lever 1 by a ratio of 1:4. In the same way, the expansion of the 

actuator for the y axis is transmitted through lever 6 to the platform support 

7. Two parallel notch hinge linked levers 4 & 5 in each side of the platform 

constrain it moving rectilinearly along orthogonal x and y axes. All the levers 

and notch hinges are monolithically machined in an aluminium alloy block using 

wire electro-discharge machining. 

CQPQCitQnCe 
sensor 

Piezoelectric 
QctuQtor 

Figure 4.13: Schematic diagram of configuration of S220 x-y scanning stage 

Two pairs of capacitance sensors are mounted in the stage for monitoring the 
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Figure 4.14: Schematic diagram of translation configuration of the x-V scanning 
stage 

actual position of the platform in the two axes. The capacitance gauge, Nanosen

sor (NS2000), used here is produced by Queensgate Instruments Ltd. This kind 

of gauge can resolve to < 1 nanometer over 500 microns of displacement, with a 

bandwidth of 5kHz. It comprises of two main parts: two sensor electrodes which 

form a parallel plate capacitor when attached to the pieces to be measured and 

an electronics module which measures the change in the capacitor's impedance as 

a function of the distance between the electrodes. One of the electrode plates is 

mounted on and moves together with the platform, and the other one is fixed at 

the base block un which the stage is held. The rectilinear moving of the platform 

will lead to relative change in distance between two electrodes. 

The size of the stage body is 60 x 56 x 15mm, and it is kinematically mounted 

on an aluminium base. The surface of the base is used as datum on which the 

target electrodes of the capacitance sensors are fixed. The specimen is firstly fixed 

on a sample holder using double glue tape. Then the holder is positioned on the 
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platform through a short taper bar on the holder and a hole in the platform. 

4.3.3 Some problems in the design 

Most of today's precision scanning stages use piezoelectric or electrostrictive com

ponents as actuators. It is well known that piezoelectric transducers (PZT) are 

easy to control with nanometric resolution. They have good dynamic properties 

and are capable of driving a high load. The main disadvantage of using it is that 

the amount of expansion is very small, only a I'm per mm of the stack in most 

practical applications. To achieve long range displacement, two options of design 

strategy are generally considered, driving the stage with a multi-stack PZT which 

can produce large expansion, or using a large lever ratio to amplify the expansion 

of the actuators. The former is simple in structure, but much more expensive 

and not compact needing a large space to fit in the multi-stack actuators. The 

later is adopted in our design, so that the structure of the stage can be made 

very compact and the stiffness loss of multi-stack systems is avoided. 

For scanning stages used for scanning probe microscopes, much attention 

should be paid to its dynamic properties. A high resonant frequency will not 

only provide a wide working bandwidth, but also render the stage less suscep

tible to the disturbance of environment. All the scanning probes are extremely 

sensitive sensors, which are correspondingly sensitive to environmental influences. 

The shorter the measuring time, the smaller the environment influence will be. 

Therefore, a certain scanning speed is essential for a good measurement. The 

stability of mechanical systems is crucial for a scanning stage to work reliably 

at nanometer levels. Some researchers met the problem that it was very hard to 

use the flexure stage of low resonant frequency in their SPM to achieve expected 

results due to the vibration problem [12]. The natural frequency of a mechanical 

system can be simply calculated by 

(4.20) 
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where ke is effective stiffness and me is effective mass. Natural frequencies can 

be increased by either reducing the mass or increasing the stiffness. By mak

ing the structure very compact, the mass can be reduced. However, considering 

the fixed mass of sample holder and specimen, the improvement is quite limited. 

Alternatively, the system stiffness has to be increased. The system stiffness is 

determined by the individual stiffnesses of each spring flexure element and their 

distribution in the translation mechanism. High stiffness introduces high driving 

force, which is always a problem for precision mechanisms. The stage may be 

distorted and its performance deteriorated easily by these driving forces, espe

cially for the lever mechanisms of motion amplifying mode in which the driving 

forces will be amplified in proportion to magnification of the motion. Another 

effect of the system stiffness which has to be considered in the design is the loss 

of motion if the stiffness difference between the spring system and piezo actuator 

is not big enough. Taking piezo actuator and translation mechanism as a serial 

spring system, the relative loss of the actuator's expansion will be 

(4.21 ) 

where t::.." is the expansion loss of actuator, t::.. is the expected expansion, kl and k2 

are the stiffness of the translation mechanism and the actuator, respectively. For 

stiffness values of kl = 2 N / p.m, k2 = 8 N / p.m (a common stiffness for commercial 

piezoelectric stacks), a 20 % loss of motion is predicted. Usually, the stiffness of 

piezo stacks has a dominating influence on the dynamic properties of the stage 

because its stiffness is much higher than the stiffness of the flexures in deflection 

directions. For the ~tage of translation mechanism of motion amplification mode, 

the effective stiffness of the piezo stack to the scanning platform will be reduced 

significantly. According to the simple model in Fig. 4.15, the effective stiffness 
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can be calculated by 

QF 
~ = ~piezoQ = (-k' )Q 

ptezo 
k _ F _ kpiezo 

e - ~ - Q2 

129 

( 4.22) 

where Q is the magnification of motion. From the discussion above it is obvious 

.---.----.---
.--.---.---

~iezo 

.--.---

Figure 4.15: Schematic diagram of a simple model of motion amplification mech
anism for effective stiffness analysis 

that for the design of a motion amplifying translation mechanism, the magni

fication is mainly limited by the stiffness of piezo actuators in both static and 

dynamic aspects. 

It is well known that the piezoelectric actuator has inherent non-linearities 

such as hysteresis and creep in voltage-displacement characteristics. Although, 

in principle, it is possible to reduce these effects by applying a comp nsation 

voltage, in practice these techniques have shown to be impracticable thus far. 

The alternative strategy we employed is to monitor the actual position of the 

stage in situ with a precision capacitance gauge. This enables the implementation 

of either open loop monitoring or closed loop controlling of sample motion. In 

the former case, it is not necessary for actuator controllers to keep scanning 

in raster fashion very precisely. So high speed scanning becomes possible and 

undistorted profiles and images can be obtained by sampling the probe and the 

position gauges simultaneously. In this case, the data have to be gridded wit.h 
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interpolation before analyzing and graphing. The latter mode is more usually 

used, with which the output of position gauges is used as feedback signal for 

servo control to position the stage accurately and to scan in a precise raster 

pattern. In this way, the process of image producing is much simplified and the 

fidelity of profile will be increased when used in scanning microscopes. 

4.3.4 Dynamic modelling 

To simplify the the model for analysis, the compound spring system of the stage 

can be divided into two separate parts in accordance with the scanning axes, x 

and y axes. Fig 4.16 is a schematic diagram of these two subsystems, both of 

f g 
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La 
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(a) (b) 

Figure 4.16: The schematic diagram of spring systems on the x and y axes. (a) 
Model for the x axis, (b) Model for the y axis 

which are of single mobility. Here we assume that all levers are rigid components 

and all flexure pivots do not stretch and compress and the stiffness of each hinge 

along the axis of the lever to which it is connected is extremely high compared 

with that in its deflect ion direction. Fig. 4.16 (a) shows spring system of x ax is. 
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For a small displacement, it can be considered as a linear spring system. Total 

mechanical energy of the system is the sum of kinematic energy T of lumped 

masses, and potential energy V stored in hinge springs, given by 

(4.23) 

where 81, 84 are the rotation angles of lever 1 and 4. 117 14 and Is are the second 

moments of the masses of element 1, 4 and 5, m2, m3 are the mass of elements 

2 and 3, k, is the stiffness of piezo a.ctuator, kG, kd, ku kl and k, are the rotation 

stiffness of hinge flexures a, d, e, J and 9 respectively, here kd. = ke = kJ = k, . 

Defining the La.grangian L = (T - V) and using Lagrange's equation of motion 

n {d (8L) 8L } 2: - -. --=Q, 
,=1 dt 8qi 8q, 

(4.24) 

As the result, the natural angular frequency Wnz of the stage is obtained 

(4.25) 

The natural periodical frequency is then given by 

(4.26) 

The natural frequency of the stage in the y axis Jn1/ can be derived in the 

same way 

1 '2 1 '2 1 '2 1 2 T = '21686 + '21886 + '2/202 + '2(m3 + m4 + ms + m1hi 

V = ~kp8~1~ + ~(kh + k, + kj + kk)O~ + ~(kb + kc)O~ (4.27) 

(4.28) 
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then 

( 
k,)~ + kg + k, + kd + ke + 2kblUl~ ) t 

W
ny = Is + Is + I21Ul~ + (m3 + m4 + ms + m7)1~ (4.29) 

1, - Wny 
ny - 21r ( 4.30) 

where kb, kc, kh, kt" kj and k/r; are the rotation stiffness of notch hinge b, c, h, i, j 

and k, respectively, here kb = kc, I'}., 16 and Is are the second moments of the 

masses of levers 2, 6 and 8, m3, m4, ms and m7 are the masses of elements 2 and 

3, and Wny and Iny are the natural angular and periodical frequencies of the stage 

in y axis. 

Bringing the parameters of the stage 8220 into the equations above, the natu

ral frequencies of the system are obtained, It: = 1267.0H.., Iy = 818.1H". These 

are calculated in the condition that there is no additional mass loaded on the 

platform. If the masses of sample holder and specimen are considered, the natu

ral frequencies of the system will decrease correspondingly. Fig. 4.17 shows the 

curves of natural frequencies vs mass added on the platform. The figure illus

trates that the frequency in the x axis drops much quicker than in the y axis as 

the mass increases. The reason is that the mass of the translation system in the 

:c axis is smaller than that in the y axis. The smaller the mass of translation 

mechanism, the larger the effect will be. 

4.3.5 Experimental assessment of motion errors 

From the kinematic point of view, the performance accuracy of the x-y stage can 

be affected by errors coming from all components of movability, such as the errors 

of axial displacement, straightness and linearity in the x and y axes, and yaw, 

pitch and roll. l<or the stage (S220), the errors happen in the axial directions are 

controllable using closed loop control mode, so that the yaw, pitch and roll are 

considered to be the major kinematic error sources. A large Abbe error may be 

produced if the measurement axis is not coincident with the platform center. For 

example, if a measurement axis is 5 mm from the platform center, Iprd rotation 
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Figure 4.17: The relationship between natural frequency and mass added on the 
platform. 

of the platform will give an error of 5 nm in tip position. Theoretically, the error 

can be easily compensated in data processing if the distance between measuring 

point and platform center is known. However it is not practical to measure this 

distance. So, the errors have to be reduced as much as possible in the design. 

To determine the magnitudes of these errors, the yaw, pitch and roll were 

measured with optical lever and photodiode. The measurement setup for t.hese 

experiments is shown in Fig. 4.18. A laser beam which passes through a beam 

splitter is reflected by a small mirror set on the centre of the platform. The 

reflected beam is partially reflected again by the beam splitt.er and acts on a 

photodiode. The photo diode is mount.ed on a stage which can be moved manually 

by micrometers in vertical and horizontal directions. Its position is monitored 

with an LVDT position gauge. Before driving the x-v stage, the photodiode is 

nulled in both vertical and horizontal axes. By moving the platform in the x 

axis, the yaw and pitch will change the beam's reflect ing direct ions, resulting in 

a change in the output of the photodiode. Adjusting t he diode position to null 
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Figure 4.18: The schematic diagram of angular error measurement setup for 
measuring the yaw and pitch errors of the x axis and the roll error of the y axis 

it again. The yaw and pitch errors in the x axis can be calculated out according 

to the diode's displacement monitored by LVnTs in horizontal and vertical axes, 

respectively. When the x-v stage is in the state as shown in Fig. 4.18, by driving 

the platform in the x axis the yaw and pitch of the x axis is measured and by 

driving the platform in the y axis the roll and yaw in the y axis are measured. 

Rotating the x-v stage by 90°, the yaw and pitch errors in the y axis and the roll 

error in the x axis can be measured in the same way. The measurement results are 

shown in Table 4.4. The sensitivity of the photodiode to position change of beam 

Axis Yaw (prd) Pitch (prd) Roll (prd) 
X 508 43 8 
Y 286 23 8 -

The measurements were taken over a scanning distance of 50 l.J.m 

Table 4.4: Measured results for angular errors of the x-v stage 

is about 4 pm corresponding to a resolution of about 2 l.J.rd for a path length of 1.1 
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m used in these experiments. The fluctuation of voltage output is within 2 /LV, 

which may be affected by the stability of laser beam, atmospheric variations and 

electronic circuit. The drift of the system is found to be reasonably constant, so 

its influence can be eliminated by averaging the results of several measurements 

in which the platform is moved forwards and backwards alternately. 

4.3.6 Finite element analysis 

To optimize the design and investigate the possible error sources of performance, a 

finite element analysis (FEA) was carried out, both static and dynamic solutions 

being calculated. The FEA work was done using I-deas package on a SPARe 

Sun work station. 

4.3.6.1 Geometrical model building and mesh generation 

I-deas has very good graphic processing capability. The most outstanding charac

teristic of the package is its capability of automatic mesh generating. To build a 

finite element analysis model for such a complicated shape of the x-y stage is very 

difficult and certainly is not feasible to do it manually. The geometrical charac

teristic of the stage, to which much attention has to be paid in mesh generating, 

is that the dimensions of components vary significantly in certain regions. At 

hinge areas, minimum thickness of web is as small as 0.1 mm and curvatures are 

fairly sharp, so very fine elements are needed. However, in other areas like thick 

frame of the stage being tens of millimetres in dimension and of no curvature, 

coarse elements will retain computing accuracy. 

The first step of FEA work is to create a geometrical model. The model can 

be either built on the drawing board of the package or transferred from the model 

files from other software packages. We built the geometrical model directly on I

deas' drawing board. 2-D model is used due to its homogeneity in thickness. The 

parameter of the thickness was set for the model as an entity of element physical 

properties. Drawing the geometrical model, some curves had to be merged into 
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compounded curves due to the limitation of maximum number of curves in one 

meshing area. Only one mesh area was produced due to the monolithic structure 

of the stage. 

For automatic mesh generating, element sizing is a key step in which the 

parameters which determine the meshing size and size distribution are defined. 

The parameters have to be properly chosen to obtain the desired distribution 

of meshing density, more dense in curved and narrow areas and less dense in 

spacious areas to avoid consuming large computer memory space and processing 

time. The author set the global element size and length factor to be small in 

order to produce a high meshing density at hinge areas. The density at other 

spacious areas was reduced by setting large local element sizes. The percentage 

of curvature was chosen to increase the amount of element on curved edge. In 

the case of stage (8220), the parameters chosen for element size setting are listed 

in Table 4.5 

Global element size 0.4 mm 
10mm On outside edge of the frame 

Local element size 5mm On inside edge of the frame 
3mm In spacious areas of levers and platform 

Percentage of curvature 30 
Length factor 0.4 

Table 4.5: The parameters chosen for element size setting 

The parabolic triangle element was chosen in the finite element modelling. 

Fig. 4.19 shows the meshed model which consists of 7134 elements and 15223 

nodes. 

4.3.6.2 Boundary condition definition 

Boundary conditions which includes loads and restraints have to be applied to the 

model before it can be solved. To simulate the actual working condition, loads 

are added at each end of the blank spaces in which the PZT actuators are to be 
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Figure 4.19: Diagram of meshed model for x-y stage (S220) 
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inserted, as shown in Fig. 4.20. Edge load of 10000 mN /mm is acted on four 

loading edges of 3 mm in length for each of them, leading to a total driving force 

of 30 N in each axis. Displacement restraints are applied to the stage to prevent 

the stage body moving and rotating freely, see Fig. 4.20. One of the restraints is 

applied to the node at the bottom-right corner on which motion is restricted in 

both the x and y axes. The other is put on the node at the upper-right corner 

with restriction only in the x axis. In this way, all the mobilities of the stage body 

in the x-y plane are restricted, however the freedom of its distortion is retained. 

Figure 4.20: Diagram of boundary condition for FEA model 

4.3.6.3 Static deflections 

Fig. 4.21 shows computed deformation (solid line) with driving forces acted in 

the x axis Fig. 4.21 (a) and in the y axis Fig. 4.21 (b) respectively. The dis

placement of platform was obtained from the average displacement value of the 

element nodes on the platform. Then the system stiffness of the stage translation 

mechanism was calculated by the ratio of the driving force to the platform di s-
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placement. Table 4.6 gives the results of the static solution for two models. One 

(model-A) is the first prototype stage that was built and tested, and the other 

(model-B) is the modified model, both of which are similar in structure, but with 

different stiffness of hinges and levers. 

model-A model-B 
X y X Y 

Driving forces (N) 30 30 30 30 
Platform displacements (I'm) 34.9 32.6 54.0 16.9 
System stiffness (N / I'm) 0.86 0.92 0.56 1.78 
Yaw errors (p.rd) 234.3 176.7 6.9 0.19 

(p.rd/50p.m) 335.7 271.0 6.4 0.6 

Table 4.6: The results of static solution of FEA 

In Table1 4.6, the yaw errors of the stage model-A are much bigger than 

expected. The sources of the yaw errors can be analyzed from the distortion 

curves of local components of the stage. Fig. 4.22, 4.23, 4.24 and 4.25 are from 

the static solution of model-A. The component edges of e-I, a-b, c-d and j-k are 

labeled in Fig. 4.21 (a). The yaw error is obtained from Fig. 4.22, which gives 

the displacements (in the y axis) of the nodes along platform edge e-I against 

their coordinate locations when the stage is driven in the x axis. Fig. 4.25 

demonstrates the distortions of thick frame of the stage. Although the frame of 

the stage looks robust, it is still deformed by the driving force. From the figures 

we can see that the distortions are at sub-micrometer level, even though it is 

sometimes big enough to affect the performance of high precision stage. Fig. 

4.23 and 4.24 show the distortion curves of T lever on which the platform is 

supported. A large bending of the lever can be observed. This will directly result 

in the yaw of the platform and, therefore, was considered as a main source of the 

yaw errors. 

Based on the analysis of the static solution given above, the design of the stage 

was modified. The modifications were done in mainly two aspects, increasing the 
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(a) 

(b) 

Figure 4.21: Deformed models from FEA static solution. (a) the stage is driven 
in the x axis, (b) the stage is drivell in the y axis 
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width of the levers, especially the T lever a - b, c - d in Fig. 4.21 (a), which was 

believed to be insufficiently stiff and reducing the stiffness of the hinges around 

the platform, hI, h2, h3, h4, h5 and h6, which produced large moments on the 

platform. With these in mind, model-B was designed. The width of T lever 

section was changed from 4 mm to 6 mm and the hinge web thicknesses were 

reduced from 0.3 mm and 0.5 mm to 0.1 mm each. The results of static solution 

of the modified model are also given in Table 4.6 and correspondingly, Fig. 4.26, 

4.27, 4.28 and 4.29 are the distortion curves. It is obvious that a significant 

improvement has been achieved. 
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Figure 4.22: The yaw error of platform in the x axis, (Model-A) 
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Figure 4.25: Distortion curve of nodes along j-k, (Model-A) 
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Figure 4.26: The yaw error of platform in the x axis (Model-B) 
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Figure 4.28: Distortion curve of nodes along c-d, (Model-B) 
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4.3.6.4 Dynamic solution 

The dynamic characteristics of the stage were also investigated with FEA models. 

Figure 4.30, 4.31 and 4.32 shows the three principal free vibration modes of 

the stage, the mode-1 corresponding to the lowest natural frequency, the mode-

2 to the second lowest natural frequency and the mode-3 to the next natural 

frequency. To include the dynamic enhancement effects of the piezo actuators and 

the preload springs, two spring elements were added in the stage model, fixing 

them on the levers at the driving point of the piezo actuators. The stiffness of the 

spring elements along their main deforming axes are set to be 8000 N /mm and 

the other axes 100 N/mm. The results of the dynamic solution for model-B gave 

frequencies of 692 Hz, 1070 Hz and 2088 Hz for these three modes, respectively. 

From this it can be seen that the third frequency is much higher than the first 

and second, so the structure can be considered to be rigid in other directions 

except in the x and y axes. 

From Fig. 4.30 & 4.31, it is clear that the x and y axes are the main vibration 

directions of the stage, corresponding to vibration modes 2 and 1. The models we 

built for Lagrangian solution provide a similar solutions, in which we separated 

the spring translation system of the stage into two individual subsystems of single 

mobility based on the scanning directions of platform. 
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Figure 4.30: Free vibration mode of the stage, (mode- I) 

Figure 4.31: Free vibration mode of the stage, (mode-2) 
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L ___________________ _ 

Figure 4.32: Free vibration mode of the stage, (mode-3) 

4.4 Discussion and conclusion 

Flexure translation mechanisms have been widely used in precision devices to 

provide ultra smooth and precise motions. Leaf spring and notch hinge spring are 

the most commonly used flexure components for the purpose. The capabilities of 

these two types of flexures are analyzed by comparing the performances of simple 

leaf spring rectilinear mechanism and simple notch hinge rectilinear mechanism. 

The leaf spring system is more flexible to use when the deflection range is 

concerned. From equation (4.1) and (4.7), it can be seen that by k eping dlL 

constant and increasing L the deflection range of the leaf spring mechan ism can b' 

increased without losing system stiffness or by keeping L2/d constant and chang

ing d and L the system stiffness can be adjusted to be higher or lower without 

affecting its maximum deflection ranges. However, for notch hinge mechanism 

of equations (4.2) and (4.11) the deflection range can be increased by increas

ing either L or Rlt, both of which will decrease the system stiffness. A certain 

stiffness is, sometimes, important for the stability and dynamic propert ies of a 
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system. Moreover, the leaf springs store the elastic deflection energy in whole 

spring length so that the components are less strained. The notch hinges hold 

the energy in very small local area, resulting in a high strain in the components. 

The maximum principal stresses in deformed leaf spring and notch hinge spring 

mechanisms which have same stiffness and deflection are shown in Table 4.2. 

Therefore, from the points of view of deflection range and strain state, the leaf 

spring mechanism is superior to notch hinge mechanism. 

In another aspect, the theoretical analysis indicates that simple notch hinge 

mechanism is more advantageous for high accuracy of performance, which, in 

most application cases of flexure mechanism, is the main concern of designers. 

From Table 4.1 and 4.2 it can be seen that the parasitic pitching errors caused 

by driving forces in leaf spring mechanism can be about twice as big as that 

in notch hinge mechanism. The errors can be reduced by properly designing 

parameters according to the equation 4.12 and 4.14. When the height of force 

acting line La. is moved to midway of spring leg, the pitching error is reduced to 

zero. Moreover, the notch hinge mechanism has higher buckling loads than leaf 

spring mechanism in the directions perpendicular to its translation axis. Usually, 

it is monolithically machined in a solid blank by CN C machine tool. The accuracy 

of the hinge flexure is primarily dependent upon the accuracy of the centers of 

the holes which form the hinges. Three sources of potentially significant errors 

have been investigated in this chapter. The results shows that the accuracy of 

performance of the mechanism is insensitive to manufacturing tolerances. This 

characteristic makes fabrication much easier. 

The compo'\Jnd structures of rectilinear mechanism can be used to improve the 

accuracy of performance, and symmetric structure system provides more effective 

restrict to pitching of platform. 

As an application case of flexure mechanism, the x-y stage (S220) was de

signed and built. The experiment results of the first prototype of the stage showed 

that the errors of yaw, pitch and roll were larger than those that we expected. 
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Then the stage was analyzed with FEA modelling, and large distortions in the 

translation mechanism were observed. A modified design of the stage shows a 

significant improvement in accuracy of performance. For design of flexure trans

lation mechanism driven by piezo actuator, the piezo expansion can be amplified 

by the translation mechanism but the magnification has to match the stiffness of 

piezo element. The stiffness of the piezo element dominates the natural frequency 

of system. The amplification of its expansion will reduce the effective stiffness in 

square order. The loss of expansion range may also be a problem due to a high 

amplification of motion. 

The FEA method is an effective tool for design of flexure translation mech

anism. Using this technique, the performances of translation device can be pre

dicted very well in both static and dynamic aspects. 
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Chapter 5 

Metrological SFM system 

5.1 Introduction 

Both scanning tunneling microscope (STM) and scanning force microscope (SFM) 

are capable of a nanometer or subnanometer lateral and vertical resolution. Many 

of this generation SPMs have successfully achieved the ability of producing surface 

topographical images at atomic levels, which approaches the physical limits of 

resolution for this surface measurement technique. However, as the applications of 

SPM are spread to more and more industrial fields, the requirements of scanning 

probe microscopies have been extended from high resolution to high accuracy. 

The new generation of SPM should be able to not only produce topographic 

images of specimens with nanometer or subnanometer resolution, but also to 

work as a metrological measurement tool with the accuracy at this level or to do 

microfabrication with the same precision level. 

At present, 3lmost all of the SPMs use piezoelectric components as translators 

for x-y scanning and z profiling. Commonly, translators are in the form of tube, 

tripod, or bimorph scanner. A big problem of using these scanners is their inher

ent nonlinearity which is mainly caused by the nonlinear response to the applied 

voltage, hysteresis and creep of piezoelectric elements (PZT) and the coupling 

between the motions of x, y and z axes. Because of this, distortions always exist 

153 
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in the topographic image from these scanning techniques. Sometimes, over 40 % 

difference in image scales from one region of the image to another can result [4]. 

Many strategies have been reported to reduce these errors. One way is to 

linearize the expansion of piezoelectric actuator by providing nonlinear compen

satory drive voltage using a predetermined algorithm [3]. Alternatively a charge 

drive can be used [5][6]. With these, the nonlinear errors can be reduced to certain 

extent but, at present, not adequately for many applications. A more satisfactory 

method is to directly monitor the tip or specimen position with high sensitivity 

transducers to eliminate the errors in the ways by the use of either post-scan 

image correction or closed loop feedback control [4][7] - [11]. With this method, 

the nonlinear response, hysteresis and creep can be reduced to insignificant levels. 

Our metrological scanning force microscope (SFM) is developed based on the 

position monitoring strategy with the objective of achieving both high resolution 

and accuracy at nanometer or subnanometer levels. The instrument should be 

capable of conducting routine measurement of precision engineering surfaces at 

this level. In this chapter, the principle of operation of the metrological SFM is 

introduced. Integration of the various sub-systems into a working instrument is 

then described, which includes discussions of the force probe and vertical DPT 

translator system, x-v scanning stage, coarse positioning and approaching mech

anism, and instrument base. A brief introduction on electronic specifications and 

computer software is included. The characteristics of the instrument system are 

experimentally assessed and analyzed. Finally, various specimens from a wide 

range of engineering areas have been measured using this SFM to illustrate its 

metrological capability. 

5.2 Principle of operation 

The metrological scanning force microscope of this study mainly consists of a 

probe and its v~rtical translating system, a precision x-v scanning stage, a coarse 
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positioning mechanism, and electronics. Fig. 5.1 is a schematic diagram of the in

strument showing modular components of the system and Fig. 5.2 a photograph 

of the system. The specimen is held on the scanning platform of the x-y scanning 

stage (S220), in which piezoelectric actuators are used for the drive mechanism 

with a lever ratio of four to one giving a range of 50 J.'m and a natural frequency 

of above 500 Hz in both axes. Two capacitance sensors, Queensgate Instruments 

NanoSensor™, are built in the stage for in-situ monitoring of platform position. 

The NanoSensor™ is capable of resolving better than 0.1 nm in a range of hun

dreds of micrometers with a frequency response of up to 5 kHn and its linearity 

error is less then 0.2 %. The outputs of the sensors are used as feedback for 

closed-loop control resulting in a ~ry low crosstalk and nonlinearity. The scan

ning of the X-Y stage is controlled from a PC computer through a servo module 

and PZT driver for each axis. The design details of the stage are discussed in 

Chapter 4. 

Fm:epro 

Specimen 

x-v Stage 
Setpoin 

Figure 5.1: Block diagram of SFM system 
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Figure 5.2: Photograph of the SFM syst m 

Three dimensional imaging is achieved by positioning a for PI' b abov 

the specimen, orthogonal to the scanning plane of tb x-y stage. Th f r 

probe, a ca.pacitance force sensor, consists of a stylus type diamond tip atta h d 

on a small cantilever beam with capacitan Ie trod s on tb r ar fa ' bing 

used to sense any di stortion caus d by th int raction b tw' n t ip and urfa . 

For the details of th force probe see hapt l' 3. Tb [or is mOllnt d 

on a linear translator, Queensgate Instrum nts Digital Pi zo I tri l'ran lat I' 

(DPT), in the vertical, or z, axis. Tb translator onsists of a pi zo 1 t ri 

actuator with a capacitance sensor along th ntral axi to monitor th' It 't llru 

xpansion. The output from the forc nsor is maintain d at onstant. valu 

again by feedback through a PID controller to th v'rt i 11.1 trall.lator, i .. til 

contact force between tip and specim n is kept onstant by th ' f' doa I los 'd 

loop control. While the :t-y stage is scanning, th for 'prob lri v n by t il 

verti cal translat.or will follow the contou r of constant [or ' whi 'Il is ill t. rpr'tcd 

as the mechanical surface beight. For traditional sca.nnillg [or 

the expansions of z translators are assum d to be of lin 11.1' r lat ion ship with 

driving voltages whi ch at' used as the output of 1l1 Ci\,SUr rn li t. III to '5(' as s, 

nonlinear errors in the measurements arc in vitab le. When using t. he ))PT, t il , 
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measurement results come from the output of its integral capacitance sensor 

which therefore measures the actual expansion of PZT element, eliminating the 

undesirable nonlinear characteristics. The DPT translator has a linear expansion 

range of 15 p.m with subnanometre resolution and a working frequency bandwidth 

of 5 kH~. When calibrated with x-ray interferometry, the capacitance gauges 

have been shown to exhibit accuracies of better then a tenth of a nanometer 

[12]. Because of their hardness and well defined geometry diamond tips are used 

for the probe. The contact force can be controlled over a wide range from 10 

-5 to 10 -8 N with this kind of probe, covering the entire force range generally 

encountered in both atomic force microscopes and precision stylus profilers. 

Fig. 5.3 shows a line diagram of the mechanical system of the SFM. The x-y 

scanning stage is fixed on a 25 mm thick aluminium base. The z translator on 

which the force probe is attached is, in turn, mounted on a three axis coarse 

positioning device. Three mechanical micrometers are used as positioning actu

ators providing a coarse adjustment range of 25 mm in x, y, and z axes with 

resolution of approximately 10 p.m. The specimen scanning and data acquisition 

for the microscope is controlled by a PC computer using an in-house software 

package providing stage positioning, data sampling and image processing under 

a Windows environment. 

Before the surface can be measured, the specimen and probe have to be care

fully set up. The specimen is first fixed on a sample holder with double sided 

stick tape loaded onto the scanning platform of x-y stage. The probe system is 

then manually moved down towards the surface using a vertical coarse approach 

micrometer. The forces from the micrometer are transferred through a hysteretic 

coupling to drive the vertical translator and probe system until the tip is in con

tact with the surface. To make full use of the translator, the actuator of the DPT 

should be set in the middle of its expansion range. After the probe and actuator 

have been positioned, it is possible to retract the micrometer so that it no longer 

forms part of the measurement loop. 
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For the consideration of vibration, the instrument is mounted on a general 

metrology table consisting of a heavy granite plate (1m x 2m x O.l5m) supported 

by a steel frame of six leveling feet with 10 mm thick rubber pads underneath 

to isolate high frequency vibration. No obvious effects from ground and airborne 

vibration have been found in our experiments. 

Probe and Z translator 

Bose 

Thre e Qx iS COQr se 
o.pproo.ch o. sSE>Mbly 

Figure 5.3: Isometric sketch of the met rologi al E' M 

5.3 Sonle design details 

5.3.1 X-Y axis coarse positioning mechanism 

Fig. 5.4 shows (I. diagram of the x-v axis coarse positioning mechani sJll . A parallel 

slideway, along the longitudinal, or y , axis, is machined ill to the base . UPOII 
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this slideway rides two axis coarse positioning assembly. This y axis slideway is 

composed of a pair of vee and flat grooves on both opposite surfaces betw 'en the 

base block and the bottom of the assembly, separated by a pair of polished brass 

rods. A coarse actuator (MY), a mechanical micrometer, is fixed on the base and 

provides driving forces through a hysteretic coupling to the coarse positioning 

assembly to drive it in the y axis. A locking mechanism is applied to the 

LX 

LY 

X o.xls 
sliclewo.y 

MY -----"~ 

Ba se 

FTP 

Figure 5.4: Isometric sketch of the X-Y coal's positioning m ·ha.ni sm 

slideway. A cross section view of the locking mechanism is sLown in ). ig. 5.5. 

An M8 locking bolt (LY) passes through slots in the fore translator plat' and 

the moving sub:;tructure and screws into the base block. When lock d, th ' bolt's 

shoulder supplies a clamping force through the force transferring component (FT) 

to the base plate through the slideway rods. The for ce transferring 'ompollent 
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Figure 5.5: Section view of y axis locking mechanism 
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contacts the bottom plate with four small plateaus cut onto its bottom surfac 

of the component at four corners. The contact spots are on the parall I axial 

lines of the slideway, ensuring that the locking force will produce no bending 

moment on the plate, and thus generate a very small elastic distortions in the 

system. Above these in Fig. 5.4 is a micrometer (MX) acting on the z translator 

carriage through a hysteretic coupling. The carriage rides on two parallel olid 

steel bars supported on thick plates at each end. These two st ~el bars are 25 mm 

in diameter giving a very high stiffness in the z axis. Th carri age holding the z 

axis translator is machined from an aluminium block. At the top and bottom of 

this block vee grooves contact the steel rods to form a slideway. This slideway is 

perpendicular to the slideway on the base block, thus providing the second ax is 

drive for x-v positioning. To ensure constant contact of this x-axis slideway, the 

top part of the block is necked with two parallel narrow slots cut deep into the 

block in both front and back surfaces and a vertical na.rrow slots cut into the 
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block along the bottom of the top vee groove to provide an elastic compliance, 

see Fig. 5.6. When a clamp force is properly applied against the block face by 

a locking bolt (LX), the clearance in the top slideway will be eliminated and 

the elastic contact guarantees the carriage moving along the lideway smoothly. 

The assembly can be locked in both the x and y axes leading to an increase in 

stiffness. Again the micrometers are connected with hysteretic couplings so that 

they can be de.:oupled after coarse positioning. 

5.3.2 Probe coarse approach mechanism 

A vertical vee groove is cut into the front face of the x-axis carriage to guide a 

DPT holder in the z axis. The DPT holder is secured in the vee groove by a 

spring assembly acting from the back of the carriage, pulling the holder against 

the carriage with its curved surface, see Fig. 5.7. The spring is adjusted so 
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Hyst.,..tlc coupling 

Sp,.lng 

Figure 5.7: Diagram of decoupling mechanism 

that the static friction force is sufficient to prevent the DPT holder sliding down 

under its own weight, but low enough to enable sliding on application of a r a

sonable force from the micrometer. The DPT thus remains in position aft r 

coarse approach micrometer retracts clear from the measurement loop through 

the hysteretic coupling. 

5.3.3 Measurement loop and material selection 

For the first prototype of this metrological SFM, the base, frame and most of til . 

other components except z transducer and slideway rods are made of aluminium 

alloy because of its ease of manufacturing and favorabl mechanical and th rmal 

properties. Thermal effects are always a main concern for material selection in 

the design of precision instruments. Basically, there are two approaches to th > 

problem: The use of low thermal expansion materials such as Zerodur™, fus'd 

silica and Invar™, where the instrument is geometrically and dimensionally less 

susceptible to environmental temperature change. However, these materials USIl 

ally have poor machinability and are relatively expensive. The other competing 
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choice is to use inexpensive and easy to machine materials which usually have 

high thermal diffusivity. With that, the effects of thermal shock resulting from 

manual operation or some other local thermal contacts can be rapidly dissipated 

and therefore the settling times reduced. However, it makes instrument very sus

ceptible to temperature change and so the instrument often has to be used in a 

temperature controlled environment. 

As shown in Fig. 5.8, the instrument measurement loop goes down from the 

x-y stage to the base. Then it passes upwards through the coarse positioning 

assembly and the z transducer carriage and finally through the transducer itself 

to the force probe. The ideal structure should be designed in a way that all 

components in the measurement loop have equal expansion coefficients and the 

same thermal capacities, then thermal expansions can be compensated itself in 

the loop and, ideally, a zero expansion is possible. A symmetric 'structure can be 

adopted to reduce the effects of lateral thermal expansion. However, the actual 

situation of our instrument departs somewhat from the ideal case, so that the 

thermal drift in the measuring process is inevitable. 

Theoretically, the fewer the components involved in the measurement loop, 

the less the unstable error sources will be. The mechanical micrometers for coarse 

positioning in the x and y axes and coarse approach in the z axis are decoupled 

from the measurement loop after the probe is properly positioned. This can 

avoid the possible creep caused by residual strains at the interface between the 

couplings and the micrometers, which result from the driving forces. Therefore 

it is found to be very effective for the improvement of system stability. 

5.3.4 Electronic specification 

All the electronics used in our metrological SFM are modularized according to 

their functions as shown in Fig. 5.9 in which each block corresponds to an elec

tronic module. All of these modules are assembled into a Queenllgate Instruments 

82000 rack, combining as a 82000 control system. The system consists of four 
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Figure 5.8: Schematic diagram of the measurement loop of the instrument 
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NanoSensor modules for modulations of the signals from the capacitanc S rlSors 

integrated in the x-y stage, z translator DPT and from the capacitanc bas d 

force probe. Three SM Servo Modules and DM Driving Modules conduct ontrol

ling and driving to the PZT actuators in three axes. An OSO Oscillator Modul 

provides a 30 kHz drive voltage and 4.5 V dc reference for all the NS Nano ensor 

Modules in the S2000 rack. A National Instruments PC-DIO-96 card is us d to 

match the PAR parallel interface of the system that allows the S2000 syst. rn to 

be controlled by a computer via a high speed parallel I/O bus. 

Each NanoSensor module has a 16 bit A/D converter chip , so that hoth ana

logue and digital outputs are provided. The calibration, which will be d'scrib d 

later, gives a resolution of 0.216 nm/bit for the outputs of NanoSensor rnodul ' 

of the z translator and 0.88 nm/bit for that of the x-y stag . The lin arit ies of 

the modules are calibrated to be better than 0.2 % by manufacturer a.nd noise 

level < 0.2 nm Hz -! (RMS) when working with the NanoSensor we used. The 
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Servo module generates a command voltage corresponding to its reference which 

can be controlled by either an external analogue input, a digital input or a signal 

generated from a up/down counter which is adjusted manually by the front panel 

push buttons. This command is then compared with the NanoSensor output and 

the difference signal is amplified and integrated, see Fig. 5.10. The resultant 

Digital in 

+ 

Analogue in 

NS output 

Figure 5.10: Block diagram of of SM Servo Modul 

outputs are sent to a DM module. In our case, only digital input is used. Th 

Servo Module has two 14 bit D to A converters, fine and coarse. Th coal' DA 

allows a control over full range of translator ± R/2 (R = full range) and th' fin 

DAC gives a precision control over a limited range of ± R/16 with a resolution of 

0.425 nm/bit for the x-y stage. DM Driving Module is a high voltage amplifier 

which is optimized for driving PZT actuator. It is controlled by a Servo Module 

and supplies a voltage in the range of 0 V to +175 V to the PZT actuator. 

5.4 Performance evaluation 

5.4.1 Instrument calibration 

Before an instrument can be used for metrological measurement, it has to be 

calibrated. Although the NanoSensors™ we used in the x-y scanning stag> and 

DPT had been calibrated by manufacturer, it is still necessary to 'alibrat th 

instrument system after integration. The x-y scanning stage was calibrut '<.1 using 

a Hewlett Packward 5505A laser interferometcr syst 'm. Pig. 5.1 J is a schclllat.i c 
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diagram of the calibration system. A collimated laser beam goes through a polar

ized beam splitter and is separated into two beams. One of them travels straight 

ahead and is reflected by a mirror which is settled on the center of scanning 

platform of the stage with its reflecting face perpendicular to the moving axis 

to be calibrated and the other beam is reflected by a fixed ratio reflector. The 

two beams combine together to form a return beam which was then measured by 

the laser interferometer system. The control system of the stage is in closed loop 

state. The digital driving signal is sent step by step through computer to servo 

controller manually, and the outputs of laser interferometer and integral sensor 

of the stage are read at the same time. The reading of the latter comes from 

computer, so that it reflects a comprehensive property of the scanning stage in

cluding the effects from signal modulator of capacitance sensor, servo controller, 

DPT driver, AID converter and interface board. Fig. 5.12 shows the plot of 

calibration curves of one cycle measurement in the x axis. The results of 11 axis 

calibration are .l.S same as that of the x axis. From the curves it can be seen that 

the output of laser interferometer has a little bit drift, but the integral sensor and 

servo system are very stable and have a good linearity and repeatability which 

will be further discussed later. At each end of the curves there is a blank section 

in which input driving signals are out of the working range for DPT driver, so 

that no output is measured. By comparing these two curves from the laser in

terferometer and the integral capacitance sensor, one can obtain a displacement 

of 0.85 nm corresponding to one bit of AID converter for data sampling and 3.4 

nm corresponding to one bit of coarse D I A converter of servo module, resulting 

in a minimum driving step of 0.425 nm through fine DI A converter. 

The measurement loop in the z axis was calibrated with a commercial Queens

gate Instruments Digital Piezoelectric Translator which was very well calibrated 

by manufacturer to nanometer level and of a nonlinearity of less than 0.2 %. To 

separate it with the DPT used for z translator, we call it standard DPT (SDPT) 

here. A schematic diagram of the calibration set is shown in Fig. 5.13. The 
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Figure 5.11: Schematic diagram of calibration system of the x-v stage 

x 10' 
7'~~.r,-r----~---r----~--~. --~.~--~.~--~--~o 

at . . to ._..... . ... : ... : ,-_. rw .. u mo~,g 
: ~ ... : : : : : : : : JIt : : : ........ blc:kwll'd movl"$j : 

en 6F ' ~W.'~'( """ : "~'~"?,; "":"""" ' r""" " :""" "'r"" .. ] .. ....... 10 ~ 
z : .. : )t.~o.,,: : : :: R 
;5 ...... ... j ......... ~~.~ .. .. ~ .. ~ .~. '~~~;~;J .......... ~ ...... ............. .. : .... ..... 20 i 
~ '-i : ~ ... ,.~~ : ': ( 
~4 ····· ~"·~·· · · : · · · ·· ·· ·· ~ ·, ·~····!··········l······· · · ·: .. ....... 30 f' 
~ ~~ .... . . .... . .: . 

~3 . .. . ... ....... ... ,. · ... .. ··1 .. ~O:.'~ ....... i ...... . 1.~ .~) .... .... ..! .. ...... 40 i : ~ ... : : ... : ~ 

i 2 ........ . i .. ...... ) ..... .. .) .... ..... " .. .. ~~~t.~ .~. ,.{ ..... .... : .. ~ .~. ~ .~ . ~ .... 50 I 
15 : , : ........... ········,· ·······: "' .. <:1 " 

.... ~. 
°OL---2000-'----4000-'----6000-'----8000--'-----1....JOOOO'----12000~:---:-14000~:--7.16::000':7-'~18000 

Digital Input to X·Y Itage 

Figure 5.12: Plot of the calibration curves of the X-Y sta.ge in x axis 

16 



5.4 Performance evaluation 169 

I C . I I apaclIance gauge 
I 

-
r .. 

~ 
I I 1 PZf Driver 

'"' 
r £ N = I I 0.. 

Force probe PID Controllor 8 

I I 
0 

rI () 

I 
u 

I Capacitance Gauge ~ 

SDFT 

I I 
I SDPT Control Box J 

Figure 5.13: Schematic diagram of calibration set for measurement system in the 
z axis 

SDPT is located under the z translator on which the force probe is mounted. 

The z translator is thus positioned that the tip of force probe is in contact with 

the top surface of expansion element of SDPT and the system to be calibrated is 

in fully closed loop control. Then read the outputs from the sensor of z translator 

through computer while sending a linear driving signal to SDPT. Fig. 5.14 shows 

the results of the calibration. It gives a resolution of 0.21 nm corr sponding to 

one bit of AID converter for the z translator. To assess the results of th cali 

bration, A standard 30nm step specimen manufactured by Rank-Taylor-Hob on 

was measured on both the SFM and Rank-Taylor- Hobson N anostep and r suIts 

were compared. Profiles of the step are presented in Fig. 5.15 showing a good 

agreement between these two instruments and specimen. 



5.4 Performance evaluation 

~ 

~ 
ill 

~ 

X 104 

4.5;.:-.:-;"-----r-----.----.----.-------..----, 

N 
'53.5 
() 

~ 

~ i 3 
o 
iii 
.to 
.2' 
c 

2.5 

~L---~-2-----~1---~0----1L---~2---~3 

Ex1enslon 01 SDPT (um) 

170 

Figure 5.14: Plot of the calibration curves of measurement loop in the z axis 
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5.4.2 Noise level 

To reveal the effects of various noise sources, the instrum nt outputs hav been 

measured with the various components of the system being systematically act i

vated. Fig. 5.16 (a) illustrates the noise signal from the z axis Digital Piezoelec-

(e) 

(b) 

Ca) 

o 2 4 6 8 10 12 
Sampling Ume (Second) 

Figure 5.16: Noise level of the instrument syst m 

tric Translator only. This includes the noise compon · nt of pi 20 I ctri c a tuator, 

integral capacitance sensor and NanoSensor modul. onn ct ing th output of 

the capacitance gauge of the force probe to the 5 rvo ontroll r whi ch, in turn, 

goes to DPT driver results in the noi e of Fig. 5.16 (b). Fin ally, to totru noi s 

level for the system in the z axis while the tip is in conta t with a stat ionary aili it 

specimen under full closed-loop control is plotted as 5.16 ( ) whi h shows a p ak

to-peak value of less than 4 nm and aRMS valu of 1.03 nm. 1'01' Fig. 5.16 (a) 

and 5.16 (b), the RMS values are 1.00 nm and LJ4 nm, I' spcctiv ly. Althougb 

measurement results might imply an increased nois' I 'v I as more 'om pOll 'nts 

involved in the noise measurement system in th' z ax is, the in 'r '/15 is insignifi

cant for the z axis probe. Therefore, the noi se mngnitude of the output of DJ>T 
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system can be c.onsidered to be a main contribution to the noise level. The noise 

level of Queensgate Instruments NanoSensor module is related to bandwidth by 

Ntot = Nl'lli (5.1) 

here, Ntot is total noise (nm RMS), N, is noise factor [13] (in our case, NJ = 

0.02nmH;!) and B is bandwidth (H.). We used the default 5 kH. bandwidth 

set by manufacturer giving a noise level of 1.41 nm RMS from equation (5.1). 

This bandwidth is excessive for our application and was reduced in subsequent 

experiments. 

It is obvious that if subnanometer resolution is to be achieved, the system 

noise level has to be cut down further. Usually it is very difficult to reduce the 

noise level by improving the design of electronics. To add a low-pass filter at 

the output port of NanoSensor module of the DPT is another possible option. 

However, these electronics modules we used for SPM are all commercial kits and 

it was inconvenient to modify them. To increase the resolution of our SFM, a 

simple box-car averaging filter has been adopted in the process of data acquisition. 

Because the x-y stage is controlled digitally, the computer can do sampling and 

averaging repeatedly to the output of DPT at each increment. The experimental 

results are plotted in Fig. 5.17 which shows the output of z translator while the 

force probe is in contact with a stationary silica specimen. 

It is clear t.hat as the averaging times increases, the noise level drops down 

accordingly. Fig. 5.18, gives the relationship of averaging times, noise level and 

sampling speed. At the point corresponding to 500 times averaging in Fig. 5.18, 

the noise level drops to approximately 0.176 nm (RMS). After that, improvements 

in noise level will result in unacceptably high scan times. Averaging 1000 times 

at each data point, one can obtain the noise level of 0.1 nm (RMS). As a result, 

angstrom resolution can be achieved, implying a precision of one part in lOS with 

a full DPT vertical range of 15 p.m. However, it has to be emphasised that this 

decreases speed of data acquisition as well. It can be seen from Fig. 5.18 that the 
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Figure 5.17: Noise level corresponding to sampling processes with various av r
aging times for each data point. The averaging times for these plots: (a) -- z ro, 
(b) -- 10, (c) -- 50, (d) -- 1000. 
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speed of data acquisition declines from 160 H, to 40 H, when averaging times 

goes up from zero to 500. With this speed (40 H,) of data acquisition, about 17 

minutes are needed for scanning a image of 200 x 200 data points. A small drift 

can be seen from the noise signal plots in Fig. 5.17. Least squares fit straight lines 

reveal a drift of less than 0.01 nm/ s. For example, Fig. 5.17 (c), corresponding to 

500 averaging times and 40 H. data acquisition rate over a period of 50 seconds, 

shows a drift less than 0.5 nm. 

The noise magnitudes of the %-11 scanning stage were measured by monitoring 

the output from the two sensors when the stage stayed still. Because noise levels 

are similar in two axes, only the signals from the sensor of % axis are presented 

here. Fig. 5.19 (a) is the noise signal measured while the %-11 stage in open

loop state, i.e. the noise of integrated capacitance sensor and the NanoSensor 

modulator, showing a RMS value of 1.18 nm. The bandwidth of NanoSensor 

modules used for the x-y stage is set at 500 H., therefore, the noise level is lower 

than that of the OPT. Fig. 5.19 (b) corresponds to the noise level of the stage 

under full closed-loop control, giving a peak-to-peak magnitude of 5 nm and a 

RMS value of 1.586 nm. With a full scanning range of 50 p.m, a precision of 

better than one part in 30,000 can be achieved over this relatively broad sensor 

bandwidth. 

5.4.3 Stability and repeatability 

Because a rela.t.ively long scanning time is required for measurement, a good 

stability is essential for precise measurement. The thermal effect is usually con

sidered to have a big influence on instrument stability, and so, the thermal drift 

of the instrument was measured. A semiconductor thermal sensor was fixed onto 

the SFM to monitor the temperature fluctuation. The temperature of the labo

ratory is servo controled, so it fluctuated periodically. The SFM was in a closed 

loop control state where the tip is kept in contact with a specimen, so that the 

effects of the whole measurement loop is included. Then the outputs from the 
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thermal sensor and z transducer of SFM weI' sampled through a ornput r simul

taneously. Fig. 5.20 (a) shows a drifting curve of th system output, indi at ing 

a 50 nm drift in a period of 100 min. To separate the ere ct of t mp'rature 

with others, the data from z transducer was leveled, and is compar d with th 

temperature changes, see Fig. 5.20 (b). From this, th th · rmal i nfiucn c can 

be seen clearly that the output drifting follows til temp rature flu ctuation with 

a small lag in time. The temperatUl' was measured to bav a peak-to-peak 

fluctuation magnitude of 0.22 °C with a flu ctuation p riod of 11 minut '5 . Th 

instrument has a periodic drift of 10 nm in m agnitude, corr sponding to a drift 

rate of 50 nmK-l, with the same period as th temp ratur . The sp 'cification 

of the NanoSensor used in DPT gives a th ' rmal drift of tlO nmf(- I , wbich orr '

sponds to 8.8 nm drift in 0.22Co temperature vari ation . 8 sid ::; the Nal\oS '11 501', 

the force probe is also a capacitance sensor whi h in 3vitably is also aIT 'ct tl by 

temperature fluctuation s although thi s is ex p 'ded to be smaller. 'I'll 'reforc it is 
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clear that the thermal sensitivity of the structure of measurement loop is much 

less than that of capacitance sensors. 

To evaluate the linearity of the x-v stage, we did a ramp scan over a range 

of 40 J.lm by supplying a linear digital driving signal from computer to the x-v 
scanning stage system in x and y axes simultaneously with the feedback loop 

closed and reading the outputs from the integral capacitance sensors. The scan 

trace is shown in Fig. 5.21. By fitting each straight line section in ramp scan 

plot with least square straight line, the maximum deviation point between ramp 

trace and fitted line is found to be 3.71 nm corresponding to a nonlinearity of 

0.001 % in a range of 40 J.lm. The outlines of deviation detai ls are shown in Fig. 

5.21 by leveling the ramp trace. The deviation data points looks much like noise 

evenly distributed along its centre line, and its peak-to-peak magnitude is within 

the noise level of the stage (see Fig. 5.19). From this, it appears that a nonlinear 

error of less than one nanometer in full scan range of 50 J.lm is achievable in each 

aXIs. 
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Figure 5.21: Ramp scan t race for analysis of lin 'arity 
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To demonstrate the repeatability of the x-y stage, two repeat meander pat

tern scans over a small area of 44 X 44 nm are shown in Fig. 5.22, which are the 

same scan pattern as we used for surface measurement with the scanning force 

microscope. The data are sampled and plotted without any artificial processing 

and relocating. Again no filtering is applied in data sampling and processing. 

Based on these data, the position errors of these parallel lines are calculated by 

fitting the grating traces with least square straight lines. It gives a maximum 

space error of 0.31 nm between adjacent lines and a maximum inclined error of 

0.77 p.rad for single line. The errors of the second scan are worked out to be 

quite similar with the first one. By comparing these two scans, the maximum 

position difference between the corresponding lines (line 1 in scan 1 to line 1 in 

scan 2) comes out to be 0.246 nm. In Fig. 5.22, the individual bits of the output 

of capacitance gauge are clearly visible, and it is obvious that the peak-to-peak 

magnitude of the trace fluctuation is within 3 bits of the output of AID converter 
1 

with each bit corresponding to a displacement of 0.875 nm. These indicate that 

the x-y stage is capable of positioning and scanning with an accuracy and re

peatabilityat subnanometer levels. To assess the repeatability of the instrument 

in vertical axis, two repeat profiles of an optical grating surface are plotted in 

Fig. 5.23, which are obtained from a continuous forward and backward scan. The 

data were sampled from the z translator while the stage was scanning. Again no 

filtering was applied. From these data, the mean point to point vertical difference 

between the two profiles comes to be 0.3125 nm, resulting in a relative error of 0.4 

% over a vertical range of 66.56 nm. These include not only the errors from the z 

translator and force probe system but also the vertical errors of x-v stage. From 

the evaluation above, it is clear that the instrument system has an repeatability 

at nanometer levels in all three axes. 
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Chapter 6 

Surface measurement 

6.1 Surface topography 

Specimens with different surface geometrical characteristics, feature scales and 

material properties were measured for instrument testing. All the images shown 

below are sampled with 200 X 200 data points which we feel to be sufficient for 

imaging purposes. These specimens are chosen to illustrate metrological capabil

ityover a broad engineering specimen range. Tips of radius 1.0 (normal stylus 

tip) and < 0.1 (Berkovich tip) were used. Fig. 6.1 and 6.2 show the SEM images 

of these two tips. 

The contact forces between the tip and specimen were controlled at about 

200 - 400 nN in the measurements. The contact forces are determined by both 

the stiffness of the cantilever and its deflection. The stiffness can be directly 

calculated out according to the dimensions of the cantilever beam or calibrated 

experimentally by adding small mass on the cantilever while monitoring the de

flection of the cantilever. The deflection in measurement is determined by the 

difference betVl'.~en the initial output of force probe and setting point of servo 

modul. 

183 
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Figure 6.1: SEM image of normal stylus tip of radius 1 Jim 

Figure 6.2: SFM image of Bcrkovi ch tip of radius < 0.1 p.m 
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Optical grating surface 

Two standard optical grating specimens were scanned using the metrological 

SFM. One of them is a specimen of 1216 lines/mm produced by Rank-Taylor

Hobson with sinusoidal undulatiom on the surface. Fig. 6.3 (a) shows a 3D view 

of a scanning area of 6.6pm X 6.6pm. Its section profile, Fig. 6.3 (b), illustrates 

the depth of grating lines of about 65 - 70 nm and the distance between the lines 

of about 820 nm. Fig. 6.4 is a 2D map of this grating surface and Fig. 6.5 is a 

SEM image from the same specimen. Comparing these two images, there is no 

distortion can he seen in the 2D map. Fig. 6.6 is the image of a cross grating 

surface of 2160 lines/mm which is a standard specimen for SEM calibration. All 

the images above are measured using the Berkovich tip shown in Fig. 6.2. The 

stylus tip was also tried, but no surface features could be obtained for the speci

men shown in Fig. 6.6. 

Polymeric films 

Because of the low contact force, the SFM is capable of measuring soft specimen 

surfaces. As an example, electroactive polymeric films presently under investiga

tion for use as micro-actuator bearings [1] were measured. Poly(N-methylpyrrole) 

polymer is eletrochemically deposited from an electrolyte solution containing the 

monomer onto a gold film that is, in turn, evaporated on to the convex face of 

polished glass substrates. The friction properties of the polymer film bearings 

are believed to be dependent upon the load, film thickness and bearing geometry 

according to present theoretical and experimental analysis. A group of the bear

ings were chose'!} for the SFM measurements. These bearings, labeled as D2, D9 

and D 12 in the reference [1], were grown using same polymer, electrolyte, growth 

potential and oxidation state, but different growth charges. The thicknesses of 

the polymeric films were claimed to be 0.49 pm (D9), 0.43 pm (DI2) and 0.12 

pm (D2). Fig. 6.7, 6.8 and 6.9 demonstrate the surface topographic images of 

these polymer films. Polymer agglomerates are clearly shown and a big difference 
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in surface features can be observed. The initial results of the friction experiment 

[1] indicate that the coefficient of friction tends to rise with the thickness of the 

polymeric films. From the images, the thicker the film, the rougher the surface 

appears. It can be suspected that the surface features may also have an influence 

on the frictional or tribological properties of the bearings. Therefore, the metro

logical SFM may be very useful for tribology research. 

Others 

Some other specimens with various surface topographic features have also been 

measured with the metrological SFM to demonstrate its potential application 

areas. Fig. 6.10 presents an image of a well polished Zerodur optical flat. Tiny 

scratches with depths of 3 or 4 nm can be observed in the surface image, which are 

believed to have been produced in the polishing process. The Rq and Ra values 

of surface roughness was calculated to be 0.69 nm and 0.54 nm from these data. 

Fig. 6.11 shows an isometric plot of integrated electronics on a silicon chip with 

scan range of 30 x 30 p,m and peak-to-valley variations of about 2 p,m. With this 

measurement technique, fabrication quality can be monitored precisely. Another 

example of application is the surface quality control of semiconductor thin film 

growing proceSfi. Fig. 6.12 shows a surface topographic map of SdS,o.sGeo.2/Si 

heterostructure sample. The tiny pits on the surface are believed to be caused 

by strains produced in the process of multilayer growing. 
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Figure 6.4: 2D view of the same grat ing surface as in Fig.6.3 

Figure 6.5: SEM im age of the sam e grat ing surface as in Fig.6.3 
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Figure 6.6: SPM image of standard gratings of 2160 lines/mm for SEM calibra
tion 

Figure 6.7: SPM im age of polymer film (D9) 
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Figure 6.8: SPM image of polym r film (D1 2) 

Figure 6.9 : SPM image of polymer film (D2) 
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Figure 6.10: SPM image of a well polished Zerodur optical flat 

Fi gure 6.1.1: 3D im age of elect roni c components on a sili con chip 
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Figure 6.12: Surface topography of Sd SiO.SGeO.2/ Si heterostructur sample 

6.2 Surface roughness measurement 

6.2.1 Introduction 

As m entioned in Chapter 1, surface roughness is a significant featur of m erit for 

characterization of samples. It can provide information about sample fabri cation 

processes and input to theories for prediction of mechani cal, opti cal and 1 c

tronic performance. As surface features hay b come smaller , it is more diffi ult 

to obtain meaningful surface parameters, because the heights of surfa r atur 

are comparable with instrumental noise levels and the lateral dim nsion of ur

face textures are close or smaller than the lateral resolution of m any onv nt ional 

instruments. Therefore, many new techniques have be n dey loped to m t th 

increasing demands on the measurements of ultra-smooth surfac- s. However, 

these techniques are based on different working prin ciples, m asuring surfa e f (1-

tures from different point of view. The reli abili t i s of these instruments become 

more and more con cerned by both des igners and users. An easy way to assess t be 

reli abilities is to compare the measurement results, obtaincd using liff ' rcnt tcch-
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niques. Some research work investigating the relationship between the techniques 

have been reported in recent years [2} [3} [4). 

In our experiments, three advanced surface measurement instruments are 

used, Nanostep, X-ray reHectometer and metrological SFM, and their measure

ment results are compared. 

6.2.2 Instrumentation 

Nanostep 

The Rank Taylor Hobson (RTH) Nanostep 2010 is a stylus instrument designed 

to meet the requirements of the microelectronics industry for micro profiling. It 

is modeled on a design developed by Lindsey et al. at the National Physical Lab

oratory [5}; the configuration of the commercial instrument has been described 

by Garratt and Bottomley [6). In this instrument the stylus is stationary and 

the sample moves. The sample is held on a stage which has movements for lat

eral positioning and levels the sample in the profile direction by translating a 

wedge located under the stage. The sample stage rests on a Zerodur slideway 

of inverted V shape. A motor drives a Zerodur slave carriage, also resting on 

the slideway, through a micrometer screw and a coupling, pushing the sample 

stage to which it is connected. Five Teflon pads on the underside of the slave 

carriage and sample stage provide low-friction-bearing surfaces. This results in 

a super-precision slidewaysystem with noise levels on the order of 50 pm. Much 

of the measurement loop is constructed of Zerodur, giving the instrument a low 

temperature coefficient of approximately 7 nmrC. In our experiments, a dia

mond pyramidal stylus truncated to a 0.1 X 2.5J.Lm tip is used, which is attached 

to a LVDT pickup. Maximum length of traverse is 50 mm, with speed limited by 

the bandwidth of the modified Talystep transducer head (8 kH6 ). The system is 

interfaced via an electronic unit to Talydata 2010. 

X-ray refiectometer 
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X-ray method for ultra-smooth surface measurement is a relatively new t ch

nique. At very small incident angles, X-rays are totally reflected from solid sur

face. Above some critical angle the grazing incidence X-ray reflectivity (GIXR) 

falls rapidly. For a perfectly smooth and flat surface with no deposited layers and 

zero absorption the fall begins abruptly at the critical angle Be and is approxi

mately proportional to B-4 for angles well above Be, where 0 is in cident angle. 

Departures from the ideal structure of up to few hundred nanometres may be 

measured. Surface roughness causes the reflectivity to falloff more rapidly [7J. 

Fig. 6.13 demonstrates the calculated specular curves for a Zerodur specimen 

with a perfect smooth surface and with added surface roughness, respectively. 

The reflective curves are simulated using the Bede Scientific Refl ct ivity Sim

ulation program REFS. From this it can be seen that 1 nm (RMS) roughness 

difference on the surface can be easily identified. The B de GXR1 R fl ctom -
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Figure 6.13: Calculated GIXR of a perfect smooth surfa e and th surfa s with 
added roughness 

ter was used for the experiment. Th instrument us s a. onv'nt ionat laboratory 

generator, a Cuf( a: tube, running at 1.4 kW. A beam con lition ' l' is used to 
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collimate the X-rays providing a incident beam with very small divergence, and 

a detector capturing the reflected beam. The sample stage is driven by motors 

through three micrometers arranged in a Y shape to provide tilting in two di

rections. Care must be taken to align the specimen in angle to about 10 arcsec 

parallelism with the incident beam slit, and in height to about 10 % of the beam 

height, requiring a precision of a few micrometres. No special specimen prepa-
I 

ration is required. The instruments provides the ability to scan the specimen 

and the detector independently so that both specular and diffuse components of 

reflectivity can be measured. 

Scanning force microscope 

The metrological scanning force microscope has been described in detail in chap

ter 5. The stylns tip of radius 1 pm was used. 

6.2.3 Experiment process and results 

As mentioned above, the main objective of the experiment is to compare three 

complementary techniques for ultra-smooth surface measurement. 

Zerodur was chosen as a desired material from the point of views of both ease 

of preparation and its potential application in precision engineering. It is a trans

parent, homogeneous glass-ceramic with both amorphous and crystalline phases. 

These two phases have opposite thermal expansion properties. By carefully an

nealing, an exceedingly low thermal expansion property can be achieved: about 

1 X 10-7 rC for temperature between -30 and 70°C. Besides, it is also dimension

ally stable compared with other glasses or ceramics and has a reasonably high E 

modulus (E = 90 X 109 N/m2) [8] [9]. Because of these properties, it has become 

increasingly popular in precision engineering for construction of ultra-high preci

sion machine tools and metrology devices. For the machining property, Zerodur 

is much like conventional optical glasses, but it is much softer and of a relative 

low grinding specific energy, which means a relative low grinding force and a high 
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machining precision. Moreover, Zerodur can be optically polished because the 

material is pore free and has similar hardness between its two phases. 

The specimens were cut from a Zerodur bar of 40 mm in diameter which 

is sliced into w.uers of 6 mm thickness using a diamond wheel slicing machine. 

Then they were chamfered and lapped on a Lapmaster lapping machine to get 

surface fiat to about 1 pm in whole surface area checked with the RTH Talysurf. 

The lapping paste used for flattening was a mixture of Alumina oxide (AI20 3 ) 

powder of particle size 1.2 p.m and distilled water. Finally, the components were 

polished on a Lapmaster optical polishing machine. The polishing paste consists 

of Cerium oxide (Ce203) powder with 1.2 pm grit size and filtered distilled water 

of particle size < 0.3 p.m. The polishing table which is supported on air bearings 

run at the speed of 50 rpm for approximately 30 hours for each specimen until 

the desired :flatness and smoothness were achieved. At this stage, the flatness 

was compared against a reference optical fiat by assessing interference fringes 

when two surfaces were superposed under a helium monochromatic light source 

with a wavelength of 0.5 pm with each fringe corresponding to one half of the 

wavelength. A flatness of one quarter of a band (0.0073 pm) was achieved. Then, 

the specimens were cleaned using filtered distilled water and warm acetone. 

N anostep profiling and SFM topographic imaging are both contact measure

ments. The possible surface damages caused by stylus scratching have to con

sidered in the design of the experiments. To avoid the potential influences of 

previous measurements, the experiments have to be arranged obviously in the 

sequence of non-contact measurement (GIXR), low contact force measurement 

(SFM) and relative high load contact measurement (Nanostep). 

Five Zerodur specimens were prepared and measured with GIXR, SFM and 

Nanostep in the experiment. The results are listed in Table 6.1. 

Fig. 6.14 shows the output signal of a specular scan from the GXRl reBec

tometer. The surface roughness is assessed by comparing the measured specular 

scattering curve with simulated curve of the scattering from a model structure 
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Specimen Nanostep SFM GIXR 
Samp/Surf profile length Rq Ra Rq Ra Rq 

(~m) (nm) (nm) (nm) (nm) (nm) 
Zerodur 1/1 12.5 0.6 0.5 1.2 1.0 1.08 

100 1.0 0.7 
400 1.1 0.8 

Zerodur 2/1 12.5 0.7 0.6 1.1 0.9 1.25 
100 1.1 0.8 
400 1.4 1.0 

Zerodur 3/1 12.5 0.6 0.5 1.1 0.9 1.25 
100 0.7 0.6 
400 0.7 0.5 

Zerodur 4/1 12.5 0.7 0.6 0.6 0.5 0.94 
100 1.0 0.8 
400 1.3 1.0 

Zerodur 4/2 12.5 1.0 0.7 1.2 0.9 1.33 
100 1.2 0.9 
400 1.4 1.0 

Zerodur 5/1 12.5 0.7 0.6 1.2 0.9 1.14 
100 0.9 0.7 
400 1.1 0.8 

Table 6.1: Results of the measurements by Nanostep, SFM and GIXR 
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and adjusting the parameters until a good fit is obtained. The data are processed 

using the software package REFS [10] . The diffu se reflect ivity is sensit ive to the 

distribution and correlation length of the surface structure. This may be used 

to measure surface roughness to the highest precision and shortest cut-off wave

length known [7] . However, the data analysis is more complex. At the time of 

the thesis writing, only specular scattering analysis had been carried out. 
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Figure 6.14: Curve of a specular scan from the GXRl reflectomet r 

The GIXR method is powerful for stati st ical ass ssm nt of surfa' , roughn 5 

in certain area, but measures surface roughness indir ctly. The SIt M provid's a 

direct measurement on surface topography and giv 5 point-to-point inform at ion 

of surface texture in a small area. More information 'an b xtract d from th 

measurement. F ig. 6.15 shows a 3D im age of th Z rodur surfa ' (Z rodur 

4/1)' from which details of the surface feature can be seen cl 'ady. Fig. 6.10 

is the same measurement but viewed in small'r scal " from witi ·it t il surfa' 

feature can be studied in m acroscale. In thi s, the poli shing scra.tch 's Oil th' 

surface are clearly revealed. Therefore, t he SPM method is very versat il e for 

surface feature identificat ion . The specimens were measured with scallning m a 
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12.5flm X 12.51-lm and sampling data 200 x 200. The surface roughness was 

calculated two dimensionally and the results are given in the Table 6.1. 

Figure 6.15: SFM image of Surface topograpby of Z rodur 4/1 

Stylus instrument measures surface in two dimension profiling. It is onsid r d 

to be a reliable measurement technique and two of th mostly u d param t rs 

Ra and Rq for assessment of surfac roughness were d fined bas d on the stylu 

technique. These paramet rs are now includ d in a numb r of national and 

internat ional standards such as 1S04 27, BS1l34, AN r 46.1 and DJNH6 . 

Nanostep is an advanced vers ion of th in strum nt, providing m asur m nt with 

subnanometre resolution. On each sp imen sev ral m asur 'ln nts with tiff r ' nt 

profiling length were conducted and th , r suIts ar giv n in Tabl 6.1. 

6.2.4 Discussion 

From the results in Table 6.1 , it can be conclud d that tb ' surfC\. 'roughn ss Tn 'C\.

sured with these three tecbniques, CrXll, FM C\.nd Nanost p, ar omp C\.l'C\.ole. 

The measurement results arc fairly close, whicb indi cat ing Lh rtt all Lh es ' md hods 
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can be used as effective tools for surface roughness measurements in nanometre 

levels, although some deviations do exist. The possible reasons for the deviations 

can be analyzed in the following espects. From the results of the Nanostep it can 

be seen that the surface roughness will rise as profiling length increases. It is clear 

that as the measuring profile becomes longer, the effects of the surface features 

of relative long wave length will be included in roughness calculation, resulting in 

larger roughne~s values. Comparing the results of the Nanostep with SFM, the 

later indicates rougher surfaces in general. Data processing is considered to have 

some contribution to the difference. One dimensional Rq and Ra. (Nanostep) are 

defined relative to a mean reference (least square) straight line along the profile. 

Two dimensional Rq and Ra. (SFM) are referrd to a mean reference plane along 

the surface. In this case the reference line for each individual scanning trace may 

no longer meet. the least square rule, so that some deviations may be generated. 

Both SFM and GIXR measure surface roughness over a area, but the roughness 

values of GIXR are all larger than that of SFM. This may be caused by effects of 

measurement ranges. Although the spot of the X-rays is only a few micrometres, 

it may extend to about 1 em on the sample surface due to the very small incident 

angle. As same as the effect of profiling length, the larger area the measurement 

covers, the larger the surface roughness value will be. 

6.3 Discussion and conclusion 

A newly developed prototype metrological scanning force microscope has been 

introduced in previous and this chapters with the description of design strategy 

and a preliminary performance evaluation. Subnanometer resolution, stability 

and repeatability in all three axes are demonstrated. Because of the application 

of the high precision displacement position sensors in three axes, this SFM has a 

capability of not only imaging but also doing metrological measurement on preci

sion engineering surfaces. The capability of directly providing areal information 
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of surface characteristics is one of the advantage of SFM over stylus instruments. 

The low contact force makes it possible for use on soft materials without causing 

significant damage to the specimen. Furthermore, if other physical probe sensors 

are used in this SFM, various material property information may also be provided 

with similar accuracy. 

This first prototype of the instrument is made of inexpensive material of 

aluminium, randering it susceptible to thermal variations. Thermal effect is in

evitable for the measurement at nanometer or even subnanometer levels con

ducted in a normal temperature controlled laboratory. The next prototype of 

the instrument will be built with the materials of ultralow thermal expansion 

properties, such as Zerodur glass ceramic, fused silica, or Invar alloy. 
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Chapter 7 

General discussion and 

conclusion 

Nowadays, scanning probe microscopy is no longer a new concept in the area of 

precision engint~ering. Since the first STM was developed in 1982, a large group 

of SPMs have been explored, which employ various sensing techniques to measure 

surfaces with ultrahigh resolutions in both vertical and lateral directions based on 

some of physical or chemical interaction. Although many successful results have 

been reported in which atomic resolution has been achieved, there are still a lot of 

improvements to be done and problems to be solved before SPM can be used for 

high precision surface measurement. The metrological scanning force microscope 

introduced in this thesis is an example of the efforts for the improvement of SPM 

technique in the aspect of instrumentation. Based on the development of this 

SFM system, some general questions are discussed in following. 

7.1 Metrological issues 

Because of the lOherent nonlinearity of piezo actuators which are used in all the 

SPMs to provide scanning and contour following motions, the poor metrological 

capability of the SPMs developed thus far limits their applica.tion for quantita.-

204 
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tive measurement. Without a great improvement in its metrological capability, 

the instrument can only be used for surface imaging instead of surface measur

ing. The strategies to overcome the nonlinearity of piezo transducer, in general, 

are of two types, open loop compensation and closed loop control. For an ideal 

3D metrological system, all the motions in the six degrees of freedom should be 

strictly controlled. Any parasitic motion will influence the accuracy of measure

ment. In the common design of SPM, three rotational directions are assumed 

to be restricted by the translation structure itself, and only three linear motions 

need to be controlled. For the metrological SFM introduced above, the closed 

loop control method was adopted. The expansions of piezo actuators in x, y and 

z axes are monitored by three high sensitive capacitance sensors with which the 

nonlinearities along these axes can be reduced down to less than 0.2%. For the 

first prototype of the x-y scanning stage, the yaw errors were much larger than 

expected. The revised version of the stage is expected to give maximum yaw error 

of less than 10 prd which is comparable with the linearities of the translations. 

Even so, further improvement is necessary for more precise applications. The 

z translator (DPT) suffers from the same problem. Calibration shows that the 

pitching of z DPT is ±1.5" for whole expansion range 15pm. A new version of the 

DPT is being developed in Queensgate Instruments Ltd. which will give a linear 

vertical displa(~'~ment with insignificantly small motions in lateral directions. 

The tube scanner which is most popularly used in SPM has unique merit in 

its fast dynamic response. The technique to monitor the motion of the tip, which 

is mounted at the bottom of the tube, in situ, is the key for the scanner to be 

used in metrological SPM. This will become realistic when the deflection shape of 

the tube can be controlled precisely. Ideally, an S shape as mentioned in chapter 

2 is expected, in this case the bottom of the tube scanner will have only linear 

motions parallel to x-y scanning plane, which can be easily monitored with linear 

sensors. 

Many open loop compensation strategies have been reported. One way to 
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linearize the extension of the piezoelectric actuator is to provide a nonlinear com

pensatory drive voltage using a predetermined algorithm. The results do show 

an improvement in performance although present efforts are not adequate for the 

more demanding applications. Therefore, it is necessary to investigate a more 

sophisticated algorithmic model. To match the very complicated characteristics 

of piezo's expansion, many new modeling techniques such as neural network or 

fuzzy methods should be tried. 

7.2 What is measured 

Conventional surface measurement instruments using mechanical stylus or optical 

techniques werE' developed mainly for measuring surfa.ce geometric characteristic 

on various scales. Although the surface informa.tion is obtained from sensing some 

physical properties of the surface, in this scale range the geometric characteristic 

dominates the measurement results. For normal engineering materials, the dif

ferences of average effect of material properties on certain scale are insignificant. 

Therefore, there is little doubt about what is measured. As the results of the 

development of scanning probe microscopies which measure a range of physical 

and chemical properties of surface on the nanometer or even the atomic scale, 

the measurement object becomes obscure and difficult to define. In this case 

the surface geometric features go down to the same scale of inherent features of 

the physical or chemical properties of surface material. Both these features will . 
always be included in the measurement results. This makes the interpreta.tion 

of the results very difficult. To identify the geometric features Crom material 

property features, the first thing to be determined is the physical meaning oC the 

surface "geometric" feature, or in other words, how to define the surface feature. 

From the engineering point of view, the geometric feature requirements are usu

ally connected to the applications of some kinds of contacting activities, i.e. being 

more mechanical than physical. In this casc, contact measurements tend to give a 
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more practical definition of a surface geometric feature. Therefore, contact mode 

scanning force microscope measures the surface more geometrically. Because the 

measurement scales are extremely small, even for contact SFM the interactions 

between tip and surface are very complicated. The contact dynamic characteris

tics between various materials at such a micro regime have not been understood 

very well, which may have a direct influence on the fidelity of measurement. Con

tamination on surfaces is another problem. In our experiments, we also found 

that the interaction forces between tip and surface are less predictable. Fig. 7.1 

shows a situation of the interaction forces when a diamond tip is approaching 

and moving against a floating glass flat which is cleaned with Acetone. From the 

force curve it is clear that at near proximity of the surface exists an attractive 

force which pulls the tip jumping to the surface when it is about 50 nm from the 

surface. When the tip moves away from the surface, the effect of the attractive 

force can also be seen. Moreover, to achieve agreement results measured with var-
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Figure 7.1: The interaction forces between a diamond tip and a float ing glass 
cleaned with Acetone 

ious instruments and by different people, a new standard for such rnc<t:mrCllICIIL 
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is necessary, which should at least include the factors of tip radius, E moduluses 

of materials of both tip and specimen, contact forces, measuring speed, surface 

cleaning method and so on. 

Many scanning probe microscopies were discussed in chapter 2. Each of them 

measures surface by sensing a particular property of surface material, so that it 

can meet a corresponding measuring requirement on surface property in some 

special aspects such as thermal, capacitance, magnetic, optical and chemical po

tential properties. However, for the present 8PM techniques the measurement 

results always include the information of both surface geometric feature and ma

terial property feature as mentioned above. Techniques to separate these features 

are essential if more reliable results are to be achieved. If the surface geomet

ric feature is defined as discussed above, a possible solution to the problem is 

to build a force probe combined 8PM, Le. combining other microscopies with 

a contact mode force probe. The force probe measures surface geometric fea

ture and maintains the servo system following the surface, meanwhile, the other 

probes attached on the force probe may measure the surface physical or chemical 

properties which are interested. 

7.3 Further improvement on X-V stage 

X-Y scanning stages have been increasingly used in SPM mainly because of 

its relative long scanning range and metrological capability. The design of the 

scanning stage (8220) jointly explored by University of Warwick and Queens

gate Instruments Ltd. has been introduced in chapter 4 in detail. The motion 

translation system of the stage is formed by a group of flexure pivoted levers 

monolithically machined on an aluminium alloy block. The piezo actuators and 

position sensors are all embedded in the translation system. Although this de

sign reaches the objectives very well for our application case, there are still some 

aspects of the design strategies which can be further improved for other applica-
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tions. In the aspect of performance accuracy, a symmetric translation mechanism 

is much better than the asymmetric translation mechanism. Because the anti

driving forces in symmetric structure are distributed symmetricly, in theory, no 

yaw errors will be induced. The distortions of stage frame caused by driving 

forces is inevitable in the stage (S220) because the piezo actuators are embedded 

in the frame. In an author's resent design of x-y stage for scanning near-field 

optical microscope, these two problems have been properly dealt with and the 

stage is in manufacturing at Queensgate Instruments Ltd .. The configuration of 

the stage body is similar to the translation mechanism shown in Fig.4.ll (a), a 

typical symmetrical structure. The motion amplifying mechanisms are designed 

as separate components. The large piezo expansion forces are balanced within 

the amplifying mechanisms, Fig.7.2. The only forces acted on the stage are those 

Figure 7.2: Schematic diagram of piezo expansion amplifi r 

required to match the stiffness of hinges around th platform, a.nd they will b' 

transferred to the platform through wobble pins. Very little di stortions ca.us 'd by 

driving forces are expected. Besides, to improve the fidelity of th p ·rforrnan ' 

damping effects have to be considered. Adding a magneti c forc ' on th platform 
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is one of strategies under investigation. 

7.4 Conclusion 

In this thesis, the development of a metrological scanning force microscope has 

been introduced with the aim of making an improvement on scanning probe 

microscopes in the aspect of instrumentation. The project is mainly composed of 

four parts: investigation of force probe, analysis of flexure translation mechanism 

and precision x-y stage design, the manufacture and assessment of a metrological 

SFM, and surface measurement with the metrological SFM. 

The force probe investigated in this thesis is a capacitance based constant 

force sensor. It has been successfully used in our scanning force microscope to 

obtain a subnauometer resolution. A dynamic model of the force probe, domi

nated by damping effect of squeezing air film between two electrodes, was built 

and experimentally verified. The results indicated that the model is viable for 

force probe parameter design and for prediction of its dynamic properties. The 

optimization of the probe design was discussed. It has been found that the force 

probe can be optimized in both deflection sensitivity and force sensitivity si

multaneously. The former determines probe's capability of resolution, and the 

latter provides a low contact force between tip and surface. A proper sequence 

for parameter selection has been suggested based on the results of the theoret

ical analysis. The width of cantilever beam should be first chosen as narrow as 

possible. Then the minimum depth of air gap between two electrodes (mainly 

limited by damping force) is worked out. Finally, the length of the beam can 

be determined accordingly. Moreover, the investigation also shows that the force 

probe has an intrinsic good linearity in certain range, which makes it available 

to be used in both closed loop and open loop controls. 

The flexure translation mechanism has unique characteristics for providing a 

smooth and accurate motion with a very simple structure. Two types of flexure 
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spring components are usually used, leaf spring and notch hinge spring. The leaf 

spring system is more flexible for use when the deflection range is important. The 

simple hinge rectilinear mechanism has a higher accuracy of performance than 

that of simple leaf spring mechanism. The investigation shows that the accuracy 

of performance of the notch hinge mechanism is insensitive to manufacturing 

tolerances. The source of potentially significant errors are the driving force. The 

design strategies of the translation mechanisms are discussed in the design of 

precision x-y stage. The FEA method is an effective tool for design of flexure 

translation mechanisms. Using this technique, the performances of device can be 

predicted for both static and dynamic characteristics. 

A metrological scanning force microscope was built, which combines a con

stant force probe system, an x-y scanning stage and a 3D coarse positioning mech

anism into a metrological system. All the motions in three axes are monitored 

with capacitance NanoSensors and are in closed loop control. From calibration 

and preliminary performance evaluation, subnanometer resolution, stability and 

repeatability in all three axes are demonstrated in a normal laboratory environ

ment. The contact force can be controlled over a range from 10-5 to 10-8 N. 

Because of the application of the high sensitive position sensors in three axes, this 

SFM has a capability of not only imaging but also doing metrological measure

ment on precision engineering surfaces. The capability of directly providing areal 

information of surface characteristics is one of the advantage of SFM over stylus 

instruments. The low contact force makes it possible for use on soft materials 

without causing significant damage to the specimen. Some initial experimental 

results of surface measurement have been achieved showing its capability of mea

suring the specimens of various properties and features such as optical grating, 

silicon chip with integrated electronic elements, optical polished Zerodur flat and 

polymer film. It has also been successfully used for numerical analysis of surface 

roughness. The results from the SFM have a good agreement with that from 

Rank Taylor Hobson Nanostep and Bede GXRl Reflectomctcr. 
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Appendix B 
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Figure B.I: R.1!action force model of simple notch hinge rectilinear mechanism 

Fig. E.I shows a reaction force model of simple notch hinge rectilin ar mech

anism. It is clear that 
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(B.1) 

(8.2) 



215 

The system ela.stic energy V can be written as 

(B.3) 

Where k, is the system stiffness and kz is single hinge stiffness. Then one can 

obtain 

k 
_ 4kz _ F 

, - 2-L q 
(B.4) 

From Fig. B.l (b), we can write out the relationship of the forces 

(B.5) 

Then, by bringing equations B.2 & BA into B.5, the axial reaction forces in the 

legs, RI1:(= Raz = Rk), can be worked out 

(B.6) 
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