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ABSTRACT

MOHAMED E. SAAD. Plasmonic nanolithography machine (PLM)
(Under the direction of Dr. ROBERT J. HOCKEN)

The Plasmonic Nanolithography Machine (PLM) is a prototype that adopts near
field maskless plasmonic nanolithography to achieve 45 nm line widths at 45 nm half
pitch. A plasmonic lens floating on a hydrodynamic air bearing rides on a disc with about
a 35-mm radius writable substrate surface. A UV laser is used to excite surface plasmons
in the lens, which, in turn, expose resist on the disk. The disc spins at nominally 1000
RPM and the lens traverses it in the radial direction. The machine linearly moves the
lens across the disk. The traverse length is 42.4 mm, the alignment time is less than one
minute, and the average traverse speed is 5 um/s. The PLM’s traverses the lens with a
resolution of less than 5 nm and an angular error of less than 1 prad.

The PLM is composed of a base and carriage. Two Halbach linear array motors
move the carriage in the radial direction. The advantage of using the Halbach linear array
is that it provides smooth contactless linear motion that is directly proportional to the
current applied without generating much heat.

Vacuum preloaded air bearings are used to carry the carriage at a 5-micron flying
height on diamond-turned surfaces located on the base. The air bearings have high
angular stiffness, which makes them a good choice to reduce pitch and yaw errors.

Eddy current dampers are used on the PLM to provide the necessary damping
during the carriage motion. The main advantage of these dampers is that they provide a
smooth linear damping that is directly proportional to the carriage speed. At 5 um/s

carriage speed, the dampers provide about 4.28 mN damping force.



The PLM has many piezoelectric actuators that align and adjust the distance
between the plasmonic lens and a pre-focusing lens that focuses the UV laser on the
plasmonic lens. Also, capacitance gauges are used on the tailor-made pre-focusing
flexure to determine the pre-focusing position.

The PLM has built-in interferometers. Their functions are to monitor the vibration
of the plasmonic lens during the writing process so its position may be controlled. The
carriage motion is constrained by two Hall-effect limit switches that provide a contactless
means to stop the writing process when necessary. Also, there are pressure limit switches
to monitor the pressure of the air bearings’ air supply, and when triggered they stop the

process and give an alarm to the user.
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CHAPTER 1: INTRODUCTION AND BACKGROUND

1.1. Introduction

The goal of this research project is to design, manufacture, assemble and calibrate
a state-of-the-art plasmonic nanolithography machine. This project is a result of
cooperation between the Center for Precision Metrology (CPM), located at the University
of North Carolina at Charlotte, and the Center for Scalable and Integrated
NanoManufacturing (SINAM), based at the University of California at Berkeley.

The Center for Precision Metrology has developed many instruments that satisfy
the continued need for producing nano-structures with high throughput [Lemmons,
2012]. For instance, the development of the Multi-Alignment Positioning System
(MAPS) is one example that was motivated by this need [Ozturk, 2007; Fesperman,
2006; Stuart, 2009; Ruben, 2002].Since the first integrated circuit was conceptualized and
built [Taniguchi, 1974; Hocken, et al., 2007; Dummer,1952; Noyce, 1961; Kilby, 1964]

there has been a continuous development in the lithography technology.

1.2. Background

Lithography can be carried out using many techniques, such as photolithography
(optical, UV, EUV) [LLNL Review, 1997; Gwyn, et al., 1998; Stulen, 1999], E-
beam/ion-beam lithography [Broers, et al., 1987; Fischer, 1993], x-ray lithography

[Silverman,1997; Simon, et al., 1997; Spears, 1972; Early, et al.,1990], and interference



lithography and nanoimprint [Chou, et al., 1995, 1997; SINAM, 2001; Austin, et al.,
2005; Hand, 2007; Braun, 2008]. Imprint lithography and optical lithography are highly
attractive due to the high throughput for mass fabrication. Also, photolithography has
been a major fabrication method in the integrated circuit (IC) and semiconductor
industries over the past several decades. Nanoimprint lithography has demonstrated great
capabilities, however, the leveling of the imprint template and the substrate during the
printing process is a challenge.

Deep UV photolithography can offer a resolution of sub-100 nm, but the spacing
between patterns and the minimum feature size are determined by the diffraction limit of
light [Srituravanich, et al., 2004]. In order to overcome the diffraction limit some
technologies were developed, such as near field interference lithography and phase
shifting mask lithography [Srituravanich, et al., 2004].

Many researchers proposed methods with a resolution below the diffraction limit,
such as Pieter G. Kik, et. al., who used broad beam illumination and standard photoresist
[Kik. et al.. 2002]. Kik was able to generate feature sizes below A/10. J.B. Pendry
[Pendry, 2000] concluded that to overcome the wavelength effect associated with a
conventional lens, a slab of negative refractive index material, such as silver, can be used
to focus all Fourier components of a 2D image. Luo and Ishihara proposed the use of
surface-plasmon polariton resonance of a metallic mask in the optical near field to
produce sub-wavelength scale patterns [Luo, 2004]. On the other hand, dealing with the
sub-wavelength structures may be challenge when it comes to defect inspection. Edward
T. F. Rogers, et al. [Rogers, et al., 2012] argued that super-oscillation-based imaging has

unbeatable advantages as it allows the object to be a large distance from the lens and can



operate at wavelengths from X-rays to microwaves. Also, Rogers, et. al., proved that
plasmonic metamaterial under certain conditions can focus transmitted light into sub-
wavelength hot spots located beyond the near field [Rogers, et al., 2012]. Sungrnin Huha,
et. al., discussed a defect inspection technique up to 16 nm half pitch lithography [Huha,
etal., 2009].

There are some critical concerns when generating sub-wavelength features from
apertures smaller than the exposing wavelength, such as low transmission through the
apertures, poor contrast, and limitation of the exposing distance [Srituravanich, et al.,
2004]. One of the promising techniques to overcome these concerns is to use plasmonic
lithography which introduces nano-structures (plasmonic lenses) that can enhance the
intensity 100 times at the focal point compared to that of the incident light [Srituravanich,

et al., 2008]. The basics of plasmonic lithography are discussed in the following pages.

1.2.1. Plasmonic Imaging Lithography (PIL)

Plasmonic Imaging Lithography (PIL) has many advantages, such as high
resolution, maskless, lower cost, and high speed. Also, the PIL is highly flexible, user
friendly, and has the potential to achieve throughputs that are two to five orders of
magnitude higher than other maskless techniques.

A plasmon can be defined as the quantum of the plasma oscillation of the
conduction electron gas in a metal [Zhiming, 2010; Srituravanich, et al., 2004; Liu, et al.,
2005; Luo,2004]. A surface plasmon is a special plasma oscillation mode which happens
at the interface of a metal of negative dielectric constant and a material of positive

dielectric constant [Raether, 1988]. Figure 1 illustrates the principle of surface plasmons.
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Figure 1: Illustration of the surface plasmon principle. [Wang, 2010]

Furthermore, surface plasmons can be defined as fluctuations in the electron
density at the material boundaries and can couple with photons [Pitarke, et al., 2007].
Based on that, some metal structures have been introduced that can focus light into a
nano-spot about 20 nm away from the lens surface. These structures are known as
plasmonic lenses (PL) [Srituravanich, et al., 2008]. Figure 2 shows examples of common

shapes of plasmonic lenses.
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Figure 2: Schematic structure of common plasmonic lenses [Rao, et al., 2007].

One of the main challenges of this technology is that the nano-scale spots are
formed on about 20 nm of the plasmonic lens surface, which makes it hard to scan a
surface spinning at high speed. Liang Pan, Cheng Sun and others [Srituravanich, et al.,
2008] were able to design a self-spacing air bearing that can fly the plasmonic lens array
about 20 nm above a disk that is spinning at speeds of between 1000 and 3000 RPM, and
they were able to make patterns of 80 nm linewidth. The following Figure 3 illustrates the
air bearing surface developed by Liang, et. al. [Srituravanich, et al., 2008], and a

simulation of the air bearing wedge that carries the air bearing during the process.
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Figure 3: Illustration of plasmonic lens array and airbearing surface developed by Liang
Pan, et al. [Srituravanich, et al., 2008]. (a) Plasmonic lens (PL), (b) Cross-sectional view
of PL, (¢) CAD model of the air bearing, (d) Aerodynamic simulation of the air bearing.

During this process, an ultraviolet (UV) laser is used to illuminate a plasmonic
lens that floats on an air bearing on a spinning disk (like that used in magnetic disk
drives). The laser exposes a thermally-activated resist as the disk spins, allowing high-
speed writing on the disk surface. Once exposed, normal semiconductor processing will

be used on the exposed disk. Figure 4 illustrates the process setup.
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Figure 4: Hllustration of plasmonic lithography [Srituravanich, et al., 2008]

In order to achieve an acceptable uncertainty using plasmonic lithography, it is
important to have a robust mechanical design that allows the plasmonic flying head to
move precisely above the rotating substrate. This motion must be controllable, accurate
and repeatable in order to achieve an acceptable patterning quality. This challenge is the
motivation behind starting the current research project. It was required to build a
prototype that can perform plasmonic nanolithography. The goal is set to produce
patterns of 45-nm linewidth with a resolution less than 5 nm. This goal led to the

development of the Plasmonic Nano-Lithography Machine (PLM).



CHAPTER 2: PLM CAPABILITIES AND SPECIFICATIONS

2.1. PLM Capabilities

The PLM is designed to generate 45-nm linewidths at 45 nm half pitch using surface

plasmons. Figure 5 illustrates the machine coordinate system.

Figure 5: Coordinate system on the PLM

The PLM maximum travel length is 39 mm in the R direction. A tabulated list of the

PLM performance specifications is shown in Table 1, below.

Table 1: PLM Performance Specifications.

Radial Length 39 mm
Radial Position Error 5nm
Radial Resolution <5nm

Radial Minimum Speed 100 nm/s




Radial Average Speed 5um/s
Pixel Size 45 nm
Uncertainty 5nm

. Xand Y :50 um
Prefocusing Stage Range Z 100 um

Disk Spinning Speed Limits

1000-1500 RPM

Average Writing Time (full

(Vertical motor)

disk) 5 hrs

PL Lifetime (pre-alignment) 2 min
PL Lifetime (post-alignment) | 20 min
Carriage Angular Stiffness 75 N/p-rad
Cgrrlage Linear (lateral) 26 N/um
stiffness

Carriage Linear (vertical) 39 N/um
stiffness

0, Leveling Error 1 p-rad
Z-axis Fine Motion Travel 100 pm
Z-axis Coarse Travel 50.8 mm

2.2. PLM Features

(1) Halbach linear array motors

A Halbach magnet array motor (shown in Figure 6) provides contactless motion
that can be controlled to an acceptable uncertainty level using a proper software interface.
The frictionless motor is recommended for precision machines and has proven reliable

performance in other machines such as MAPS [Fesperman, et al., 2012].



Figure 6: Layout of Halbach linear array motor [Fesperman, et al., 2012].

(2) Vacuum preloaded air bearings

The carriage moves on vacuum preloaded air bearings (NewWay™) which
provide a stable, smooth linear motion. Also, the NewWay™ vacuum preloaded air
bearing provides 15-20% damping ratio on background vibration modes up to 700 Hz

[NewWay, 2013]. Figure 7 shows the air bearing location on the PLM.

Air bearing

Diamond
turned surface

Figure 7: Side vacuum preloaded air bearings on the PLM.

10
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The bearing base surface is graphite which is known to be self-lubricated. Also,
the bearing process is based on averaging the projected area. This principal reduces the

effects of any scratches that may occur on the diamond-turned surface.

(3) 5-nm resolution scales

The carriage linear displacement is measured using 5-nm resolution linear scales
(Renishaw™) at both sides of the carriage, which are also used to determine yaw error
that may occur during the motion. Figure 8 shows the location of one of the scales on the

PLM.

Reference
mark actuator

Tape scale

Figure 8: Location of one of the 5-nm resolution scales on the carriage side.

(4) Eddy current dampers

The eddy current dampers provide smooth linear damping of the carriage motion.
The main advantages of this damper are being contactless and linearly proportional to the
speed. The PLM has two eddy current dampers (see Figure 9), each providing 0.4 mN at

5 um/s speed.
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Carriage

Damper

Figure 9: Location of the eddy current dampers on the PLM.

(5) Diode laser interferometer

The interferometer, designed by Mr. Christopher Hughes [Hughes, 2012], is used
to measure the slider vibration during the writing process. The interferometer signal is
used through a closed feedback system to reduce/eliminate the vibration using a two-
dimensional shear actuator. Figure 10 shows the location of the interferometer on the

PLM.
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Prefocusing lens

Interferometer

bracket
Shear actuator

PL slider

Figure 10: Location of the interferometer on the PLM’s writing head.

(6) Prefocusing flexure

In order to provide a fine adjustment of the prefocusing lens a flexure was
designed by Dr. Wen Wang and improved by Mark Rubeo. The flexure is equipped with
capacitance gages and piezoelectric actuators to provide three-dimensional prefocusing
capabilities. Figure 11 shows the location of the prefocusing flexure on the PLM’s

writing head.



Prefocusing
flexure

Prefocusing
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Prefocusing lens
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bracket

Interferometer
bracket
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Figure 11: Location of the prefocusing flexure on the PLM’s writing head.

(7) Coarse and fine adjustment devices:

The PLM has many coarse and fine adjustment devices to provide the necessary
positioning of various elements with respect to each other during the writing and
plasmonic lens changing phases. These devices, along with the design details of all the

PLM’s components, will be discussed in Chapter 3.



CHAPTER 3: PLM MECHANICAL DESIGN

3.1 Design Concept

By the end of fall 2009, Dr. José Yague-Fabra — as a member of the project team -
developed an initial design concept for the Plasmonic Nanolithography Machine (PLM)
as shown in Figure 12. The machine design proposed by Dr. Yague-Fabra consisted of a
base and carriage and suggested Halbach linear motors to generate the required relative
motion. Also, vacuum preloaded air bearings were suggested to carry the carriage and to
provide high stiffness in the pitch and yaw directions. The basic concept of this design
was to provide frictionless motion by the application of contactless motors and air

bearings.

Figure 12: Preliminary concept design proposed by Dr. José Yague-Fabra [SINAM
2009].
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This preliminary design was the basis to start a series of in-depth discussions of
the design requirements specified by the project partners at the University of California at
Berkeley. The brainstorming sessions were carried on weekly by the project team to
develop a design that satisfies most of the requirements. For example, it is necessary to
provide a means to hold the prefocusing and the plasmonic lenses. Also, the carriage and
the base needed to be balanced. At the same time, the system needed many coarse and
fine adjustment mechanisms. Figure 13 shows one of the initial proposed designs that

satisfied most of these needs.

Figure 13: One of the initial machine designs.

The design was modified many times in order to achieve the requirements at
minimum cost. One of these modifications was adding 5-nm scales on both sides of the
carriage and adding eddy current dampers to the system. Also, the carriage design was
modified in order to reduce the needed motor’s power and consequently the heat
generated. There was a need to add hard stops and limit switches and a system to monitor

the slider position while flying on the disc.
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Further design improvements took place after analyzing all machine components
for static strains and vibration modes. After considering the final design requirements and
considering all components, cables, fasteners, hoses and connectors, the PLM design is

shown in Figure 14.

Carriage
Vacuum Preloaded Air ’ Eddy Current
Bearings Dampers

Halbach array
motor

Writing head

Base
Disc

Disc mounting

stage Halbach array

motor

Figure 14: The PLM final design.

The PLM consists mainly of a base, carriage, and writing head. Most of the
machine components are made of aluminum alloy 6061 (density 2698.8 kg/m?) [Military
Handbook, 2003] which caused the machine to be relatively light compared with ferrous
metals (the machine total weight is about 68 kg). Also, Al 6061 is non-ferrous which is
desirable to avoid any interaction with the magnetic fields generated by other machine
components, such as the Halback linear motors and the eddy current dampers. The

coefficient of thermal expansion of Al 6061 is about 23 ppm/°K in the 20°-100°C range
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[Military Handbook 2003]. In addition, Al 6061 has high thermal conductivity (1.67
joules/cm.s. °K [Military Handbook, 2003]), which makes the machine base act as a heat
sink for the heat generated by the Halbach linear motors which have been proven to be
the major source of heat in similar systems [Kim, et al., 2004;, Ruben, 2008]. Lastly, Al
6061 is highly resistive to corrosion and easy to manufacture, compared with ferrous

metals, which reduced the machining costs.

The design software package Solidworks™ was used to design the machine and
to analyze each component statically and dynamically. This package provides user-
friendly tools to build individual parts as well as performing detailed finite element
analysis (FEA). Also, the package allows assembly which was helpful to virtually build
the PLM before manufacturing and examine the relative position between different parts.
The PLM model is shown in Figure 14. The precision design rules are described at

[Smith, 2003; Schellekens, etal., 1998; Hale, 1999].

3.2 Base

The base is made of Al alloy 6061 and was manufactured at University of North
Carolina at Charlotte (UNCC). The base dimensions are 571.5 mm x 459.7 mm x 81.3
mm with a total weight of about 38.6 kg. The base also has two pockets to contain the
stators of the Halbach motors and diamond fly cut surfaces. These latter surfaces provide
the bearing surfaces to be used with three vacuum preloaded air bearings that carry the

carriage. Figure 15 shows the base model and Figure 16 shows the manufactured base.
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Figure 15: PLM’s base model.
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Figure 16: PLM base after manufacturing.

19

The base also has tapped holes to fasten the Hall effect limit switches, the linear

scales’ read heads, the eddy current dampers’ yokes and the machine shoulders. The
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machine is supported by three leveling feet. These feet are used to adjust the height and
level of the whole machine. The PLM sets on a vibration isolation table (resonant
frequency less than 3 Hz [Newport, 2013] to decouple the system from ground vibrations.

Figure 17 shows the support positions on the base CAD model

Cables track

Support
positions

Figure 17: Base CAD model.

The base model was analyzed using Cosmos™ to determine the natural frequency
and the first four harmonics. The base can be simplified as a mass set on three supports
(leveling feet) and carrying another mass (the carriage assembly). This analogy is shown

in Figure 18.
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3K,
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Figure 18: Analogy of the base for vibration analysis purpose.

Table 2 and Figure 19 show the first five vibration modes obtained using Cosmos™.

Table 2. Modal Analysis Results of the Base.

Mode No. Frequency(Rad/sec) Frequency(Hertz) Period(Seconds)
1 2770.4 468.13 0.0022679
2 7299 602.29 0.00086082
3 9259.6 1382.8 0.00067856
4 14385 1472.1 0.00043679
5 17735 1715.3 0.00035428




Base meshing f1=468.13 Hz

f,= 602.29 Hz f3= 1382.8 Hz

f,=1472.1 Hz fs =1715.3 Hz

Figure 19: Modal analysis of PLM’s base.

3.3 Carriage

The carriage is designed to move 39 mm while carrying the writing head in the
front and the copper plates of the eddy current dampers at the back. Also two shoulders

were attached in addition to two magnet arrays that are a part of the Halbach linear

22
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motors. In order to save power needed to move the carriage it was decided to make the
carriage as light as possible which made aluminum a good choice based on its density.
The carriage dimensions are 459.9 mm x 277.4 mm x 35.1 mm and its weight is 5.57 kg.
The top side of the carriage has an array of #10-32 tapped holes passing through
the carriage thickness. These tapped holes will be used to attach any necessary
components to the carriage top surface. Unless otherwise indicated all threaded fasteners

in the PLM were English. Figure 20 shows the carriage model top side.

Array of #10-32
tapped holes

Figure 20: Model of the carriage top side.

On the bottom surface of the carriage there are many pockets to reduce the carriage
weight. Also, there are two pockets — one on each side - to host the magnet arrays used
for the Halbach motors. Figure 21 is an illustration of the carriage model top side.

Figures 22 and 23 show the manufactured carriage top and bottom surfaces respectively.
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magnet arrays
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Figure 21: Model of the carriage bottom side

Figure 22: The carriage top surface

Figure 23: The carriage bottom surface

The carriage model was analyzed to determine the natural frequency and the first four

harmonics. Table 3 and Figure 24 show the first five vibration modes.

Table 3. Modal Analysis Results of the Carriage.

Mode No. Frequency (Rad/sec) Frequency (Hertz) Period (Seconds)
1 27704 440.93 0.0022679
2 7299 1161.7 0.00086082
3 9259.6 1473.7 0.00067856
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4 14385 2289.4

0.00043679

5 17735 2822.6

0.00035428

Carriage meshing

f, =440.93 Hz

f,=1161.7 Hz f,= 1473.7 Hz

i

i
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f, = 2289.4 Hz f, = 2822.6 Hz

Figure 24: PLM’s carriage modal analysis.

3.4 Carriage Shoulders

In order to provide a straight linear contactless motion two air bearings were attached to

the carriage side via a side shoulder. In order to keep the carriage balanced, another

shoulder was added to the other side of the carriage. Both shoulders were made of Al



Alloy 6061. Figures 25 and 26 show the air bearing and the balancing shoulders on the

carriage model.

VPL air
bearings

Bearing
shoulder

Figure 25: lllustration of the bearing shoulder on the carriage model.

Balancing

Bearing shoulder

shoulder

Figure 26: Illustration of the bearing and balancing shoulders on the carriage model.

3.5 Rotation Arm

The plasmonic lens should fly on a height of about 20 nm from the disc surface

which makes it extremely hard to change the lens without causing damage such as

26
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scratching the disc surface and it may cause an injury considering that the disk is
spinning at 1000 RPM. In order to avoid this risk, the writing head is rotated 90° to

change the plasmonic lens. Figures 27 and 28 show the writing head in the writing and

plasmonic lens change positions.

 Writing head
() ™

Carriage

.,

__ Fine adjustment
= > device

0‘\5° >

Figure 27: lllustration of writing head during the writing process.

Figure 28: Illustration of the writing head in the lens changing position
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In order to provide this 90° rotation to the system a rotation bracket was introduced.

Figures 29 and 30 illustrate the rotation arm model and the manufactured arm

respectively.

Top view Bottom view

Figure 29: The rotation arm model.

Figure 30: The rotation arm.

3.6 Monitoring System

A white light fringes monitoring system is used on the PLM in order to monitor
the flying height of the plasmonic lens slider on the spinning disc during the writing
process. This system consists of a monitoring bracket, monitoring arm, indexing bracket,

image direction bracket, rotation base and 45° plane mirror. Figure 31 shows the location
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of the monitoring system on the PLM CAD model. A photograph of the white light

fringes is shown in Hughes’ thesis [Hughes,2012].

45° plane
mirror

Figure 31: Location of the monitoring system on the PLM.

Figure 32 shows CAD models of the monitoring system assembly (a) and the monitoring
arm assembly with the image direction bracket (b).

Monitoring
bracket

Image direction
bracket

(b)

Figure 32 : CAD models of the slider monitoring system; (a) monitoring system, (b) the
monitoring arm assembly with the image direction bracket.
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3.7 Writing Head

The writing head is attached to the front side of the carriage and is composed of a
main slider, shoulders, prefocusing lens, prefocusing lens flexure, flexure bracket, fiber
optic interferometer bracket , plasmonic lens suspension, and a piezoelectric shear
actuator. The challenge encountered when designing the writing head was to make a light
ergonomic robust structure that could be accurately used to perform the writing process.
One of the main requirements is to provide both coarse and fine motion which introduced
mechanical and electromechanical subsystems to provide adjustments at the macro,

micro, and nanoscale levels. Figure 33 illustrates a model of the writing head assembly.

Rotation Vertical
stage motor
Prefocusing | & s i
stage H ™ |
@, Fine adj.
7 device

- — bracket
Figure 33: lllustration of the writing head components.

The main slider is equipped with a motor driven linear stage (range 50 mm) that

provides vertical motion of the writing head during the plasmonic lens changing
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procedure. The slider rests on a fine adjustment device which is attached to a rotation arm

that provides the 90° rotation needed during the plasmonic lens changing procedure.

Through the following pages all items included in the writing head will be discussed in

more detail.

3.7.1. Main Slider

This part is the main carrier of all writing head components. The main slider is
made of Al 6061 due to its low density and machinability. Figures 34 and 35 show the

main slider model.

Figure 34: Main slider CAD model.
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Figure 35: Main slider.

3.7.2. Fine Adjustment Device

The plasmonic lens slider is attached to the suspension system manually under the
microscope which causes dimensional variation from one plasmonic lens assembly to
another. This fact raised the need for a fine adjustment device which can be used to put
the plasmonic lens in the right height with respect to the spinning disc. Figures 36 and 37
show models of the plasmonic lens suspension system.

Suspension

Slider

Figure 36: CAD model of the plasmonic lens suspension system.
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Suspension

Figure 37: CAD model of the disc and plasmonic lens suspension system.

The fine adjustment device is located under the main slider as shown in Figure 38.

Main slider

Fine adjustment
device

Figure 38: Location of fine adjustment device on PLM CAD model.

Also, it is attached to the rotation arm, as shown in Figure 39.



Fine adjustment
device

~

Figure 39: Location of fine adjustment device on the rotation arm CAD model.

Rotation arm
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The fine adjustment device design concept is based on using a sliding wedge and a screw

drive to position the wedge as shown in Figure 40.

Output verticaIT
displacement =

Input horizontal
v displacement using

ih steretic screw drive
Slider EERY 2

Figure 40 : Design concept of the fine adjustment device.

The fine adjustment device is composed of an aluminum base and cover, a bronze

slider, a stainless steel slide way, and an adjustment knob. Figure 41 shows a CAD model

of the fine adjustment device assembly and Figure 42 shows models of the device

components.



35

Adjustment knob

Screw thread

Cover

Base Pin

Figure 41: CAD model of the fine adjustment device assembly.

—

Cover
Slider

r
Slide waN

Slider Adjustment
knob

Base

Figure 42 : Models of fine adjustment device.

3.7.3. Angle Bracket

In order to attach the writing head to the rotation arm, a 90° angle bracket is used.

Figure 43 shows the bracket on the assembly.
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Precision
linear stage

90° angle
bracket

/ Writing head

Figure 43: lllustration of the 90° angle bracket location on the PLM model.

A Newport™ linear crossed roller-bearing stage is used to attach the main slider

to the 90° angle bracket, as indicated in Figure 46 [Newport™, 2009].

Figure 44: Crossed roller-bearing linear stage [Newport™, 2009].

3.7.4. Prefocusing Lens

In order to focus the UV laser on the plasmonic lens, an achromatic microspot
focusing objective lens was chosen. The lens is made by Thorlabs™ (model number
LMU-39X-NUV) and has a working distance of 2 mm and a numerical aperture (NA) of

0.5. Figure 45 shows the lens dimensions.
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Figure 45: LMU-39X-NUV - MicroSpot Focusing Objective, 39X, 325 — 500 nm,
NA=0.50 [Thorlabs, 2013]

3.7.5. Prefocusing Lens Flexure

In order to adjust the prefocusing lens to the write position a flexure two axis
stage was designed by Dr. Wen Wang and improved by Mark Rubeo at the Center for

Precision Metrology at UNC Charlotte. Figure 46 shows the location of the prefocusing

flexure on PLM model.

/

Prefocusing
Flexure

o

Prefocusing lens

efocusing lens

Figure 46: Illustration of the prefocusing lens and flexure
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The flexure provides a 100-micron adjustment of the prefocusing lens in the
down-track (R) and off-track (X) directions using orthogonal piezoelectric actuators.
Figure 47 shows the prefocusing flexure assembled with piezoelectric actuators and cap

gages.

Piezoelectric actuators for
X and Y displacement

Wiring for
capacitance
gages in X
andY
direction

Figure 47: The prefocusing flexure designed by Dr. Wen Wang. On the PLM the Y
direction is also called the R direction.

The piezoelectric actuators used on the X and R fine adjustment are made by
Thorlabs™ (model AE0505D18F). These actuators can generate a maximum
displacement of 15 um if given a maximum voltage of 100 V. Figure 48 illustrates the

operating characteristic curve (OCC) of the actuators used.
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Figure 48: The OCC of the piezoelectric actuators (in red) used to adjust the prefocusing
lens in X and R directions. (Note: The original curve in black has been supplied by
Thorlabs™ and edited to add the characteristic curve of the specific model used in the
machine (in red) based on Thorlabs™ technical support advice.)

The prefocusing lens is attached to the flexure via another PZT actuator which provides a

100 micron adjustment in the vertical (Z) direction. Figure 49 shows a CAD model of

the prefocusing stage assembly.
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Figure 49: CAD model showing the piezoelectric actuator in the vertical (Z) direction.

Piezoelectric
actuator

Prefocusing lens

3.7.6. Coarse Adjustment Prefocusing Stage

In order to provide more control on the prefocusing lens relative position with
respect to the plasmonic lens, a 1-mm range coarse motion stage is used. The stage is
made of Al 6061 and it was manufactured at UNC Charlotte. Figure 50 shows the relative

position between the stage and the prefocusing lens.

Coarse adjustment
Prefocusing stage

Prefocusing
lens

Figure 50: CAD model of coarse adjustment prefocusing stage.
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The coarse adjustment stage composes a frame, a tapered disc, a slide pad, cover,
set screws, and a spring preloaded plunger. Figure 51 shows CAD models of the stage

assembly and elements.

‘ ° Tapered disc

Stage assembly Frame

e @@

Plunger and cylinder

Cover
Figure 51: CAD models of the coarse adjustment prefocusing stage elements.

The frame has three #10-32 tapped holes located within 120° spacing. The
prefocusing lens is attached to the stage using a fine thread which is tapped in a 14°

included angle tapered disk as shown in Figure 52.

Tapered disc

Figure 52: CAD model of the coarse adjustment prefocusing stage.
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The design concept of this device is that when driving any of the two screw it pushes the
disc in the axial direction of that screw against a preloaded screw, which results in planer

displacement within a circle of 1 mm diameter.

3.7.7. Prefocusing Flexure Shoulders
The prefocusing flexure is attached to the main slider using two aluminum
shoulders, as shown in Figure 53. Figure 54 shows CAD models of the prefocusing stage

shoulders.

Prefocusing - -
flexure -
Shoulder

Figure 53: CAD model showing the prefocusing flexure shoulders.
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Figure 54: CAD models of prefocusing flexure shoulders.

In order to provide a vertical (Z) coarse motion to the prefocusing flexure, a 25-
mm rack and pinion dovetail stage is used on the machine. The stage is made by
OptoSigma™ (model number 123-4415). These devices are shown in Figure 55. Figure
56 shows the location of the rack and pinion dovetail stage on a CAD model of the

writing head.

Figure 55: (a) High precision slide, (b) Rack and pinion dovetail slide [OptoSigma™,
2011].
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Rack and pinion
dovetail stage

Figure 56: CAD model showing the rack and pinion dovetail stage location.

In order to move the prefocusing flexure it is necessary to introduce a high-precision slide
on the other side of the writing head. The stainless steel slide chosen is made by

OptoSigma™ (model number 122-2015). The location of the slide is shown in Figure 57.

Rack and
pinion dovetail
stage

High-precision
slide

Figure 57: Location of the high-precision slide.
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Figure 58: Installation of the rack and pinion dovetail stage and high-precision slide.

3.7.8. Suspension and Interferometer Brackets

The function of the suspension bracket is to provide a means to attach the
plasmonic lens suspension to the main slider and consequently to the carriage. The diode
laser interferometer bracket was introduced to the machine in order to attach the diode
laser interferometer needles in place with respect to the slider. This bracket is designed
by Chris Hughes at the Center for Precision Metrology (CPM) at UNC Charlotte and
manufactured by Roland Hege, also at the CPM. The suspension bracket was
manufactured at Suter Machine and Tool Co. Figure 59 shows the location of both

brackets on the writing head.
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Figure 59: Location of suspension and diode laser brackets on the writing head.

Figure 60 shows a closer view on the assembly model.

Suspension

/ bracket

WLI bracket

Shear actuator

PL suspension

Figure 60: Model of suspension and diode laser brackets assembly.

Both brackets were assembled to the main slider using #10-32 screws. To provide

accurate alignment dowel pins were used, as illustrated in Figure 61.



47

Dowel pins attached to the main slider Brackets attached to the main slider

Figure 61: Suspension and diode laser interferometer brackets assembly.

3.7.9 Shear Actuator

The diode laser interferometers [Hughes, 2012] were designed to measure the
vibration introduced in the slider during the writing process. The vibration measurement
provides an input to a closed-loop control system that generates a corrective signal which
activates the shear actuator attached to the plasmonic lens suspension. The chosen shear
actuator is made by Physik Instrumente™, model number 142.03 [Physik Instrumente™,
2009], which can provide 3 x 3 um displacement. Figure 62 shows the location of the

shear actuator on the writing head.
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Figure 62: Location of shear actuator on the writing head.

3.8 Operational Logic Chart

This chart helps the user to better understand the machine’s different
configurations during all possible situations. The first two columns show the PLM usage

procedures which can be summarized as follows:

1- System turned off: refers to the PLM status before starting the writing process. As we
notice here the air supply to air bearings is on, and it remains on all the time to avoid
damage of the bearing diamond-turned surfaces. The limit switches are on all the time,
even if the machine is turned off. Also, the air supply to the high-precision spindle is on

all the time.
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2- System turned on.

3- Move the writing head upward using vertical motor. This step is necessary to move the
plasmonic lens away from the spinning disc in order to change the plasmonic lens.

4- Rotate the writing head 90 degrees. This allows the user to easily access the plasmonic
lens suspension in order to change the plasmonic lens.

5- Clamp the plasmonic lens.

6- Unclamp the previous disc, which means the high-precision spindle has to be stopped
for few minutes in order to remove the disc.

7- Clamp the work disc on the disc mounting stage.

8- After changing the plasmonic lens, rotate the writing head back to the writing position.
9- Move the writing head downward using the vertical motor.

10- Use the fine adjustment device to move the plasmonic lens slider toward the spinning
disc. The user should watch white light fringes on the slide air bearing surface (using the
monitoring screen) until an acceptable flying height is achieved.

11- Use all coarse and fine adjustments elements to adjust the plasmonic lens and
prefocusing lens in the right positions.

12- Using Halbach motors, move the carriage using the predefined speed to perform the
writing process.

13- After finishing the writing process, or when the plasmonic lens slider needs to be
changed, stop the writing process.

14- Move the writing head upward using the vertical motor.

15- Rotate the writing head 90 degrees in order to easily access the plasmonic lens slider.
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16- Unclamp the plasmonic lens and attach the new one.

17- Unclamp the work disc if the required pattern is done.

Table 4 shows the operational logic chart of the PLM. The first row in the logic chart
shows the control elements. The middle portion of the chart shows logic values as 0 (off)
or 1 (on). For example, the air supply to air bearings needs to be on (1) all the time,

regardless of the machine status.

Table 4: PLM’s Operational Logic Chart

g S| | 8
5 g e|& -
— - Q b=
5 A 5| E|SE|S |Ey | E|S]| 2|
e w El % E |5%!5 9 8| o = = s | E
[5) oo S k7] S c|le gl b= ® v = 5
—_ £ 5 > 3 c = ©® Y| > w o 2 = = Q
w S 39| = S | 2%|128|lacg| = = 5 v c 9
S © 3 < Co|lC2l2E < < O 5 ° ¢
23l g | e |e€lee|Z3| 8| 5| &8 & |82
g5 2| & |da|ldo|lzEl S| & 8| & |wa
Ste Value No.
P Status
No. 1 2 3 4 5 6 7 8 9 10 11
| Sysemotumed )y g o o o 1|0 oo | 1|1
2 gzﬂem wned |y 1 g g oo | 1o o] ol 1] 1
Move the
writing  head
3 upward 1 1 0 0 0 1 0 0 0 1 1
(Vertical motor
on-off)
Rotate the
4 writing  head 1 0 0 0 0 1 0 0 0 1 1
9Q°
5 |Clamp thel . b g g o 10|00 1|1
plasmonic lens
Unclamp  the
g |Previous disc| .o o b o g | o | 1 | 0| oo | 1|1
from the disc
mounting stage
Clamp the
7 |workdisc onfo, g gl g o1 |0 ] oo 1|1
the disc
mounting stage
Rotate the
8 writing  head 1 0 0 0 0 1 0 0 0 1 1
back 90°




51

Move the
writing  head
9 downward
(Vertical motor
on-off)
Vertical ~ fine
10 displacement to
approach  the
work disc
Horizontal fine
11 .
adjustment
Writing ~ starts
(Down  track
2 uniform
motion)
Stop  writing
13 | Process (End
down track
motion)
Move the
writing  head
14 | upward
(Vertical motor
on-off)
Rotate the
15 | writing  head
90°
Unclamp  the
16 .
plasmonic lens
Unclamp  the
17 work disc from

the disc
mounting stage




CHAPTER 4: MOTORS, DAMPERS, SENSORS AND ACTUATORS

4.1. Halbach Linear Array Motor

It is highly recommended that friction-free motors be used in lithography
machines [Hazelton, 2007; Nieuwelaar, 2003; Hiroshi, 2004; Trumper, 1990, 1993;
Williams, et al.,1993; Nguyen, 1994; Kim, 1997, 2007; Verma, et al., 2004; Holmes,
1998; Hocken, et al.,2001]. A Halbach array is a set of permanent magnets arranged in
such a way that maximizes the magnetic field on one side of the array and cancels the
field on the other side. The Halbach magnet array (shown in Figure 63) is made by

spatially rotating patterns of magnetization [Halbach, 1980].

Figure 63: Halbach magnet array.

This magnet arrays configuration generates a magnetic field stronger by about 1.4
than a conventional magnetic array [Fairley, 2003]. Halbach magnet arrays used in the
PLM were made of N5064 neodymium iron boron (sintered) magnets. Each magnet array

consists of eight magnets. The magnets are rectangular with dimensions 40 mm x 7.44
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mm X 7.44 mm each and were supplied and assembled at Dexter Co. [Dexter™, 2009]
into aluminum housings. Each Halbach magnet array housing is attached to the carriage
using three screws.

When using a 3-phase electromagnetic stator in combination with a Halbach
magnet array a force will be generated in both horizontal (along the stator surface) and

vertical (normal to the stator surface), as shown in Figure 64.
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Figure 64: lllustration of Halbach array linear motor [Ozturk, 2007].

The PLM has two Halbach array linear motors, one on each side of the carriage.

Figures 65-67 illustrate the Halbach magnet array assembly model.
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(@) (b)

Figure 65: (a) Halbach magnets array housing model, (b) Model of Halbach magnets
array assembly.

Figure 66: Halbach magnets array housing model

Figure 67: Magnet array assembly



The stator consists of 24 coils (8 coils per phase). The coil winding was done by
Wire Winders Co. and the coils wired together at UNC Charlotte by John Brien. The
carriage position is controlled by commuting the current applied on each phase
separately. The stator consists of a mandrel, two end caps, and 24 coils. Figure 68

illustrates the stator model.

End caps

Mandrel

(@) (b)

Figure 68: (a) Halbach stator’s frame model, (b) Halbach motor’s stator model.

The mandrels were anodized to avoid any shorts due to wire scratches. The two
Halbach linear motors need only two stators but it was decided to make three stators (see

Figures 69 and 70) in order to avoid any trouble during the machine assembly process.
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Figure 70: Halbach motor’s stators.

4.2. Eddy Current Damper

The basic principle of the eddy current damper is that when a conductor moves in
a stationery magnetic field, eddy currents are induced on the conductor, as shown in

Figure 71 [Henry, 2000].
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Velocity

Eddy
Currents

Figure 71: Generation of eddy current in a conductive material passing through a
magnetic field [Henry, 2000].

The induced currents on the conductor create Lorentz forces impeding the motion
[Sodano, 2004; Reitz, 1970; Davis, 1971; Schieber ,1975; Wiederick, 1987; Lee, 2002;
Bae, et al., 2005].

The PLM has two eddy current dampers to provide a smooth, controllable linear
motion. The dampers are both composed of a copper plate and two magnet arrays, one on
each side of the plate. Each magnet array is composed of four magnets, each magnet
measuring 25.4 mm x 25.4 mm x 12.7 mm. The magnet array configuration is shown in

Figure 72.
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Figure 72: Magnets array polarity in eddy current damper.

This configuration concentrates the magnetic field between the magnet arrays and
reduces the fringing magnetic field [Ozturk, et al., 2008]. Figure 73 shows the expected

magnetic flux lines.

1
(i

Figure 73: An example of magnetic flux lines of an eddy current damper [Ozturk, et al.,
2008].

The yokes that hold the magnet array were attached to the base and the copper
plates were attached to the carriage using aluminum brackets. Table 4 summarizes the

eddy current parameters.



Table 5: Eddy Current Damper Parameters.

Magnet width (m) 25.4x107°

Magnet width (m) 25.4x107°

Width of the magnet array area (m) 50.8x10°

Height of the magnet array area (m) 50.8x10°

Pole projection area (m?) 2581x10°®

Thickness of the copper plate (m) 3.5x10°
Magnetic field (T) 0.95

Conductivity of copper (1/Q.m) 6.00E+07

The eddy current dampers built for the PLM were similar to those built for

MAPS-II [Ozturk, et al., 2008], where the damping force can be calculated using the

following formula:

F =856.6V,

The carriage average linear speed (Vg ) is 5 um/s, and at this speed each damper

generates 4.28 mN damping force. Figures 74 and 75 show the location of the dampers

on the PLM. The actual damping force will be measured after controlling the machine

motion.




Carriage

Base

Figure 74: Illustration of the damper s locations on the PLM.

— Yoke
g”//

Magnets

/.____—— @' array

Figure 75: lllustration of a damper on the PLM model.

In order to attach the copper plates to the carriage’s tail, two U-shaped brackets
were designed and manufactured. Figure 76 shows a model of the copper plate and

bracket assembly and Figure 77 shows a model of the copper plate assembly on the

carriage.
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Copper
plate

Bracket

Figure 76: Copper plate and bracket assembly.

Figure 77: lllustration of a damper on the PLM model.

Figures 78 and 79 show the copper plate and bracket after manufacturing and after
assembly respectively.
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Figure 79: Bracket an oppr plate assembly.

4.3. Linear Scales

The carriage linear displacement and position are determined using 5-nm
resolution linear scales made by Renishaw™ on both sides of the machine (Renishaw
Model RGH 25F). Also, the reading difference is used to determine the yaw while the
carriage is moving. The tape scales and reference mark actuators were attached to the
carriage while the read heads were attached to the base. Figure 80 illustrates the

locations of these items on the carriage.
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Slot to attach the
Renishaw™ tape scale

Tapped holes to attach Renishaw™
reference mark actuator

Figure 80: Illustration of the location of tape scale and reference mark actuator on one

side of the carriage (note: the same configuration is on both sides of the carriage).
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CHAPTER 5: DYNAMIC AND THERMAL TESTING

5.1. Testing of Air Bearings

It is necessary to check the performance of the vacuum preloaded air bearings
before installing them on the machine. A testing stage was designed and manufactured at

the CPM at UNC Charlotte. Figure 81 illustrates the bearing test setup.

Bracket

Pin

Pin holder Air bearing

Figure 81: lllustration of the bearing test setup.
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The bearing was tested at a weight range limit of 10-30 Ibs. Figures 82 shows the

calibration stage and Figure 83 shows the calibration setup.

Bracket

Pin holder

Air bearing

Figure 82: Air bearing calibration stage.

Figure 83: Air bearing calibration setup.

Figures 84-85 show typical calibration data. The error bar represents the 2-sigma
uncertainity and is estimated based on a discussion with Dr. Robert Hocken, Director of

the Center for Precision Metrology at UNC Charlotte.
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Figure 85: Effect of vacuum change (W =6 kg, P = 60 psi)
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5.2. Halbach Motor Longitudinal Force

Halbach motors generate forces in both longitudinal (parallel to the stator surface)
and normal directions. In order to control the carriage motion it is important to measure
the longitudinal component along the travel length. The force-position relationship is
necessary to set the control values that generate the current and voltage signals for each

phase on each motor. The PLM has two motors, one on each side, as shown in Figure 86.

Halbach stator
stator / (Motor #2)

(Motor #1)

Figure 86: Locations of Halbach motors.

The force was measured for each phase and each motor separately. Figure 87 shows the

measuring setup.



68

Figure 87: Force measuring setup.

Each motor is composed of three phases, namely R, S, and T. The procedure for
measuring the force versus position for each phase started by applying a current of 2.7 A
to the measured phase, while all other phases were disconnected. Then a set of two
micrometers was used to move the carriage using steps of about 1.5 mm, starting from
the home position until reaching the end of the travel length, with a total displacement of
39.00 mm. The force was measured at each position using force transducer (Figure 87)
and the carriage positions were measured using the Renishaw™ 5nm scales (Section 2.2).
The same procedure was applied to measure the force-position relationship for all phases.
In order to measure the tension force a rubber band was used to attach the force

transducer to the carriage as shown in figure 88.
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Rubber
band

Force
Transducer

Figure 88: Preloaded contact between the force transducer and the carriage using rubber
band.

Figures 89 and 90 show the measured data for both motors. The labels R, S, and T are not

acronyms, and they stand for the phases 1, 2, and 3, respectively.
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Figure 89: Force measurement data for motor #1.
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Figure 90: Force measurement data for motor #2.

It is important to mention here that the carriage position is controlled by

commutating the currents applied on the three phases on each motor. Also, the measured

force at different positions is affected by the perfection of the coil winding and assembly

processes. The estimated 2-sigma error on these measurements is about 0.01 Ibf

5.3. Halbach Motor Heat Generation

In order to measure the heat generated by the Halbach motor’s stator, seven

thermistors were attached to the stator surface at equal distances. Figures 91 shows the

thermistors locations on the stator and Figure 92 shows the amplifier and readout

interface.
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Figure 92: Amplifier and readout software.
Then the three phases were connected to 2, 2.5, and 3 A currents and the temperature
recorded over a 2-hour period. The readings estimated uncertainty is +/- 0.2° C with a

uniform distribution. Figures 93-98 show the measured data for this experiment.
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Figure 93: Temperature increase over time (Current =2 A).
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Figure 94: Relationship between thermometer location and temperature increase when

passing a current of 2 A for 2 hours through the stator coils. Estimated error bar of 2

sigma is shown on the chart.
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Figure 95: Temperature increase over time (Current = 2.5 A).
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Figure 96: Relationship between thermometer location and temperature increase when
passing a current of 2.5 A for 2 hours through the stator coils. Estimated error bar of 2

sigma is shown on the chart.




9.019

34
32
30 ﬂ M'-—-—“‘“ - —T 1
g l wwm\. A~ —T2
g 28 g —T3
) 7
= / —T4
26 / ' ’ e T5
, —T6
24 -
—T7
22
[eNolojololololololololololololoNolololoNolololoNoNe]
VOTNODOTNOVDOTANORDOTANOOOTNO
N0 ATOOANLODOMOONTINOMWOOOASNNO
TATA A AN AN NOOOONETITITITOWOLWOLW O OO~
Time (s)
Figure 97: Temperature increase over time (Current =3 A).
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Figure 98: Relationship between thermometer location and temperature increase when

passing a current of 3 A for 2 hours through the stator coils. Estimated error bar of 2

sigma is shown on the chart.
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Similar motors [Fesperman, 2006] were capable of producing about 8 N at 3 A
current (using 12 magnets instead of 8). The PLM’s carriage motion is frictionless (using
vacuum preloaded air bearings), thus the static coefficient of friction is 0.0 and the
dynamic coefficient of friction - which is a function of the air shear rate and directly
proportional to the velocity - is neglected at the intended velocity of 5 um/s. It can be
concluded that the estimated current needed to drive the carriage will not exceed 1.5 A,
which will generate a temperature increase of less than 4 °C if connecting the three
phases simultaneously at the same high current for two hours, which is not a practical

case.

It is important to mention that the PLM’s base will serve as a heat sink to
dissipate the stator’s heat. Also, some of the heat will be transferred by convection to the
carriage, as shown in Figure 99. According to the PLM project partner, Dr. Adrienne
Lavine (a professor at the University of California at Los Angeles), the air gap is so small
where the magnets are that conduction would dominate there [SINAM, 2011].

Convection
Conduction

Carriage

3333353 SSS

Air gap I 300 pm

Base

Figure 99: Heat transfer from Halbach motor stator to base and carriage.
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5.4. Measuring the Fine Adjustment Range

The main slider is resting on a fine adjustment device which was manufactured at
Suter Machine and Tool Company [Suter, 2009]. In order to verify the fine adjustment
range a digital indicator was set in contact with the top side of the main slider as shown in

Figure 100.

» . Digital readout unit
/ =L@ (0.1 um resolution)

s

e X
~. | .
( Displacement
.| transducer

Figure 100: Measuring setup.

After performing a full range measurement it was found that the fine adjustment range

was 105 um.



CHAPTER 6: MECHANICAL ASSEMBLY AND DEBUGGING

The PLM was assembled and calibrated in the metrology lab at the Center for
Precision Metrology at UNC Charlotte. The lab used is a ISO class 4 cleanroom (about
10,000 particles/m®). The temperature inside the lab is controlled with an average of 18°C
and +/- 0.2°C maximum variation. The PLM assembly took place in the metrology labs at
the Center for Precision Metrology at University of North Carolina at Charlotte. The
assembly process main phases are: base assembly, carriage assembly, and writing head

assembly as shown in Figure 101.

Carriage Assembly

Base Assembly

Attach theleveling feet to
the base

¥

Attached the base
shoulders

¥

Assemble the stators of
Halbach linear motors

V

Attach the Hall effect limit
switches and hard stops

|

Attach the dampers” vokes

}

Attach the RS read heads

Attach the carriage
shoulders

+*

Attach the air bearings

L ]

Attach the dampers” copper
plates

E

Attach the RS tape scales
and reference mark
actuators

¥

Attach the rotation arm to
the rotation bracket

¥

Attach the rotation bracket
tothe carriage

Attach the rack-and-pinion
dove tail stage and the
precision slide to the main

slider

h
Attach the prefocusing
shoulders

¥

Attach the suspension shear
actuator to the suspension
bracket

h A

Attach the suspension and
WLI brackets to the main
slider

Attach the main slider to
the 90° angle bracket

+*

Attach the 90° angle

bracket to the rotation arm

PLM Assembly

Figure 101: Assembly flowchart.
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6.1. Base Assembly

Three leveling feet, having ¥-20 screws, were fastened to the base bottom side.
Then the Halbach motors’ stators were attached to the base using #10-32 screws. Figure

103 shows the front leveling feet location on the base.

Front side
Leveling feet

Figure 102: Halbach motor’s stator assembly with base.

After assembling the leveling feet, the base shoulders were assembled to the base using
7/16-20 screws. Figure 103 shows the shoulders assembled to the base.

Balancing o r
& "‘:_,;.. -

shoulder 4

Figure 103: Base assembly.
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Before proceeding with the base assembly, the base co-planarity and parallelism
were measured on a coordinate measuring machine in the metrology lab at the Center for
Precision Metrology at UNC Charlotte. Figure 104 shows a measurement setup of the

base on a coordinate measuring machine.

Figure 104: Base measurement.

The next step was to attach the hard stops and Hall effect limit switches to the base, as

shown in Figure 105.

Hard stops

Limit
switches

Figure 105: Hall effect limit switches and hard stops attached to the base.



6.2. Carriage Assembly

The carriage assembly process started by attaching the rotation bracket and

rotation arm to the carriage as shown Figure 106.

Rotation
arm

Figure 106: Carriage assembly with rotation arm.

Figure 107 illustrates the 90° rotation of the rotation arm.

Figure 107: Rotation arm at 90° position.

Then the monitoring bracket was attached to the rotation bracket, as shown in

Figure 108.
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Figure 108: Monitoring bracket.

The next step was to attach the shoulders and the air bearings as shown in Figures

109 and 110.

Bearing Balancing
shoulder shoulder

Figure 109: Shoulders and air bearing assembly.
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Figure 110: Greg Caskey, of the Center for Precision Metrology at UNC Charlotte,
checking the level of the air bearings after assembly.

The next step was to assemble the eddy current damper’s copper plates to the
carriage as shown in Figures 111. Figure 112 shows one of the eddy current damper’s
yokes attached to the base and Figure 113 shows the eddy current damper location on the

PLM.

Figure 111: Illustration of the damper’s copper plates assembly.
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Base

Figure 112: Eddy current damper.

Damper yokes attached to the base y/

Figure 113: Eddy current damper assembly on the PLM.

The next step was to attach the magnets of the Halbach linear array motors to the

carriage. The assembly is shown in Figure 114,



84

Halbach
magnet array

Figure 114: Dr. Jimmie Miller, of the Center for Precision Metrology at UNC Charlotte,
checking the level of the Halbach magnet arrays after being assembled with the carriage.

A magnet was attached to the carriage bottom surface to activate the Hall effect
limit switches when exceeding the allowable travel range limits. Figure 115 shows the

limit switch activation magnet attached to the carriage.

Magnet

Figure 115: Magnet for Hall effect limit switch attached to the carriage.
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In order to check the carriage-base compatibility it was decided to manually run
the carriage on the base. In order to set the carriage magnet arrays at the right height with
respect to the Halbach stators’ surfaces, 303-micron shims were used on the stators and
the carriage set in position with the weight supported by the Halbach motors. During this
process the diamond-turned ways were covered with a thin shim for protection. The air
bearing heights were adjusted until the stage barely floated and the shims were removed.
The shims between stators and magnets were moved by hand to ensure that that gap is
correct. Figure 116 shows the use of plastic and paper shims during the assembly

process.

Figure 116: Dr. Robert Hocken, of the Center for Precision Metrology at UNC Charlotte,
uses plastic and paper shims to set the heights of the motor magnets and to protect
sensitive surfaces before carriage-base assembly.
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Then, after assembling the carriage and base, the carriage was run for the first time flying

on the air bearings as shown in Figure 117.

Figure 117: Dr. Robert Hocken moving the PLM carriage for the first time.

6.3. Writing Head Assembly

Firstly the linear stage, vertical motor and main slider were assembled to the 90°
angle bracket. Then the prefocusing shoulders and the prefocusing flexure were attached

to the main slider. The writing head assembly is shown in Figure 118.
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Shoulders

Figure 118: Illustration of the writing head assembly.

In order to assemble the prefocusing flexure, the plasmonic lens suspension
bracket, and the diode laser bracket to the writing head, it was necessary to attach the
writing head to the rotation arm on the PLM. This step facilitated the assembly process

as the writing head assembly can easily be completed by using the 90° rotation arm to
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rotate the whole writing head. Figure 119 shows the writing head assembly in the writing

mode and Figure 120 shows the writing head in the plasmonic lens changing mode.

Prefocusing
flexure

Prefocusing

v 4 ' g/ adapter
Prefocusing lens 4 | ] -

PL suspension

Interferometer
erieromete bracket

bracket

Shear actuator

Prefocusing
Prefocusing adapter

flexure

Prefocusing lens .
PL suspension

bracket
Interferometer
bracket

Shear actuator

Figure 120: Writing head assembly in the plasmonic lens changing mode.
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The shear actuator was attached (by Chris Hughes) to the plasmonic lens bracket using

super glue before adding the bracket to the assembly.

The prefocusing lens can be adjusted in three directions, X, R, and Z, using
piezoelectric actuators with a range of 50 x 50 x 100 um, respectively. After further
discussions with our project partners at University of California at Berkeley and
considering the possible variations in the plasmonic lens suspension, it was recommended
that coarse adjustment capability be added in the X, R, and Z directions. In order to
achieve that, three more elements were added to the writing head assembly, and the main
slider was adjusted to adopt these modifications. In order to provide coarse adjustment in
the vertical (Z) direction, a dovetail rack and pinion stage and precise slide were added to
the assembly as shown in Figure 121. More details about these two elements can be

found in section 3.6.7

Rack and
pinion
dovetail
High stage
Precision
slide

Figure 121: Installation of the rack and pinion dovetail stage and high-precision slide.
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In order to provide coarse adjustment in the X and R directions, a coarse

adjustment prefocusing stage was designed, manufactured, and assembled at UNC

Charlotte. Figure 122 shows the stage location and assembly. Further details about the

coarse adjustment prefocusing stage are found in section 3.6.6.

Prefocusing
flexure

'

Coarse
adjustment stage

¥~ Prefocusing lens
Piezoelectric

actuator

(©)

(d)

Figure 122: Coarse adjustment prefocusing stage: (a) location of the stage, (b) stage
assembly with the Z-direction piezoelectric actuator, (c) CAD model showing the details
inside the stage, (d) assembled stage, (e) stage assembly with the prefocusing lens.
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6.4. PLM Assembly

After assembling all these parts together it is important to see the whole machine

and the location of each part as shown Figures 123-125.

Eddy current

dampe Carriage

Air

bearing Linear
motor

Bearing

shoulder
Writing
head

Base

Figure 123: Plasmonic Nano-Lithography Machine (PLM)
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Figure 124: Plasmonic Nano-Lithography Machine (PLM)
Air bearing
Carriage
Base

Figure 125: Plasmonic Nano-Lithography Machine (PLM)
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6.4.1 Writing Head Rotation

During the plasmonic lens changing procedure the writing head is rotated 90° in
order to easily access the plasmonic lens. Figures 126 and 127 show the PLM during the

writing and the plasmonic lens changing phases respectively.

Figure 127: PLM in the plasmonic lens changing position.
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Figures 128 and 129 show closer views of the plasmonic lens slider and suspension

during the plasmonic lens changing process.

Prefocusing lens

Shear actuator

Interferometer
bracket

PL
suspension

Figure 128: Plasmonic lens slider location during the plasmonic lens changing process.
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Figure 129: Plasmonic lens slider location during the plasmonic lens changing process.

The plasmonic lens suspension shown in Figure 130 is held in place by a
cylindrical magnet and needle. This configuration is included only for illustrating the
slider location with respect to the diode laser interferometer needle in the X and R

directions. A closer view is shown in Figure 130.
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Shear actuator

Interferometer PL slider
needle

Figure 130: Plasmonic lens slider location with respect to the diode laser interferometer.

6.5. Error Analysis

When writing this thesis the PLM was not calibrated, so it is important to estimate
the expected performance once it is running. The function of the PLM is to move a
plasmonic lens slider precisely above a spinning disc, thus the cumulative X,Y,Z

positioning error is the target of this analysis.

The positioning error, (AX, AY, AZ) is the distance between where the PLM
control system assumes the disc is in relation to the plasmonic lens and the actual

position. First of all, let’s start by creating a model of the systematic geometric errors.
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6.5.1. PLM Model

Based on Holmes” model [Holmes, et al., 1998, 2000], Figure 131 can represent

the PLM model.

Plasmonic
1

Carriage

OD

Disc
Disc mounting stage

Figure 131: PLM coordinate system for error estimation (the plasmonic lens size is
enlarged for illustration).

The model has two coordinate systems: the spindle coordinate system, (O), and the
carriage coordinates system, (O;). The carriage coordinate system (O,) is located in the
center of the bottom surface of the shear actuator attached to the plasmonic lens

suspension bracket, as shown in Figure 132.
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Shear X1
actuator

Plasmonic
lens slider

Y1
Figure 132: The carriage coordinate system.

The X; axis is perpendicular to the Renishaw tape scales (located on the carriage
sides), the Y axis is parallel to the Renishaw tape scales, and the Z; axis is perpendicular
to both the X; and Y; axes. The positive directions of X1, Y1, and Z; are shown in the
previous Figure 132. The origin of the spindle coordinate system, (O) is at the center of

the spindle intersection with the top surface of the disc, as shown in Figure 133.

Figure 133: The spindle coordinate system.
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The X, Y, and Z axes are parallel to the Xy, Y1, Z; axes, respectively.

During the writing process, the PLM Halbach motors move the carriage in the
direction Y (coordinate system O — note that this direction is also called R in different
sections through this thesis). Thus, the actual position of the carriage origin (O), in the
spindle coordinate system, is defined by the vector OO; which extends from the origin

(O) to the origin (O4) and can be described as:

5,(Y)
001=|Y +4,(Y) (6.1)
5,(Y)

where 6 represents the systematic translation errors, as follows:

dx(Y): error motion in X as a function of Y position
dy(Y): error motion in Y as a function of Y position
d,(Y): error motion in Z as a function of Y position

On the other hand, rotational errors, €, in the system cause the carriage coordinate system
(Oy) to rotate with respect to the spindle coordinate system (O) as the carriage travels.

This rotation can be described by the rotation matrix Ry:

1 -& ¢
R =| &, 1 -¢ (6.2)
-&, & 1

The vectors O;P and OD represent the location of the plasmonic lens in (O;) and the
locations of the target location on the disc in (O), respectively. O;P extends from the
origin (O,) to the point on the plasmonic lens where the writing process is occurring and

is described by



OP=|Y, (6.3)

ZlP
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OD extends from the origin (O) to the point on the disc where the PLM system writing

process is running, and it can be described as follows:

oD=|Y, (6.4)

The PLM positioning error is represented by the vector, PD, which extends from the

plasmonic lens to the target location on the disc. PD is described by

PD=0P-[00, +R0,D] (6.5)

The resulting position error can then be described by

where:

3x(Y)
8y(Y)

3,(Y)

AXT [6,(Y)-a,Y —&Y,
AY s,(Y) (6.6)
AZ 5,(Y)+eY,

Angle between Y projection onto YX plane and Y

Error motion in X as a function of Y position

Error motion in Y as a function of Y position

Error motion in Z as a function of Y position

Rotation of (O,) with respect to (O) about X, (Carriage Pitch)
Rotation of (O,) with respect to (O) about Z, (Carriage Yaw)

Distance in Y between Y, = 0 and the plasmonic lens in (O)
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6.5.2 Systematic Errors

6.5.2.1 Environmental Errors

The carriage motion is monitored by two 5-nm resolution scales on both sides.

Figure 134 shows the location of one of the Renishaw™ scales on the PLM.

Reference mark
actuator

Tape scale

Read head

Figure 134: Location of Renishaw™ scale on the PLM.

Temperature variation can affect the uncertainty of the carriage position along the
travel length. Considering (at the home position and with servo control on) the distance
from the plasmonic lens slider to the read heads length is about 251 mm as shown in
Figure 135, for 1°C temperature increase the carriage will expand (in the travel direction)

about 5.9 pm.
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Distance from the read
heads to plasmonic lens
slider

Figure 135: Distance from the read heads to the plasmonic lens slider.

This error affects the translation measurements of the carriage along the Y axis,
i.e., 0y(Y)=5.9 um.

Also, the PLM is coupled with the spindle using an Al 6061 plate. This plate is
designed to simplify the thermal growth so we do not get bimetal effects with the steel
optical table. Figure 136 shows the distance from the spindle center to the center of front

leveling feet and the distance from the read heads to the plasmonic lens slider.
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Distance from Renishaw™ scales’ read
head to the plasmonic lens slider

- L
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215.9
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I* |
Distance from the spindle center to
the front leveling feet center

Figure 136: Illustration of the distance from the spindle center to the center of front
leveling feet and the distance from the read heads to the plasmonic lens slider.

The thermal expansion error of the interferometer is neglected as the distance
between the fiber optic cables and the mirrors attached to the plasmonic lens slider is

about 1 mm. Also, the thermal expansion of the cap gages and piezoelectric actuators is

neglected, as they are used only during the pre-writing adjustments.

6.5.2.2 Form Errors

The PLM has five air bearings, three under the carriage and two at the side. These

air bearings fly over diamond-turned surfaces with flatness of about A/4 (about 75 nm)
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over the entire surface. The location of the air bearings in the X direction is shown in

Figure 137.

150.1 . , | S ] 127.8 mm

Figure 137: Air bearings location on the carriage.

Based on this configuration, the flatness error can cause pitch errors of 2.3 urad,

and yaw error of 2.0 prad (i.e., £,=2.3 prad and &,=2.0 prad). Also, based on a travel

length of 39.0 mm and the estimated angular deviation (&, and &, ), the d«(Y) and J,(Y)

can be estimated as 300 nm and 91 nm, respectively. It is important to mention here that
Z is an insensitive direction as any deviation in this direction will be compensated by the

slider.

6.5.3 Error Budget

The following table shows the PLM uncorrected error budget. Kang Ni is thermal
modeling the PLM and he will perform full calibration of the machine which will be
software corrected at Berkeley by the UCLA team who are building the controller. The

final error results will be part of Mr. Ni’s thesis.
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Table 6: PLM Uncorrected Error Budget

5y(Y) = 59um um

3x(Y) = 300.0 nm

5,(Y) = 91.0 nm
Ex = 2.3 urad
&7 = 2.0 urad

The calibration parameters that Mr. Kang Ni will measure are [Ni, 2012]

1) Linear positioning
2) Straightness
3) Pitch

4) Yaw

In the following chapter the system integration will be discussed to show the

general configuration of the PLM motions and control.



CHAPTER 7: SYSTEM INTEGRATION AND CONTROL

The PLM original control layout is designed by Kevin Chou and implemented by
Yen Chi Chang from the University of California at Los Angeles (UCLA). A Labview®
package has been used to monitor and control the machine. In order to clarify the main
functions of the PLM system a simplified the system schematic developed by Kevin

Chou is shown in Figure 138.

Fo T o FTT TN
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Laser Rate Rate
[ . | (Y . |
1 System I | System 1 :
N = M e = Optical Sensors
.’4"—'\. T B
il FTTTT A Capacitanes Probes
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] | Montonng |
1 S}s‘m Analog Z-Servo

: focus .
Slider £-Dir ond

Interfero-
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I’ FH & Light |
Spindle PR Transmissio
3 I I 1784 &
‘ E \ I .nming | Defocusng Signal
SEE e ﬁ_,

Figure 138: PLM monitor and control system schematics (simplified version based on
[Chou, 2011]).

[ g aapomry

puewnecy poods

Computer
(LabVIEW Real Time Control)

The disc typical spinning speed is 1000 RPM. This spinning motion is provided

by a high-precision pneumatic spindle and monitored by an electromagnetic encoder. The
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PLM provides a linear motion of the plasmonic lens slider in the radial/off-track (R)
direction using Halbach motors. The plasmonic lens slider is monitored using laser diode
interferometers and its position is adjustable using a two-dimensional shear actuator. The
prefocusing lens is adjustable in the X, R, and Z directions using piezoelectric actuators
(in addition to the coarse mechanical adjustment devices). The prefocusing is monitored
using an optical sensor (developed at UC Berkeley), and the control software can

determine control signals to be applied on the prefocusing piezoelectric actuators.

The plasmonic lens slider position is measured by 5-nm resolution Renishaw
encoders on both sides of the carriage, and based on this measurement and the required
motion parameters the control software determines the Halbach motor control signals.
The laser pulse rate modulation system is necessary to adjust the UV laser pulse rate
based on the spindle spinning speed monitoring signal (measured by the electromagnetic
encoder) and the set lithography pattern parameters defined by the PLM user using a
software package. In order to achieve an accurate pattern, the carriage off-track motion
parameters must be synchronized with the disk spinning speed and the UV laser pulse

rate.



CHAPTER 8: CONCLUSIONS AND FUTURE WORK

8.1 Conclusions And Future Work

The design, analysis and assembly of the Plasmonic Nanolithography Machine
(PLM) were discussed in this thesis. The first chapter introduced the research problem
and explained the project goals. The PLM features and specifications were discussed in
the second chapter. In the third chapter a detailed description of the PLM mechanical
design was introduced. Chapter 4 contains details about Halbach array linear motors,

eddy current dampers, sensors and actuators.

It was important to perform dynamic and thermal tests on key components before
starting the machine assembly. A summary of the tests performed is introduced in
Chapter 5 followed by Chapter 6, which illustrates the PLM assembly process. In
Chapter 7 the system integration is discussed showing different aspects of

hardware/software interfaces.

The diode laser interferometer development is the subject of a separate thesis
[Hughes, 2012]. Further, the machine control and its calibration and installation at UC

Berkeley will also be the subject of a separate thesis.
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During the assembly process it was clear that the accessibility of small items, such
as linear scales, read heads, and reference mark actuators, was low and consumed much
time to put these items in place and to tune them. It is recommended that the second

generation of PLM, if there is one, have better access to all items.

The stators’ coils assembly took a long time and effort from John Brien because
the inlet and outlet wires for all coils were in the middle instead of having one location
for each phase (for example, right, center, and left). Also, it is necessary to inform the
wire winders to get the inlet and outlet wires ready to attach as it takes long time to finish
this process. These changes are being made on motors being manufactured for Dr. José
Yague-Fabra of the University of Zaragoza on a joint project with the Center for

Precision Metrology to build a long-range atomic force microscope.
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APPENDIX A: PLM PARTS TECHNICAL DRAWINGS
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4. Base shoulder
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5. Carriage shoulder (air bearing side)
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6. Carriage shoulder
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8. Prefocusing shoulder (rotation stage side)
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9. Prefocusing shoulder

| eoam | iames|

L _ v
A TOM oM | 13T

HOUIarCEd IToHY PE

BUVAY | [
o 3O

ABcpupsy uosIDaNd J0) JBUST

ALLEYIHVIED DI ==

..._l_.._b«rﬁ E1LlSD ovesw | s
*

v Fres

L ALO

A4 NOILD3S

L

TIFD

3]

CLUC A gZ-0Mn pe-2Ex F

FLT

ls

10. Frame (prefocusing lens coarse adjustment stage)
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11. Disc (prefocusing lens coarse adjustment stage)
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12. Cover (prefocusing lens coarse adjustment stage)
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13. Motor magnet array housing
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14. Stator mandrel

15. Stator end cap (cable outlet side)
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16. Stator end cap
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17. Suspension bracket
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18. Rotation bracket
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19. Rotation arm
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20. Rotation shoulder
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21. Prism holder (monitoring system)

.
B -
Q E
T £l
— ¥
S aag
=<
= 0 .
1 l_ r?’:- b E‘r_'
- o 1
— a1 bl =
e G Z 3| o
Ll | I
Bk ' =|..2 —
- g [T IRl
Eir [a) Py .
i o
£ EE=]a
=g :
o= ¥
w0 I 5

/2‘
|
&
i
O &=
GLE PRO

_‘
|
I
T
:I
¢

B

&

T
Py
oy
|

it

ﬁ
SECTION J-J




139

= | ] mcam | FlaTes) Y RN W §
| _ W | MOUIArcad 3oy PE HEHY
— TOM DO | 1o
TADVEE ONEOLIMNOW el TN
S| —1HO)
AGCouE UDISIDSNY J0) SIS - -
HLIEY Y EL D (0 [
“L..FV S oY ™ HAY3D
* uve Fres

22. Bracket (monitoring system)
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23. Index (monitoring system)
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24. Index holder (monitoring system)
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25. Base (fine adjustment device)
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26. Slideway (fine adjustment device)
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27. Slider (fine adjustment device)
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28. Cover (fine adjustment device)
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29. Pin (fine adjustment device)

30. Base (eddy current damper yoke)
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31. Plate (eddy current damper yoke)
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32. Spacer (eddy current damper yoke)
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33. Shoulder (eddy current damper yoke)
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34. Copper plate holder (eddy current damper)
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35. Copper plate (eddy current damper)
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36. Limit switch base
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37. Hard stop

woam | 1Izmos

Y | MOW2arcdd IToNy PE

— oM WD | 1D
2HddO15
AGCHOUB UDISIDSY J0) SSUST)
ALLTTHYHD 2 T
.h..L.r_ﬂ 14 ave ™ MY S
* T p—

¢ ALO

ED

L]

[T ]

T

E]




155

5 | ] wam [ 1z A7 [EN00 W §

HOWZArCad IToNY PE WM

. _ v
t oo ma | s

1437 #3ddO1s
- Il

ABCHOUSIY WOISIDSNY 40 SBIUST)

ALTTHVED 0N ono

P EoeEl
.l.bﬁlr 1A YT MAYad FIHTH HI 3 SO
*

Ty P ToIa S e BT

38. Hard stop (front - air bearing side)
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39. Hard stop (front)
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40. Locking knob
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41. Thermal compensation base
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42. Spindle flange
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43. Renishaw read-head base (air bearing side)
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44. Renishaw read-head base
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45. Base (air bearing test setup)
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46. Spacer (air bearing test setup)
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47. Wire winding template
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48. Wire winding shoulder (inlet)

= | me] s EIaTeas T

hE _cow o oo

Y | HOWIarCad NSy PE

‘Aluo #sn 21wspeay o4

Ld - 210]d Uiy

‘uonip3 Wepnls SYIOMPIlIOS

- 3 —“..lf\u @

ABCIoUps| UDISIDSN 404 JSPUST)

ALLCFTHYHID D80 e

..h._..L.r_ﬂ | meenw | s
* vO

L-1 FTVOS :
MS3IA DLISUIOS| ¢ MO

—r—
¥ |

[
%
[
=]

&0

ol

TIY MAHL 001D XT
ST
TV NAHL ZZ0@ 5T

TI% NAHL 208




166

49. Wire winding shoulder (outlet)
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50. Wire winding spindle
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APPENDIX B: LINEAR MOTOR STATOR WIRING SCHEMATIC [Fesperman, 2006]

I = Input O = Output

Phase 1 Phase 2 Phase 3



