ABSTRACT

EATON, PARKER JAMES. A Study of the Incidence and Reduction of Geometric Form
Errors in Microlens Array Molds Manufactured for AR/VR Applications Using a Scalable
Indenting Process. (Under the direction of Dr. Mark Pankow).

The next generation of augmented reality and virtual reality headsets aims to be
more compact, lightweight, and energy efficient than current products on the market. To
accomplish this, components undergo weight reduction and the energy efficiency of the
devices must increase. An increase in energy efficiency can result in increased battery
life and usability. Additionally, fewer cooling and power components may be needed if
less power is required. A reduction in product weight and form factor will allow for
improved comfort and portability The installation of polymer microlens arrays on top of
the microdisplays used in AR/VR products offers a solution to reduce the power
consumption of the displays, leading to more efficient devices. A microlens array
collimates emitted light fromami cr odi spl ay directly to t
that would be scattered and wasted. By reducing the scattered light, the microdisplays
will require less power to achieve the desired output characteristics increasing the

efficiency of the devices

As with any optical lens, a microlens must be manufactured to tight tolerances for
the desired performance to be feasible. Current methods of manufacturing microlens
arrays are expensive, time consuming, and generally inaccurate. This inhibits the viability
of the largescale manufacturing of precise microlens arrays for AR/VR application.
Presented in this work is a study of the incidence and reduction of the geometric form
errors present in a low speed indenting and replication manufacturing process inspired
by nanocoining, a highly scalable method to manufacture structured films. The application
of an indenting process using a structured diamond die to form metal molds for the
polymer replication of microlens arrays offers a highly scalable and flexible method of
manufacturing. This indenting approach allows for consistent and uniform lens profiles of

customizable aperture, pitch, and focal length to match a desired use case.

Manufacturing and analysis tools are created to allow for the future iterative
reduction of form errors in an indenting and replication process with the goal being to

converge to an error-minimized microlens array mold. A quasistatic finite element



indenting simulation is created to predict the indenting performance of diamond dies, mold
materials, and indenting process parameters. A nanocoining setup at Smart Material
Solutions, Inc. is modified to allow for a low speed, highly controllable indenting process
for studying the incidence and reduction of form errors in indented arrays. Lastly, an AFM-
based metrology routine enables an analysis of the topography of both experimentally
and virtually indented microlens array molds, polymer replicas, diamond dies, and target
surface geometries. This tool allows for both the study and iterative reduction of from

errors present in the indenting and replication process.

The primary form errors in indented microlens array molds were classified as
elastic rebound, material flow into neighboring lens elements of the mold due to indenting,
perimeter pileup formations, and a general lack of mold material flow into the cavities of
the diamond die. A material parameter study was completed in the ABAQUS/Explicit finite
element simulation to document how the mechanical and contact properties of mold
materials impact the registration of indented lens elements in a microlens array mold. The
results of this study influenced material selection. Various indenting strategies are
assessed experimentally to determine their effectiveness in improving the registration and
fill factor of lens element profiles. It was determined that mold material selection and the
use of stepover indenting strategies improved lens element registration in both the molds
and the polymer replicas, reducing the geometric form error. The effectiveness of using
polymer microlens arrays to collimate emitted light from an iPhone display is studied by
comparing the normalized luminance of a display with and without a microlens array.

Causes of discrepancy in the results of this experiment were examined.

To summarize, indenting strategies to significantly reduce geometric form errors
in indented microlens array molds and polymer replicas are proposed. Additionally, the
tools and process required for the future iterative minimization of geometric form error for
a specific microlens array application are presented. While form error is reduced by
employing error reduction techniques, the resulting indenting process is too slow for
industrial application. In future works, the presented indenting strategies may be applied
to nanocoining operations to enable the rapid manufacturing of microlens array molds for
polymer replication. The feasibility of this was experimentally proven. In future research,

studies and simulations of the polymer replication process and the performance of



replicated optics will need to be conducted to understand how the replication process

influences form error and optic performance.
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1. INTRODUCTION

1.1. Motivation

Microlens arrays are a technology that opens the door to the next generation of
optical devices for consumer, military, and research applications. Early examples were
devel oped by Robert Hooke in the 160006s. Thes
harnessing surface tension to create small spherical lenses. Early applications included
magnifying glasses, microscope objectives, and novelty optics [1]. A modern microlens
array is a grid of micrometer-scale optical elements arranged in a repeating pattern on
top of a substrate. The lenses are typically arranged rectangularly or in a close-packed
hexagonal formation (Figure 1.1). The packing order of the lenses is determined by their

application.
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Figure 1.1. Microlens array packing structures: (a) rectangular packing, (b) hexagonal

packing [2].

Each lens element serves to manipulate light and direct it towards either a sensor
or a u slyrfoéusingerncadlimating the light rays. In sensing applications, incoming
light is redirected to a focal point coincident with an optical sensor (Figure 1.2). In other
applications, emittedli ght may be focused to coincide wit.!l
be collimated to increase the luminance of a display at a particular viewing angle.
Currently, microlenses are employed for use in light field cameras, high efficiency

displays, smartphone cameras, fiber optics, projectors, etc. Microlens arrays may be



manufactured using several different techniques. These methods are discussed in

subsection 1.1.

incident radiation

lens array

active;réas o 7 dead areas
Figure 1.2. Microlens array focusing incident radiation to detectors [1].

This work focuses on the application of microlens arrays for increasing the
efficiency of displays used in augmented reality/virtual reality (AR/VR) devices [3]. Battery
life and headset weight are limiting factors in improving the user experience. Microlens
arrays can be employed in AR/VR devices to specifically increase the efficiency of the
displays, reduce power consumption, and increase the quality of the user experience. For
wearable AR devices, increasing the efficiency of the displays increases the battery life
which in turn improves the daily usability of the device. The same result is seen for
cordless VR experiences. For traditional corded VR applications used in gaming, reducing
power consumption will decrease the need for additional cooling of the device. A reduced
operating temperature improves the comfort of the user and a reduced need for cooling
components may reduce headset size and weight. When a display is used without a
secondary lens element, the emitted light is scattered in many directions. Much of this
|l ight does not make idessentially wadted. Tawdsrectremittied kghte a n d
to the u s e ey, & collimating microlens array may be utilized. Figure 1.3 illustrates the
effect that collimating scattered light from a display can have on luminance at normal
viewing angles. Motoyama et. al. increased the luminance of a M-OLED display by a

factor of 1.8 with the use of a microlens array [3].
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Figure 1.3. Viewing angle vs normalized luminance of OLED microdisplay (M-OLED) with

microlens array (blue line) and without microlens array (gray line) [3].

In principle, a collimating microlens array will be laid on top of a display. In Figure
1.4, a singular light-emitting pixel is shown with a microlens. For a microdisplay, each

pixel will have a microlens directly on top of it.

Light-Emitting Pixel

Figure 1.4. Schematic of a microlens covering one singular light-emitting pixel.

When light is emitted from a pixel (represented in Figure 1.5 as a point source),
the |Iight will be collimated through the
increasing the luminance of the display in the normal viewing direction. For this work, a
pixel is modeled as a point source emitting light in a distribution from -90° to 90° viewing

angles.
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Figure 1.5. Ray trace schematic of radiation from point source traveling through a

collimating microlens towards the viewer's eye. The point source is represented by a sun.

Less energy is consumed to produce an image of the same luminance with a
microlens array than without the array. As with any optical element, the performance of a
microlens array is highly influenced by the profile of the lens elements. The lens elements
within a microlens array may be exceptionally small, with apertures on the sub
micrometer-scale. Any error in this profile, referred to as geometric form error in this work,
will result in the microlens directing light in an improper direction. In the context of high
efficiency displays, the influence of form error is magnified as the distance between the
mi crolens array and userds eye increases. Li
influence of a variety of geometric form errors on the performance of a microlens array
intended for use in a light field camera [4]. The different form errors were defined as pitch
error, decenter error, curvature-radius error, and lens-diameter error. In the application of
a light field camera, it was found that curvature-radius errors had a minimal impact on the
image quality; however, manufacturing errors such as pitch error and decenter error had
a large effect on image quality. Conversely, Cao et. al. conducted a study on the influence
of form error on laser beam homogenization. In this study, it was determined that
curvature-radius error had a very large influence on the effectiveness of the beam
homogenizing microlens array [5]. The results of these two studies illustrates that the
influence of a specific type of geometric form error will change depending on the

4



application of a microlens array. Geometric form errors are proven to have a negative
effect on the performance of a microlens array, hence the need to reduce them. Given
that this work focuses on understanding and reducing instances of form error in a
microlens array mold designed for general application, all instances of geometric form

error must be considered and reduced.

1.2. Background Research

1.2.1. Traditional manufacturing methods

One purpose of this work is to identify and reduce form errors in manufactured
metal microlens array molds. As such, a manufacturing approach must be identified that
allows for the precision and accuracy required to achieve nanometer-scale tolerances in
a small lab setting. In industry, the method of manufacturing microlens arrays relates
directly to the required cost, precision, and accuracy of the produced array. There are two
general approaches: the first being direct-write methods and the second being replication

methods.

Direct-write methods involve the manufacturing of a positive microlens array onto
a substrate. A positive microlens array is an array where all lens elements are
manufactured in their final form. In many cases, a convex lens is formed on top of a
substrate. Direct-write methods are typically used in industry due to their low cost.
Unfortunately, these methods are also generally low in accuracy and do not allow for
much control over the lens profile making them inappropriate for applications where
precision is required [6]. There are several direct-write approaches. Thermal reflow
processes involve the controlled melting of photoresist layers into spherical lenses as
illustrated in Figure 1.6. The photoresist is spin coated onto a substrate and covered in a
patterned mask. After being exposed to UV-light, an array of photoresist deposits remains
on the substrate. The deposits are then melted to form the final array. Thermal reflow
methods are low-cost and highly scalable but, due to the nature of the process, there is

no flexibility in lens geometry nor profile control [7].
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Figure 1.6. Microlens fabrication by a thermal reflow method [7].

Microplastic embossing is best understood as a stamping process. A heated mold

is pressed into a heated polymer film, forming positive microlenses (Figure 1.7 and Figure

1.8). The mold and embossed polymer are then cooled to allow for removal of the mold

from the film. There is no ability to actively manage the profile of the lens elements.

Research is done in optimizing the thermal and pressure cycling of the process by Yao

et al. Despite attempts to optimize the process, a large amount of form error is present in

the final embossed optic [8].

External pressure

Mold insert

Heating Plate

Polymer Substrate

Figure 1.7. General hot embossing process forming microlens arrays [6].
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Figure 1.8. A two-station hot embossing method to create microlens arrays [8].

Microdroplet jetting is a low-cost and scalable direct-write method where
microdroplets of a UV-polymerizable liquid is deposited onto a substrate using a printing
technique such as ink-jetting. When the substrate surface allows for the formation of a
small contact angle, a high curvature prepolymer droplet may form on the surface. This
droplet can then be cured into a spherical microlens array [9]. As with the other
techniques, control over the final profile of the cured lens beyond aperture and height is
limited. Furthermore, high fill factor arrays are not possible as droplets may not contact
one another. Should two droplets come into contact, they would combine into a larger

droplet. Figure 1.9 illustrates the microdroplet jetting process.
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Figure 1.9. Microdroplet jetting microlens array manufacturing process. a) Deposition of
ZnO seed layer; b) growth of ZnO NPs; c) CaFs coating on ZnO NPs; (d) Ink-jetting of
prepolymer droplets; (e) UV-precuring of the preploymer post-heating [9].

An atomic layer deposition (ALD) method is proposed by Wang et al. where wet

etching is used to create seeding pillars that serve as the basis for the constant-speed



contour growth of a microlens array (Figure 1.10). This method is very flexible, allowing
for the production of microlens arrays of various sizes to be formed on a variety of
materials [10]. However, it is not understood what the degree of customization of the lens

profile is possible with this approach.

Figure 1.10. (a) Seed pillars; (b) microlens array using ALD growth of SiO2 onto the seed
template [10].

Lastly, two-photon polymerization techniques allow for certain photoresists to be
patterned with sub-micrometer precision with direct-laser writing. This technique offers a
lot of flexibility in terms of lens profile at the cost of surface finish and time efficiency. The
desired lens profile must be digitized, resulting in a stepped surface (Figure 1.11). For
applications where the surface profile is vital to the function of the lens, this method would
not produce microlens arrays that perform as well as arrays with a smooth surface finish
[11].



Height (.um)

——|deal
— Digitized

0 . .
-60 -40 -20 0 20 40 60
Coordinate x (um)

Figure 1.11. Cross-section view of microlens profiles. The black line is the ideal profile

and the red line is the digitized surface profile used in ALD [11].

Replication methods rely on the use of a concave negative mold to indirectly form
the final microlens array. The geometries of these molds may be controlled to a high
degree of precision. The final microlens array is then replicated from its negative mold.
Due to the complexities of creating molds and replicas, these approaches are generally
more expensive than direct-writing methods when operating on the micrometer scale and
are sometimes not practical depending on the scale. Traditionally, two approaches exist
to manufacture the concave negative molds: photolithographic MEMS techniques and

ultraprecision machining methods [6].

A wet etching based photolithographic technique is proposed by Albero et al.
(Figure 1.12) that involves the use of an etched mask to aid in the wet etching of a wafer

mold [12].



NiCr

1st. Hard mask protection of Si:
Thermal SiO,and LPCVD Si,N,+NiCr to protect
the hard mask during opening

S0,

SLN,

2nd. Photolitography, RIE etching of
Si,N,and SiO, to open the areas to be etched

3rd. Wet etching in acid solution

4th. Removal of mask layers

Figure 1.12. Process steps used to fabricate microlens molds [12].

Ultraprecision machining methods such as slow slide servo and fast tool servo
have all been employed to turn complex geometries into a metal workpiece to create a
negative microlens array mold [13]. These methods are suitable for mass fabrication as
good uniformity is observed over large areas across a wide range of materials. While
these methods are highly capable, each microlens must be machined one by one. This
is very time consuming, expensive, and presents a great challenge when manufacturing
large microlens arrays with lens element pitches on the micrometer scale. Microlens
arrays are replicated from the negative molds using injection molding, compact molding,

UV molding, or hot embossing techniques [6].

Another ultraprecision machining method is that of focused ion beam (FIB) milling.
FIB milling can be used as a direct-write process where a microlens array is either milled
into or deposited onto a substrate or it can be used to manufacture molds for a replication
process using the same milling or deposition techniques. Fu et al. demonstrated the
capabilities of FIB milling to directly fabricate microlens arrays [14]. High precision FIB
milling processes are typically very time consuming and prone to drift over large time

scales.

1.2.2. Indenting and replication approach
Both direct-write and replication techniques have their benefits and drawbacks.
Direct-write is inexpensive and scalable yet low in accuracy. Replication methods are

generally more accurate but also more expensive and less scalable. Ideally, the

10



manufacturing approach selected for this work will be highly accurate and controllable,
relatively inexpensive, and usable in a small lab setting, but also scalable for use in
industry. Nanocoining, an indenting and replication technology conceived at the Precision
Engineering Consortium at North Carolina State University in Raleigh, NC, is being
commercialized by Smart Material Solutions, Inc., also located in Raleigh, NC.
Nanocoining demonstrates the feasibility of a process that is characterized by the
capability to be accurate, scalable, and time efficient. Nanocoining, in simple terms, offers
the ability to create a large metal drum mold composed of billions of nanofeatures at a
rate on the order of several million nanofeatures per second [15], [16]. These
nanostructures can vary in size and shape. The dimensions of the nanostructures
determine their function. Smart Material Solutions, Inc. produces metal molds for the
manufacturing of anti-reflective, dust-mitigating, and hydrophobic films. To create the
mold, an ultrasonic actuator is driven using piezoelectric drives operating at the frequency
where its longitudinal and transverse modes are both excited, creating an elliptical tool
path [17] (Figure 1.13).

Mode Shape Tip Motion Supenmposed

3 Motion
fm >
N |
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Figure 1.13. Schematic of ultrasonic actuator and elliptical mode shape [17].

Mounted to the tip of the actuator is a FIB-milled diamond die with an array of

nanostructures (Figure 1.14).

11



Figure 1.14. Diamond die with a FIB milled nanostructure array [15].

As the die indents the diamond-turned metal mold, nanofeature arrays are
stamped into the metal. The metal mold is mounted to an air bearing spindle and must be
speed-matched to the tangential speed of the diamond die tip as it traverses the elliptical
tool path. The speed-matching allows for the creation of seamless molds. Figure 1.15 and

Figure 1.16 illustrate this setup and interaction.

Diamond Die

Workpiece ——>

Figure 1.16. Diamond die tool path forming indented nanostructures [17].
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Smart Material Solutions, Inc. has improved the baseline technology to operate
reliably at an indenting rate of approximately 45 kHz. This allows for the rapid
manufacturing of a large metal drum mold for use in roll-to-roll (R2R) nanoimprint
lithography to create large, seamless patterned films [16]. Replicated films can utilize the
characteristics of the indented nanofeature arrays. These nanofeatures can have
hydrophobic, dust-mitigating, and/or anti-reflective properties. Due to the high-speed
nature of nanocoining, precise control of each indent is impossible as the actuator
operates at a frequency high above the bandwidth of most sensors. As such, process-
driven form errors in the indented mold may easily arise due to the inability to control
every indent. These form errors can occur due to any variable affecting the elliptical path
of the diamond die, such as actuator temperature or tangential speed mismatches

between the diamond die and the rotating metal mold (Figure 1.17).

Indented Mold Indented Mold
Large Speed IVIlsmatch Reduced Speed Mismatch

Diamond Die

Figure 1.17. Diamond die (left), an indented mold with a large tangential speed mismatch
(middle), and an indented mold with a large tangential speed mismatch (right). The

tangential speed mismatch is evident by the skewed shape of the indented features [16].

For a replicated nanostructured surface, relatively small form errors are acceptable
as the function of the surface is generally determined by the relative size and shape of
the nanostructures. However, if the nanostructured surfaces were to be used as a
microlens array, the surface profile errors would be too great in magnitude for the optic to
perform as designed. While extremely effective for many applications, nanocoining
currently operates at too high of a frequency to have the control and precision required to

attempt a study on geometric form errors and their reduction. As such, nanocoining will
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serve as an inspiration for a low-speed controllable indenting and replication process to

create form error-reduced microlens array molds (see section 3.2).

1.2.3. Indenting simulation

Existing work has been completed at the Precision Engineering Consortium to
construct a non-linear finite element model of the indenting process between a glassy
carbon die and a 1100 aluminum alloy mold. A comprehensive model was constructed
within ABAQUS/Explicit to model the mechanics of the indenting interaction and identify
sources of form error between the die and the indented metal mold. The model was
validated by comparing the indenting force vs indenting depth curves between a 2x2 (two
microlenses by two microlenses) die indenting simulation and a physical indenting
experiment using a FIB milled 2x2 die. Strategies to reduce the form error over the course
of subsequent indents were conceived and tested virtually [18]. Stepover indenting
strategies and progressive die designs were proposed as solutions to reduce geometric
form error in the simulated indented molds. Stepover indenting strategies are
experimentally assessed in subsection 3.1.7. This finite element model will serve as the

basis for the simulations conducted in this work (see section 2.2).
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1.3. Research Objectives

Currently, there exists a large gap in the body of research pertaining to the
evaluation and improvement of indenting processes for the creation of metal molds
intended for the replication of polymer microlens arrays. Prior to this work,
experimentation and analysis of this microlens array mold manufacturing method has only
been completed within finite element simulations. Little is documented about the
mechanics of the physical indenting process, the form errors that arise in physically
indented molds, and practical solutions to reduce these form errors in the real world. The

following questions will be answered in this work in no particular order.

1 How should a collimating microlens array be designed to work in conjunction
with a given microdisplay?

1 How may a controllable low speed indenting process that allows for data
collection be implemented?

How do geometric form errors arise in indented metal microlens array molds?
How may the geometric form errors in indented metal microlens array molds
be reduced?

1 Is it possible to create high fill factor metal microlens array molds with an
indenting process?

1 Are the remedies for geometric form error transferable from a low speed
indenting method to a high speed indenting method?

1 How may future researchers use simulation, experimental indenting, and
metrology to iteratively reduce geometric form errors in indented microlens
array molds?

The following subsections detail specific objectives of this research that are
completed to enable the proposed questions to be answered. Prior to beginning this
research, it was decided that, due to complexities in the replication process that are
dependent on the type of polymer selected and the curing method, the form errors in the
mold will be the focus of study rather than the form errors in the replicated optic. By doing
so, errors associated with the indenting process itself will be studied without bringing in

the additional complexities of polymer replication.
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1.3.1. Creation of a controllable indenting process capable of data acquisition

A low speed indenting setup is constructed using existing nanocoining
infrastructure kindly loaned by Smart Material Solutions, Inc. An indenting force/depth-
sensing die platform is employed to enhance process control capabilities and allow for
the control and data acquisition of important parameters such as indenting force and
indenting depth. This setup enables a large degree of control over indenting experiments

which allows for geometric form error reduction strategies to be tested.

1.3.2. Construction of a validated indenting simulation

A validated quasistatic finite element model of the indenting process is constructed
in ABAQUS/Explicit. This model may be used to predict the effect different diamond die
geometries and process parameters will have on the indented mold geometry. The
simulation can integrate into a robust workflow in conjunction with the in-lab indenting
setup and metrology to enable the reduction of geometric form error in indented microlens

array molds.

1.3.3. Development of a comparative metrology routine
An atomic force microscopy (AFM) routine is implemented to aid in understanding
the instances of form errors and effect that die geometries and process parameters have

on an indented metal mold.

1.3.4. Analysis of the instances of geometric form errors
Through experimental indentation and analysis using comparative metrology, the
instances of geometric form errors in indented metal microlens array molds will be

documented.

1.3.5. Assessment of geometric form error reduction strategies

Several strategies are proposed to reduce the geometric form error present in
metal microlens array molds indented using the low speed indenting setup. Each strategy
is experimentally tested and the results are analyzed through comparative metrology to
evaluate the effectiveness. For the remainder of the work, these error reduction strategies

are referred to as O0indenting strategi esbo.
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1.3.6. Design and manufacturing of a high fill factor metal microlens array mold

A target microlens array mold geometry is prescribed for a specific collimating
microlens. The method of designing the microlens element profile is documented. Using
the indenting strategies that prove to be successful, an error-reduced mold with a high fill
factor is manufactured using the low speed indenting setup. From this mold, polymer

microlens array replicas are created and analyzed.

1.3.7. Assessment of geometric form error reduction strategies in high speed
nanocoining

The successful geometric form error reduction strategies are applied to
nanocoining operations. It is proven that these strategies are transferable to a high speed
indenting process that is more viable for industrial application.

1.3.8. Assembly of developed tools into a closed-loop form error minimization
methodology

Experimentation, simulation, and metrology tools may all be combined into an
iterative, closed-loop methodology to create a form error-minimized indented microlens
array mold from a prescribed microlens mold geometry. This process, which is to be
undertaken in future studies, is outlined in Figure 1.18. A microlens array prescription is
established according to the desired function of the array. Based on the desired replica
material and curing method, a target mold geometry is designed that compensates for
geometry changes during the replication process. An initial die geometry is established
based on trends observed through experimental indentation. This initial design is fed
through the iterative closed-loop cycle until the indented mold and/or replicated microlens
arrays are within a specified tolerance. Then, with ideal die geometry and process
parameters established, the production of molds and microlens arrays begins. Each step
of this closed-loop process is described below.
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Figure 1.18. Form error minimization process schematic.

1.3.8.1. Microlens array prescription
A prescription for a microlens array is established based on the desired function of
the array itself. This work will focus on a collimating microlens array. A MATLAB-based
lens profile designer (see subsection 2) is used to design a collimating lens profile to
specific spatial constraints. For example, the pitch of a collimating microlens array may
be set equal to the pixel width of a microdisplay. By designing a microlens array with this
pitch, each pixel in the display may have a lens centered directly on top of it, thus

maximizing the effectiveness of the microlens array.
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1.3.8.2. Identify target mold geometry
A target mold geometry must be identified to produce a replicated polymer
microlens array that is within tolerance. Because the final microlens array is replicated
from a mold, it is important to understand the effects that the replication process has on
the final geometry of the microlens arrays. For many polymers, a large amount of vertical
shrinkage occurs during curing. The transfer function between the mold and the replica
must be established for a target mold geometry to be identified. The transfer function can

be obtained through comparative metrology.

1.3.8.3. Define initial die geometry

A preliminary diamond die geometry is modeled in a 3D computer-aided design
(CAD) software. This initial die exists only virtually. The beginning geometry of the die
matches the target mold geometry exactly. Sources of form error as well as transfer
functions between the die and the mold may be identified through simulation before a

physical die is manufactured.

1.3.8.4. Indenting simulation and design updates
An ABAQUS/Explicit-based quasistatic indenting simulation is constructed to
predict the mold geometry following indentation. The simulation accepts
stereolithography (STL) die geometries. This allows for the analysis of highly tunable
virtual dies by importing from CAD and physical dies by converting AFM images into STL
files. The results of the simulation are easily analyzed in MATLAB and may be compared

to results obtained from experiments in the lab.

1.3.8.5. Die manufacturing

Following simulation, a diamond die is manufactured. Using in-house code, Smart
Material Solutions, Inc. can manufacture a custom FIB milled microlens array profile
defined by several shape functions into the tip of a single crystal diamond shank. For
collimating microlens arrays, a parabolic shape function is defined. The array of positive
microlens elements on the die is definedt o blens@eméntsb y lénsélements. The
number of microlens elements in a die array is determined by several factors including
the dimensions of the individual microlenses, the indenting strategy selected for the

indenting operations, and the time required to FIB mill the lens elements.
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1.3.8.6. Indenting and replication
Indenting operations are conducted at Smart Material Solutions, Inc. using existing
nanocoining infrastructure housed within a clean room. An indent force/depth-sensing die
platform is mounted to an Aerotech A3200 XZ stage that drives the diamond die into a
metal mold mounted to a Precision Instruments air bearing spindle to create a microlens
array mold. Polymer microlens arrays are replicated from the metal mold at Smart Material

Solutions, Inc. using a variety of polymers and curing methods.

1.3.8.7. Comparative metrology
A MATLAB-based comparative metrology routine allows for the detailed analysis
of diamond dies (both physical and virtual), indented metal molds (both physical and
virtual), and polymer replicas. Geometric form errors and transfer functions between each
step of the manufacturing process may be studied by aligning AFM images on top of one

another and computing cross-sectional profiles of the datasets.

1.3.8.8. Update die geometry and process parameters
Following analysis of the comparative metrology results, the virtual die geometries
and indenting process parameters are adjusted and the iterative cycle continues until the

form error falls within an acceptable tolerance.
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1.3.9. Summary of Chapters

Chapter 2 describes the both the design of a microlens array element profile and
the finite element indenting simulation. The derivation of the shape function defining a
collimating microlens array element is presented. A shape function is derived for a specific
application and a ray trace simulation is conducted on the derived profile. The
construction of the simulation, an overview of the mold material model, the validation of

the simulation, and a material parameter study are also presented.

Chapter 3 details the indenting process. The manufacturing of the diamond die is
discussed first. Next, the low speed indenting setup is described and the process to create
an indented microlens array mold is detailed. An investigation into the instance of
geometric form errors in indented metal microlens array molds is conducted. Indenting
strategies to relieve these form errors are proposed and experimentally tested. Lastly, the

microlens array polymer replication process is overviewed.

Chapter 4 outlines the AFM-base metrology routine used throughout the work to
compute form errors and compare the profiles of diamond dies, indented molds, and

polymer replicas.

Chapter 5 describes experiments conducted to evaluate the effectiveness of
indenting strategies in practical applications such as increasing the performance of
replicated microlens arrays, creating a high fill factor microlens array molds and replicas
with reduced form errors, and improving the registration of microlens array elements when

nanocoining, a high speed indenting process, is used as the indentation method.

Chapter 6 covers the conclusions of this work, identifies the unique contributions
of this work to the scientific community, and identifies the next steps to take in future
research to further refine indenting and replication processes for the purpose of being
adopted in industry.

The Appendix contains an example finite element job submission file and MATLAB
codes used in the design of microlens array element profiles and comparative metrology.

These codes are formatted as examprdeads. and mus
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2. DESIGN AND SIMULATION

This chapter overviews the design of collimating microlens array elements and the
construction, validation, and use of a quasistatic finite element indenting simulation. A
collimating microlens array element shape function may be derived based on the
dimensional constraints of a microdisplay. A specific lens element shape function is
derived for a theoretical microdisplay. A simulated ray trace validates the lens design.
The construction of the quasistatic finite element indenting simulation is discussed. The
Ramberg-Osgood material model is detailed. The profile of a simulated indented mold
specimen is validated against that of an experimentally indented mold. Lastly, a mold
material parameter study is undergone to identify desirable material and contact

properties in a real-world mold material.

2.1. Microlens Design

Asquare.packed high fill factor, or o6full
pum pitch is to be manufactured for use on a light emitting display. To begin, a target
microlens array geometry must first be prescribed before manufacturing and simulation.

The profile of the microlens array is determined by its function.

2.1.1. Prescription overview

To mathematically derive a lens profile for a collimating microlens array, a few
parameters must first be established. The geometry of a microlens array can be defined
by the following parameters which are illustrated in Figure 2.1 below.

Pitch: The distance between the vertices of adjacent lens elements
Aperture: the diameter of the lens measured where the profile of the lens
intersects the zero plane

Height: The distance from the vertex of a lens element to the zero plane
Shape Function: A polynomial function defining the profile of each lens

element.
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Figure 2.1. Geometry of a fully filled microlens array.

The pitch and aperture of the microlens array are the driving parameters for the
shape function and height of the lens elements. The pitch of the microlens array is
determined by the application. For the case of a collimating microlens array overlayed on
a microdisplay, the pitch of the microlens array would ideally be equivalent to the distance
between the center points of adjacent pixels so that each microlens element will be
centered on top of a pixel. Aperture is influenced by the fill factor of the microlens array

which is illustrated in Figure 2.2 and Figure 2.3.
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(a) (b)

Figure 2.2. Overhead view of non-fully filled microlens array (a) and a fully filled microlens
array (b). The flat zero plane is represented in red. Note that no red is visible between
lens elements in the fully filled array.
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Figure 2.3. SEM images of a non-fully filled diamond die (left) and a fully filled diamond
die (right).

There is no flat non-optical surface present between neighboring lenses for a fully
filled, square-packed microlens array. The lens elements intersect one another. This
ensures that the entire area of the microlens array is covered by lens elements, thus
maximizing the potential performance of the array. For a fully filled, square-packed
microlens array, the aperture is directly related to the pitch by Equation ( 1 ) and shown
by Figure 2.4. The lens pitch may also be understood as the distance between the
intersections of adjacent microlens array elements. With the geometry of a microlens

established, a microlens prescription can now be designed.

6N Qi o o6r @O
(1)
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Figure 2.4. Aperture measurement for a fully filled, square-packed microlens array.

2.1.2. Prescribing a microlens shape function

The following section describes the computation of a microlens shape function
based on a prescribed lens pitch and aperture for a collimating microlens array. To begin,
the pitch of the array must be set. Advancements in display technology allow for a pixel
pitch on the micrometer scale. Holographic displays intended for AR/VR may have a pixel
pitch as small as 1.5 pum [19]. With advancements occurring rapidly, it is to be expected
that the proposed microlens array manufacturing approach be able to accommodate this
requirement of an ultra-small pitch display. As such, a pitch of 2 um is prescribed for the
microlens array studied in this work. For maximum efficiency, the microlens array will be
square-packed and fully filled, thus the aperture of the lens elements will be 2.828 um.
The geometry of one microlens array element is illustrated in Figure 2.5. A collimating
microlens array element will have a lens shape function that is quadratic without a first
order linear term.
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Figure 2.5. Basic geometry of a microlens array element.

With an aperture value assigned, a focal length must now be estimated due to the
nature of polymer-based replicated microlens arrays. A base layer of polymer will exist
below the cured microlens array. The thickness of this layer may be identified through
replication experiments and analysis. For the sake of simplicity, it is estimated that the
focal length of the microlens array will be 3.5 pum for this work. A MATLAB-based ray trace
program is constructed to numerically solve for the lens slope angle relative to horizontal
required to collimate light emitted from a point source at iterative angles relative to vertical
(see appendix A.4). The lens slope angle is then used to calculate discrete points along
the surface profile of the lens element that is then fitted into a quadratic shape function.
The following variables are used to derive the governing equation of the solver: — , the
angle of the emitted light ray relative to vertical (waxis); —, the lens slope angle relative
to horizontal (waxis); —, the incident angle of the light ray; —, the refractive angle of the
light ray; € , the index of refraction for medium 1 (a general polymer); and € , the index

of refraction for medium 2 (air). These variables are defined below in Figure 2.6.
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Figure 2.6. lllustration of the variables required to solve for the lens shape function (a)
and a simplified schematic of the geometry of a refracted light ray through a microlens

array element (b).
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Solving for —,

(3)

The lens slope angle, —, can be related to — and — by:

(4)
For a collimating effect to occur, light must be refracted parallel to the y-axis, thus

the following equality:

(5)
— may be expressed in terms of wand wcoordinates:
— 0 WeE -
W
(6)

Substituting Equation ( 3 ) and Equation ( 6 ) into Equation ( 4 ), the following
governing equation is obtained for the numerical computation of — at a given coordinate

point (@ ).

(7)

By assigning a small step in wfollowing an initial condition, the calculated — may

be used to estimate the next coordinate point. Once wis equal to half of the aperture, one
entire half of the microlens is modeled by discrete coordinate points. The microlens profile
may be completed by mirroring the derived points about the vertical waxis. By calculating

a polynomial fit to the discrete points, the lens shape function may be obtained.

28



2.1.3. A specific microlens array prescription

The microlens array defined in this work was designed with the following
parameters in Table 2.1.

Table 2.1. Parameters used to design microlens array element shape function.

Parameter | Value
Pitch 2 um
Aperature 2.828 pm
Focal Length | 3.5 um
nl 15
n2 1

The resulting lens shape function is:

0w T 0 Ww P& 0 wwd
(8)
A simulated ray trace through the derived lens profile illustrates the collimating
effect that this microlens array element will have. See Figure 2.7 below.

Simulated Microlens Ray Trace
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Figure 2.7. Ray trace simulation through microlens modeled by Equation ( 8 ).

With the microlens shape function established, a virtual diamond die may be
modeled in CAD. To gain an understanding of the form errors present in the indenting

process, the first virtual die is modeled to match the microlens prescription exactly. For
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initial experimentation, a 3 microlens by 3 microlens (3x3) die is specified. A 9-lens
element die is selected for several reasons. These include ease of manufacturing, ease
of simulation, flexibility in indenting strategies, and the ability to study the performance of
edge and central microlens elements while maintaining a compact form. The geometry of
microlens may be exported as a STL file for easy importation into simulation (Figure 2.8).
The flexibility of CAD combined with the capabilities of simulation (described below in 2.2)
allow for the refinement of die design and indenting process parameters before ever

needing to manufacture a diamond die (see section 3.1).

(a) (b) (c)

Figure 2.8. Progression of a virtual diamond die from CAD model (a) to STL file (b) to

being imported into simulation (c).

30



2.2. Indenting Simulation

A quasistatic indenting simulation is constructed in ABAQUS/Explicit, a non-linear
finite element analysis (FEA) meshing, solving, and analysis suite. The purpose of the
identing simulation is to predict the indented metal mold geometry for any virtual or
manufactured diamond die under defined conditions. When integrated into the closed-
loop form error minimization methodology, experimentation and design/process
modification may be conducted in the virtual world before moving to experimentation in a
lab setting This allows for a more cost and time-efficient process to reduce initial form
errors. Previous work completed at the PEC serves as the foundation for the simulation
constructed for this work [18]. All simulations are submitted to run on the High
Performance Computing (HPC) cluster at North Carolina State University. An example of
a job submission script is in appendix A.2.

2.2.1. Overview of simulations

ABAQUS/Explicit offers the flexibility to construct and run many different
simulations for uses such as design ideation, validation, and characterization. The
performance of virtual diamond die designs may be assessed in the standard 3D
simulation prior to the manufacturing of a diamond die. AFM images of manufactured
diamond dies can be imported into the simulation where process parameters can be fine-
tuned prior to physical experimentation. Additionally, the indenting process may be
characterized by conducting parameter studies in a biaxial symmetric simulation with a
fine mesh. The following sections overview the setup of both the standard 3D and biaxial
symmetric simulations, the material model, a validation experiment, and a material

parameter study.

2.2.2. Standard 3D model

A full 3D indenting simulation is created for the purpose of modeling the
performance of virtual and physical diamond dies indenting into a mold specimen. The
model is composed of two parts: a mold part and a die part. The mold is created with the
ABAQUS-native CAD suite as a deformable volume with a specified length, width, and
depth. These dimensions must be scaled to correlate with those of the microlens array

being studied, ensuring adequate mold material surround the area being indented. For a
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3x3 diamond die with 2 pym lens pitch, a mold length and width of 12 pm by 12 pm with a
depth of 5 um was selected. The mold is meshed with C3D8R elements. The C3D8R is
an 8-noded linear brick, reduced integration, hourglass control element. This element is
the element choice in existing work [18]. Partitions were created in the mold part to allow
for variable mesh seeding. A fine mesh was specified within the indenting region
underneath the diamond die. With the variable mesh seeding, this mesh became coarser

farther away from the indenting region (Figure 2.9). The meshed mold is pictured in Figure

29. A referencRP®moiing ,pliavodd at the (0, 0, 0)

of the die part relative tothe moldwi t hi n t he OAssemblyd modul e

Figure 2.9. The mold specimen of the standard 3D simulation meshed with C3D8R

elements.

The diamond die part is imported into ABAQUS as an STL surface file. When
simulating a virtual die, this STL file will originate in CAD. When simulating a
manufactured die, a MATLAB program will write AFM image data into a STL part file that
may then be imported into ABAQUS. STL files have existing mesh geometry that is
recognized by ABAQUS eliminating the need for meshing if the imported geometry is
assignedt o be a 06di s.dheedamseness ajtheddie mesh is tetermined by
the resolution of the STL file. The die is automatically meshed with R3D3 elements. The
R3D3 element is a 3-noded rigid triangular element. Because the die is significantly
harder and stiffer than the material being indented, it is assumed that it may be modeled
as is a rigid body, saving valuable computation time and expense when running a non-

linear simulation. Previous work involved the modeling of a glassy carbon die that was
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much more elastic and softer than single crystal diamond with an elastic modulus of 35
GPa and hardness 340 HV against that of single crystal diamond with an elastic modulus
on the order of 1000 GPa and hardness of 10000 HV [18]. An imported and meshed STL
3x3 diamond die obtained from an AFM image is pictured below in Figure 2.10. A
reference -RP0OI nits, sfieDieect ed t o be coincilhent wi
element. This point is used to both place the die within the die-mold assembly but also as
a control point for the rigid body motion, defined by the boundary conditions, that

simulates an indent.

Figure 2.10. An imported and meshed STL of a 3x3 diamond die obtained from an AFM
image taken of a FIB milled diamond die.

The die-mold assembly contains both the die and the mold parts oriented to
represent the system the instant the diamond die contacts the metal mold by making the

die reference point Die-RP coincident with mold reference point Mold-RP (Figure 2.11).
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Figure 2.11. The meshed die-mold assembly of the standard 3D simulation with the die

placed and aligned directly on top of the mold specimen.

A Ramberg-Osgood isotropic hardening material model is used to simulate the
elastic-plastic behavior of the mold material (see subsection 2.2.4). Contact between the
die and the mold surfaces is defined by a penalty-based friction formulation with a defined

coefficient of friction at the interface.

Two analysis steps are created: one for die indentation to model deformation under
loading, and one for die retraction to model the rebound of the material as the die is
removed from contact. Both steps utilize mass scaling. For a quasistatic analysis, mass
scaling may be implemented to increase the element stable time increment so long as
the kinetic energy in the simulation is less than 5% of the total internal energy. Mass
scaling factors need to be tailored iteratively to match the dynamics of each simulation
uniquely. Additionally, each step makes use of advanced adaptive meshing techniques.
Adaptive meshing allows for a high-quality mesh to be maintained throughout a simulation
involving large deformations. ABAQUS makes use of an Arbitrary Lagrangian-Eulerian
(ALE) adaptive meshing approach that separates the mesh from the topography of the
material. This separation allows the mesh to move freely within the material volume
without affecting topography. ALE adaptive meshing is key to ensure that the indented
microlens array mold geometries in the simulation are as representative of real life as

possible.

The boundary conditions constraining the mold section in space are illustrated in
Figure 2.12 below. The bottom of the mold is fixed. The XZ and YZ faces are constrained

such that material may flow laterally and vertically but not out of the defined mold volume.
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This is accomplished by constraining motion in the X direction and rotations in the Y and
Z direction for the XZ face (the vertical face on the right in Figure 2.12.a) and constraining
motion in the Y direction and rotations in the X and Z directions for the YZ face (the vertical
face on the left in Figure 2.12.a). These boundary conditions allow for natural material

flow without rigid body motion occurring.

(a)

(b) @ MOLD @
SIS S S S S S S

Figure 2.12. The boundary conditions of the standard 3D simulation applied to the mold

specimen as pictured in ABAQUS CAE (a) and as a graphical representation (b).

Figure 2.13 below pictures an example cross-sectional displacement contour plot

of the diamond die indenting the mold specimen.
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Figure 2.13. Cross-sectional contour plot of nodal deformation in the Z direction for a 3x3

diamond die indenting a mold specimen in the finite element simulation.

2.2.3. Biaxial symmetric model
A biaxial symmetric model is built for the purpose of evaluating virtual diamond

dies with biaxial symmetry that is illustrated in Figure 2.14.

Symmetry
Axis 2

Symmetry
Axis 1

Figure 2.14. The biaxial symmetry of a 3x3 diamond die. The die may be sectioned into
guarters for simulation based on the symmetries about both Symmetry Axis 1 (in red) and
Symmetry Axis 2 (in blue).
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The biaxial symmetry of a virtual diamond die is utilized to reduce the number of
mold elements to 25% the number of elements that would be required for a full 3D model.
This results in a much quicker simulation than a comparable full model, allowing for rapid
studies and design changes. The construction of the biaxial symmetric model is much the
same as that of the full-scale model where the diamond die is modeled as a rigid body,
the mold is modeled with C3D8R elements (Figure 2.15), mass scaling and ALE are

utilized, and the same material and contact models are employed.

Figure 2.15. The meshed die-mold assembly of the biaxial symmetric model.

The primary differences are in the modeling of the diamond die. The diamond die
is an imported STL solid model from CAD instead of an imported STL surface (Figure

2.16). This imported surface must be manually meshed with R3D3 elements.

37



Figure 2.16. The imported and meshed biaxial symmetric diamond die CAD geometry.

The boundary conditions remain much the same. To utilize biaxial symmetry, the
faces of symmetry and the exterior faces are constrained in the same fashion as the XZ
and YZ faces were in the standard 3D model where only translation along the axis normal
to the face and rotations about axes parallel to the face are constrained. The bottom of
the mold is fixed. These boundary conditions within ABAQUS CAE are pictured below in
Figure 2.17.
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Figure 2.17. Boundary conditions applied to the mold specimen of the biaxial symmetric

model as pictured in ABAQUS CAE (a) and as a graphical representation (b).

2.2.4. Material model

A theoretical nonlinear elastic-plastic metal will serve as the base material for the
simulation. Large plastic deformations are involved in the indenting process. As such, an
accurate representation of the material plasticity and the transition between the elastic
and plastic regimes must be incorporated into the simulation to obtain the most accurate
response and prediction. Previous material studies utilized a simple bilinear elastic-plastic
material model where the elastic regime was modeled by the elastic modulus, ‘O, and the
plastic regime following yield was modeled by a tangent modulus, ‘O [18]. For a nonlinear
elastic-plastic material with isotropic hardening, the elastic regime and plastic regime are
modeled by a nonlinear function where true stress is dependent on not only the usual
parameters such as the elastic modulus, ‘O, and true strain, -, but also the yield stress,

. , the strain hardening exponent, ¢, and the yield strain, - , of the material. The stress-

strain relationship of a theoretical bilinear elastic-plastic material is compared to that of a
nonlinear elastic-plastic material in Figure 2.18. In previous work, more complex
simulations used a Johnson-Cook elastoviscoplastic model [18]. This model is rather

complicated and requires extensive mechanical testing. The materials in this work are
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often under-documented and difficult to test mechanically, preventing the Johnson-Cook

elastoviscoplastic model from being practical.

Bilinear Nonlinear

o(E, e, Oy, N, ey)

\

Stress

S

>

Strain

>

Ey Strain

Figure 2.18. A comparison between the stress-strain curves of a bilinear elastic plastic
material (left) and a nonlinear elastic-plastic material. Both materials have the same yield

strength but different elastic and plastic behaviors.

A Ramberg-Osgood material model was selected due to the popularity and
success of the method in modeling non-linear materials with simpler parameters than the
Johnson-Cook model [20]. The Ramberg-Osgood model is a constitutive model based on
stress-strain data that allows for the independent computation of both the true elastic and

true plastic strain components, - and - , that are assumed to both contribute to the

overall strain at any level of stress. Thus, the total true strain, -, can be written as:

(9)
Given the elastic modulus, ‘O, and the applied stress, ,, , the elastic true strain may

be written as:

ol
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(10)

Given additional material properties including the yield stress at 0.2% true strain,

. » and the strain hardening exponent, ¢, the plastic true strain may be written as:

- T8I —

(11)

Summing the elastic and plastic strains represented by Equation ( 10 ) and

Equation ( 11 ) yields the Ramberg-Osgood expression for the total true strain:

- 6 T[81'T[C”L

(12)

This expression may be used to construct a stress-strain curve for any material

given the above properties. Such a curve is constructed below in Figure 2.19 where a

general nonlinear elastic-plastic material is defined with the mechanical and contact
properties in Table 2.2.

Table 2.2. Mechanical and contact properties of a general nonlinear elastic-plastic

material to be modeled by the Ramberg-Osgood material model.

Elastic Modulus, | Yield Strength, Strain Hardening
Strain at Yield (%)
E (Gpa) o, (Mpa)

| 100 300 0.2% 0.1

Exponent, n
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General Elastic-Plastic Material Stress vs Strain Curve
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Figure 2.19. Reconstructed stress-strain curve for a general nonlinear elastic-

plastic material with the material properties listed in Table 2.2 using the Ramberg-Osgood
material model.

A MATLAB program is written to calculate the plastic portion of the stress-strain
curve for importation into ABAQUS/Explicit. Unfortunately, ABAQUS/Explicit does not
support a Ramberg-Osgood material model in their nonlinear suite. A Ramberg-Osgood
material model is available in ABAQUS/Standard, the linear suite. In ABAQUS/Explicit, a
material may be defined to be linear elastic until yield, when the onset of plastic
deformation occurs. ABAQUS automatically calculates the elastic strain component of the
total strain and requires the user to input the plastic strain component calculated from the
Ramberg-Osgood model. This is accomplished by inputting the plastic strain component
and the corresponding stresses. The Ramberg-Osgood material model assumes plastic
deformation, while initially very small, begins immediately with the application of stress.
As such, the plastic strain as represented in Equation ( 11 ) is separated from the total
strain and inputted into ABAQUS/Explicit with corresponding stress values. For the
general elastic-plastic metal defined above, the curve inputted into ABAQUS to model the

plastic regime is represented in Figure 2.20 below.
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General Elastic-Plastic Material Stress vs Plastic Strain Curve

0 0.01 0.02 0.03 0.04 0.05
Plastic Strain (zzm/pm)

Figure 2.20. The plastic strain vs stress curve inputted into ABAQUS to model the plastic

behavior of the general material.

For materials such as deposited electroless nickel, properties such as the strain
hardening exponent and yield strength may be very difficult to obtain by traditional
measures such as a tensile test. To remedy this, the reverse algorithm developed by Dao
et. al. uses the indenting force versus indenting depth curves obtained from
microindentation experiments to estimate the yield strength and strain hardening
exponent of a material in addition to the elastic modulus, a parameter already calculated
from microindentation tests [21]. To properly model unconventional materials, the reverse
algorithm equations must be applied to microindentation test data where the indenting
depth is at a scale appropriate to the shape and dimensions of the indenter tip. If the edge
radius of the indenter is on micrometer, the indents must be far greater in depth than one

micrometer.
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2.2.5. Validation of the standard 3D model

The general modeling approach has already been validated against experimental
force and deformation measurement data in previous work, though with some
topographical errors [18]. It is important to note that the previous simulation work detailed
the validation of a 2x2 glassy carbon die with a lens pitch of approximately 15 pm where
a material was modeled using the Johnson-Cook plasticity model. This section details a
validation experiment involving the use of a rigid 3x3 diamond die with a lens pitch of 2
pm indenting a material modeled by the nonlinear elastic-plastic Ramberg-Osgood
material model. The distinct dimensional and modeling differences necessitate additional
validation of the simulation against experiments in the lab for the simulation to be proven

useful.

To validate the simulation, an annealed 110 copper metal foil was indented with a
3x3 fully filled diamond die to a peak indenting force of 40 mN and peak indenting depth
of 1.26 pum. This indent was recreated in the simulation by importing a STL version of an
AFM image of the diamond die into ABAQUS and applying the mechanical and contact
properties of annealed 110 copper (Table 2.3) to the Ramberg-Osgood material model.
The diamond die was constrained to indent the virtual metal mold to the peak indenting
depth of 1.26 um. The topography of the indented virtual mold was exported in xyz format
for analysis and an indenting force vs indenting depth curve was constructed based on

data collected throughout the simulation.

Table 2.3. Mechanical and contact properties of the 110 copper foil used in the simulation

validation experiment.

Elastic Modulus | Yield Strength . . Strain Hardening | Poisson's | Coefficient of
Strain at Yield (%) ] e
(Gpa) (Mpa) Exponent Ratio Friction
117 33 0.2% 0.54 0.343 0.2

The material properties for the annealed 110 copper foil were obtained from
several sources. The elastic modulus and coefficient of friction of the copper-diamond
interface were measured at the Analytical Instrumentation Facility (AlF) at North Carolina
State University using a Hysitron Tl 980 nanoindenter. The strain hardening exponent of

annealed copper at bulk scale is well documented and general knowledge. Additional
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testing would need to be done to observe if the strain hardening exponent remains
consistent at the micrometer scale. Theyiel d strength and Poi ssonoés
from MatWeb. Following indentation, an AFM image of the resultant indent in the
annealed 110 copper foil was obtained. Figure 2.21 below pictures three images of the

40 mN experimental indent. Pictured is a Zeiss optical/digital microscope image of the

indent, an AFM image of the indent, and an image of imported and aligned AFM image

data in MATLAB.

40 mN 110 Copper Indent Height From Bol‘c?'n (pm)

1.61pm 3 ;
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(a) (b) (c)

Figure 2.21. The 40 mN validation indent into a 110 copper foil pictured on a Zeiss

optical/digital microscope (a), as an unaligned AFM image (b), and as an imported and
aligned xyz dataset in MATLAB (c).

An indenting force vs indenting depth plot was constructed from data collected by

the indent force/depth-sensing die platform (Figure 2.22).
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Indenting Force vs Indenting Depth
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Figure 2.22. Indenting force vs indenting depth plot of the experimental 40 mN indent into

110 copper to a depth of 1.26 em.

A peak indenting force of 39.30 mN is achieved at a peak indenting depth of 1.26
em. The peak indenting depth is used in the boundary conditions of the ABAQUS/Explicit
indenting simulation to drive the virtual diamond die 1.26 ¢m into the virtual mold. The
resultant indent depth of the experimental indent is interpreted to be approximately 1.1
em. This is the measured indenting depth when the indenting force returns to zero as the
diamond die exits the workpiece. The resulting indenting force vs indenting depth curve
obtained from the simulation is compared to that obtained from the experiment below in
Figure 2.23.
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Indenting Force vs Indenting Depth
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Figure 2.23. Indenting force vs indenting depth plot obtained from the simulation
overlayed on top of the indenting force vs indenting depth curve of the experimental indent

where both indents are to a peak indenting depth of 1.26 em.

The simulation reached a peak indenting force of 34 mN at the peak indenting
depth. The virtual indent experienced an elastic rebound of only 20 nm compared to the
experimental indent having an elastic rebound of 190 nm. Less elastic rebound results in
a much deeper virtual indent. Assuming the material definition of 110 copper is valid on
the micrometer scale, it is hypothesized that there may be an unaccounted-for compliance
in either the foil-foil chuck interface that results in an overestimation of indenting force
and indenting depth as measured by the indenting force/depth-sensing die platform. This
was quickly verified by indenting into a solid diamond turned 110 copper cylinder and
observing the unloading curve characteristics. The unloading portion of the curve was
much steeper than that observed in Figure 2.23. Additionally, topographical errors
between the AFM image of the diamond die and the physical diamond die may lead to
inaccuracies in the indenting force estimate. The form accuracy of the indented virtual
mold is generally of more interest than the indenting force vs indenting depth curve. To
better assess the geometric accuracy of the simulation, a new simulation is created with
a peak indenting depth of 1.12 em. This is done so that the resulting indent depth may be
approximately 1.1 em, matching that of the experimental indent. The resulting indenting

force vs indenting depth curve from the new simulation is compared to that of the
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experiment below in Figure 2.24. The peak indenting force in the simulation is now 30.72
mN at a peak indenting depth of 1.12 em.

Indenting Force vs Indenting Depth
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Figure 2.24. Indenting force vs indenting depth plot obtained from the simulation using a
peak indenting depth of .12 e m over|l ayed on top of the
depth curve of the experimental indent.

The Z direction deformation contour plot within ABAQUS and the imported
MATLAB xyz data of virtual mold indented to a depth of 1.12 ¢m is pictured below in
Figure 2.25.
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Simulated Indent Haight From Bottam (ssm)

(a) (b)

Figure 2.25. Z displacement contour plot from the finite element simulation (a) and the
imported xyz data of the virtual mold indented to a depth of 1.12 em in MATLAB (b).

The 0°, 90°, and 45° cross-sectional plots of the experimentally and virtually
indented 110 copper molds are pictured below and plotted at a 2:1 scale in Figure 2.26.
These cross-sectional plots are explained in chapter 4. The plotted simulation error is the
error between the profile of the simulated indent relative to the experimental indent. A
positive error indicates that the profile of the simulated indent is above the profile of the
experimental indent whereas a negative error indicates that the profile of the simulated

indent is below the profile of the experimental indent.
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Figure 2.26. 0° (a), 90° (b), and 45° (c) cross-sectional plots of the experimentally and
virtually indented 110 copper molds, and the calculated form error of the simulated indent

relative to the experimental indent.

Generally, the form error between the simulated and the experimental indents
stays within the range of £ 100 nm in the vertical Z direction. A 100 nm error is only 5%
of the lens pitch and approximately 9% of the indent depth. From a design ideation
standpoint, the context for which the simulation is to be used, this error is acceptable as
the general likeness of the indent is replicated in the simulation. This is true around critical

locations such as the die cavity as pictured in the 45° cross-section (see subsection
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3.1.6.4 for an overview of key die geometries). The areas of error significantly greater
than 100 nm are located at the perimeter edges of the indent. The simulation appears to
be unable to correctly model the geometry around the perimeter of the indent, resulting
in gradual transition from the vertical lens element wall to the horizontal zero plan of the
mold specimen. It is proposed that this weakness is likely due to mesh coarseness being
unable to capture the sharp changes in surface profile that occur in this region of the
experimental indent. Additionally, the coefficient of friction between the diamond die and
the mold may be given too much influence in the simulation as findings in subsection
2.2.6.5 suggest. There is one consistent instance of simulation form errors on the order
of 600 nm that is visible on the left-hand edge of the left-most lens element in the 0° cross-
section (a) of Figure 2.26. This instance of error is better observed in Figure 2.27 below

that plots the error surface.
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Figure 2.27. The form error surface of the simulated indent with respect to the

experimental indent.

In Figure 2.26 the outboard wall of the simulated indented lens element expands
further out in the negative X direction than that of the corresponding experimental lens
element. Because the geometry of the virtual indent is influenced directly by the geometry

of the virtual die, any errors in the AFM imaging of the diamond die will translate directly
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into the resulting geometry of the virtual indent. AFM, by its nature, is a sensitive method
of metrology where the quality of an image is influenced by issues that may go unnoticed
such as a slightly split AFM probe tip, small lateral movements of the sample during
scanning in the fast scan direction, a miscalibration of AFM axes, etc. Based on this
knowledge, this isolated instance of significant error is likely due to an issue in the AFM
image of the diamond die or the indented mold or both.

The simulation is proven to reproduce the likeness of an indent created in the lab
albeit with some inaccuracies. These inaccuracies include a predicted peak indenting
force that is less than measured and a resultant indent depth that is more than measured.
Given the documented validation of previous simulation work completed by Sumit
Gundyal [18], it is suspected that an unaccounted-for compliance in the foil-foil chuck
interface causes an overestimation of the peak indenting force and peak indenting depth
as measured by the indenting force/depth-sensing die platform. Furthermore, additional
form errors in the simulation relative to real-life may occur due to inaccuracies in the AFM
image of the diamond die or the experimental indent. In conclusion, the simulation may
be confidently employed for the initial ideation of die geometries and evaluating mold
material selections. Additionally, the simulation may be used for estimating indenting
process parameters such as peak indenting force and peak indenting depth if the
compliance in the foil-foil chuck interface can be quantified and/or compensated for with

a transfer function.
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2.2.6. Material parameter study
Material selection has a large influence on the quality of a microlens array mold
produced by an indenting process. A material parameter study was undertaken using the
biaxial symmetric model to study the effects that the mechanical and contact properties
of a material have on the resultant indent. A virtual diamond die matching the microlens
prescription identified in subsection 2.1.3 indents a mold section to a depth of 1.4 um
before retracting to its zero position. The deep depth of 1.4 um is specified to ensure that
maximum filling of die cavities is achieved in all simulations under all conditions. This die
is pictured further above in Figure 2.14. The biaxial model was used to take advantage of
its reduced runtime as many simulations were ran in this study. The mechanical
properties of interest are the elastic modulus, the yield strength, the strain hardening
exponent, and the Poissonds ratio whi |l ecodffihient sol e
of friction between the diamond die and the mold. The values of the properties studied
are described in Table 2.4 where the values highlighted in yellow are the properties used
t he Thi s

material properties will equal the values in yellow. The standard material is specified to

i n 6standarddé materi al means that,

have material properties similar to materials typically used by Smart Material Solutions,

Inc.

Table 2.4. Mechanical and contact properties and their values used in the material

parameter study. The valwues highlighted in
properties.
Elastic Modulus | Yield Strength | Strain Hardening Coefficient of |Poisson's
(Gpa) (Mpa) Exponent Friction Ratio
60 100 0 0 0.2
80 200 0.15 0.2 0.25
100 300 0.3 0.4 0.3
120 400 0.45 0.6 0.35
140 500 0.6 0.8 0.4
1 0.45

‘ Standard material properties

Both the profile of the indented mold and the indenting forces involved in the

indenting process were studied. For a set of material properties and parameters to
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produce an effective indent, the surface profile of the indented mold closely matched that
of the diamond die, with little deviation. To assess the effect each parameter has on the
mold geometry, 0° and 45° cross-sectional plots of the virtual indented surface are
presented in Figure 2.28. To analyze the effect each parameter has on the indenting

force, indenting force vs indenting depth plots are also be presented.

0° Section

Figure 2.28. A graphic showing the 0° and 45° cross-sectional views (red arrows) overlaid
on top of a topographical contour plot of a simulated indent from the biaxial symmetric

model.

2.2.6.1. Elastic modulus
The elastic modulus of the material was varied from 60 GPa to 140 GPa in

increments of 20 GPa. Figure 2.29 shows the 0° and 45° cross-sectional plots of the
indented mold with the die plotted at peak indent depth and the form errors in the 45°
cross-section. All cross-section plots in this study are plotted on a 2:1 scale.
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Figure 2.29. 0° (a) and 45° (b) cross-sectional plots of the resultant simulated indent when
the elastic modulus is swept and the form errors of the simulated indents in the 45° cross-
section (c). 100 GPa is the value of the elastic modulus for the standard material. Point 1
indicates a region of vertical elastic rebound, point 2 indicates a region of lateral elastic
rebound, point 3 indicates a region where mold material struggles to flow into the cavity

of the die, and point 4 indicates a region where perimeter pileup forms.
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Increasing the elastic modulus of the material reduces the vertical rebound of the indent
(see point 1). Additionally, the edges of the lens maintain a steeper slope with a higher
elastic modulus (see point 2). When the elastic modulus was 140 GPa, the indented mold
lens profile resembled that of the die very closely with no visible rebound. A material with
a higher elastic modulus appears to reduce elastic rebound. It is difficult to qualitatively
determine if the elastic modulus has a large influence on material flow into the tight
cavities of the die due to the varying elastic rebound. This is assessed in subsection 2.2.7.
Metal mold materials historically have issues with material flow into the cavities of the
diamond die. This lack of flow into the die cavities is a primary source of form error in a
microlens array mold. The cavity of the die is illustrated below in Figure 2.30. The plateau
at point 3 is present and consistent against all swept elastic moduli. Additionally, the
elastic modulus appeared to have no significant impact on perimeter pileup formations
(see point 4). However, a very shallow pileup formation is present when 140 GPa is the
value of the elastic modulus. Figure 2.31 plots the indenting force vs indenting depth

curve for each value of the elastic modulus studied.

Cavity

Figure 2.30. Graphic identifying the location of the cavity in the biaxial symmetric diamond
die model.
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Elastic modulus sweep indent force vs indent depth
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Figure 2.31. Indenting force vs indenting depth plot for all values of elastic modulus

studied in the material parameter study.

Increasing the Elastic modulus increases the required indenting force. However,
unlike other material properties discussed in this parameter study, an increased elastic
modulus increases the slope of the unloading curve, resulting in less elastic rebound
despite a higher indenting force. This trend can be observed in a general stress strain
curve as illustrated in Figure 2.32 below. Two materials with the same yield strength and
strain hardening exponent but different elastic moduli are strained to an identical
maximum strain, - . The material with the higher elastic modulus (number 2, blue)
recovers to a higher final strain than the material with the lower elastic modulus (number
1, red).
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Figure 2.32. Stress-strain curves of two nonlinear elastic-plastic materials with different

elastic moduli.

2.2.6.2. Yield strength
The yield strength of the material was varied from 100 MPa to 500 MPa in

increments of 100 MPa. Figure 2.33 shows the 0° and 45° cross-sectional plots of the

indented virtual mold with the die plotted at peak indent depth and the form errors in the

45° cross-section.
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Yield strength sweep 0 cross-section
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Figure 2.33. 0° (a) and 45° (b) cross-sectional plots of the resultant simulated indent when
the yield strength is swept and the form errors of the simulated indents in the 45° cross-
section (c). 300 MPa is the value of the yield strength for the standard material. Point 1
indicates a region of vertical elastic rebound, point 2 indicates a region of lateral elastic
rebound, point 3 indicates a region where mold material struggles to flow into the cavity

of the die, and point 4 indicates a region where perimeter pileup forms.
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Reducing the yield strength of the material reduces the vertical rebound of the
indent (see point 1). Additionally, the edges of the lens maintain a steeper slope with a
lower yield strength (see point 2). This suggests that a material with a low yield strength
will produce steeper and deeper microlens elements. It is difficult to qualitatively
determine if the yield strength has a large influence on material flow into the tight cavity
of the die due to the varying elastic rebound. This is assessed in subsection 2.2.7. The
plateau at point 3 is present and consistent across all swept yield strengths. Additionally,
yield strength appears to have no significant impact on perimeter pileup (see point 4).

Figure 2.34 plots the indenting force vs indenting depth curve for each yield strength value
studied.

Yield strength sweep indent force vs indent depth
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Figure 2.34. Indenting force vs indenting depth plot for all yield strength values studied in
the material parameter study.

Increasing the vyield strength increases the required indenting force. This
relationship is the reason why a lower yield strength will result in less elastic rebound. For
a constant el astic modulus, strainnimdanticiee ni ng ¢
a material with a high yield strength will experience more rebound than an indent into a
material with a lower yield strength. A high yield strength results in a high peak indenting

force, allowing for more elastic rebound as the material is unloaded. This trend can be
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observed in a general stress strain curve as illustrated in Figure 2.35 below. Two materials
with the same elastic modulus and strain hardening exponent but different yield strengths
are strained to a maximum strain, - . The material with the higher yield strength
(number 2, blue) recovers to a lower final strain than the material with the lower yield

strength (number 1, red).

>

€max  Strain

&€ &

Figure 2.35. Stress-strain curves of two nonlinear elastic-plastic materials with different

yield strengths.

2.2.6.3. Strain hardening exponent
The strain hardening exponent of the material was varied from 0 to 0.60 in 0.15

increments. This range covers most known materials. Figure 2.36 shows the 0° and 45°
cross-sectional plots of the indented mold with the die plotted at peak indent depth and

the form errors in the 45° cross-section.
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Strain hardening exponent sweep 0’ cross-section
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Figure 2.36. 0° (a) and 45° (b) cross-sectional plots of the resultant simulated indent when
the strain hardening exponent is swept and the form errors of the simulated indents in the
45° cross-section (c). 0.30 is the value of the strain hardening exponent for the standard
material. Point 1 indicates a region of vertical elastic rebound, point 2 indicates a region
of lateral elastic rebound, point 3 indicates a region where mold material struggles to flow

into the cavity of the die, and point 4 indicates a region where perimeter pileup forms.
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Increasing the strain hardening exponent results in more elastic rebound in the
vertical direction (see point 1) and lateral direction (see point 2). No matter the strain
hardening exponent, material does not flow particularly well into the cavity of the die,
forming a plateau (see point 3). However, due to the reduced elastic rebound for lower
strain hardening exponents, a more defined and sharper plateau is present. The pileup
geometry at point 4 suggests that a reduced strain hardening exponent may encourage
perimeter pileup. It is importa n t to note that these simul at:i
resolution to capture detailed pileup formations due to runtime constraints. Figure 2.37

plots the indenting force vs indenting depth curve for each strain hardening exponent
studied.
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Figure 2.37. Indenting force vs indenting depth plot for all values of the strain hardening

exponent studied in the material parameter study.

As with yield stress, increasing the strain hardening exponent results in a higher
peak indenting load for a given indenting depth. For a constant elastic modulus, yield
strengt h, and Poi speaknndesting farde iwidl resultin madregelasic
rebound than an indent with a lower peak indenting force as evident in the plot above.

This trend can be observed in a general stress strain curve as illustrated in Figure 2.38
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below. Two materials with the same elastic modulus and yield strength but different strain
hardening exponents are strained to a maximum strain, - . The material with the higher
strain hardening exponent (number 2, blue) recovers to a lower final strain than the

material with the lower strain hardening exponent (number 1, red).

Ny>MNg, &1 > &

Stress

£2 €1 Emax Strain

Figure 2.38. Stress-strain curves of two nonlinear elastic-plastic materials with different

strain hardening exponents.

2264 Poi ssonb6és ratio
The Poissonds ratio of the materi al was Vva

This range covers most known materials. Figure 2.39 shows the 0° and 45° cross-

sectional plots of the indented mold with the die plotted at peak indent depth.
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Poisson's ratio sweep 0’ cross-section
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Figure 2.39. 0° (a) and 45° (b) cross-sectional plots of the resultant simulated indent when
the Poisson's ratio is swept. 0. 30 is the value of the Poisso

material.

Poi ssonds rati o minimnaldffectiomtbe rasudtanhgaometry af an
indent when all other material properties remained constant. Figure 2.40 below indicates
t hat increasing the Poissonbds r asthereqoired a mat
indenting force to reach a given indenting depth.
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Poisson's ratio sweep indent force vs indent depth
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Figure 2.40. Indenting force vs indenting depth plot for all values of the Poisson's ratio
studied in the material parameter study.

2.2.6.5. Coefficient of friction
In addition to basic mechanical properties, the effect that the coefficient of friction
has on the resultant indent is an important insight to understand before deciding on a
mold material and indenting conditions. The coefficient of friction between the mold-die
interface was swept from 0 to 1 in steps of 0.2. Figure 2.41 shows the 0° and 45° cross-

sectional plots of the indented mold with the die plotted at peak indent depth and the form

errors in the 45° cross-section.
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Figure 2.41. 0° (a) and 45° (b) cross-sectional plots of the resultant simulated indent when
the coefficient of friction is swept and the form errors of the simulated indents in the 45°
cross-section (c). 0.20 is the value of the coefficient of friction for the standard material.
Point 1 indicates a region of vertical elastic rebound, point 2 indicates a region of lateral
elastic rebound, point 3 indicates a region where mold material struggles to flow into the
cavity of the die, and point 4 indicates a region where perimeter pileup forms.
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Changing the coefficient of friction between the mold and the die is found to have
no effect on elastic rebound (see point 1 and point 2), as would be expected. Conversely,
material flow is greatly improved by lowering the coefficient of friction. Flow into the die
cavity is increasingly improved as the coefficient of friction decreases as evident at point
3. Additionally, perimeter pileup continually increases as the coefficient of friction
approaches zero (see point 4). The results of this virtual experiment suggest that the use

of a surface lubricant would be beneficial to the geometric quality of an indent.

poefﬁcient of friction sweep indent force vs indent depth
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Figure 2.42. Indenting force vs indenting depth plot for all values of the coefficient of
friction studied in the material parameter study.

Increasing the coefficient of friction between the mold material and the diamond
die slightly increases the required indenting force to indent to a specified depth as

observed in Figure 2.42 above. The effect that friction has on reducing indenting forces
increases as the coefficient of friction is lowered.
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2.2.7. Summary of parameter study

For a singular indent, the two locations of the largest deviation from the diamond
die profile are at lens vertices where vertical elastic rebound occurs and in the cavities of
the die where mold material fails to fully fill. To identify the material and contact
parameters that affected these form errors the most, an analysis of elastic rebound and
void depth were performed. Vertical elastic rebound and void depth are defined below in
Figure 2.43.

Diamond Die

Indent shape at Void Depth

maximum die depth

Indent shape after
die is removed

I Vertical Elastic Rebound

Figure 2.43. Schematic illustrating the definitions of vertical elastic rebound and void
depth.

The vertical elastic rebound is defined as the distance that the material vertically
rebounds during the unloading phase of the indenting process. The void depth definition
is more complicated. The void depth is defined as the distance between the mold material
plateau (green) and the peak of the die cavity (blue) after vertical elastic rebound has
already taken place. This separates the influence of vertical elastic rebound on a cavity
filling calculation. Table 2.5 below presents color-scaled data illustrating the degree that
a material or contact parameter effects both the vertical elastic rebound and void depth.
Note that Poi ssonés ratio is excluded from th
changethe Poi ssonés ratio had on the resulting inc
indenting depth curve. This table should serve as a general guide in selecting a mold
material before employing any additional strategies to improve the indent geometry and
reduce form error (see subsection 3.1.7). A cell highlighted green indicates that the

vertical elastic rebound or void depth are low relative to other values in the table whereas
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a cell highlighted red indicates that the vertical elastic rebound or void depth is high

relative to other values in the table. From the color gradient, it is clear to see that the

elastic modulus and strain hardening exponent have the greatest influence over elastic

rebound and void depth as the values for vertical elastic rebound and void depth for these

properties show large gradients in value. As discussed above, a higher elastic modulus

and a lower strain hardening exponent will produce the best results for a single indent. In

general, it is best to also select a material with a higher yield strength and aim to decrease

the coefficient of friction between the mold material and the die as much as possible.

Table 2.5. Summarization of the material parameter study. The color scale indicates the

highest (red) and lowest (green) cases of form error.

Elastic Modulus | Vertical Elastic | Void Depth | | Yield Strength | Elastic Depth

(Gpa) Rebound (um) (1um) (Mpa) Rebound | (um)
Lowest 60 0.14182 0.868498 100 0.03076 | 0.73479
Error 80 0.1064 0.824367 200 0.05865 | 0.76969
100 0.08582 0.79892 300 0.08582 | 0.79892
120 0.0719 0.782336 400 0.11092 | 0.82836
140 0.00514 0.704689 500 0.13975 | 0.86444

Strain Hardening | Vertical Elastic | Void Depth Coefficient of | Elastic Depth

Exponent Rebound (pm) (um) Friction Rebound (m)
- 0 0.0301 0.630149 0 0.08041 | 0.71008
H'E'ci:‘(f:’t 0.15 0.04534 0.720457 0.2 0.08582 | 0.79532
0.3 0.08582 0.795322 0.4 0.08801 | 0.81576
0.45 0.13913 0.864968 0.6 0.08801 | 0.81798
0.6 0.23512 0.989195 0.8 0.08812 | 0.81885
1 0.08812 | 0.81885
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2.3. Conclusion

A derivation of a general shape function for the profile of a high fill factor collimating
microlens array element was derived based on the desired pitch of the array. A specific
shape function is calculated using a MATLAB c¢
pitch ultra-high resolution microdisplay. A finite element indenting simulation was created
in ABAQUS/Explicit for the purpose of being a tool to aid in initial diamond die design and
material selection. The simulation employs a Ramberg-Osgood material plasticity model.
The resulting profile of a simulated indent was validated against that of an experimental
indent. Lastly, a material parameter study was completed to identify the effect that
different mechanical and contact properties of the mold material have on the resulting
profile of the indent. It was found that elastic modulus and strain hardening exponent had
the largest influence on the shape of the resulting indent. It is advised to select a mold
material with a high modulus of elasticity, a low strain hardening exponent, a low yield
strength, and a low coefficient of friction for contact with a diamond die. The finite element
simulation presents a capable tool for testing die geometries and mold materials virtually
prior to beginning the fabrication process.
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3. FABRICATION PROCESS

This chapter describes each step in the fabrication of replicated polymer microlens
arrays. The diamond die must first be FIB milled. Elliptical, hemispherical, and parabolic
lens element shape functions may be inputted into the FIB for milling. The low speed
indenting setup is described. The die alignment process is outlined and the indenting
force control capabilities are demonstrated. The instances of geometric form errors are
discussed and categorized. Indenting strategies to reduce these form errors are proposed
and experimentally tested. Additional study into the effect these indenting strategies have
on the time required to indent a microlens array mold of given dimensions is discussed.
Lastly, the replication process to create polymer microlens arrays from the indented metal

molds is described.

3.1 Diamond Die Fabrication
Diamond dies are manufactured by Smart Material Solutions, Inc. using a focused
ion beam (FIB) milling technique. A blank 1 mm x 1 mm x 5 mm single crystal diamond

shank is supplied from Chardon Tool based in Chardon, Ohio (Figure 3.1).

Figure 3.1. A1 mm x 1 mm x 5 mm single crystal diamond shank provided by Chardon

Tool.
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The FIB milling is completed on a Thermo Fisher Quanta 3D FEG located at the
Analytical Instrumentation Facility at North Carolina State University. All scanning
electron microscope (SEM) images of diamond dies are taken directly after FIB milling

has been completed as this machine has an integrated SEM in addition to the FIB.

A shape function is entered into a proprietary code that manages the FIB milling
operations to a high degree of precision. A diamond die can be manufactured in a
relatively short amount of time, typically under one hour. Figure 3.2 below presents an

SEM image of a 3x3 diamond die following final FIB milling operations.

) HV mag H WD curr tilt 10 pm
©120.0kV | 3500 x |10.1 mm|120 pA |45 ° AIF @ NCSU

Figure 3.2. SEM image of a 3x3 diamond die immediately after FIB milling.

A shape function of a designed diamond die must be formatted in a way that is
easily interpreted by the FIB machine. Three types of lens shape functions may be input
into the FIB code. They are 1) a hemisphere, 2) an ellipsoid, and 3) a paraboloid. As a
shape function for a collimating microlens is parabolic in nature, see section 2.1., a
parabolic shape function is employed in manufacturing the diamond dies used in this
work. Prior to defining the hemispherical, ellipsoidal, and parabolic shape functions of a

microlens, the following variables are defined: a lens height, 'O and the radial distance
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from the center of the lens to the intersection of the lens surface with the lens surface of

a diagonally opposing lens, Y. Figure 3.3 presents this geometry.

Figure 3.3. Schematic of the associated geometry to construct lens shape functions for

FIB milling.

For a fully filled microlens array, 'Y may be generally expressed as:

Y ViC 3 08 6

(13)

For a hemispherical shape function, the coordinates along the surface of the lens

may be expressed with the below function:

w Y Y
An ellipsoidal shape function is modeled as:

i w

Lastly, a parabolic shape function is expressed as:

W §O)

<l e

(14)

(15)

(16)

74



A study was conducted to observe the errors between a prescribed die shape
function and the resulting FIB milled diamond die. Hemispherical, elliptical, and parabolic
shape functions were prescribed for a 3x3 fully filled diamond die with the parameters

expressed in Table 3.1.

Table 3.1. The values of shape function parameters inputted into the FIB software to
manufacture a diamond die to match the desired lens prescription.

Parameter | Value (um)
Pitch 2.000
H 1.240
R 1414

The 0° cross-sectional views of these shape functions are plotted below in Figure
3.4. Details regarding the cross-sectional plots may be found in section 4.2.

Shape Functions 0° Cross-Section

——Paraboloid
1.51 ——Ellipsoid
Hemispere

y(um)
o

x(um)

Figure 3.4. A 1.1 scale 0° cross-sectional plot of the parabolic, ellipsoidal, and

hemispherical shape functions using the parameters defined in Table 3.1.

These three shape functions were FIB milled into a diamond shank reserved for
testing different array geometries. AFM images were taken of these arrays and the
resulting profiles were compared to the prescribed shape functions and the form error

computed (see Figure 3.5).
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Figure 3.5. A 2:1 scale 0° cross-sectional plot of the FIB milled die lens element profiles
compared to the defined target profiles inputted into the FIB software (a) and the form

error between the FIB milled profiles and the corresponding target profiles (b).

Without any additional correction or compensation, the FIB machine can mill a
microlens array profile closely resembling that of the prescribed shape function. There
are clear distinctions between the FIB milled hemispherical die, elliptical die, and
parabolic die profiles. This fact showcases the precision of this diamond die
manufacturing method and demonstrates that a change in lens prescription is capable of
being translated into the manufactured diamond die. Figure 3.6 below presents am SEM
image of a 3x3 diamond die matching the lens prescription prescribed in subsection 2.1.3.
This specific diamond die was used for much of the indenting in this work where a 3x3

die is employed.
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Figure3.6. SEM i mage of a fully filled 3x3 2

the experiments presented in this work.

The lens geometries commonly referenced in this work are indicated on the 3x3
diamond die below in Figure 3.7. The saddles of the lens exist as shallow valleys between
adjacent die lens elements. The tip of each die lens element is referred to as its vertex.
Lastly, and perhaps the most important in this work, is the die cavity that exists as a deep

valley at the coincident corner of four lens elements.
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Figure 3.7. SEM images of the same diamond die from Figure 3.6 with key die geometries

such as the saddle, vertex, and cavity labeled.

AFM images were taken of the diamond die. The 0°, 90°, and 45° cross-sections
of the diamond die are compared to the inputted parabolic shape function below in Figure
3.8. Itis important to note that this die was manufactured prior to a service of the machine
which appears to have improved the accuracy of the FIB milled geometries (see

subsection 3.1.8).
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Figure 3.8. 0° (a), 90° (b), and 45° (c) cross-sectional plots of the FIB milled diamond die

pictured in Figure 3.6 and Figure 3.7 compared to the prescribed shape function inputted

into the FIB software.
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3.2 Indenting Setup

3.1.1. Machine overview

Indenting operations are conducted using a nanocoining machine housed within a
clean room at Smart Material Solutions, Inc. For the indenting conducted in this work, the
standard nanocoining setup composed of an ultrasonic actuator, custom alignment post,
and data acquisition devices and wiring are replaced with a 2-axis alignment post and an
indenting platform featuring a diamond die mounted to a custom integrated sensor that
will be referred to in t hsessingdepkaas$otr me.
force/depth-sensing die platform takes inspiration from existing Smart Material Solutions
Inc. intellectual property that may not be disclosed in this work. The indent force/depth-
sensing die platform can measure indenting forces up to 2.5 N. The nanocoining machine
operates within a X, Z, and d coordinate
d i s a r otFaura 3a@nFaure 3al8, ansl Figure 3.11 picture the clean room, the
nanocoining machine with nanocoining post removed, and an illustration of the machine

axes, respectively.

Figure 3.9. Inside the Smart Material Solutions, Inc. clean room.
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Figure 3.10. The nanocoining machine with the nanocoining post removed. Indicated are

the air bearing spindle and the Aerotech XZ stage.

Figure 3.11. The machine axes. The X and Z axes exist parallel to the Aerotech stage

whereas the d axis is aligned with the center

An Aerotech ANT130XY-160 nanopositioning stage translates the indenting post
that supports the indent force/depth-sensing die platform in both the X and Z machine

directions. The stage has a maximum travel range of 175 mm in both the X and Z
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directions. A mounting plate and rubber skirt cover the Aerotech stage (Figure 3.12). The

axis position accuracy is £300 nm with 1 nm resolution.

Figure 3.12. Overhead view of the Aerotech ANT130XY-160 stage.

Mounted to the Aerotech XZ stage is a 2-axis alignment post. Figure 3.13 shows
the 2-axis alignment post mounted to the XZ stage. Mounted on top of the alignment post
is the indent force/depth-sensing die platform (not pictured) that is moved into position by
the XZ stage. Details regarding the die alignment process can be found below in

subsection 3.1.4.

Figure 3.13. The 2-axis die alignment post mounted to the XZ stage.
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A Professional Instruments 4R Block-Head Universal air bearing spindle rotates
wor kpi eces about the d axis. T0i745 mgmpradiansl e has
allowing for the very precise rotational positioning of workpieces. This resolution is critical
for the ability to construct indented arrayswhen very small radi al st efj

are required. The air bearing spindle is grounded to a vibration isolated granite slab
(Figure 3.14).

Air Bearing
Spindle

Granite Slab

Figure 3.14. The Professional Instruments 4R Block-Head Universal air bearing spindle

solidly mounted to a granite slab.

Figure 3.15 below presents a schematic of the machine in the form used for this
work.
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Figure 3.15. Schematic summarizing the coordinate axes and setup of devices on the

indenting machine used in this work.

A Dino-Lite digital microscope is mounted to a Brown & Sharpe Gage 2000
coordinate measurement machine (CMM) as shown in Figure 3.16. This microscope is
critically important in diamond die alignment operations and the alignment of the diamond

die relative to the metal mold is not easily assessed by the naked eye.
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Figure 3.16. The Dino-Lite digital microscope mounted to the Brown & Sharpe Gage 2000
CMM.

The motion control of the nanopositioning stage and air bearing spindle as well the
data acquisition from the indent force/depth-sensing die platform are managed by
Aerotech A3200 software. This CNC-based program enables the programming of
relatively complicated machining operations with ease and flexibility. Diamond turning,
die alignment, nanocoining, and indenting operations are all controlled via variable-based
Aerotech A3200 programs that are easily switched in and out of use. For indenting
operations specifically, feedback control is based on measurements obtained from the
indent force/depth-sensing die platform. These measurements are used to manage the
indenting process. A target maximum indenting force or maximum indenting depth value
may be set for the indenting operation. A properly written Aerotech CNC program will
manage the indenting operation with that target value in mind, ensuring repeatability and
precise control of the indenting processes over long periods of time. Axis commands,
positions, errors, and sensor measurements are automatically compiled into text file
format (.txt) for easy importation and analysis of machine operations in a program of

choice. For this work, MATLAB was used to analyze machine operation and performance.
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3.1.2. The indenting process

The process of creating an indented metal microlens array mold begins with the
diamond turning of metal foil strips. These precision machined foil strips are then cut into
10 by 10 wor kpi e caesnountéchtethewaiobedripgisgndle sy securing
them to a special chuck, called a foil chuck, created by Smart Material Solutions, Inc. This
chuck is designed to handle rectangular foil workpieces. A series of trial indents are made
to assess and adjust die alignment. Once the die is aligned, indenting operations are
completed (Figure 3.17). The details of this entire process are outlined in the following

sections.

Q00

20 pm

Figure 3.17. An electroformed nanograined copper foil microlens array mold indented with

a 3x3 diamond die.

3.1.3. Diamond turning

For diamond turning operations, the standard indenting post is removed from the
XZ stage and replaced with a rigid diamond turning post as pictured in Figure 3.18 which
shows the diamond turning configuration during a diamond turning operation of a 110
copper foil. Also mounted to the XZ stage is a machining lubricant drip post. Aerotech
A3200 CNC software manages diamond turning operations. A chip vacuum, mounted to
the CMM, aids in the evacuation of chips from the part surface. For initial roughing passes,
a polycrystalline diamond (PCD) tool is used to reduce the use of the synthetic single

crystal diamond cutting tools used for finishing passes.
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Rigid Diamond |
Turning Post

Figure 3.18. The diamond turning configuration picturing the vacuum, lubricant drip, and

the rigid diamond turning post.

Foll owing diamond turning, the turned foil
using a PCD diamond tool guided by a custom A3200 CNC program developed by Smart
Material Solutions, Inc.. Figure 3.19 illustrates the evolution from unturned strip of 110

copper into a diamond turned and cut workpiece.

Figure 3.19. The evolution of an unturned 110 copper foil mounted to the foil chuck (a) to

being diamond turned (b) to being cut into a 1" x 1" workpiece (c).

Foll owing diamond turning, a singular 10

chuck and aligned with the spindle axis as pictured below in Figure 3.20.
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Figure 3.20. Mounting of a 1" x 1" 110 copper foil shim to the foil chuck using a tensioned

polycarbonate sheet.

3.1.4. Diamond die alignment

The diamond die is bonded to the indent force/depth-sensing die platform manually
with super glue. As such, alignment errors between the die and the coordinate axes will
always be present to some degree. The diamond die has three Euler angles: yaw, pitch,

and roll about its body axes (Figure 3.21).

Yaw

Figure 3.21. The Euler angles of the diamond die about its body axes.

To assess misalignment, a series of singular indents are created in the metal

workpiece (Figure 3.22) along the Z axis. The Z axis appears as vertical in the digital
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microscope. Each indent in the series is of subsequently deeper depth, ensuring that the
operator can identify at least one indent that gives insight into the die alignment.

20 pm 0

X

Figure 3.22. An image of alignment indents with the machine axes overlaid. This image

was taken using the Dino-Lite digital microscope.

Within the reference frame of the digital microscope, roll, pitch, and yaw

misalignments may be identified as illustrated below in Figure 3.23.

Misaligned
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Figure 3.23. Various misalignments of a 3x3 diamond die and how they would appear

when viewed using the Dino-Lite digital microscope.
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When roll misalignment is present, the indents will be visibly skewed about the X
axis of the machine. Roll misalignment is often very small and is typically detected when
indenting tightly packed arrays (Figure 3.24). Pitch and yaw misalignment are identified
by a visible depth gradient across the indent. A dark lens element indicates a deep indent
whereas a lighter lens element indicates a shallow indent. Pitch alignment is recognized
by a h o r-direation gradient, méaning that either the top or bottom of the die is
indenting the metal to a deeper depth than the opposing side. The same is true for a yaw
misalignment with the difference being that the depth gradient changes in the Z direction.
A die is aligned when there is no visible depth gradient and all indents appear without

significant skew relative to the vertical Z axis.

Figure 3.24. An indented microlens mold array with visible roll misalignment. Notice the

parallelogram shape of the array.

Roll misalignment is accounted for by the CNC code. Pitch and yaw misalignments

are handled by manually adjusting the 2-axis alignment post.

3.1.5. Indenting

The indenting process is straightforward. The Aerotech XZ nanopositioning stage
drives the diamond die into and out of the metal workpiece to create a single indentation.
Foll owing completion of the indent, the
for the next indent and the process continues as many times as required to complete an

array. Due to the flexibility of Aerotech A3200 CNC, there is precise control over the
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