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Abstract 

Nanoiechnology has been defined as a description of activities at the atomic level that 

have applications in the real world. Advances in the field of nanoiechnology have 

expanded the breadth of potential applications tremendously in recent years, which 

also leads to rapid growth of several research and development areas throughout the 

world. Recent development in microelectronics, nano-optics and generic chips shows 

the trend driving towards miniaturization. Gaining access to the nano world also 

enable us to make fijfrther advances in obtaining precise measurement of material 

properties and exploring fundamental physical laws at the atomic level. 

Due to the advances in nanoiechnology and its growing of potential applications, it is 

evident that the development of practical technologies for the manipulation of 

nanostructures is essential. The focus of this dissertation is to develop an integrated 

nanomanipulation system that would be able to image, manipulate as well as fabricate 

micro/nano-scaled structures in a controlled manner. The system consists of four main 
I 

components: an Atomic Force Microscope (AFM) for obtaining topographic 

information of sample surfaces, a haplic device controlled by a server which generates 

the force environment, a molecular dynamics simulation for determinations of the 

effects of force application on nano particles, and a visualization program for display 

of the results. An extended platform with high precision and accuracy is included for 

broadening the workspace. The interface would be implemented for direct interaction 

with nano molecules. The users are then allowed to see, touch and manipulate such 

particles. By the principle of contact mechanics, the tip-sample interaction forces and 

intermolecular forces between the tip and surface can be modeled; calculated forces 

are used to predict the results of each operation. The proposed nanomanipulat ion 

model facilitates further improvement to accommodate other physical phenomena that 



characterize the mechanics of nanomanipulation. 

The aim for developing such an integrated system is for prototyping of optics 

components with micro/nano structures, especially for diffractive optics elements 

(DOE) and optical lighlguide. Diffractive optics is a transmissive diffraction grating 

with a series of closely ruled lines on a piece of transmissive substrate. A collimated 

beam of monochromatic light incident on a grating will result in the defined light 

diffraction pattern. The lightguide is being commonly adopted in backlight system, 

the spatially varying extraction pattern will couple flux out of the light guide to 

produce a spatially uniform luminance distribution. Determining the ruled lines for 

diffraction grating and extraction pattern for lightguide is greatly facilitated through 

the use of optimization. With the imposition of nonlinear constraints, optimization is 

achieved by incorporating the approximating function into an optimization algorithm. 

The micro/nano patterns on D O E and optical lightguide are feasible to be fabricated 

by the integrated nanomanipulation system with the AFM probe tip as a cutting tool. 

The characteristics of the AFM probe tip are also taken into account when designing 

the optical elements. 

The developed system has been validated by different experiments, including raster 

scanning, nanoindentation and nanomanipulation testing. New application of 

nanomanipulat ion in photonics has been explored. With the proposed nanostructure 

fabrication techniques, several optical components can be fabricated in a more 

efficient and cost-effective way. 



論文摘要 

納米科技是用來研究不同结構在原子層面中的活動，在現實世界中已有多方面 

應用。近年來，納米科技領域的不斷擴展帶來了廣泛的應用潛力，在世界各地 

引起了若干研究和發展領域的快速增長》而微電子、納米光學及精密芯片的最 

新發展方向也漸趨微型化。進人納米世界也促使材料特性的測最更摩確，同時 

亦有助於探索原子層面上的基本物理定律。 

由於納米技術的進步及不斷增長的實際應用，操控納米結構技術的發展有著顯 

著的需求。此論文的重點在於硏發一套用作納米操控的整合系統，既可作掃猫 

影像，亦可操縱或製造微米/納米結構。系统由四個主要部份組成：包括用來 

檢測樣品表面結構的原子力顯微鏡、由伺服器控制來產生回饋力的操控儀、判 

定納米粒子反應之分子動力模擬，以及顯示结果之互動環境。為了擴大工作空 

間，糸统亦配合了一套高精度及高準確度的擴展平台。糸统界面可提供與納米 

分子之直接互動。操作員可以檢視、觸摸及操控納米分子。探針與樣品表而之 

原子相互動力可透過分子動力學來計算，並用作預測實驗的结果。擬議的納米 

模型亦有助於進一步改善納米操控中的物理特性。 

研發此納米操控整合系统的主要目的是在於製作包含微米/納米結構的光學組 

件，特别是衍射光學元件和導光部件。衍射光學是一種透射式的衍射光柵，於 

透明的物料上加上一系列的光柵。當準直的單色光束投射到光柵上，便會衍射 

光預設的光譜排列。而導光部件普遍應用於背光模組上，不同排例陣式的納米 

结構可用來引導光線並產生均勻的亮度分佈。優化系统對於設計衍射光學的光 

柵及導光板中微结構之排列有很大的聚助。融合了非線性的約束條件，糸统優 

化便透過逼近函數的優化演算法得以實現。衍射光學元件及導光板上的微米/ 

111 



納米結構可利用研發出來的整合糸統來製造，而原子力顯微鏡的探針便是加工 

的工具。原子力顯微鏡之探針特性，在設計光學元件時亦同時被考應。 

項目中所研發的糸统已透過不同的實驗進行驗證，其中包括光柵掃猫、納米壓 

痕及納米刻触。同時，亦發掘了此技術於光電範喷上的創新應用。透過擬議的 

納米結構製造技術，光學元件的製造可以更有效率及更具成本效益。 

IV 
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Chapter 1 - Introduction 

Chapter 1 

Introduction 
t. 

Over the past decade, the design and utilization of micro-scale devices has 

continuously increased and becoming an everyday component of modem society. 

Miniaturization process of mechanical components becomes one of the most 

prominent research areas all over ihe world. These micro devices are made up of 

micro-electro-mechanical system (MEMS), and M E M S technology can often reduce 

the cost of manufacturing miniature components. Through the reduction of physical 

size and mass, M E M S technology can also enhance the performance. 

However, there are many problems arise through the miniaturization process such as 

manufacturing limitations and scaling effects. The incapability of various materials 

and processing technologies of those components require the development of specific 

system, processes and fabrication methods. The system designed for 
% 

nanomanipulation must be flexible, automated and accurate since Ihe operator has no 

direct access to the components and direct handling is not possible. In addition, the 

system must be repetitive and reliable for providing high quality output. 

1.1 State of Art in Nanomanipulation 

The Scanning Probe Microscope (SPM) provides a direct window into the nanoscale 

world, and is one of the primary tools that are making possible the current 
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development of nanotechnology. The first kind of SPM was the Scanning Tunneling 

Microscope (STM), invented by Binnig and Rohrer at the IBM Laboratory [ 1 � . I t 

provided the ability to image individual atom and small molecule. For example, 

Eigler 's group has used a scanning-tunneling-microscope (STM) - based instrument 

to arrange single atoms on surfaces into patterns [2], this allowed them to observe the 

quantum nature of electrons. An STM-based instrument was also implemented to push 

or move individual molecules by Lyo (3]. The main drawback for STM is the need for 

conductive samples, which rules out many of its potential applications. 

The next instrument being developed was the Atomic Force Microscope, which was 

being demonstrated a proven imaging technique thai has recently gained attention in 

nano research. The AFM is a system which is designed for investigation of roughness, 

particle size, or nano-scale surface features (4] - [ 5 � . I t can also be used for 

mechanical characterization of thin film systems using the indentation tests. The AFM 

can profile sample in three-dimensional space with vertical resolution down to 0.1 nm. 

As the scanning does nol rely on the pressure of tunneling current, a wide range of 

materials can be used for investigation including semiconductors and non-conducting 

surfaces. Studies in this research area are continuing grow up. Schaefer and Requicha 

used a modified AFM to push nanometer-sized particles over surfaces (6j - (8). A 

nano-robotic system developed Ning 's group can manipulate the nano-particles and 
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carbon nanotubes in a teleoperaied mode. (9]. Lieber 's team used the AFM to test 

nanobeam mechanics by bending them and to characterize the sliding of molybdenum 

oxide nanocrystals on single-crystal molybdenum disulfide surfaces [10]. 

In comparison, STM is having a better sensitivity than AFM since it operates in the 

region where the tunneling current varies exponentially with small tip-sample 

separation distance instead of the cantilever stiffness. The main difficulty is that only 

electrically conductive materials can be used for STM manipulation but AFM can dea! 

with any kind of materials. In addition, STM manipulation needs to be conducted in 

vacuum in order to avoid solid surface changes due to adsorption and desorption of 

atoms and molecules. The unwanted impurities on the surface will pose as barriers to 

the manipulation via dragging method. Another potential problem is surface 

in-homogeneity, which causes variations of electrical conductivity in different regions. 

Hence, the attractive strength between the tip and sample will be affected. On the 

other hand, AFM can function in both ambient and vacuum environments . 

1.2 Motivations and Objectives 

The previously mentioned nanomanipulat ion projects prove the vision and concept 

but can be improved upon in their fabrication, design and cost. Due the limitations in 

their construction, it is not possible to def ine a guided direction of motion and 

constrain compliance along specific directions. In addition, it will be difficult to 
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automate the manipulation process. Indeed, there are still many research areas in the 

field of nanomanipulalion. The applications are still mainly focusing on M E M S and 

biological during recent years, novel application in photonics and optics engineering 

is not yet well developed. 

Since the manipulation involves complex interactions between the probe tip and 

sample, modeling of the nanomanipulation is crucial in understanding the physics 

behind the process. The existing force models usually impose a very restrictive 

condition to the process. 

The main objective of this research is to develop a reliable tele-operated 

nanomanipulation system for efficient fabrication of miniaturized components . Since 

the accuracy requirements of the operations are demanding, precision of the system 

must be designed in micro/nanometer range for automated assembly of nanostruclures. 

In order to perform the nanomanipulation in a controlled manner, the force modeling 

is also important. Different force models will be studied and evaluated so as to 

identify the most suitable one for simulation and calculation of the contact forces. 

With a reliable nanomanipulation system, it is possible to explore various novel 

applications of nanomanipulation techniques. 

1.3 Contribution of the Thesis 

This project aimed at developing an integrated nanomanipulation system with tools 
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for prototyping and research applications. In this thesis, focus will be on techniques in 

nanomanipulation and nanoindentation, investigating and characterizing nanolubes, as 

well as design and prototyping of optical components . 

At the initial stage, the nanomanipulat ion system was available commercially. Our 

research group had previously gained experience in the operation of the AFM for 

measurement of several mechanical properties. Since AFM was originally designed 

for measurement purpose, the workspace was constrained in a definite area. By 

changing the design of the actuation system, a coarse positioning system was being 

appended so as to enlarge the workspace and make it more realistic for prototyping. 

Afterward, a vision control system was being developed for semi-auto localization. 

User may locate the target position at the captured image of the sample surface, and 

the AFM probe tip would be able to move directly to the target position. In order to 

enhance the nanomanipulation process, a haptic device with force feedback was being 

designed. With the aid of a force feedback device, a haptic interface was provided for 

the users with the sensation of the tip-sample interaction. In addition with the 

stereoscopic graphical user interface, users were allowed to perform the 

nanomanipulation in the virtual nanoworld. The graphical user interface was 

developed from the topography data fed f rom the AFM, which displayed both the 

surface topography and the position of the AFM tip on the sample surface. Data 



Chapter 18 - Introduction 

transmission between the AFM, vision control system and force feedback devices was 

controlled by the system interface. Different signals passed through the system 

interface and the user input f rom the force feedback device was being converted into 

system commands for the AFM controller. At the same lime, the topography data 

obtained f rom scanning was also sent through ihe system interface and the force 

feedback to the user could be calculated accordingly. 

Since AFM scanning is time consuming, it was impossible to perform scanning during 

the manipulation process. Estimation of the applied force and indentation depth 

became crucial and it would help in facilitating the nanomanipulat ion process. Several 

molecular mechanics models were being studied and a throughout comparison 

between them brought us a comprehensive approach on modeling of the interatomic 

forces between the tip and sample. 

The developed nanomanipulation system was then being evaluated throughout several 

experiments, including raster scanning, nanoindeniation and nanomanipulation. 

Experimental results demonstrated that the reliability and stability of the system was 

accepted. It was also utilized for a bending test of a micro structure embedded with 

carbon nanotubes. The AFM tip was used to apply a nominal force to measure the 

resulting deflection of the CNT structure. Mechanical properties could then be 

determined by the deflection of the AFM lip. 
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The AFM lithography technique was found to be practical for fabricating high quality 

microstructure optics. Nanostructures could be obtained from direct machining 

without any tooling fabrication. High precision of alignment was also an advantage 

for patterning. Its application in photonics was being investigated, especially in the 

fields of diffractive optics and optical lightguide. Diffractive optics was capable to 

mange the light by diffraction, it mainly consisted of a series of parallel grooves 

formed on a substrate. The distance between adjacent grooves and the geometry of the 

grooves were major considerations for the efficiency of the diffractive optics. The 

extremely high precision required of a diffraction grating implied that the fabrication 

method must be controlled intimately. The same principle was also applicable for a 

lightguide of a backlight system, where uniform spatial luminance was required. The 

spatially uniform luminance distribution was obtained from a spatially varying micro 

pattern. Form accuracy of the geometry and precision alignment of microstructures 

were factors affecting the efficient of the backlight system. Nanomanipulat ion became 

a cost-effective manufacturing method for making the functional prototype. 

1.4 Thesis Outline 

In Chapter 2, an overview of AFM imaging techniques will be provided, including 

imaging techniques and operating modes. Chapter 3 will present the design of the 

integrated nanomanipulation system with haptic device. Modeling of interatomic 
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forces will be discussed in Chapter 4 with a comparison among the selected models. 

Chapter 5 will summarize the results for the validation of the developed 

nanomanipulation system, including experiments on raster scanning, nanoindentation 

and nanomanipulation. In Chapter 6，a nano-mechanical test of nanowires will be 

presented, including the fabrication of the CNT-embedded structures, setup of the 

bending test and discussions on the experimental results. Chapter 7 will focus on 

discussion on AFM nanomanipulat ion in photonics and concepts of optics design. 

Two examples will be discussed in Chapter 8 and 9, which are a diffractive optics 

elements utilized for beam shaping and an optical light guide for a backlight unit. 

Finally, the thesis will end with a conclusion in Chapter 10. 
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Chapter 2 

Atomic Force Microscopy 

2.1 Atomic Force Microscope 

The AFM was invented by Binning, Quale and Gerger in 1986 [11]. The AFM can be 

used to study the structure and physical properties of the sample surface. The nature 

of AFM imaging, which employs a small probe interacting with the sample, the elastic 

cantilever can record the attractive and repulsive forces acting between them. During 

operation, the tip is gently in contact with the material and slowly scanned across the 

surface. The lateral and vertical movements of the lip or sample are controlled by 

piezoelectric actuators and a feedback loop that produce voltage differences 

proportional to the movement . 

Fig. 2.1 Schematic of an Atomic Force Microscope 

The interatomic forces between the atoms on the surface of the material and those on 

the tip cause the cantilever to deflect. The magnitude of the deflection depends on the 

separation between the surface atoms and the tip atoms and also the atomic forces 

between them, such as van der Waals force and adhesion force. The deflection can be 

recorded by a laser beam focused on the top surface of the cantilever and reflected 

onto photodetectors. The detection is made so sensitive that the forces being detected 

can be as small as a few picoNewton. The photodetector signals are used to map the 

9 
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surface topography of samples with resolutions d o w n to the atomic and nano scales 

(Fig. 2.1). 

In A F M , the photodetector moni tors def lect ions of the canti lever caused by forces 

acting be tween the probe tip and surface. A laser b e a m is focused on the back of the 

canti lever and measur ing the displacement of the reflected beam on a mult iple 

segment photodiode. The corresponding signals are acquired and processed by a 

feedback electronic. T h e feedback system is used to control the canti lever def lect ion 

and to direct consequent ly the movements of the piezoelectric actuators. Usually, the 

sample is mounted onto a piezoelectric translator that moves the sample in the x, y 

and z direct ions underneath the probe tip. 

Force (nN) 

^proach 

Retract 丨 

i 

" n 

Tip-Sample Distance (nm) 

Fig. 2.2 A typical toice curve 

W h e n the tip translates laterally relative to the sample surface, one measures the 

sample topography. T h e forces be tween the tip and surface def lect the cantilever. The 

force acting on the cant i lever is the product of the canti lever spring constant k and 

the canti lever def lec t ion ^c，which yields the force curve (Fig. 2.2). In the approaching 

1 0 
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region, when tip and sample are still far away from each other, the cantilever is at the 

equilibrium position and the deflection force is zero. On further approach, the 

cantilever will be deflected by the surface forces. At a certain distance, one can 

observe an abrupt j u m p of the tip onto the sample surface that corresponds to the 

snap-in point in the force curve. This occurs if the gradient of the attractive forces 

becomes bigger than the sum of the elastic constant and the gradient of the repulsive 

forces. When the distance is further decreased, the tip is pressed against4he sample 

until the threshold value defined by the user is reached. At this point’ the direction of 

the sample motion is reversed and the tip is withdrawn f rom the sample. At a certain 

distance, the tip snap-out from the sample and the cantilever returns to its equilibrium 

position. The force corresponding to the snap-out is equal to the adhesion force 

between the tip and sample and the slop of the curve provides in formation on the 

sample stiffness. 

2.2 AFM Imaging Techniques 

A large number of AFM variants have been developed based on the detection of 

forces between the probe tip and a sample. A variety of tip-surface interactions can be 

measured by an AFM, depending on the separation between tip and sample. At a short 

distance, the tip predominantly experiences interatomic forces: the very short range 

O.I nm) Bom repulsive forces and the longer range (up to 10 nm) van der Waals 

Forces. Further away from the surface, where the van der Waals forces decay rapidly 

and become negligible (100 - 500 nm above the surface), long-range electric, 

magnetic and capillary forces are still significantly and can be probed. 
H 
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At a distance of a few nanometers, van der Waals forces are sufficiently strong to 

move macroscopic objects, such as AFM cantilevers. Van der Waals forces are usually 

attractive and rapidly increase as atoms/molecules approach one another. The 

interactions consist of three components: polarization, induction and dispersion forces. 

For two identical interacting gas molecules, the van der Waals potential ( " J can be 

expressed as the sum of these three components as [13】： 

[•丄= 
a ^ 2 3 7 , 
r +2ju a + hco 

3kT 4 
^ (2.1) 

4庇。 

where £ * � i s the permittivity of vacuum, T is the temperature, jl is the permanent 

dipole moment and a is the polarizability of molecules, ho) is the ground state 

energy of electrons, z is the distance between the interacting molecules, and C, is 

a constant, known as the London coefficient. Dispersion forces (London forces) 

generally dominate over orientation and induction forces. Since dispersion forces 

originate f rom the instantaneous fluctuations of electrons around the nuclei, they act 

between all materials. 

If the probe further approaches the sample and the electronic wave functions of the 

outeimosl probe atoms and sample atoms start to overlap, strong repulsive forces arise. 

These forces, also called Bom repulsive forces, are characterized by having very short 

range and increasing very sharply as two molecules come together. The repulsive 

potential is most often expressed as: 
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= - % (2.2) 

The total intermolecular pair potential is obtained by summing the attractive and 

repulsive potentials. The expression is the well-known Lennard-Jones potential: 

争 (2.3) 

where C, and C^ are the corresponding coefficients for the attractive and repulsive 

interactions. 

Describing the AFM tip and sample interactions, the attractive and repulsive potential 

pairs have to be summed for all interacting atoms with consideration of the local 

geometry, material properties, and the non-additive characteristics of the van der 

Waals interactions. In practice, an experimental force vs. distance curve is applied, 

that can be registered by the A F M while approaching the tip towards the sample. 

The van der Waals potential between two macroscopic bodies, such as a sphere (like 

the AFM probe tip) and a plane (the sample surface), can be approximated as: 

AR 

6z 
(2.4) 

and the van der Waals force 

F • ： 今 ： — 告 (2 .5 ) 
dz tz 

where R is the radius of the sphere and A is the Hamaker constant 
. V 

(A » TT^C^p^p^). that characterizes the properties of the interacting materials. C, is 
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the London coefficient and p , and p^ are the densities of the interacting bodies. 

A model concerning repulsive forces between macroscopic objects was formulated by 

Hertz, the indentation force acting when a sphere is pressed into a flat surface can be 

given as [14】： 

= y l K ' R d ' (2.6) 

where K is the effect ive elastic modulus ( « Young's moduli and Poisson 
r 

coefficients of the tip and the sample); d is the indentation depth. However, since 

Hertzian mechanics assumes that there is no adhesion or surface force, it is not the 

best model for describing a typical AFM experiment (15). Therefore, there are some 

alternative continuum mechanical models that include surface forces are being 

introduced. These models will be further discussed in Chapter 4. 

2.3 AFM Operating Modes 

2.3.1 Continuous Contact Mode 

The underlying principle of AFM is that the interactions between the sample and the 

end of the probe tip, which is mounted on a cantilever, result in a response of the 

cantilever, notably a deflection. In continuous contact mode, also known as repulsive 

mode, an AFM tip makes soft “physical contact" with the sample. The sharp probe tip, 

is attached to the end of a V-shaped spring cantilever with a low spring constant, 

typically between 0.06 N/m and 0.6 N/m. As the scanner gently traces the tip across 
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the sample, the contact force causes the cantilever to deflect to accommodate changes 

in topography. In the standard constant force mode, a feedback system maintains the 

cantilever deflection at a constant level (which corresponds to a constant force 

according to Hooke 's law). The setpoint, which is defined by the user, defines the 

force that will be exerted on the surface by the tip (which can be as low as 0.1 nN). A 

common way to measure the cantilever deflection is by utilizing a laser beam which is 

deflected off the back of the cantilever, into a photodetector. The laser beam which 

bounces off the cantilever functions as an optical lever arm, amplifying the deflection. 

As the sample is scanned under the tip, the x, y and z position of the sample surface 

with respect to the tip is determined by a piezoelectric tube scanner. The movement of 

the sample in the z-direclion, that is need to keep the deflection at its constant setpoint 

level, is registered during x-y scanning, and a three dimensional map is constructed 

which is closely related to the topography of the surface. 

Contact mode suffers f rom several drawbacks. The constant downward force of the tip 

onto the surface is not always low enough to avoid damage. In ambient operation, 

there is often a lack of force control in the desired range, it is because surfaces are 

always covered by 10 — 30 mono-layers of adsorbed water vapor, hydrocarbons and / 

or other contaminants. When the tip comes in close proximity to the surface, the 

I 

capillary action pulls the tip down towards the surface. This leads to increased normal 
V 
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and lateral forces when scanning in the continuous contact mode. 

2.3.2 Tapping Mode 

Tapping mode operation successfully overcomes many drawbacks of the contact 

mode. In tapping mode, to diminish lateral and normal forces exerted by the tip on the 

sample, the tip is brought only intermittently into contact with the surface during 

scanning. The basic idea is that the cantilever is brought into oscillation, and changes 

in oscillation amplitude or phase are d e t q i ^ d as the vibrating tip sweeps across and 

interacts with the surface. 

Tapping mode operation can be simulated as a driven, damped harmonic oscillator 

with an additional term to describe the interaction between the tip and the sample. The 

motion is expressed in terms of the displacement of the tip d(t), and the position of 

the root of the cantilever z( / ) , as depicted in Fig. 2.3. The cantilever is treated as a 

massless spring of spring constant k, and eigenfrequency /‘. that is loaded by a tip 

of effective point mass m . The equation of motion can be given as (16J: 

m 补 ) = � � / ) - " ( / ( 制 - " ( / ) ) 十 d " , " ) (2.7) 

where CO = . The term F,^(d,d) contains the unique physics of the intermitient 

contact mode and represents the interaction between the tip and the sample Q is the 

quality factor of the cantilever. ( Q is defined as the ratio of the peak height of the 

root-mean-square amplitude curve at resonance to the peak full-width at half 
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m a x i m u m ) . 

T h e cant i lever is dr iven through as: 

z(f)= Zo (2.8) 

where S is the dr ive ampl i tude and O) = 2对 with the drive f r equency f . Zq is 

the mean dis tance be tween the base of the cant i lever and the sample surface , and it is 

used to regulate the setpoint ampl i tude . Af t e r short transient, the oscil lat ion of the tip 

can be expressed 

d(t) = d。+承.sin(似 + a) (2.9) 

where d � i s the mean dis tance be tween the t ip and the sample surface, S, is the 

ampl i tude and a is the phase . 

个 

M) 

kc、⑴c 

do 

d. 
m 

Sample Surface 

S. 

Figure 2.3 Damped harmonic oscillatc»* model 

In tapping mode , the t ip is moun ted on a rigid cant i lever {k^ = 2 0 - 5 0 N /m) that is 

osci l lated vertically at a relatively h igh ampl i tude {d = 10 - 100 n m ) by using a 
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piezoelectric actuator. The oscillation frequency is set close to the mechanical 

resonance frequency of the cantilever ( 人 = 2 0 0 - 400 kHz). Typical operation 

parameters provide the cantilever enough energy lo avoid being trapped by attractive 

V 

forces. The movement of the tip goes through non-contact ad contact tip-sample 

conditions and the two regimes are separated by the interatomic distance ( a^ ) . For 

distances larger than Oq , the attractive tip-sample interaction ( ) can be calculated 

through the van der Waals force between a sphere and a flat surface according to Eq. 

2.5. At a distance smaller than a^ , repulsive forces come into play and the 

description of 厂“ in this regime is not that simple and it could be described by 

several continuum contact mechanical models. 

During tapping mode imaging, the vibration characteristics (the frequency, amplitude 

and phase) of the oscillating lip are measured. In principle, a feedback regulation can 

be based on the detection of any of these parameters, all of them are sensitive to 

changes of the lip-sample interactions according to eq. 2.1. While the sample is 

scanned under the vibrating tip, a feedback loop adjusts the tip-sample separation to 

maintain a constant cantilever amplitude at a selpoinl level determined by the user. A 

topographical image of the surface is created by recording the feedback signal, which 

regulates the vertical movements of the sample during scanning, and plotting it as a 

function of the horizontal position, determined by the x and y positions of the 

18 



Chapter 2 - Atomic Force Microscopy 

piezoelectric actuator. 

2.4 Artifacts in Raster Scanning 

AFM techniques is subjected to a number of artifacts that may appear in the images 

obtained, it is important to keep in mind several concerns in order lo obtain accurate 

data f rom AFM imaging. The imaging process is always a convolution of the probe 

geometry and the shape of the features being imaged. Probe selection is importanl for 

avoiding artifacts f rom probe. If the probe is much smaller than the features being 

imaged, then the artifacts generated by the probe could be minimized and the 

dimensional measurements derived from the images will be more accurate. The 

sharpness of probe should also be considered if the probe needs to go into a feature 

that is below the surface. Otherwise, the size of the feature will appear too small as 

the probe is unable to reach the bottom of the features. The profile is then established 

by the geometry of the probe instead of the geometry of the sample. 

The piezoelectric actuators made of ceramics are electromechanical transducers, 

which are capable for motions in very small distances. However, when a linear 

voltage ramp is applied to piezoelectric ceramics, they will move in a nonlinear 

motion. Further, the piezoelectric ceramics exhibit hysteretic effects caused by 

self-heating. Artifacts can also be introduced by the geometry of scanner and the 

positioning of the scanner relative to the sample. In such way, the AFM must be 
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calibrated in the X, Y and Z axis in advance. The motion of the scanners must be 

linear so that the distances measured f rom the images are accurate. A common method 

for correcting the problems is to add calibration sensors, which can be used to correct 

the linearity and the calibration in real-time. 

Image processing is required for analyzing the AFM images, there are some common 

artifacts that are introduced by the image processing error. Usually a low pass filter is 

used to "smooth" data before it displays, such filter can cause steps in images to 

appear distorted. On the other hand, matrix filter is also effective at "smoothing" 

images and removing noise from the image. However, the filtering process often 

reduces the resolution of the image. One should pay attention when selecting a 

suitable filler for image processing. 

2.5 AFM Probe Tip 

There are two common shapes of AFM cantilever, one is a beam in the form of a 

rectangular parallepiped having length I , thickness t {t « l ) and width w 

( w « / ) as shown in Fig. 2.4. 

Another form is two beams connected at an angle having a tip at its free end, which is 

the V-shaped cantilever (Fig. 2.5). 

When a force acting on a rectangular cantilever, the cantilever tip will deflect along 

both X and y axes. For normal force F^ is then composed of the longitudinal F^ 
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and transverse lateral forces. 

Fig. 2.4 Rectangular cantilever 

Fig. 2.5 V-shaped cantilever 

In order to determine the applied force, one should know the cantilever deformation in 

various directions. Consider that the tip deflection, A having components of A 广 

A J., and A^, is linearly dependent to the applied force F according to the Hooke 's 

Law [12] 

A = C - ' F (2.5) 

where C is the inverse stiffness tensor describing the elastic properties of the 

cantilever. It can be solved by 
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A. 
•j 

A c. 

c c (
C
 F.
 (2.6) 

Since the photosensors detect not the tip deflection but the inclination of the 

cantilever top surface near its free end. Two angles are measure: deflection of the 

normal f rom vertical in the yz plane (angle a ) and in the orthogonal f rom the xz 

plane (angle p ) . 

a> flc 
'A 

(2.7) 

The magnitude and direction of the deformation cause by the vertical force F can 

be determined by 
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Fig. 2.6 Vertical denection at the z-direction 

When bending a beam having a length of L , the material at the outer edge is 

stretched in tension while the inner edge is being compressed. And there is a neutral 

plane of zero stress between the two surfaces. 
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When bending at the centroid of the beam, the material extension AL in the 

longitudinal direction is proportional to the distance z f rom the neural plane 

shown in Fig. 2.7. 

L-̂ AL 

dS 

Fig. 2.7 Section of a bending beam and cross section of a beam 

(2.9) 

According to the Hooke 's Low, the force acting on a unit area dS is 

dF = Ez 
~R 

(2.10) 

where E is the Young's Modulus and R is the beam curvature radius. For any 

cross-section, the forces acting over and below the neutral surface produce the 

bending moment M � w h i c h is the moment of forces with respect to the neutral axis: 

M.= zdF = -
R 

(2.11) 

The quantity J^ is the axial moment of inertia of the beam section. For a beam with 

rectangular cross-section, it is expressed as: 

J.= z'dS-
wt 

(2.12) 

By denoting the deflection of the beam at a distance y f rom then fixed end in the z 
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direction as u(y). The bending moment can be expressed as 

(2.13) 
dy 
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Chapter 3 

An Integrated Nanomanipulation System with Haptic 

Device 

3.1 Introduction 

Nanomanipulation with is potentially useful for fabrication of prototype devices, 

modification of structures and construction of templates for other nanofabrication 

process. There are several techniques that can be employed for fabrication of 

microstruclures such as photoli thography [36], microcontact imprint [37], and 

scanning electrochemical microlithography [38, 39], but these methods posses 

significant limitation for patterning structures of nanometer scale. Since the capability 

to direct pattern polymeric materials at nano-scale creates a number of opportunities, 

nanomanipulation has been demonstrated in several systems such as electron beam 

exposure system [40], and scanning probe microscope [41] - [43]. Polymer and thin 

film have been patterned using Scanning Tunneling Microscope (STM) operated in 

vacuum, as well as using AFM under room conditions. For lithography, the AFM has 

a distinct advantage over the STM because AFM is used for insulting as well as 

conducting materials. And patterning by the AFM tip is a non-damaging process with 

higher precision of alignment and narrower width of lithography than those obtained 

by the use of photon, electron and scanning probe lithography. In addition, AFM is 

2 5 



.Charter 3-An Integrated Nanomanipulation System with Haptic Device 
m 

relatively inexpensive when comparing to other means of nanomanipulation. This 

technique is compares favorably with others in cost, repeatability, accuracy and 

resolution. 

Nanomanipulat ion with AFM usually proceeds in three steps: image the sample to 

locate the target position, then move to the position and change the operating 

parameters so as to increase the applied force to the particle, re-image to validate the 

results finally. 

In contact mode, the AFM probe is in contact with the surface and various forces were 

used when two objects are brought within nanometers of each other. By indenting the 

tip onto the sample, patterning on a length scale below 10 nm is realized such as 

modification of polymer and direct patterning. Varying the magnitude of the applied 

load can perform either deep scratching or frictionless sliding. There are two ways to 

vary the applied force, which are either by setting the displacement of piezoelectric 

actuators on def ine distance along z-axis or tuning the trigger threshold value. 

However, AFM-based manipulation is usually not instinctive to users and requires a 

high degree of training. With the aid of a force feedback device, direct positioning of 

the AFM tip with nanometer precision becomes possible. This section is mainly 

focused on discussing a leleoperated system with stereoscopic virtual graphical 

display and haptic force feedback. The graphical user interface was developed from 
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the topography data fed f rom the AFM, which displayed the surface topography and 

the position of the AFM tip on the sample. The topography data is scaled to perform 

the appropriate response on the force feedback device and users feel a force 

proportional to the height of the sample point interacting with the AFM tip. With the 

aid of the stereoscopic graphical display, users are allowed to perform the 

nanomanipulation in the virtual nanoworld. The force feedback device implemented 

in the system was with high sensitivity performance, which serves as a haptic 

interface that provides users with the sensation of tip-sample interactions. They are 

allowed to control the whole system by the haptic joystick and switch between 

navigation and manipulation mode. Scanning by using the AFM is a lime consuming 

process and it was impossible to perform scanning during the manipulation process. 

In order to estimate the results for the operation, interaction forces between the tip and 

the sample were being modeled for the simulation. The results will be discussed in 

Section 4. 

3.2 Design of Haptic Device 

There are two critical parts in the design of the haptic device (Fig. 3.1), which are the 

joystick for providing force feedback to user and the track ball for 3 -DOF motion 

control. The overall size of the device is 10cm x 10cm x 5 c m . There are 3 motor and 

gear system for generating the feedback force as well as to detect the force applied by 
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the operator as shown in Fig. 3.2. 

Fig. 3.1 Design of haptic device 

Fig. 3.2 Internal architecture of the haptic device 

3.2.1 Belt Pulley System 

In order to provide force feedback to user, 3 motors are used for generating the power. 

There are 2 belt pulley systems (Fig. 3.3) in the design for transmission of power 

between motors and the end-effecter. The belt length and center distance 
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calculated. 

Fig. 3.3 Bell pulley sysiem 

In Fig. 3.3, a is the centre distance, Lg is the belt length, / is the belt pilch, d、 

is the pitch diameter of the small pulley, b^ is the pitch circle diameter of the large 

pulley, Z| is the number of teeth of the small pulley, Z j is the number of teeth of 

the large pulley, Zg is the number of teeth of the belt and Z , is the number of teeth 

in the mesh. 

With the centre distance, the length of belt and chain can be calculated: 

F o r ratio = 1 : 1 

L„ =Z,xt + 2a (3.1) 

Otherwise, 

L ‘ Z , ) + 2 f l + 
4a 

( Z 2 - Z ) 
(3.2) 

Knowing the belt of chain length, the center distance can be calculated: 

F o r ratio = 1 : 1 
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a = 
2 

(3.3) 

Otherwise, 

where (3.4) 

. Z. Xf . ^ Z, Xf 
~ and d � ~ (3.5) 

3.2.2 Motion Tracking Mechanism 

With the haptic device, the user is able to have 3 - D O F motion control and the main 

objective of the motion tracking system is to translate the motion of the hand into the 

signal that could be recognized by the user interface. The motion tracking system is 

adopting the concept of a computer mouse. 

Pig. 3.4 Inner part oi a computer mouse 

Fig. 3.5 Modon detection in x and y directions 
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Fig. 3.6 Optical encoding dish with slits around the edge 

Two rollers inside the mouse touch the ball as shown in Fig. 3.5. One of the rollers is 

oriented so that it can detect the motion in j c - direction, and the other is oriented in 

90° to the first roller to detect the y - direction motion ' When the ball rotates, one or 

both of these rollers rotate as well. 
» 

The rollers are connected to a shaft, and the shaft spins a disk with holes in it (Fig. 

3.6). When a roller rolls, its shaft and disk spin. 

Fig. 3.7 LED source and infrared sensor 

•ij 

On either side of the disk, there is an infrared L E D and an infrared sensor (Fig. 3.7). 

Slits in the disk break the light beam coming f rom the LED source such that the 
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infrared sensor delects pulses of light. The rate of the puls ing is directly related to the 

speed of the roller and the dis tance it travels. 

Fig. 3.8 Schcmalic drawing of ihe encoding system 

The optical encoding disk is illustrated in Fig. 3.8，which is made of opaque material 

with mult iple slots. Shinning through the slots are two LEDs represented by black 

dots. Each L E D shines onto a cor responding sensor. The two LEDs are spaced such 

that only one L E D could be detected and is therefore switching on and off . 

1/ 

Fig. 3.9 Working principle of the encoding system 

In Fig. 3.9, A is ful ly i l luminated and B is switching. Note that B may switching f rom 

light to dark of f r o m dark to light, it depends on the direct ion of rotation. During 

c lockwise rotation, the slates fol low each other in the order A - B - C - D - E f rom left to 

right. It will cor respond to an ant i -c lockwise rotation if in the opposi te direct ion. L E D 
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2 is changing state f rom light to dark in A for clockwise rotation and in C for 

anti-clockwise rotation. If L E D 1 is being measured to be light when LED 2 goes 

f rom light to dark, then it is rotating in clockwise direction. The distance of travel is 

measured by the number of transitions. The two LEDs are interchangeable and both of 

them can be used as the step and direction. In the haptic device, there are three optical 

encoding systems; one rates for vertical movement , two rotate for horizontal 

movement . Signals received f rom the infrared sensors are sent to an on-board 

processor and being turned into binary data. 

3.3 Integration of Manipulation System 

The A F M employed for high-resolution imaging is based on a SPM control system 

Q j (Being Nano-instruments, China), which processes the topographic data and generates 

the scanning image (Fig. 3.10). 

Fig. 3.10 Atomic Force Microscope 
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Motion of the sample holder is control led by the piezoelectr ic actuators in three 

principle Two piezoelectr ic actuators are in-plane with the sample, which 

generate the m o v e m e n t s in the x and y d irect ions. T h e last one is perpendicular 

the sample based, which is responsible fo r adjus t ing the separat ion be tween the probe 

tip and sample surface. T h e A F M is capable for nano-sca le posi t ioning of the sample 

in 100/im range in the planar coordina tes and 30//m in the vertical direct ion. 

3.3.1 Vision Control System 
) 

The scanning stage is p laced under an optical microscope, which is equ ipped with a 

V 

high-resolut ion C C D c a m e r a fo r visual control (Fig. 3.11). Real - t ime image of the tip 

posi t ion is being captured and t ransferred to the sys tem interface. It helps in 

de termining the d is tance be tween the A F M tip and target posit ion. 

Optical 

Mic roscope 

Fig. 3.11 Optical microscope for image capture 
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The vision system provides relative position feedback and there are some 

specifications when choosing a suitable one. First of all, the magnification of the 

microscope should be selected in such a way that the target objects can be visualized 

clearly. It is the measure of the difference in size between the target object and the 

image. Resolution is another important feature for the vision system, it must be able 

distinguish, detect and record details of the target object and reproduce the image. The 

resolution of an optical microscope can be characterized by a modulation transfer 

function, which is the ability for the microscope to transfer contrast f rom the 

specimen to the intermediate image plane at a specific resolution. It also determines 

the lower limit of the object size to be manipulated. Besides, the working distance 

should be large enough for allowing the motion of the manipulator to be able 

realize the manipulation task. 

Fig. 3.12 Real-time image of the tip position 
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The amount of distance that allows the maintenance of acceptable image without 

refocusing, which is the depth of field, must be calculated. Although a narrow depth o 

field leads to precise focusing, it could be a problem if the focused image distance is 

not sufficient. In addition, the field of view, which is the visible area that can be seen, 

usually becomes smaller as the magnification increases. The limits of the visible area 

should be carefully considered according to the scale of the manipulation task. It 

brings the necessity of a variable zooming feature of the optical microscope in a wide 

range. However, higher magnifications bring narrower field of view and limit the 

workspace. A vision system, which is capable of having a coarse and fine imaging at 

the same lime, can be the opt imum solution. With variable zooming, the workspace 

information could be obtained from the coarse image, while detailed information can 

be retrieved from the fine image. Finally, illumination is a key issue for the vision 

system. Sufficient illumination should be provided and it should not cause the shadow 

problem while extmcling the shape of the target object. The vision system is actually 

the sensor module of the whole configuration, which allows visually guiding of the 

manipulation task. 

3.3.2 Coarse Positioning System 

The manipulation system should allow the positioning of the end effectors with very 

high accuracy. Besides, it is necessary to scan a wide area as the target object may be 
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scattered over the substrate. The travel range must be adequate to provide a larger 

workspace area. Even for coarse positioning, the actuators should have sufficient 

accuracy in order to bring it into the range of motion of the fine positioning system. 

With the information feedback from the vision system, objects to be manipulated is 

moved into the visible area of the microscope. The final positioning is made by the 

find positioning stages with higher accuracy. 

E^sctrosiricitve 

actuators 

Fig. 3.13 Motion control System 

The coarse positioning stages should provide enough travel distance to over the whole 

workspace A motion control system equipped with two ultra-precise 

electrostrictive actuators and high stability controller (Newport Cooperation, USA) is 

utilized for automatic localization. A high resolution encoder with resolution of ^Onm 

per count is integrated to the DC motor. Minimum incremental motion of the 

translational stages is 50nm with speed up to \mm/s. The motion of the motion 
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control system is mainly depend on the calculated distance between the tip and the 

location under investigation. 

3.3.3 System Interface 

Motion Control 

Systsm 
Intcifaca 

3D I tw 

Haplic 

Fig. 3.14 Data transfer during manipulation 

In the tele-operated system, signal received from the operator are transferred to the 

SPM system by means of a system interface, which is running under the Window 

operating system. It is client-server architecture, where the server is running in a PC 

that controls the A F M and the client is connected to the server by Ethernet. 

Clinet-server communicat ion users standard interprocess communicat ion primitives. 

During operation, different signals will pass through the system interface. User input 

from the haptic device is transmitted to the system interface and being converted into 

system commands for the SPM controller. 

The topography data and cantilever deflection signals obtained by AFM scanning 

sent through the system interface in real-time and the force feedback to the user could 

be calculated accordingly. The data is then transmitted to the haptic device and 
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stereoscopic display simultaneously for provision of force feedback and stereoscopic 

visualization. The user can therefore feel the scaled force between the interaction of 

the A F M tip and sample as well as visualize the operat ion. On the other hand, image 

captured by the C C D camera is sent through the system interface for localization of 

the sample, once the distance is being calculated, the tip will move to the target 

posit ion def ined by the user automatically. 

3.4 Design of Graphical User Interface 

The graphical interface was developed based on the topographic data obtained f rom 

the A F M . The 3D surface was generated according to the height data and operators 

are a l lowed to per fo rm navigation in a virtual env i ronment as shown in Fig. 3.15. 

• • i 
Fig. 3.15 User interface under navigation mode 

Besides，users can execute other operat ion on the sample surface in manipulat ion 

mode as shown in Fig. 3.16. 
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Chapter 4 

Interatomic Force Modeling 

4.1 Introduction 

Forces acting between a cantilever and a surface are quite different and they are 

important for sample investigation. One or another force dominates at different 

tip-sample separations. Dunng contact and the surface deformation by the cantilever, 

the elastic repulsion force dominates; this approximation is called the Hertz model. At 

t ip-sample separations of the order of several lens of angstrom the major interaction is 

the intermolecular interaction called the Van der Waals force. At the same distance 

between the tip and the sample and in the presence of liquid films, the interaction is 

influenced much by capillary force and adhesion force, the range of capillary force is 

determined by the liquid film thickness. In this section, three models would be 

introduced for the simulation of the adhesion forces. 

4.2 Interatomic Force Modeling 

It was essential to determine the required applied force for obtaining an accurate 

result in nanomanipulation. The force could be simulated with the aid of contact 

mechanics, which describe the interatomic forces acting at the area of contact between 

the tip and the sample. It comprised the tip-sample interaction within the non-contact 
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regime and the adhesion force when tip and sample were being in contact. 

4.2.1 Hertz Model 

When the cantilever and the sample are in contact, elastic forces start to act and give 

rise to both the sample and tip deformations. The Hertz problem is deformations 

determination at local contact of bodies under load F action. It assumes that both ihe 

cantilever and sample materials are isotropic, i.e. their elastic properties are described 

only by two pairs of parameters, Young's Moduli and Poission ratios. Also, in the 

vicinity of the contact point, the undeformed parts of body surface in perpendicular 

planes orthogonal to the plane are described by two curvature radii. Finally, 

deformations are small compared to curvature radii of surfaces 

i 

V 
\ i 

V Y , 

1 
> 

f 

Fig 4.1 Two spheres in contact at a poini 

The tip and sample were modeled as two spheres [44] as illustrated in Fig. 4.1. 

Consider the contact of a sphere of radius R, with elastic modulus of E, and 

Poison's ratio v, with the sample surface of radius R^, elastic modulus of and 
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Poison's ratio of . If there was no pressure applied between them, the contact 

occurs only at the point O if in the absence of surface energy. If one sphere was 

forced down by a load F， the centers of the two spheres approached by a quantity 

J , and the contact was achieved on a circle of radius r . It was assumed ihat the ratio 

of r IR, and r I R^ were both small, no friction occurred at the interface and no 

tensile stress exists in area of contact. The equations of the two circles were given by, 

+{z , -R.Y=R；. (4.2) 

and 

r ^ + U . ( 4 . 3 ) 

The distance between A and B near O was expressed as a function of the radial 

distance r 

AB =——=h. (4.4) 
IR 

which h was the distance between the probe tip and the sample surface as shown in 

Fig. 4.2 and R was the effective tip-sample radius of curvature 

1 1 1 

m (4.5) 

When a load was applied to the tip in contact with a surface such that the point at 

which load was applied moves a vertical distance d . If this distance was measured 

with respect to a distant point on the surface, this might be considered as the distance 

of mutual approach between the tip and the surface. In general, both the tip and 
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surface will undergo deformat ion . If the tip is rigid, there was no de fonna i ion . 

SarnpieSurfice 

Fig. 4.2 Contact between iwo elastic spheres 

In the presence of surface energy, the contact area sustained infinite stress on its 

periphery. It remained finite under negative loads until a critical traction force was 

reached at which the surfaces separate abruptly. The surface energy, y required to 

separate two flat surfaces f rom contact to infinity was def ined as, 

H W',, 
y 

24 t D , 2 
14.6) 

where H was the H a m a k e r ' s constant . D^ (= a 11.5), a - 0.4125A?m was the 

typical interatomic distance, and W, ^ was the work of adhesion. 

The elastic modules of the two spheres were modeled as 

ttE. 
(4.7) 

and 

KE. 
(4.8) 

The ef fec t ive elastic modulus , K , was then expressed 
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In deformation status, the penetration depth is defined as 

(4.9) 

h = 
R 

(4.10) 

The loading force ( F ) and applied pressure ( P ) can be defined 

R 
(4.11) 

and 

P = 
F FK 

m 兀\ R 
(4.12) 

4.2.2 Work of Adhesion 

Adhesion originates f rom the short-range molecular forces. The origin of adhesion 

forces between the probe and the solid is the molecular electrostatic interaction 

Fig. 4.3 The work of adhesion 
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Adhesion is a non-conservative process. Forces acting when the probe approaching 

the sample is differed from that during the probe retraction (Fig. 4.3), Such an 

operation requires some work to be done, which is known as the work of adhesion. 

The adhesion is caused by electrostatic forces at two bodies interface arising f rom the 

formation in a contact zone of the electric double layer. Its origin is different for 

materials of different type. 

The adhesion is an irreversible process, when contact potential exists; electrons starts 

to drift resulting in the increase of entropy. This is why forces differ during the probe 

approach and retract, the process is thereby non-conservative. To describe the 

adhesion quantitatively some approximating models are used, such as the D M T model, 

JKJR model and the Maugis mechanics. 

4.2.3 Deriagain, Muller, Toropy (DMT) Model 

In the D M T model, it is assumed that deformed surfaces geometries differ not much 

from that given by the Hertz Model. Taking into consideration of ihe Van der Waals 

forces acting along the contact area perimeter results in an additional probe-sample 

attraction, which weakens forces of elastic repulsion. This model is usually applied lo 

probe tips with small curvature radius and high stiffness. 

The loading force is defined as 
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F= lnR(j. (4.13) 
R 

The penetration depth is 

h = — . (4.14) 
R 

4.2.4 Johnson，Kendall and Roberts (JKR) Theory 

The adherence force between two elastic spheres could also be measured by the 

Johnson, Kendall and Roberts (JKR) theory [45j. According to the JKR Theory, the 

contact force as a funct ion of the contact radius was 

尸 = “ 2 ^ . (4.15) 

where = 土. The indentation, /i，as a funct ion of the applied force was 
3*-

/ � 丄 - J 生 . (4.16) 

The JKR theory was applicable to systems where at least one solid has a high surface 

energy. It is usually applied to tips with large curvature radius and small st iffness. 

4.2.5 Maugis Mechanics 

The Maugis Mechanics is the most composi te and accurate approach, which can be 

applied to any system and materials with both high and low adhesion. The amount of 

adhesion is determined by the parameter, X 

where ^^ is the interatomic distance. D M T and JKR models can be regarded as 
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extreme cases of the Maugis Mechanics corresponding to different parameters . 

A ^ O for stiff materials ( D M T ) and A —> oo for compliant materials (JKR). The 

Maugis Mechanics assumes that the molecular attraction force acts within a ring zone 

at the contact area border. The Maugis correction to the Hertz Model is expressed 

implicitly via a parameter rn 

2 / J 
Xr 

2 

K 

tjR'G 
- 1 - 2 ) t a n ' ' - 1 

4/ l r : 

3 

K 
1/3 

nR^a 
m Vm^ - 1 l a n ' ' ylm^ - 1 = 1 

(4.18) 

The loading force and penetration depth 

尸 = [ 如 : 
R 

mK 

R 

2/3 

'm - \ + m tan yjm'- (4.19) 

and 

Uryl m^ - 1 i T i a 

R RK 
(4.20) 

respectively. 

4.3 Lennard-Jones Potential 

Denoted the initial position of the canti lever by u and the displacement of the tip by 

The deflect ion of the cantilever, d , was described as d = s-u . The deflect ion of 

the canti lever was expressed as a function of the piezo displacement . The 

Lennard-Jones potent ia l，W , was used for model ing of interactive forces in 

non-contact regime and was given by 
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W 
HR,‘ 1 
6a 210 

o 
(4.21) 

The Lennard-Jones force, , was obtained from the potential by taking the negative 

of its derivalive with respect to s . 

HR f一]n r 6 /T 
� . . (4.22) F. 

1805* 

The deflection of the cantilever as a function of the piezo displacement was expressed 

as 

4 (4.23) 

where k was the spring constant of the cantilever. The lip jumps to contact with the 

surface or pulls out of the surface when the derivative of the force equaled to the 

spring constant. The values of snap-in and pull-out point were obtained by solving 

d F . . 
ds 

(4.24) 

4.4 Comparison of DMT, JKR and Maugis Models 

The following table (Table 4.1) is a summary and comparison on the DMT, JKR and 

Maugis Models. With the selection of a suitable force model, the applied force and 

indentation depth can then be calculated accurately. Relationships between the contact 

radius and indentation depth is depicted in Fig. 4.4. 
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Model Assumptions Restrictions 

Hertz No surface force 
Not applied to small loads in the 

presence of surface forces 

D M T 
Long-range surface forces act 

outside the contact area 

Contact area can be decreased due to 

the limited geometry. Applied to 

small X 

JKR 
Short-range surface forces act within 

the contact area 

Force magnitude can be decreased 

due to surface forces. Applied to 

large X 

Maugis 
Tip-sample interface is modeled as a 

ring 

The solution is analytical but 

equations are parametric. Applied to 

all X values. 

Table 4.1 Comparison of quantitative adhesion models 

Fig. 4.4 Relationship between contact radius and indentation depth 
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Chapter 5 

Validation of the Nanomanipulation System 
In order to validate the performance of the integrated nanomanipulat ion system, it was 

being using to perform several testing including raster scanning, nanoindenlation and 

nanomanipulat ion. 

5.1 Raster Scanning 

The study was performed under ambient conditions and a silicon nitride tip was 

employed in contact mode have a radius of curvature = 10 nm and cone angle < 6°. 

For tapping mode, etched silicon probes with a nominal radius of curvature of = 10 

nm, and cone angle 36°, located on an I-shaped cantilever were used. In this mode, 

the tips were oscillated by the cantilever with amplitude < 100 nm at a frequency 

close of its resonance frequency ( = 300 kHz). Images are analyzed with the 

developed software 

AFM provides a unique means for direct observation of the sample surfaces. AFM 

images revealed the formation of particles during the deposition process. Additionally, 

the influence of some of the scanning parameters on the appearance of the particles 

could also be investigated. 

AFM measurements explicitly showed that the deposition of polymer thin film 

provides formation of statistically homogenous self-assembled irregular structure on 
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the silicon substrate (Fig. 5.1 and Fig. 5.2). The results demonstrated uniform 

thickness and good adhesion to the substrate as the f i lms were not destroyed during 

scanning. The measurements allowed to observe large-scale and small scale images of 

the thin films and provide real 3D data for successive analysis of the polymer material 

distribution with the film (Fig. 5.3). 

Fig. 5.1 Topography of a polymer layer in large scale 

V 

Fig. 5.2 Topography of a polymer layer in small scale 
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Fig 5.3 Section analysis of a polymer surface 

5.2 Nanoindentation 

Besides imaging, an A F M probe was also applied for nanoindentation at the same 

time. This eliminates the need to move the sample or relocation of the indenting area. 

Although cantilevers utilized for indentation are having higher spring constants than 

typical imaging cantilevers, it is still possible to scan soft samples with relatively low 

forces. It is possible using tapping mode AFM, which requires less force to image a 

sample than does contact mode AFM. The diamond tips are sufficiently sharp to 

provide good image resolution. 

• i _ 
During the indentation process, a cantilever is first engage on the surface in tapping * 

mode. While scanning, the sample surface may be imaged to find the desired location 

.精 
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for the indentation. Once the area of interested is identified, indentation starts. This 

halts the lateral scanning of the cantilever and lifts the tip slightly off the surface. 

Then, select the desired indentation parameters and execute the indentation. The 

cantilever oscillation is now turned off, and the scanner lowers the diamond tip 

towards the surface where the tip is forced into the sample surface until the cantilever 

deflects a specified amount. The tip is then retracted until it reaches ihe initial position 

above the surface. While indenting, a force displacement curve is recorded utilizing 

the DC displacement of the cantilever vs. the extension of the scanner. Many 

indentations may be made using various, forces, rales, etc. ‘ 

I 

Nanoindentation with an AFM cantilever is useful for investigating the hardness of 

films as thin as 5 nm. Since the macroscopic properties of thin films of a material may 

be different f rom the microscopic properties, the ability to perform tests at the 

nanometer level is of great importance in many processes. Fig. 5.4 shows indents on a 

polymer surface with a force of 15 jiN and 25 | iN. In the cross-section image (Fig. 

5.5), the depth of the 15 ^ N indentation is only about 3 nm and the depth of the 25 

indentation is about 7 nm. Using indentation, it is possible to indent various samples 

with the same force in order to compare their hardness. 
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Fig 5.4 Indentations on a polymer surface 

Fig 5.5 Section analysis of a polymer surface under nanoindentation 
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5.3 Nanomanipulation 

The same cantilever also allows scratching and wears tests. This allows 

characterization of mechanical properties of thin films, using indentation to 

investigate hardness, and scratching and wear tests lo investigate film adhesion and 

durability. 

Scratching is done in a similar manner as nanoindentation by first engages on the 

surface and image the surface to locate the desired location for the scratch. Then, the 

lateral scanning halts and the tip is lifted slightly off the surface. Scratch is executed 

after setting the force, rate and direction. During scratching, the cantilever oscillation 

is turned off, the tip is forced into the surface until the specified cantilever deflection 

is reached, and the tip is then moved laterally according preset parameters. Multiple 

scratches may be made using various forces, rates, and directions. 

Properties such as film adhesion and durability can also be studies using this 

technique. Fig. 5.6 and 5.7 shows a serious of scratches which were made at a force of 

25 fiN. The average depth of scratches is 78 nm. The material deposits, which have 

piled up near the scratches are likely peels of the film, which were scratched away 

from the surface. The films may also delaminate from the substrates causing taller 

features in the images. 
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Chapter 6 

Nano-mechanical Test of Nanowires 

6.1 Introduction 

Since the first observation of carbon nanotubes by lijima in 1991 [17], physical and 

mechanical properties of carbon nanotubes are undergoing subsequent intensive 

investigations because of their extreme minute scale and surprisingly high reported 

mechanical strengths. Nanotubes are long, carbon fibres consist of graphite, closed at 

each end with caps which contain precisely six pentagonal rings. Two major types of 

carbon nanotubes are: single walled carbon nanotubes (SWNT) and multi-walled 

carbon nanotubes (MWNT) . The nanotubes range in length f rom a few tens of 

nanometers to several micrometers, and in outer diameter from about 2.5 nm to 30 

nm. 

Several tests for the mechanical properties of S W N T have been earned out by several 

research groups [18] - [20]. On account of their outstanding properties, carbon 

nanotubes could be used, for example, in nanometer-sized electronics or lo strengthen 

the tensile strength and elastic modulus of composite poiymer materials. Several 

experimenls verified that embedded carbon nanotubes lead to effective stress transfer 

[21] - [24]. Researchers have reported elastic properties for nanotubes thai exceed 1 

TPa and strengths that are many times higher than the strongest steel at a fraction of 
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the weight. Compared to carbon fibers, which typically have Young's modulus of 

0.1 - 0.8 TPa (25], the elastic modulus of carbon nanotubes are in the range of 1 -- 5 

TPa (26j. 

The study of the nano-scale mechanical properties of surface to forces has become 

possible with the atomic force microscope [27] - [29]. The atomic force microscope 

has the ability to measure differences in response directly. Many techniques have been 

developed which lake full advantage of the nanometer three-dimensional resolution 

offered by the ultra sharp APM tip. Traditionally, the AFM has been used to measure 

the topography of surfaces through direct contact between the surface and a probe tip 

mounted on the end of a cantilever. AFM images are produced by the scanning of a 

probe across the surface of a sample using piezoelectric actuators. The high resolution 

imaging capability of AFM allows accurate localization of indentation sites and 

measurement of indentation depth. The AFM can also be operated under a force mode 

in order to perform indentation test. During AFM force mode, the probe tip is first 

lowered into contact with the sample, then indented into the surface, and finally lifted 

off the sample surface. Concurrently, a detection system measures the probe tip 

deflection. A force curve is produced, which is a plot of lip deflection as a function of 

the vertical motion of the piezoelectric actuator. This curve can be analyzed to provide 

information on the local mechanical response (30) - [32]. 
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In this section, w e will show that CNT-embedded micro br idges can be bent 

repeatedly by using the tip of an A F M . The evaluat ion of mechanical propert ies of 

carbon nanotubes is essential for the design of potential nanometer -sca le 

piezoresist ive sensors. 

6.2 Calculation of Tip-Sample Adhesion 

Sample 

Fig 6.1 Schematic diagram of a cantilever and a sample 

Fig. 6.1 il lustrates the schemat ic d iagram of the setup dur ing scanning. The sample 

surface is in the x - y p lane whi le the cant i lever is a long the j c - d i r e c t i o n . The 

th ickness of cant i lever is d，a n d the height of the tip and its center posit ion, away 

f r o m the edge of the canti lever, are /i, and S , respectively. Dur ing the scanning 

process , the surface of the sample exer ts fo rces on the tip that will bend due to forces 

in j c - and z - d i r e c t j o n s . 
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Fig 6.2 Illustration of V-shaped cantilever 
1 

Fig. 6.2 shows a typical V-shaped cantilever whose width and length are denoted by 

B and L, respectively. L^ is the height of the trapezoidal recess, vv is ihe width 

of each of the two arms. For L, = 0 , one obtains a canti lever without a recess, while 

for Lj = L(1 - 2w7 fi), the recess becomes trapezoidal. 

6.2.1 Spring Constant in z-direction 

The local curvature of a cantilever p is given in terms of Young's Modulus E and 

the area of moment of inertia I 

1 M , 
- = (6 .1) 
p El 

The local curvature of a function Z(x) is given by 

1 

P 
(6.2) 

Combining t q . 6.1 and Eq. 6.2, and assuming a small curvature, leads to the equation 

of motion 

d'Z M, , ‘ ， 、 

~ ~ - = ^ (6.3) 
dx ‘ EI 

For a V-shaped cantilever, the bending moment , M .(x) is given by 

M^(x) = (L-x)F^ ( 6 . 4 ) 

where F, is the force in the z -direction. The area of moment of inertia is 
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=—wd 
12 

While for < x < L, / j C O is 

1 r r、 
Bd 

(6.5) 

12 
I - -

L 
(6.6) 

The equat ions of motion are 

d^Z, M 

dx ‘ EI,{x) 

and 

d'Z. M. 

(6.7) 

dx' EI Ax) 
(6 .8 ) 

respectively. 

The deflect ion of the cantilever, Z j U ) , can be obtained by integrating Eq. 6.7 and Eq. 

5.8. The bending spring constant k , the m a x i m u m displacement Z and angular 

spring constant KG can be calculated f rom 

F. 

vAxlL-del) 
(6.9) 

(6.10) 

and 

(6.11) 

Cons ider a V-shaped cant i lever with a trapezoidal recess as shown in Fig. 6.2，define 
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its material and geometry as fol lowed: 

Px,= 2330 kglm' 

0 . 1 7 9 x 1 0 丨 2 /V/m 

L: 190/zw 
8 7 . 5 声 

B = \65fJtn 

w = 3 3 加 

d = 0.6/zm 
del = l.\jum 

K-
3.5/zm 

InN 

厂 \nN 

The numerical values = 0 .0982/V/m =10.1848nm/nyV and 

kg =0.09313mrad/nN. 

6.2.2 Spring Constant •direction 

The equation of motion for a force F^ in the 义-direct ion, is 

d'Z M, 

dx' EI 
(6.12) 

The bending moment , M i s given by 

M. =h..F.. (6.13) 

where is the tip height. 

Note that the area moments of inertia are also given by Eq. 6.12 and Eq. 6.13. The 

equations of motions for x< L^ and L, < x< L 

d^Z. M. 

dx' EI Ax] 
(6.14) 

and 
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d'Z. M 

d? El. 
(6.15) 

respectively. Integration Eq. 6 .14 and Eq. 6 .15 twice, the def lec t ion of the cantilever, 

Z ^ i x ) , can be obtained. The bending spring constant k^ , the m a x i m u m displacement 

Z醒，and the angular spring constant kg can be calculated f rom 

vAxU-del) 
(6.16) 

Z. (6.17) 

and 

d,V,(x){L-del) 

F. 
(6.18) 

Cons ider a V-shaped cant i lever with a t rapezoidal recess as shown in Fig. 6.2, 

def in ing its material and geometry as fo l lowed: 

Px,= : 2330 1 

0 .179X 

L 二 190//m 
87.5^ 

B = 165/zm 
w = 33.3 声 

d: 0 . 6 声 

del: 7.]/im 

3.5/Jm 

\nN 

\nN 

The numerical v 

= 0 . 0 0 4 7 6 6 7 mrad/nN 

= 3 . 3 9 8 8 9 N/m , Z ^ ^ = 0 . 2 9 4 2 1 3 nm/nN and 
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6.3 Bending Experiment 

6.3.1 Fabrication of CNT-embedded Structures 

The CNT-embedded M E M S structure was fabricated by a standard surface 

\ 

micromachining technology. As reported in [35], bundled CNTs were successfully 

manipulated across a pair of gold microelectrodes by using A C dieleclrophorelic 

manipulation, there is a small gap distance ( - 3 | im) between the gold electrodes. In 

order to protect CNTs from contamination, a parylene C polymer ihin film was used 

to embed the CNTs to provide a robust protection of the CNTs for a reliable 

measurement. Parylene C was deposited through an automatic parylene deposition 

machine and the deposition thickness is depended on the weight of the source 

parylene C powder. For the CNT-embedded structure used in this experiment, the 

thickness of the parylene C layer is around 0.3 ^im. As mentioned before, the structure 

will be potentially used as micro piezoresislive sensors, which have the property of 

changing their resistance under physical pressure or mechanical work, an air gap 

under the CNT-embedded structure is fabricated for AFM bending experiments. To 

provide an air gap under the C N T sensor, a sacrificial layer (Al) was deposited on the 

substrate and then released in the final stage of / h e fabrication process. The thickness 

of the air gap is depending on the deposition thickness of Al and it is the maximum 

allowable bending distance. In this experiment, the height of the air gap is about 0.5 
a 
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| im and the final structure of the CNT-embedded sensor is shown in Fig. 6.3. 

Gold Electrode 
Embedded CNT bundles 

Smti MAG - 20 00 K X 
EHT - 20 00 kV 

W D • 21 m m SE1 

Fig.6.3 Scanning electron microscopic (SEM) image showing (a) the top view of CNT-embedded 

MEMS polymer bridge slmcture and (b) tilted at 7 0 � 
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6.3.2 AFM Bending 

The experiment is performed with the integrated nanomanipulation system described 

in Section III. A silicon nitride AFM tip is used to apply a nominal force and to 

measure the resulting deflection of the C N T structure. For a given material, the 

appropriate spring contact has to be chosen. Cantilevers made of soft material is 

insensitive to difference among hard materials, the piezo-scanner displacement is 

similar to the cantilever deflection, as a consequence, a large uncertainty in the 

surface deformation. On the other hand, if the cantilever is too hard, the plastic onset 

is reached for small values of cantilever deflection, implying insufficient statistics in 

the elastic region. 

The nanoindentation technique was applied to the bending test of the MEMS structure 

embedded with bulk carbon nanoiubes as shown in Fig. 6.3. The applied force, F。, is 

given by: 

Fu 二 k . d (6.18) 

where k is the spring constant of the cantilever and d is the cantilever deflection. 

The surface deformation, S , is calculated form S - z-d , where z is the 

displacement of the piezoelectric actuator. 

Before the bending test, the sample was scanned in a direction orthogonal to the axis 

of the C N T beam using tapping mode AFM, typically at a rate of 1.9 Hz, so that the 
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CNT-embedded micro bridge was located. The sensitivity of the cantilever was 

calibrated by acquiring curves of the cantilever deflection versus the displacement of 

the piezoelectric actuator. 

4l 

Fig. 6.4 shows an example of the force-distance curve. The force plot is obtained 

under the force calibration mode. The horizontal axis shows the travel distance of the 

piezoelectric actuator and the vertical axis represents the deflection of the tip. As the 

piezoelectric actuator extends towards the sample surface, the tip deflection voltage 

remains constant until the probe lip makes contact with the surface due to attractive 

forces at point A. Just before tip-sample contact is made, the probe tip can be pulled 

down to the surface by attractive forces, causing a small decrease in the lip deflection 

voltage. After that, the tip is in contact with the surface and the lip further deflects as 

the piezoelectric actuator retracts, the tip goes beyond the setpoini and falls into the 

adhesive regime. Finally, the lip snaps free of the adhesive forces at point B. The 

horizontal distance between poinl A and point B along the retrace line indicates the 

distance moved by the tip in the adhesive regime. The adhesive force is obtained by 

multiplying the distance by the stiffness of the cantilever. 

After scanning, the AFM tip was then positioned above the center of the micro bridge. 

The bridge was pushed towards the bottom of the "micro channel" by moving the 

AFM tip downward as depicted in Fig. 6.5. There are five load levels used to indent 
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on each part icular area of the sample, using the same probe and opera t ing condi t ions. 

Each step of A F M t ip -movement iteration was 0 .139 

Extending 
Retracting 

D e r i e c t i o n 
> 4 . 4 9 H M / d i v 

S e t p o i n t 

05 uM/div 

Fig. 6.4 AFM force-distance curvc 

The appl ied force and the m a x i m u m vertical d isplacement of the bridge were 

calculated f rom the fo l lowing equat ions . 

(Vo+V/) 
(6.19) 

and 

o = z (6.20) 

where V̂ , is the initial different ial voltage produced by the def lect ion of the 

canti lever before the bending test, V is the differentia) voltage dur ing the test and 

is the ratio of the differential voltage obtained f rom the cant i lever ' s def lect ion to the 

d isplacement of the piezoelectr ic actuator in the z direction. 
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Measurement of the beam size using AFM 

Calibration of the sensitivity of the cantilever 

Bending Test with AFM 

• ‘ Cantilever 
- — 

L d 

• — t ； 
1 

Calculation of Young's Modulus and Bending Stress 

Fig. 6.5 Schematic diagram of the bending testing 

In addition, based on A F M surface imaging, the force plots characterize that different 

material regions on the devices can be identified. 

Fig. 6.6 Specific regions under the nanoindentation test 
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6.3.3 Discussion on Experimental Results 

In this exper iment , four d i f ferent regions in the device were being invest igated as 

shown in Fig. 6 .3 and 6.6. T h e first region is the t w o parylene layers, and the second 

region is two pary lene layers with CNTs embedded . Both regions have an air gap 

underneath. For the third region, it is the parylene layer with gold e lect rodes on 

silicon substrate. For the last region, it is only parylene thin f i lm on silicon substrate. 

To test the bending characteris t ics of the CNT-embedded structure, the micro bridge 

was push towards the bo t tom of the trench and then retracted. This exper iment was 

repeated with d i f ferent d o w n w a r d dis tance of the A F M tip. O n c e the br idge contact 

the bot tom of the trench, the contact force increased, which a l lowed us to de te rmine 

the actual depth of the mic ro channel . Dur ing the exper iment , the A F M canti lever 

def lec t ion was recorded. The mechanical propert ies of the micro bridge were 

calculated by the recorded contact force and the def lec t ion of the micro bridge. 
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Fig. 6.7 AFM contact force data on bending the CNT-embedded structure with continuous pushing 
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The deflection of the bridge at its center region was evaluated f rom the cantilever 

deflection signal. As the initial t ip-surface and the travel range of the AFM tip were 

under controlled, the micro bridge was deflected ' to various degrees and allowed us to 

study the effect of mechanical deformation on the electrical properties of ihe bundled 

C N T sensing elements. 

The nominal contact force of the tip and sample was calculated and the results showed 

that forces applied to various materials such as gold, silicon and parylene polymer, 

varied with the displacement of the piezoelectric actuator during continuous pushing, 

The contact forces were found to be differenl for the same material on different 

substrates. ' 

The contact forces are about 110 nN and 125 nN at the end point and the center point 

of the C N T bridge, where the forces on the surface of parylene on silicon substrate 

and on gold layer are 165 nN and 240 nN, respectively. This dea r ly showed that the 

contact forces vary with the structural composition of the structure that the AFM tip 
•n 

intends to "push". 

With the cont inuous pushing on the sample by the AFM tip towards the surface of the 

sample, the forces increase with different gradients at differenl regions. Fig. 6.7a 

shows that the force increases from 110 nN to 130 nN at the end point of the 

CNT-embedded bridge. Fig 6.7b shows that the force increases f rom 125 nN to 135 
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nN at the center point of the bridge. Fig. 6.7c illustrates that the force increases from 

165 nN 10 200 nN at the region of parylene on gold surface. Fig. 6.7d shows thai the 

contact force increases from 240 nN to 280 nN. The difference between the initial and 

final contact force is 13.4 nN to 10.4 nN, 31.9 nN and 33.2 nN, respectively. The 

variation of the contact force is due to the micro-hardness of the substrate underneath 

the lop layer of" parylene. The contact force increases more significantly on hard 

surface. 
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Chapter 7 

Application of AFM Nanomanipulation in Photonics 

7.1 Introduction 

Diffraclive optical elements (DOHs) are optical means which could manage the 

wavefronl by diffraction. They are the basis of the majority of spectroscopic analysis, 

which is the study of eleciromagnelic spectra due to atomic and molecular inleraclions, 

on modem science and technology. With DOE, a specific light wave can be converted 

to a diffracted pattern with a desired dislribution of its polarization by manipulating 

light and photons. The great advances in fabrication technologies, especially computer 

modeling and micro-fabrication |46] techniques have led to an explosion of 

applications of diffraclive optical elements. Owing to the miniaturization of optical 

and electronic products, such kinds of micro optical elements are becoming more 

important. The gratings are found to be useful in optica) photolithography [47], 

optical communicat ions (48), and various industrial applications [491. They are 

fulfilling their promise by replacing convenlional optics in a variety of products. 

A grating consists of a series of parallel grooves formed on a substrate, each grating 

groove is a very small, slit-shaped source of diffracted light. When monochromatic 

light is incident on a grating surface, the light diffracted by each groove is diffracted 

into discrete directions and combines to form a diffracted wavefronl . The distance 
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between adjacent grooves and the angle of the grooves manipulate both the dispersion 

and efficiency of gratings. The grating efficiency is primarily a function of groove 

shape, angle of incidence and the refractive index of the substrate material. The 

absolute efficiency of a grating is the percentage of incident monochromatic light thai 

is diffracted inlo ihe desired direction. 

The extremely high precision required of a diffraction grating entails that the 

fabrication method must be controlled intimately. These elements are often associated 

with the use of nanotechnology for fabrication. The challenge of producing precision 

diffraction gratings has attracted the attention of many scientists. Gratings with 

microstructure arrays made of polymer have been studied for some time and several 

fabrication techniques have been proposed. Reactive ion etching can reduce surface 

damage and to achieve deep-side profiles, but it is diff icult ' to manage the accuracy of 

the depth of etching. Laser-beam writing is a rapid, cost-effective technique for 

continuous and binary relief structures wilh feature dimensions down to about I | im 

and profile depths in excess of 40 | im. But this process is rather complex if it is aim at 

revealing a precise surface structure. Hot embossing is suitable for foil application but 

not for high-performance diffraction gratings or any production with microstuclure 

fidelily requirements. Photolithography, microcontact printing, and scanning 

electrochemical microlithography techniques can be employed for fabrication of 
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microstructures, but these techniques possess significant limitations for patterning 

structures of nanometer scale. Since the potential to direct pattern polymeric materials 

at nano-scale generates a number of opportunities, nanomanipulation has been 

demonstrated in several systems such as electron beam exposure system and scanning 

probe microscopes. Polymer and thin film have been patterned using Scanning 

Tunneling Microscope (STM) operated in vacuum, as well as using Atomic Force 

Microscope (AFM) under room conditions. For lithography, the AFM has a distinct 

advantage over the STM because AFM can be used for insulating as well as 

conducting materials. 

The capability to design and manufacture products in a timely and cost-effective is the 

key to global competit iveness. The design process often makes several iterations 

through design and prototyping before completion. In this section, we demonstrate a 

mechanical method of prototyping diffraclive grating optics for laser beam splitters 

and a light guide, which aim at improve productivity through greater design flexibility, 

rapid fabrication and cost reduction. AFM lithography has been utilized for 

fabricating high quality microstructure optics. By using this technique, it is possible to 

machine a sample surface in nanometer scale by direct machining without tooling 

fabrication. Patterning by the AFM tip is a non-damaging process with high precision 

of alignment and narrower width of lithography than those obtained by the use of 
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photon, electron and scanning probe lithography. In order to ensure the reliability of 

the design tool and fabrication process, experimental verifications have been 

conducted by comparing the predicted and actual performance of the laser beam 

splitter. 

7.2 AFM Techniques and Cutting Tool Selection 
For transmission grating, the diffraction angle is usually determined by the geometry 

of the triangular groove, which is also the geometry of the AFM probe tip in this 

experiment. In the design of the diffraction grating, the properties of the AFM probe 

tip should also be taken into consideration. Direct machining by using AFM can 

greatly reduce the fabrication time and cost comparing to some existing prototyping 

techniques. It is actually using the scanning probe with a fine tip to perform the 
\ 、 

nanomanipulation, which can create nanostructures on a substrate surface. 

During the lithography process, the scanning probe is in contact with the substrate 
* \ 

surface and scanned across it in a controlled manner. The pitch and depth of grooves 

are controlled by the applied force and the number of operating cycle. The applied 
• <% 

force is governed by a feedback loop that produces voltage difference proportional to 

the movement of the piezoelectric actuators. Besides, the van der Waals force and 

adhesions forces exist between the atoms on the substrate and those on the tip of the 

scanning probe will cause the cantilever to deflect. These forces are considered as 

factors affecting the results and it is being recorded by the controller. 

Owing to the properties of grooves, choosing an appropriate probe becomes critical. 

The selection criteria include substrate material, degree of resolution, shape of 

grooves and its aspect ratio. The probe is actually regarded as a cutting tool, combined 

with a suitable cantilever, it can probably provide sufficient applied force to remove 
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the material on a substrate surface. Usually, a high hardness probe with diamond 

coating is adopted and there is a layer of polycrystalline diamond coating of 100 nm 

presents on the tip sides. The tip radius is in the range to 100 - 200 nm with a 

nano-roughness of 10 nm. 

7.3 Principle of CAE Optical Design 

Computers are routinely used to design illumination systems. Automating the design 

process is enhanced through the use of optimization procedures. The computer-aided 

engineering (CAE) simulation tools allow us to virtually evaluate alternative designs 

without substantial models. The design process is more efficient and cost-effective 

through computational evaluation, t ime required for trail and error analysis is being 

eliminated. With the aid of C A E optical design, it becomes feasible to construct 

comprehensive physical models, define feature size and material properties precisely 

in a virtual environment. 

The ray-tracing program is able to provide accurate simulation results and show the 

diffraction of each incident light ray on the grating. In addition, automating the design 

process is enhanced through the use of optimization procedures. Monte Carlo ray 

tracing provides accurate predictions of the output from an illumination system. The 

source is typically modeled as a collection of rays with position, angle, and magnitude 

that reproduce the 4 D luminance distribution of the source. Such source models can 

be created as apodized emitt ing surfaces placed inside the traceable optical elements. 
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The rays f rom the source are traced through a model of the sys tem's optical e lements 

and are then collccied on receivers. At the receiver, the rays are ‘binned’ in a number 

of ways to provide different output results such as the total f lux, intensity, luminance. 

and chromatici ty. The Monte Car lo binned per formance predict ions converge with a 

、 
relationship, where N is the number of rays in a bin. For example , to get a 

prediction of 士 1 %，then 10,000 rays are needed in a given bin. 

7.3*1 Design Optimization 

For the opt imizat ion procedure, it mainly includes parameterizat ion, def ining the 

merit funct ion and application of the optimizat ion algori thm. Optimizat ion modif ies a 

system based upon user specified per formance criteria. 

7.3.1.1 Model Parameterization 

Parameterizat ion is the selection of system variables, we need to know which 

parameters in the model can be varied in order lo improve the system performance . 

All the parameters should be considered careful ly in order to enhance the speed of 

convergence, and minimize the chance of becoming stalled at a local minima. The 

more variables, the longer it takes for opt imizat ion. Parameterizat ion can be used to 

minimize the number of variables. Consider the groove pattern for a backlight system. 

Rather than making the size and position of each groove a variable, a parameterizat ion 

scheme can be used to def ine how the groove size and position varies across the 
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surface. The parameters used to control the parameterization scheme are then varied 

by the optimizer. 

7.3.1.2 Merit Function 

The second step in optimization is to define the merit function, which is an indication 

for the efficiency of the optimization algorithm. There are several possible ways to 

construct a merit function; it could be the sum of the squares of the differences 

between a set of figures of merit function items and their associated target values. The 

basic relation is: 

MF = LW^LW,'{V,-T,y (7.1) 

where w^ is the weight of the g'" merit function group, w, is the weight of 

merit function item in group g , V, is the current value of the /"" merit function 

item, and T, is the target value for the /“‘ merit function item. For the merit 

function constructed as Eq. 7.1, the system is at its opt imum when the gradient of the 

merit function is equal to zero. But for the system to optimize, it is not necessary for 

Ihe system to attain a value of MF = 0 . For the use of square in Eq. 7.1, it is the form 

required by the Damped Least Squares algorithm, which prevents the term in the sum 

from being negative and improve the stability of the optimization process. 

The merit function can often progress through several orders of magnitude during the 

optimization process as illustrated in the logarithmically scale merit function plot in 
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Fig. 7.1 Merit function value as a ftinction of iteration number 

The merit funct ion is constructed f rom Monte Carlo ray tracing, which traces 

randomly selected rays and predicts performance measures by binning rays that fall 

within specified areas. The accuracy of the Monte Carlo predictions depends upon the 

number of rays traced. 

For an illumination system, the merit funct ion for a bundle of light rays can be 

specified using a sum of the squares approach. The ray aiming merit function is 
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Fig. 7.1. In the figure, the merit function is plotted as a function of iteration number, 

iteration includes the series of steps the algorithm takes while making it "best guess" 

at the optimal value. The value plotted is the merit function at the end of each series 

of steps. 
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NrayiNtttmi 

NrayiNttrms 

VfavjMrrmj , � 

(7.2) 
/V. 

where v" is the value of the parameter of the 广 ray, t, , is the target for the 

parameter of the 為 ray, w,, is the weight of the parameter of the i'" ray, 

is the weight of the efficiency penalty term, N 取 … 遍 竹 is ihe number of rays 

that hit the receiver, N ^ is the total number of rays traced, and /v一 is the number 

of different parameters for each ray that is used in the merit function. 

The first term in Eq. 7.6 is the spot size term and the second term is the efficiency 

penalty. The efficiency penalty term includes the y N 似 … j r 叫 factor. This factor 

increase the value of MF when rays miss the receiver and reduces the MF when 

more rays hit the receiver. The efficiency penalty term allows the optimizer to 

distinguish when distinguish between a low and high efficiency system, especially the 

case where almost no rays hit the receiver. The weights in the men l function can be 

tailored to specific problems and the weights can be adjusted to provide physical 

meaning to the merit function. 

7.3,1.3 Constraints 

Constraints are the boundaries specified for an allowable optimization solution. A 

constraint can be defined'^as a mathematical relationship between the value of a 

parameter and a target value. 

8 3 



Chapter 7 - Application ofAFM Nttnomanipulation iri Photonics 

7.3.1.4 Optimization Algorithm 

For an optimizer, the most important component would be the optimization algorithm. 

The optimization algorithm considers which parameters lo change to obtain a better 

solution. There are any different types of optimization algorithms, the Damped Least 

Squares (DLS) and Noise Tolerant Optimization (NTO) are two common types. 

DLS increments each variable by a small amount, then uses this information lo 

compute derivatives, and ultimately a change vector for the system. It then applies 

this vector, and re-evaluates the merit function. The computations are performed 

during each iteration. Since derivatives are being used, DLS often converges quickly. 

However, the use of derivatives also makes it more sensitive lo discontinuities or 

noise in the merit function. “ 

The NTO algorithm does not use derivative information when it perturbs the variables. 

Its primary advantage is that it is far less sensitive to a discontinuous merit function as 

compared to DLS. This is particularly useful when the merit function is constructed 

using Monte Carlo ray tracing, a method which is intrinsically statistically noisy. 

The parameterization, merit function and optimization algorithm can be described 

using the flowchart as shown in Fig. 7.2. The nominal f low starts by defining the 

problem and then evaluating the merit function. The merit function is compared with 

the target value for the merit function. If the desired criteria are not satisfied, then the 
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algori thm computes new values for the variables. The values for the variables 

updated and the process will cont inue until the desired criteria arc sat isf ied. 

Update Model • 

Problem Definition 

Evaluate Merit 

Compare MF with 

Algorithm computes 
t 

new 

values 0丨 variables 

• Optimization 

Fig 7.2 Optimization flowchart 

7.3.2 Design Modeling 

In the C A E simulat ion, ray tracing is usually used to predict the pe r fo rmance of an 

i l lumination system. A crucial issue is to generate I he model , including the light 

source and i l luminat ion optics, accurately. In the past, light sources were 

simplist ically modeled as some basic geometr ical shapes such as points, spheres, or 

cyl inders . Nowadays , the design sof tware will al low us to create a more complex 

theoretical model of the light source that could include mult iple geometr ical shapes to 

more closely approach the actual properties. Below is a discussion of the source 

model ing techniques . 

8 5 



Chapter 7 - Application ofAFM Nttnomanipulation iri Photonics 

Point source models are limited in application as they only provide reasonable 

accuracy when the size of light source is very small relative to the distance of the 

optical elements. In addition, the source must be radiate uniformly in all directions. A 

spatial map of the source radiance will take into account of the physical dimensions of 

the source and improves the model accuracy. This is quite accurate for predicting 

system uniformity when the optics only collects light emanat ing f rom the source over 

a relatively small solid angle. But it is not possible to accurately predict the overall 

system eff iciency if the true radiance of the source is over An steradians. 

Base 

Fig. 7.3 A complex geometrical LED model 

For complex geometrical source models, they can be described f rom a combinat ion of 

basic geometrical shapes such as cubes, cylinders and spheres. A detailed model can 

approximate the variable source radiance as a funct ion of view angle. In order to 

create an accurate m o d e l c a r e f u l measurements of all the geometry and optical 

properties are necessary. For a LED, there are some critical components such as the 
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die, encapsulate and base. The size of these components must be measured under an 

optical microscope so as to create an accurate model as shown in Fig. 7.3. 

-if 

The power (total f lux) of light source is usually measured by an integrating sphere 

(Fig. 7.4), which is a highly reflective enclosure placed in close proximity to the 

source, such that the reflected light enters the sphere, bounces around the highly 

reflective d i f fuse surface of the wall and finally impinges upon the detector. The 

surface of the wall should approach the ideal Lambertian scatter surface, which means 

that the light falling on the surface is evenly scattered in all directions and the 

scattered light intensity is proportional to the cosine of the angle of observation. 

Fig. 7.4 An integrating sphere 

On the other hand, the spatial distribution is usually measured by a goniophotometer 

(Fig. 7.5). It measures the intensity of the light source at a range of angles f rom -90° 

to +90°, where there is a built-in motor that allows the system to rotate and measure 
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the source under this range. The spatial distributed is expressed in luminous intensity 

(mcd) vs degree (Fig. 7.6). 

Fig. 7.5 Goniophotometcr 

30 

9 0 

Fig. 7.6 Spatial distribution pattern 
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Chapter 8 
t 

Diffractive Optics Elements 

8.1 Introduction 

Beam dividers allow the identical replication of any type of monochromatic beam, 

diffracted beams travel in predefined directions. Diffraction grating ruled with linear 

array of triangular grooves can be used as beam dividers for spectroscopic purposes. 

Some of them vary the grating heights along their length in order to obtain a desired 

beam shaping pattern. Light produced by a monochromatic source can be manipulated, 

so as to diffract a single light beam to several beamlels. An advantage of diffraction 

grating is that a single optical element can replace compound optical components to 

customize the beam profile to the desired shape and intensity distribution at high 

diffraction efficiency. A subsequent collimation results in parallel beams with a 

precise distance between each other. 

The optical design of the diffraction grating should reference to its application. There 

are a several properties, which govern the characteristics. In order lo just ify tradeoffs 

between performance and fabrication requirements, effects of these parameters are 

belter lo be determined in advance. For a given pilch { d ) between grooves, the 

diffracted light f rom each facet is in phase with the light diffracted f rom any other 

facet and combine constructively. A light ray of wavelength A incident at an angle 
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a and diffracted by a grating along angles P as shown in Fig. 8. 

Incident light ray 

Diffracted light rays 

Normal 

Hig. 8.1 Diffracted light rays through a transmission grating 

These angles are measured f rom the normal of the grating, which is perpendicular to 

the center of the grating surface. The path difference between diffracted light f rom 

adjacent grooves is expressed 

mX = (i(sin or + sin /?). (8.1) 

where rn is an integer, which is the diffraction order. When the path difference 

equals to the wavelength of the incident light or its integral multiple, the diffracted 

light f rom adjacent grooves will be in phase. For a particular wavelength, any 

diffraction order will exist only if 

mA <2 (8.2) 

When m = 0 , the grating becomes a mirror and light is being reflected, it is called 
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specular reflection. There is another situation when a = p � t h e light is being diffract 

back toward the incident direction and it is called Littrow configuration, the grating 

equation becomes 

mX - Id sin a . ( 8 . 3 ) 

In addition, based on the periodic nature of the electromagnetic wave, there is no 

difference between a In and m • iTt phase delay. The maximum thickness ( / J of 

grooves can be expressed as 

( 8 . 5 ) 

where n is the refractive index of the substrate. These fundamental grating 

equations are commonly used to design an optical system. 

8.2 Design Considerations 

8.2.1 Grating Efficiency 

For a diffraction grating, both efficiency and its variation with wavelength and 

spectral order are important characteristics. The absolute efficiency is defined as the 

power of monochromatic light being diffracted into the order being measured, relative 

to the incident light. A high-efficiency grating is more useful in measuring weak 

transition line in optical spectra. Also, it may imply lower instrumental stray light due 

to other diffracted orders, as the total power for a given wavelength leaving the 

grating is conserved. 
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The grating efficiency varies for different diffraction order, m . The peak efficiency 

decreases in magnitude and shifts towards lower magnitude of wavelength as \m 

increases. For gratings with coarse pitch (d = 2A.), the efficiency is about half its peak 

wavelength when m = 1. 

The efficiencies are typically 20 % less in the second order as compared with the first 

order. On the other hand, gratings with fine pitch {d ~ A) usually have lower peak 

efficiency but the effective range of wavelength is greater. Moreover, it a k o depends 

on the angles of incidence and diffraction, the groove spacing and the substrate 

material. The peak wavelength generally occurs when the direction of refraction 

equals the direction dictated by the grating equation. In order to design a 

high-efficiency grating, groove spacing and diffraction angle have to be defined 

carefully. 

8.2.2 Stray Light Characteristics 

For an optical system, there always exists some undesirable light, which is referred to 

stray radiant energy (SRE). The SRE contributes to the noise of the system and 

thereby reduces the signal-to-noise (SNR) ratio. The radiation incident on the surface 

of the grating, some will be diffracted and some will be absorbed by the grating itself. 

The remainder is scattered light, which may arise f rom several factors, including 

defects in shape, spacing of the grooves and roughness of the surface. A 
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comprehensive analysis of grating scatter can be found in [50]. 

- ‘ 
. • ‘ • -

A grating surface that is rough on the scale of the incident wavelength will cause a 

small portion of the incident light to be scattered into all directions with intensity that 

varies approximately with inverse power of the wavelength [50]. The presence of 

spatial frequencies in the groove pattern other than that of the groove spacing d will 
» 

give raise to constructive interference of the diffracted light at angles that do not 

follow the grating equation for the nominal groove spacing, d\ but for difference 

spacing d ^d .On the other hand, a distribution of groove depths about the nominal 

groove depth is a natural consequence of the developing conditions. These variations 

have been shown to generate a continuous distribution of scattered light that varies 

with the inverse cube of the wavelength. 

In order to reduce the stray light, a grating is better designed with a groove spacing 

which is only the first and zero orders propagate. Also, it is more preferable for a 

system to contact only a few optical components . It is because each optic is a source 

of scatter, and it will reduce the SNR ratio. If possible, optical components with ultra 

smooth surfaces are more preferable. ‘ 

8.3 Optical Design of a Beam Splitter 
、 

Once the source and diffraction angle is defined according to the application, those 

parameters for the microstructure can be optimized by using the C A E simulation. In 
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Fig. 8.2 Transmission rate measured by a Pholospectrometcr 

-Front side 

Back side 

Fig. 8.3 DOE with V-shaped gratings 

The light source was a laser diode with size of 100 / /mand the peak wavelength is 

635 nm. The substrate material was chosen to be P M M A with a refractive index of 

1.491. P M M A is a transparent material with a high transmission rate, which is 90.6 % 
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this design, we have designed a diffraction grating for beam shaping.). 
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at 635 nm as measured by the photospectrometer (Fig. 8.2). At the backside surface, 

there was a plurality of V-shaped grooves, where the emission surface was a piano 

surface as shown in Fig. 8.3. 

The grooves were parallel to each other and with variable pitch and depth. Light 

beams emitted f rom the light source were being diffracted in different directions 

through the optical component . Depending on the diffraction order, some light beams 

reaching the grooves were refracted at an angle, others reaching the piano surface 

refracted and emitted f rom the front side surface as illustrated in Fig. 8.4. 

Fig. 8.4 Light rays diffracted by the gratings 

As shown in Fig. 8.5 and Fig. 8.6, the incident light is being separated by the 

V-shaped grooves on the back side of the diffractive grating, and recombines to form 

a completely new pattern. Since diffract ive grating is sensitive to a narrow range of 
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wavelength, it is ideal for laser applications. The gratings could spread light uniformly 

and extracting light precisely at each point across the panel. By defining the 

separation of diffracted light beams, optical properties of substrate material, and 

characteristics of the light source, the C A E simulation tool can optimize the depth and 

width of grooves according to the merit function and constraints. The constraints of 

the design are mostly defined by the properties of the AFM probe tip, such as the 

angle of the shape and the effective cutting 

Fig. 8.5 Light propagation through optics without gratings 

Fig. 8.6 Light propagation through optics with gratings 

% 



Fig. 8.7 Dimensions of V-shape grating 
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Fig. 8.8 Luminous intensity distribution 

In this design, the optimal width and depth of grooves is 72 nm and 56 nm , 

respectively (Fig. 8.7). By vary the pitch and depth of gratings, different beam � 

patterns can be generated. Fig. 8.8 and Fig. 8.9 exemplif ied the simulation results of 
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the luminous intensity distribution when the incident beam is passing through the 

diffraction grating. 

iiniii|iiniiiii|ivifrin|iiiiifni|iiiiifTn|iiMiiiti|fnrnin|iiiiiiMi| 
0 0 1 
count 

Fig. 8.9 niuminous raster chart 

For a D O E to achieve its theoretical resolution, the relative position and dimensions 

of each groove or microstructure must be maintained with extremely high precision. 

An advantage of using A F M for nanomanipulation over other instruments is that 

precise localization could be performed based on the high-resolution image obtained. 

Besides, the eff iciency is also a primary performance criterion, it is effected by shape 

and size of microstructures, arrangement and fabrication accuracy. During the 
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lithography process, the depth and width of the grooves can be controlled by varying 

the applied force of the scanning probe. 

For different kinds of optical surfaces, we have to apply different manufacturing 

process. For a piano surface, Single Point Diamond Turning (SPDT) would be most 

suitable. For the microstructures or V-shaped grooves, the developed integrated AFM 

nanomanipulation has been used. The indentation force and penetration depth were 

estimated by the force modeling as introduced in Section 4. 

8.4 Piano Surface Machining by Single Point Diamond 

Tiirning 

SPDT is an ultra-precision machining technique with a single point diamond cutting 

tool, which can achieve a high accuracy and repeatability (Fig. 8.10). The position 

accuracy is ±1 arc_sec for the rotary axis and ±2fl /T-sec for the translation axis. 

The position feedback resolution is 0.016 nm. In order to maintain a transmission 

rate at a high level, both sides of the polymer substrate were finished by SPDT. 

It is possible to ensure uniform surface roughness over the whole piano surface. The 

surface roughness can be determined by the spindle speed ( 5 ), feedrate ( F )，and the 

step size in different directions. The feedrate is a measure of wing radius ( R ) . tool 

radius ( r ) , and the cutting speed (V ). The cutting speed is the removal rate of the 

substrate material by the cutting tool. With the desired surface roughness ( /? , ) , the 
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feed rate can be calculated by 

F = 2S. 
5RrR 

R' 
(8.7) 

where 

5 = 
\000V 

TID 
(8.8) 

where D is the diameter of workpiece. 

I 

Fig. 8.10 Single Point Diamond TUming Machine 

8.4 Results and Discussions 

For the feasibility study of AFM nanomanipulation, a diffraction grating with an 

effective working area of an overall diameter of 5 mm and thickness of 1.5 mm had 

been fabricated. The P M M A substrate was machined by using the S P D T machine for 

obtaining the required surface finished. With a desired surface roughness of 0 .015 / im , 

the machining parameters were determined by Eq. 8.7 and Eq. 8.8. For PMMA, the 
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cutt ing speed was 16.5 m / min , the spindle speed was 5260 rpm. The swing radius 

and tip radius for the cutting tool was 2 .527 mm and 21.977 mm，respectively. Finally, 

the feedrate was calculated to be 14.825 m/n / min 

In order to evaluate the surface finish, the substrate was being measured under the 

Form Talysurf system after machining. Fig. 8.11 illustrated that the surface f inished 

obtained is 0 .0141 / jm 

Modified Profile 

Fig. 8.11 Surface finish data obtained from Talysurf® measurement 

Fig. 8.12 Scanning data obtained from AFM 
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Fig. 8.13 Grating fabrication by AFM nanomanipulation 

The grating pattern was fabricated on the P M M A substrate by nanomanipulat ion after 

the surface finishing process. The tip radius of the AFM probes was \ 0 0 n m and the 

stiffness was 2.8 N/m . From the optimization results, the V-shaped pattern was 

having a depth of 56nm , width of 12nm，and pitch of 250Aim . The depth and width 

of grooves were controlled by the applied force of the AFM probe and the number of 

cycles for the lithography process. On the other hand, the pitch was precisely 

controlled by the piezoelectric actuators of the manipulation system, which guarantees 

for high precision in localization. Fig. 8.12 and Fig. 8.13 illustrated the gratings being 

fabrication on P M M A by the nanomanipulation technique. 

In this experiment, , each groove was fabricated by a 3-cycle operation. According 

the contact mechanics model, the number of cycle was calculated along with the 

applied force. Fig. 8.14 characterized the 2D cross-section of a grating, where the 

average depth and width is 52.8 mn and 68.5 n m , respectively. Compared to the 
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design parameters , there was a variance of 4 % - 6 %. It was mainly caused by the 

friction and adhesion during nanomanipula l ion . 

Spectrum 

Fig. 8.14 2 D cross-section analysis of a grating 

The prototype device consisted of a laser source and the polymer diffract ive element 

was being setup for design verif icat ion. The typical wavelength of the laser source 

utilized for this study was 6 3 5 nm . The spectral width was 1 nm and the beam 

divergence was 4 0 � . As shown in Fig. 8.15 and Fig. 8.16, good contrast interference 

fr inges were attained af ter the laser beam passed through the diffract ion grating. The 

absolute eff ic iency of a grating was obtained f rom compar ing the intensity of the 

incident light and the di f f racted light, finally it was measured to be 79 %. 
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Fig. 8.15 Laser spot without diffraction grating 

• 

Fig. 8.16 Beam shaping effect by the diffraction grating 
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Chapter 9 

An Optical Lightguide for the Backlight Unit 

9.1 Basics of a Backlight System 

Display devices have been designed through an iterative process by trail and error, but 

this process is limited by the time and cost on making these prototypes. For a 

backlight module, uniform spatial luminance over a specified region is always 

required. With the aid of C A E techniques, virtual modeling tools can replace many of 

the physical prototypes. In addition, optimization tool provides the ability to explore a 

wider range of design options with improved performance. 

The most common backlights are composed of a source coupled into the edge of a 

light guide where a spatially varying micro pattern couples flux out of the light guide 

to produce a spatially uniform luminance distribution. The micro pattern and the 

power within the light guide are balanced to provide the desired luminance 

distribution. Determining the micro pattern for a given backlight geometry is greatly 

facilitated through the use of optimization. Luminous intensity output is a primary 

performance criterion for the backlight unit. There are many factors affecting the 

efficiency of the system, including shape and size of microslructures, arrangement 

and fabrication accuracy. 
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Lieht euide with eratines 

Reflective film 

Fig. 9.1 LED backlight unit 

In the backlight system, we have adopted the edge-l ight ing approach, which offered a 

thinner solution that could minimize the number of LEDs required as depicted in Fig. 

9.1. The typical e lements include a light guide with micro patterns and a reflective 

f i lm. The sources used in the backlight system are L E D s with view angle of 120° and 

output power of 100 mcd. In addition，there was a reflective f i lm placed underneath 

the light guide for redistribution of light and to maximize the out-coupled eff iciency. 

There are many dif ferent methods to spatially vary the extraction eff iciency. The 

classic approach is to vary the density of the micro pattern. Many backlights 
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incorporate a 3D microstructure onto the light guide surface, and these structures can 

include many different shapes. Some common 3D microstructures are prisms, 

pyramids, and hemispheres. The extraction efficiency is achieved by varying the size 

or the placement of the 3D microstructures. Placement variations could also simplify 

the tooling required for fabrication. 

9.2 Design Optimization 

In the backlight system, the variables used are often quantities where there is a limited 

range for which they make physical sense. To minimize the time it takes for 

optimization, it is useful to use parameterizations that use some limited ranges. These 

parameterizations are also useful when setting up the initial system. For the density of 

scatter sites along the length of a light guide, 

D U ) = D , + ( D , - D , . ( 9 . 1 ) 

where D^ is the density at ；c = ^^, D^ is the density at x = L + x^, L is the 

length of the light guide, and C is a positive number that controls the curve shape. 

This function could be used to optimize a backlight where the microstructures are 

used to extract the light. The extraction efficiency is directly related to the pattern 

density. The start and end density are directly controlled, which is also necessary for 

adjusting the first order design. The density at the end is set to 1 to maximize the 

system efficiency. The start and end density are then being bounding and the density 
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varies between the two ends is controlled by a single variable. The merit function is 

defined as 

-r,广 (9.2) 

where w, is the weight of /“‘ merit function item, M � i s the currenl value of the /"" 

merit function item, and 丁, is the target value for the 广 merit function item. When 

Monte Carlo simulations are used, the results include errors that depend upon the 

number of traced rays. Tracing more rays reduces the statistical noise. The merit 

function items are the efficiency and relative luminance of the output at numerous 

points across the display. 

The optimization algorithm will choose how to change the system to obtain a better 

solution. The algorithm used in this design is the Damped Least Squares (DLS). DLS 

increments each variable by a small amount, computes derivatives, and then computes 

a change vector using a damping factor. The change vector is then applied to the 

nominal variable values and the merit function is re-evaluated. The process will 

continue until a desired solution is obtained. Because derivatives are used, DLS 

converges quickly when the noise in the merit function is small. When Monte Carlo 

simulations are used to predict performance, it will add noise to the merit function. 

Noise tolerant optimization algorithms must consider th^s noise. The presence of noise 

has to be considered when comparing two systems to determine if a change to the 
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system has actually improved the system. The noise must also be considered when 

deciding whether the optimization is completed. When the noise in the merit function 

is large, there is a risk that the optimization algorithm may be compensat ing for errors 

due to statistical noise, rather than errors due to a noiseless v, - r , . 

Most backlights is a 1:1 spatial correlation between the extraction pattern position and 

the spatial luminance distribution. Increasing the extraction efficiency in a given 

region of the light guide can alter the distribution over the whole display area, but 

there tends to be a direct correlation for the luminance directly above the extraction 

pattern. This special correspondence can enhance the converging speed of the 

optimization algorithm. The mesh feedback optimization uses an iterative approach 

based upon changing the extraction pattern using the simulated output distribution. 

The exact relationship between extraction efficiency and luminance does not need to 

be known, only the spatial correspondence between the spatial luminance distribution 

and the extraction pattern. The iterative relationship is described as 

(义,>) (9.3) 

where T,{x,y) is the pattern at the 广 iteration, K, is a scale factor, L,{x,y) is the 

spatial luminance distribution at the iteration,乙'("^’ >") is the target luminance 

distribution and a is a damping factor. 
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Evaluate Illuminance 

• 

Evaluate Uniformity 
Failed 

• Modify Extraction Pattern 

Accepted 

Optimization Complete 

Fig. 9.2 Mesh feedback optimizaiion 

The current extract ion pattern and its resulting output distribution are used to compute 

a new extraction pattern. The output distribution can be character ized in many ways. 

The i l luminance and spatial luminance are c o m m o n characterist ics . This feedback 

approach s imply relies on a mesh of data point that has a 1:1 correlat ion with 

posit ions of extract ion patterns. The iterative nature of the mesh feedback 

opt imizat ion is depicted in Fig. 9.2. 

The iterative approach works robustly even if the start ing extract ion pattern produces 
� 

an ext remely non-un i fo rm luminance distribution Since the extract ion ef f ic iency is 

what concerns , it applies to density, size, and spacing changes . In this design, there 

are 2 LEDs placed a long the left edge of the display. The spacing, pitch and height of 

the extraction pattern are varied to adjust the extract ion eff iciency. 

At the backs ide surface of the light guide, there was a plurality of V-shaped gratings 

as the extract ion pattern, where the emiss ion surface was a piano surface. The gratings 

no 
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were parallel to each other and with varying pitch and height. Light beams emitted 

f rom the light sources entered the light guide through the incident surface in different 

directions. Thus, some light beams reaching the gratings were incident at the interface 

angles greater than a critical angle, and were reflected and then emitted f rom the 

light emission surface. Other light beams reaching the gratings at angles less than the 

critical angle were refracted and emitted f rom the backside surface, and were then 

reflected by the reflective fi lm back into the light guide as illustrated in Fig. 9.3. 

Reflective film 

Fig. 9.3 Light scattering pattern 

The micro-grating light guide could spread light uniformly and extracting light 

precisely at each point across the panel. It controlled incident light rays by redirecting 

their emission angles f rom the light guide while minimizing scattering. By varying the 

pitch and depth of gratings, uniformity was improved. Away f rom the light source’ 
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Fig. 9.4 Luminance distribution after optimizatin 

9.3 Results and Discussions 

For the feasibili ty study of A F M nanomanipula t ion, a light guide of 

lOmmxiOmmxlmm has been fabricated. The pattern used was V-shaped gratings with 

depth of I5nm - 25nm, pitch of 150mn - 250nm. The nanomanipula t ion technique 

was applied to gratings fabricat ion on P M M A as shown in Fig. 9.5. 

In order to evaluate the sur face finish and fo rm accuracy of the light guide, it was 

being measured under the Form Talysurf system af ter machining. As shown in Fig. 

9.6, the pitch was in the range of 150n/n to 250nm，which is precisely controlled by 

the piezoelectric actuator of the A F M system. The A F M based nanomanipula t ion 

guarantees for precision in localization. Fig. 9.7 illustrated that the surface f inished 
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there should be an increasing pilch and depth in order to extract more light at that 

region. Fig. 9 .4 exempl i f ied the luminous intensity distr ibut ion at the emit t ing surface 

of a light guide. 

I 



Fig. 9.5 V-grooves fabricated by AFM nanomanipulalion 

For the depth and width of gratings, they were control led by the applied force of the 

A F M probe and the number of scratches. Fig. 9.8 characterized the 2D cross-sect ion 

of a grating, where the width and depth is 150nm and 25nm , respectively. The depth 

of the grat ing varied with the number of cycles of scratch. 

obtained is 0.0 
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Fig. 9.6 Topography data obtained from Talysurf® measurementt 
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zzn 

Fig. 9.7 Surface finish data obtained from Talysurf® measurement 
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Fig. 9.8 Cross-seciion analysis of a light guide 

As shown in Fig. 9.9, the luminance micro-uni formi ty for the designed light guide 

with the grating pat terns was being improved. The enhanced uni formity enabled fully 

utilization of the active area of the light guide. 

Fig. 9.9 Functional protoype with LEDs and light guide 
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Chapter 10 

Conclusion 

10.1 Summary of Research Work 

In this project，design and realization of an A F M based nanomanipula t ion system for 

eff icient and reliable fabricat ion of microscale structures was presented. This project 
•V-

had been a prel iminary at tempt at generating nano/microscale structures using A F M 

nanofabrical ion techniques. Based on this experience, it was apparent what 

improvements should be made to both the fabrication process and the design to 

further satisfy the requirements of miniaturized components . 

At the initial stage of this project, study of prior art provided us the basic concept of 

nanomanipula t ion. For the Atomic Force Microscope, it could be utilized for both 

scanning and manipulat ion. Throughout the exper ience obtained f rom different 

exper iments , it was found that selection of appropriate probe tip and scanning mode 

was crucial as it helped in el iminat ing artifacts of the scanned image. Probe selection 

was also important for the pe r fo rmance and force est imation of the nanomanipulat ion. 

In order to increase the uliiily and versatility of the nanomanipula t ion system, it was 

highly desirable if the posit ion and force of the probe tip was measurable . These 

capabil i t ies would allow more refined manipulat ion and used for mechanical testing 

of micro / nano objects . 
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The integrated nanomanipulation was equipped with an optical control system so as to 

aulomaie the target searching process, which made the manipulation process became 

more effective. With the aid of haptic feedback, the user could feel the force applied 

10 the nano structure. The manipulation and navigation processes then became more 

flexible and realistic. Besides, the manipulation process could be programmable and a 

sequence of motions could be made. Besides, by analyzing the characteristics of 

different force mechanics models, force estimation became more accurate. Based on 

the properties of the probe tips and sample surfaces, an appropriate force model could 

be selected accordingly. 

Although the AFM manipulation techniques had been developed for some time, the 

applications were mainly focused on a few areas. In this research, it was found that 

the manipulation techniques could be further developed in the photonics application. 

The characteristics of the AFM probe tip was an advantage for the optics design, such 

as the beam shaping optical element and the lightguide for backlight unit 

demonstrated. With the defined geometry of the AFM probe tip, the optical design 

could be generate through optimization. Indeed, prototyping is always important for 

validation of an optical design, but the fabrication process is t ime-consuming and 

expensive. There are several methods in microfabrication but the process parameters 

are difficult to control precisely. Variations in process can cause variations in device 
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characteristics and consequent variation in device performance. For example, 

variations in the isotropy of etching, exposure time during photolithography, or spin 

rate during development can all results in dimensional variations of the 

microstrucutres. For an optical design, such dimensional variations will definitely 

change the photometric performance of the device. AFM nanomanipulat ion was 

proven lo be an effective and cost-effective way for prototype fabrication. It 

eliminated the need for tooling fabrication and the process could be accurately 

controlled by the applied force of the AFM cantilever and motion of the piezoelectric 

actuators. 

10.2 Future Work and Considerations 

Since nanomanipulation is an emerging technology with identifiable scientific value, 

it is expected that the application of nanofabrication to the optics field would be a 

commendable contribution. It would improve the efficiency of design and prototyping 

process, also lo enable a more rapid progress relating to new development. An issue to 

be addressed for the applications is the nanofabrication of lightguide with 

micro-pyramid pattern. Since most of the AFM tip is of is having a probe tip of 

pyramid shape, it is possible to generate the design in a highly-effective way. 

Fig. 10.1 demonstrates a lightguide with pyramids pattern of different separation and 

depth. The depth of the microstructure can be accurately controlled by the applied 
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force of the AFM tip. With the precise localization feature, AFM nanoindentation can 

be used for patterning accurately. The microstructure pattern is designed for 

improving the uniformity as light f rom one end could be propagated to another side of 

the light guide. Fig. 10.2 and 10.3 demonstrate a light guide without microstructure 

and a light guide with microstructure. It is obvious that the uniformity could be highly 

improved. Taking into consideration of the AFM tip shape, the design can be 

optimized with two variables, which are ihe separation and depth of the 

micro-pyramid. 

Fig. 10.1 Lightguide with micro-pyramid structures 

For a lightguide, material with higher transmission rate would be more desirable. 

Polymer such as acrylic and polycarbonate are commonly used. From the experiment 
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Fig. 10.2 Light distribution for lightguide without microstructures 
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results, it was found that A F M tip with diamond coating can be used for 

nanofabrication on polymer surfaces. 
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Fig. 10.3 Light distribution for lightguide with microstnictiires 
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