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Abstract

This thesis consists of three research papers that have been published in the field of interference lithography
and sensing with additional introductory information. The first experiment used a modified Lloyd’s mirror
interferometer to create diffraction gratings with large pitches approaching 24 um. Gratings with various
waveform profiles were observed including saw tooth, Dirac comb, and multiple superimposed sine waves.
A theoretical framework was developed in order to predict the pitch of the superimposed gratings by
calculating the grazing angle of light from multiple reflections between the mirror and the sample surface.
This experiment showed that it is possible to fabricate diffraction gratings in azobenzene functionalized
glass that were much larger and with a wider variety of profiles than previously reported. The second
experiment used a light interference pattern at around the same pitch as the pixel spacing of a digital camera
sensor to create images of a beat interference pattern. The physical length of these beats can be measured
using the images and is very sensitive to small changes of angle between the reference laser beam and the
Lloyd’s mirror interferometer. This angle sensor was shown to have an average accuracy of 3.6 arcsec over
arange of 1.47 degrees with a center dead zone of 2 arcmin. The last experiment successfully demonstrates
a novel in-line holography technique for creating diffractive optics by using a refractive optical element as
the object. In particular Fresnel Zone Plates were created using a small converging object lens and a large
plano-convex reference lens. Custom multi-focal lenses were produced by superimposing multiple
exposures and focal lines were created by tilting the sample. This demonstrates a flexible, low-cost method

of fabricating diffractive optical elements in thin films of azobenzene functionalized glass.
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Résumé

Cette these se compose de trois articles de recherche qui ont été publiés dans le domaine de la lithographie
d'interférence et de la détection avec des informations introductives supplémentaires. La premicre
expérience a utilisé un interféromeétre a miroir de Lloyd modifié¢ pour créer des réseaux de diffraction avec
de grands pas approchant 24 um. Des réseaux avec divers profils de formes d'ondes ont été observés, y
compris des dents de scie, un peigne de Dirac et de multiples ondes de sinus superposées. Un cadre
théorique a été développé afin de prédire le pas des réseaux superposés en calculant l'angle rasant de la
lumiere a partir de multiples réflexions entre le miroir et la surface de I'échantillon. Cette expérience a
montré qu'il est possible de fabriquer des réseaux de diffraction en verre fonctionnalisé a 1'azobenzeéne qui
¢taient beaucoup plus grands et avec une plus grande variété de profils que précédemment rapporté. La
deuxiéme expérience a utilisé un motif d'interférence lumineuse a peu pres au méme pas que l'espacement
des pixels d'un capteur d'appareil photo numérique pour créer des images d'un motif d'interférence de
battement. La longueur physique de ces battements peut étre mesurée a 1’aide des images est tres sensibles
aux petits changements d’angle entre le faisceau laser de référence et ’interférométre a miroir de Lloyd.
Ce capteur d'angle s'est avéré avoir une précision moyenne de 3,6 secondes d'arc sur une plage de 1,47
degrés avec une zone morte centrale de 2 arcmin. La derniére expérience démontre avec succes une nouvelle
technique d'holographie en ligne pour créer des optiques diffractives en utilisant un élément optique
réfractif comme objet. En particulier, les plaques de zone de Fresnel ont été créées en utilisant une petite
lentille objet convergente et une grande lentille de référence plan-convexe. Des objectifs multifocaux
spécifiques ont été produits en superposant plusieurs expositions et des lignes focales ont été créées en
inclinant I'échantillon. Cela démontre une méthode flexible et peu cotliteuse de fabrication d'éléments

optiques diffractifs dans des films minces de verre fonctionnalisé a I'azobenzéne.
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CHAPTER 1: INTRODUCTION

1.1

Nanofabrication

As technology has advanced over the past several hundred years, one of the main
efforts of scientists and engineers has been the miniaturization of devices. By reducing the size
of a piece of technology, it will use less material, be more portable, and will often increase the
reliability and efficiency of the device. A historic example is the invention of the pocket watch.
Spring wound pocket watches, although mechanically complex, were able to rival and
sometimes surpass larger mechanical clocks in accuracy and reliability. English inventor John
Harrison was awarded a prize of 10,000 pounds by the British parliament in 1765 for his
solution for the longitudinal navigation problem. His invention was a portable sea-watch that
proved to be more accurate in the harsh environment of maritime travel than his larger earlier

'. Another more recent example of the benefits of miniaturization is the silicon

protoypes
microchip. Billions of solid-state transistors can be manufactured in a single integrated circuit
with an area a few centimeters across *. The miniaturization of technology has allowed for the
mass production of the devices like the smart phone, which benefit from the portability, speed,
reliability, and energy efficiency of modern micro-components.

Nanofabrication is the process used to create objects or devices with features measured
on the scale of nanometers. Gates et al. * provides a good overview of the main categories of
common nanofabrication techniques. These techniques include photolithography, scanning
beam lithography, hard or soft molding or embossing, micro contact printing, scanning probe
lithography, edge lithography, and self-assembly methods. Of particular interest to this thesis
is the fabrication technique called interference lithography (IL). This method involves using
beams of coherent light that, when combined, create a pattern of alternating light and dark
bands due to interference. This pattern can be inscribed onto a photoresist or if the laser beams
are powerful enough, in some cases can be milled directly on the material in a process called
Direct Laser Interference Patterning (DLIP) *. IL is very useful for creating optical elements
such as diffraction gratings. Its main advantage is that there is no master mold or photomask
required since the pattern comes directly from the geometry of the interfering light. This
eliminates a costly and time-consuming step of manufacturing a master pattern, which is

required in most of the nanofabrication techniques described above.



1.2

Photoinduced movement of azobenzene chromophores

Azobenzene is a compound made of two carbon phenyl rings that are attached to
nitrogen atoms that share a double bond. These compounds are strong absorbers of light,
especially at higher frequencies of the visible spectrum, and so have traditionally been used as
yellow dyes in textile and food industries as well as farm diesel fuel. Azobenzene materials
have been long known to exhibit a photo-isomerization effect where the molecule will
spontaneously switch to its cis isomer from its more stable frans configuration when it is
exposed to heat or an absorbed frequency of light °, as seen in Figure 1-1. Furthermore, certain
polymer chains containing azobenzene have been seen to exhibit a photomechanical effect that
results in the transport of material when illuminated with patterned light. This photomechanical
effect may occur at temperatures well under the molecular glass transition temperature of the
material ¢. The movement of the molecules is dependent on the polarization of light 7 as well
as the gradient of the light intensity ®. It has been shown that this technique requires a free
surface of the azobenzene functionalized material and therefore is not a bulk effect °.
Azopolymer thin films have also demonstrated a temperature dependence for the
photomechanical response where at lower temperatures the illuminated areas undergo photo-
expansion and above a certain transition temperature the illuminated areas undergo photo-
contraction ', There have been many theories developed in order to try and explain the various
phenomenon associated with the photomechanical response of azobenzene including: internal
pressure causing laminar flow ', anisotropic diffusion '2, and gradient optical fields . Although
the exact method how the photomechanical transport of azobenzene materials occurs is still
being debated, the general consensus is that the effect is the result of the photo-isomerization
process described above. One common application of this discovery is the production of
Surface Relief Gratings (SRG) on thin films of these azobenzene functionalized materials when

exposed to alternating patterns of light and dark fringes.
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Figure 1-1 — The trans/cis photo-isomerization of azobenzene. *

The production of SRGs in azobenzene functionalized compounds works very well in
conjunction with IL techniques. The photomechanical effect of the azomaterial makes it easy
to produce SRGs in this way because the patterned light can be imprinted directly by a simple
single-step process without the requirement for developing chemicals or etching. The research
group led by Prof. Sabat has been using a molecular glass Disperse Red 1 (DR-1) azobenzene
functionalized material to fabricate a wide variety of SRGs in this manner *. The main benefits
of this novel material are ease of synthesis, monodispersity, and higher yields than some other
longer molecular azomaterials, such as Poly (methyl methacrylate) azopolymers, also known
as PMMA DR-1. The novel molecular glass material is what will be used throughout this thesis
and will be referred to as DR-1 azoglass.

There are two main advantages of the fabrication of surface relief patterns using IL on
DR-1 azoglass. The first advantage is the speed of the process. A typical measurement for

nanofabrication throughput is the produced sample area per unit time and this is measured in

units of ymz / hr . High volume production fabrication methods such as ultraviolet (UV)

photolithography have throughputs greater than 10> 1m” / hr '* while some of the highest
resolution nanofabrication techniques such as scanning probe lithography can be as slow as 10

: ,umz /hr . IL on DR-1 azoglass can produce a 1-cm® pattern in minutes and so has a

throughput on the order of 10° ymz / hr, and this throughput could be increased by using a

higher laser power and wider beams. This means that it is very fast and easy to produce samples
on a macroscopic scale with feature resolutions on the order of 100 nm. The second main
advantage is that IL does not require a photomask or mold. This means that it does not require

expensive specialized equipment such as the case with scanning beam lithography. IL

* Image from public domain: https://commons.wikimedia.org/wiki/File:Azobenzene isomerization.png



1.3

techniques should be accessible to any optics lab with a laser in the absorbing band of the
material and a few basic optical elements making it a fast and inexpensive way to fabricate

customized diffractive optical elements.
Diffractive optical elements and applications

Diffraction is the phenomenon where a wave travelling in a straight line will change
trajectory and spread out when it passes around the edge of an object or through a small hole.
Thomas Young’s famous double slit experiment in 1803 demonstrates that light does indeed
exhibit wave-like properties of diffraction and interference. This discovery paved the way for
a theoretical explanation for diffractive optics. Diffractive optical elements (DOE) such as
diffraction gratings use the interference from multiple evenly spaced coherent light sources to
modify the path of light. DOEs often will have analogous refractive optical elements. For
example, a prism can be considered the refractive counterpart of a linear diffraction grating
because they both bend and disperse white light in a linear manner. A Fresnel Zone Plate (FZP)
can be considered the diffractive counterpart of a traditional refractive lens because they focus
light to a focal point. DOEs are extremely useful when it comes to miniaturization of optical
devices because the patterning of materials can be done at the interface between two thin films.
Many devices such as microchips and solar cells already are fabricated using layered
construction. The patterning of the interface between these layers to create diffractive elements
uses very little material and space, but can have desirable optical properties in miniaturized
devices such as lab on a chip '° or chip based lasers '°. Diffractive elements such as SRGs also
have many useful applications in the field of optics. One of the most common uses for a
diffraction grating is as a dispersive element in a spectrometer. Another fairly common
application for diffraction gratings is for coupling electromagnetic (EM) energy into optical
fibres or waveguides. This technology is therefore extremely useful in the field of
communications.

Another area where diffraction gratings are very useful is the field of plasmonics.
Diffraction gratings can be used to induce the condition of Surface Plasmon Resonance (SPR)
on the surface of conducting materials. An SPR condition can be achieved when the
electromagnetic radiation from incoming light couples and resonates with the free electrons in
the conducting materials creating a Surface Plasmon Polariton . The resonance conditions for
SPR normally requires a wavevector kg, that is slightly larger than the wavevector for a given

frequency of light in the incoming dielectric medium (usually air). Therefore, a prism,
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diffraction grating, or periodic nanostructures are commonly used to match the momentum and
couple the incoming light into the surface of the conductor '*. The field of plasmonics has many
potential applications including enhanced light extraction from LEDs ', distributed feedback
lasers %, and increasing the efficiency of solar cells *'. Scientists are also actively working
towards the creation of 2D photonic integrated circuits using nanoscale devices such mirrors,
beam splitters and waveguides *. Another area of particular interest is the plasmonic biosensor.
These devices rely on the sensitivity of the SPR on the index of refraction of the dielectric in
order to detect small changes at the metal interface . Although the research in this thesis does
not specifically investigate SPRs, the creation of nanometer-scaled structures for the
manipulation of plasmonic signals is one of the main motivating reasons for advancing IL
techniques. The hope is that the knowledge gained by this thesis will act as a steppingstone
enabling the production of more advanced plasmonic devices including plasmonic wave guides

and biosensors.
Research goal and experiments

The main research goal of this thesis is to use light interference patterns to advance
techniques in nanofabrication and sensing. Four experiments were conducted with this goal in
mind.

The first experiment, described in Chapter 2, tests the upper limit of the pitch of SRGs
that can be manufactured on thin films of DR-1 azoglass using IL. Pitches approaching 24 um
were achieved which were much larger than previously published results. The increase in
flexibility of producing larger diffraction gratings greatly increases the number of applications
of this nanofabrication technique by allowing for diffraction and plasmonic coupling of a
broader range of EM radiation beyond visible light and into the infrared region.

The second experiment, in Chapter 3, is a spin-off application that uses the large pitch
interference patterns from the first experiment. Its goal was to detect very small changes in
angle using an inexpensive complementary metal oxide semiconductor (CMOS) web camera.
Thin films of DR-1 azoglass are analogue and continuous and can easily record changes of a
few nm to the pitch of the fringes of an interference pattern. Normal off-the-shelf CMOS
sensors have pixel sizes on the order of several um and so do not normally have a good enough
resolution to detect small nm scale changes in an interference pattern. However, when one
selects the pitch of the interference pattern such that it is close to, but not exactly the same size

as the CMOS pixel spacing, this creates a beat pattern that can be imaged by the CMOS sensor.



This interference between the light pattern and the pixel spacing is a form of spatial
heterodyning and is somewhat analogous to the interference of the primary and secondary
markings on a Vernier scale. This allows for very accurate real-time measurements of the angle
of the device by measuring changes to spatial periodicity of the beats in the image.

Another area of interest is the concept of photo-induced mass transport. When a grating
is formed in DR-1 azoglass, the molecules are physically moving from one location to another.
The work in Chapter 2 investigates large pitch gratings in DR-1 azoglass and was able to set
some preliminary work in determining how far it is possible to move a molecule using IL in
DR-1 azoglass. A dynamic interference lithography concept was proposed and tested in a third
experiment but did not yield reproducible results. Also, while the research was ongoing,
another research group published a similar idea of using a moving mirror to change the phase
# of an IL experiment. Because the novelty of the research was reduced by this new
publication, the thesis work in this area was put on hold. Some preliminary observations are
included in the introduction section of this thesis but no journal article was published with these
results.

The fourth and final experiment is designed to test the production of DOEs. Because
the diffraction gratings in such devices are at similar scales to the wavelength of light being
used, advanced nanofabrication techniques are required. Chapter 4 of this thesis details a novel
manufacturing technique for DOEs called inline interference lithography. This method uses
ordinary refractive optical elements as objects and inline holography to produce analogous
DOEs. The fact that the holograms are produced co-axially or ‘inline’ means that fabricated
diffractive elements also operate coaxially to the optical axis. These DOEs may be useful for
replacing refractive elements in miniaturized optical devices or as wave concentrators or
couplers in photonic devices.

Chapters 2, 3, and 4 represent the modified text from the journal articles published in
peer reviewed journals listed in appendix A. The editorial modifications to these articles were
the result of comments from the PhD thesis examination. Because of the limited amount of
pages in the journal articles, the following chapters only provide a basic literature review and
explanation of theory. The purpose of the introduction chapter of this thesis is to outline the
content and to provide some additional theory and background information for each of the

experiments.



1.5

Large and small scale photo-induced movement for DR-1 azoglass

Since the goal of this thesis, in part, is to increase the flexibility of nanofabrication
using IL, the first experiment was designed to determine the distance scales at which it is
possible to manipulate DR-1 azoglass using IL. A review of literature indicates a common
range of grating pitches on azopolymer films from as low as 280 nm * to as large as 4600 nm
26 with maximum writing efficiency at around 1000 nm pitch *. Grating pitches approaching
200 nm have been reported in azobenzene functionalized thin films with the use of interfering
evanescent waves from total internal reflection in a prism ?’. Another paper has demonstrated
sub 200 nm grating pitch by using more advanced waveguide mode interference in
azopolymers **. A third paper reported a pitch of approximately 140 nm being inscribed as a
volume grating but not patterned in surface relief %.

The most obvious way to change the pitch of the gratings being manufactured by IL,
besides changing the geometry, is to change the wavelength of the inscribing light. However,
a key limitation to IL on an azobenzene functionalized material is that the photo-isomerization
process must be induced at an absorbed wavelength of light. For the DR-1 azoglass material,
the peak absorbance wavelength is at approximately 485 nm with a full width half maximum
of about 175 nm ", This range of absorbing wavelengths is one of the main limits to the pitch
of the gratings that can be generated using IL.

The article in Chapter 2 was able to experimentally demonstrate the fabrication of large
pitch SRGs with pitches up to 20 pm using IL. Follow-up research that was done to send
samples to another research group for collaborative work resulted in saw tooth gratings with
pitches approaching 24 um as seen at Figure 1-2. However, time constraints did not allow for
a full investigation into small pitch gratings. Some initial testing on the use of UV patterning

on DR-1 azoglass did not yield any useable results and remains an area of active research.
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Figure 1-2 — Large scale saw tooth gratings with 24 pm pitch fabricated using IL.

1.6

Interference lithography and the Lloyd’s mirror interferometer

One of the first experimental setups that produced SRGs in an azopolymer thin film
used a Lloyd’s mirror interferometer to create the required interference pattern %, In this setup,
shown in Figure 1-3, a fixture holds a mirror at a 90-degree angle to the sample thin film. A
beam of collimated light is shone half on the mirror and half on the sample. This geometry
results in the two interfering beams, one from the mirror and one directly incident, to meet at
the surface of the sample with inscription geometry that is symmetric over the normal of the
sample. The result is a sinusoidal interference pattern that is projected onto the sample and is
caused by constructive and destructive interference between the directly incident beam and the

reflected beam from the mirror.
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Figure 1-3 — Schematic of a simple Lloyd’s Mirror setup for IL.

The spacing between maxima of the interference pattern for a Lloyd’s mirror is given
by°
A= ./1
2sin(y)

(1.1)

where A is the grating spacing or ‘pitch’, A is the wavelength of interfering monochromatic
light, and y is the angle between the incident light and the mirror.

The main advantage to the Lloyd’s mirror setup is that the sample and the mirror are
held on the same rigid fixture. Therefore, it is less susceptible to vibrations than a traditional
holographic setup with a beam splitter and separate optical elements. The desired pitch of the
grating being produced can also be changed very easily by rotating the Lloyd’s mirror fixture
and changing the angle 6. The geometry of the Lloyd’s mirror constrains the range of possible
grating pitches. For example, using a range of angles of incidence from 5 to 85 degrees with a
laser wavelength of 532 nm yields grating pitches between approximately 3 pm and 270 nm.

In order to test the upper limit of grating pitch inscribed in DR-1 azoglass, a modified
Lloyd’s Mirror setup was used. In this setup, an additional degree of freedom is given to the
angle between the mirror and the sample instead of holding it at 90 degrees as is the case with
the traditional Lloyd’s mirror. Figure 1-4 shows the geometry of the modified Lloyd’s mirror
where 0 is now the angle between the normal of the mirror and the incident light and ¢ is the

angle between the mirror and the sample.
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Figure 1-4 — The modified Lloyd’s Mirror setup includes variable ¢ as the angle between the sample and the
mirror rather than this angle being fixed at 90 degrees.

Full analysis of the optical path difference between the two beams in Figure 1-4 can
be done, but a more elegant approach to determining the pitch of a SRG produced by a modified
Lloyd’s mirror interferometer is to use the angles of the two incoming beams. Figure 1-5 shows

two parallel beams with grazing angle o, some distance d apart striking a sample thin film.
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1.7

Figure 1-5 — Difference in path length 6 between two parallel beams of light with grazing angle a;.

The difference in path length & between the two beams is given by J, =d cos(¢,). If
a second pair of parallel beams struck the same two points at a new angle a, the path difference
between these two beams could likewise be given as 0, =d cos(a, ). For one full fringe to be
projected onto the sample, the path difference between these path lengths must be equal to one
wavelength of the inscribing light 0r|51 —52| =1= |d cos(a,)—d cos(a2)|. The distance d on

the sample is, under these conditions, equal to the pitch of the interference pattern A, and can
be isolated to get the equation

B A
- |cos(a1) - cos(a2)|

(1.2)

In most cases, it is fairly trivial to use ray tracing geometry in order to find the grazing
angles oy and o> of the object and reference beams. This makes a relatively simple way to
calculate the pitch of the interference pattern from two beams using Eq. (1.2). This equation is

used repeatedly in this thesis to determine the predicted pitch in a variety of holographic setups.
Continuously moving interference pattern for inscription on DR-1 azoglass

Writing diffraction gratings on azomaterial films has proven to be a versatile tool in
the field of nanofabrication. For example, several articles have demonstrated that multiple
gratings can be superimposed on top of each other to form various patterns such as crossed
gratings *° or hex gratings *°. Although there are numerous examples of multiple separate
exposures on azobenzene functionalized thin films, there are very few examples of a
continuously changing interference pattern being exposed to a sample film. Several
experiments involving the light induced movement of soft bodied robots have used moving
light sources or digital micro mirror devices *'. By adding a moving component to the Lloyd’s
mirror, it was hypothesized that the sweeping motion of the light interference pattern might
enable new grating patterns to be inscribed that were not possible with traditional IL. It was
thought that large-pitched gratings might be produced since the surface molecules are
continuously swept along by the changing interference pattern. Another possible scenario that
was to be tested was the production of gratings with different fill factors or wave forms besides

the traditional sinusoidal shape. Lastly, it was hypothesized that the sweeping motion of the
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1.8

moving interference might induce macroscopic large-scale mass transport of the molecules
from one side of the sample to the other.

An initial literature search at the time of the thesis proposal revealed that a
continuously moving pattern on azo-functionalized films had not been previously studied.
Therefore, a piezo-electric actuator was purchased and installed on a custom-built fixture that
moved the thin film sample with respect to the mirror. However, as the experiment was
underway, new research 2* was published using a piezoelectric controlled mirror to vary the
phase of the interference similar to the method proposed in this thesis. Despite being beaten to
the mark for the discovery of a new type of IL, a substantial effort was still put into testing of
new grating shapes as described above. The two experiments that were attempted are described
in the following two sections. Although some preliminary results appeared promising, they
were difficult to reproduce and quantify.

The main reasons why the competing research group was able to get superior results
with their moving mirror IL experiment was due to two advantages in their experimental setup.
First of all, their experiment inscribes from the reverse side of the azobenzene functionalized
film, allowing for in-situ Atomic Force Microscope (AFM) measurements while the grating is
being generated. In-situ AFM readings allow for a better understanding of what speed the
moving interference pattern was required to move in order to sweep the azobenzene material
and allowed for better control and selection of the experimental variables. Secondly, a closed
loop feedback system on the piezo-actuator used to change the position of one of the mirrors
allowed for a much greater degree control that the open control system used in the experiment
described in this thesis. The moving interference pattern experiment in this thesis was put on
hold due to the large amount of time and resources that would have been needed in order to

modify the experiment to reach the same capability as the competing research group.
Moving mirror experiment

The experiment shown at Figure 1-6 was created with the goal of testing the effect of
a moving interference pattern on the formation of SRGs in DR-1 azoglass thin films. The intent
of the moving Lloyd’s mirror experiment was to test for the formation of new grating profiles
and for photo-induced mass transport of the DR-1 azoglass compound by sweeping a uniform

interference pattern over the entire sample.
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Figure 1-6 - Moving Lloyd’s Mirror experiment.

The output voltage of a digital signal generator was amplified to a maximum of 150 V
and used to drive a piezoelectric stack with maximum displacement of approximately 10 pm.
The piezo-actuator moved a mirror which shifted the phase of the interference pattern on the
sample. The displacement of the mirror was measured using a laser vibrometer. The
experimental variables of mirror displacement (amplitude), speed (frequency), and waveform
(sine or saw tooth) were controlled by the settings on the signal generator. The angle of the
Lloyd’s mirror was set to control the pitch of the interference pattern and the laser power
controlled the irradiance of the inscribing laser at 532 nm. The length of exposure times for the
total inscription process controlled the number of mirror movement cycles occurring in a single
exposure. Measurements of the mirror displacement from the vibrometer showed that the
piezoelectric actuator suffers from hysteresis, where the same output voltage and frequency on
the signal generator do not consistently result in the same displacement of the mirror. A closed-
loop feedback system for the mirror displacement would have been able to compensate for this
hysteresis resulting in better control of the mirror speed, which is thought to be one of the major
factors to control the displacement of the azoglass material using the moving interference
pattern. The piezo-actuator appeared to operate most reliably at large displacements, and so
signal amplitudes approaching 150 V were most often used. A wide range of frequencies for

the signal generator were used to control the speed of the mirror movement, from 0.01 Hz to
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10 Hz. A wide range of laser irradiance was tried by controlling the power settings in the range
of 0.5 to 3 Watts. Also, a wide range of exposure times from 30 seconds to 20 minutes were
investigated. The goal of the experiment was to see if it was possible to find the correct balance
of mirror speed and laser irradiance that would result in a ‘sweet spot’ where the azoglass
material would be pushed along by the moving interference pattern. It was hoped that multiple
mirror movement cycles with a saw tooth pattern might result in large scale movement of the
DR-1 azoglass film due to a repetitive sweeping motion of the light pattern.

Some initial results looked promising where dark coloured bands were observed on the
sample under a microscope. These dark bands were scanned using an AFM and seemed to
correspond to areas where deeper gratings were being formed. In some instances, the angle of
the grating vector of the SRGs seemed to change depending on the experimental parameters
such as mirror speed and laser irradiance as seen in Figure 1-7. It was thought that perhaps a
‘snowplough’ effect was pushing the azoglass at an angle and resulting in different directions
of the grating vector. In other cases crossed gratings with two grating vectors, as in Figure 1-8,
were produced on the sample. Further testing with similar experimental conditions but with a
stationary mirror, revealed that the crossed and angled gratings may be the result of
spontaneous surface gratings ****. Despite the large number of trials, over a wide range of
variables, no useable correlations were found between grating pitch, grating vector angle, or
depth compared to the speed of the mirror. It is possible that the spontaneous grating formation
process dominates grating formation when no static interference pattern is present. Another
alternative theory is that the size of the parameter space and the lack of precision in the mirror
control system made it too difficult to find the exact parameters where mirror speed was
balanced with the inscribing irradiance of the laser in order to move the azoglass material in a
predictable way. Future improvements to the experimental setup could include in-situ AFM
scanning and a feedback controlled moving mirror. These modifications already exist in the
experimental setup of a competing research group but might allow for a better control of the

variables required to achieve more consistent results.

14



um
um

.5 um

9.4
5.3

100 um

Figure 1-7 — Gratings formed with grating vector approximately 45 degrees from the angle of the vertical
interference pattern fringes. This pattern was created by using a moving mirror to sweep the phase of reflected
beam while the inscribing laser was illuminating the sample. The results were inconsistent over different areas of the
sample and were difficult to reproduce.

Figure 1-8 — Crossed gratings formed in a single exposure using the moving mirror experiment. Although some very
interesting results were observed at different locations on the sample, they were difficult to reproduce and no clear
pattern relating mirror speed, laser irradiance and grating pattern was identified. The gratings in the picture could
be the result of self-assembling structures or edge effects from the iris that restricted the beam size in the experiment.

1.9 Rotating Lloyd’s mirror experiment

Because of the difficulties in achieving reliable results in the experiment in the last

section, and because of the large parameter space required to find the hypothesized balance
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point between mirror speed and laser irradiance, a new experiment was devised. A traditional
Lloyd’s mirror setup shown in Figure 1-3 was used to make a moving interference pattern by
slowly rotating the fixture on a staged stepper motor during the inscription process. Similar to
the description of the last moving mirror experiment, this rotating mirror creates an interference
pattern that will slowly ‘sweep’ over the sample. Unlike the previous moving mirror
experiment, this rotating mirror changes the pitch of the interference of the pattern as it moves
instead of keeping a constant pitch with a changing phase. This means that at various points
along the sample, the light pattern interference gradient will be changing at different rates due
to the cumulative increase in pitch over many cycles. The result is that the rate of change of
the gradient pattern will be different over different areas of the sample as demonstrated in
Figure 1-9. This test methodology should, in theory, be helpful for testing a wide range of step
increments on a single exposure, because different positions on the same sample represent
different speeds that the interference pattern is moving. In practice, it was possible to predict
and verify the spacing between ‘null’ points where the phase shift for each rotation increment
was effectively zero because the total shift was some integer multiple of 1 pitch length. For
example, if one could imagine that the curves in Figure 1-9 were to continue to a distance of
approximately 200 units, there would be one such null point near there. The phase of the two
waves would be close to alignment after 20 blue waves with a wavelength of 10 units and 19
red waves with a wavelength of 10.5 units These null points formed visible bands of
comparatively deep gratings and were the result of the interference pattern being close to static
at these null points on the sample as opposed to the moving interference pattern in between the

nulls.
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Figure 1-9 — Change in fringe spacing as a function of distance. The blue line represents the original pitch of the

interference with a wavelength of 10 units, and the orange line represents a 0.5 unit increment in pitch from the
rotating Lloyds mirror. It can be seen that the cumulative nature of the 0.5 unit change in pitch results in the phase
between the blue and red line varying dependent on the position on the sample.

Some preliminary tests were done, using a 532-nm Verdi laser on a rotating Lloyd’s
mirror setup. During an 8000-second exposure starting from a pitch of 350 nm and ending with
a pitch of 400 nm, the mirror was rotated and the grating pitch increased incrementally by 0.25

nm at a time at 10 sec intervals. The results are shown in an AFM image in Figure 1-10.
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Figure 1-10- AFM imagery of preliminary motion based IL trial. Although the grating is somewhat irregular in
form, an average pitch of about 1330 nm was measured. This is much higher than the 350-400 nm pitch range of
the interference pattern created by the rotating Lloyd’s Mirror.

These initial results seemed to indicate that it might be possible to form larger scale
features in azoglass thin films by sweeping the material with a moving interference. However,
on closer inspection, these results from the rotating mirror experiment seem to share a close
resemblance to results from spontaneous surface grating formation *2. Control variables for the
rotating mirror experiment include start angle, stop angle, step increment, step time interval,
laser power, and total exposure time. Numerous samples were created and tested over a range
of parameters. Similar to the moving mirror experiment in the last section, the results of this
experiment were difficult to reproduce and were inconclusive. It is postulated that the
spontaneous grating formation mechanism dominates in the absence of a stable interference
pattern on the sample or that the hypothesized sweeping motion of the material is very sensitive

to changes of mirror speed and laser irradiance.
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1.10 Inline holography

Inline holography is a type of holographic recording setup where the reference beam
and the interference beam are co-axial. Indeed, some of the earliest holograms were produced
by the ‘father of holography’ Dennis Gabor using co-axial interfering electron beams *°. This
method differs from the more popular off-axis holography where the reference beam hits the
holographic recording media at a different angle than the interference beam. The reason that
off-axis holograms are most often used is because Gabor’s original inline method only works
when a small object is placed in the path of a coherent source because of the shadow region
shown in Figure 1-11. Another disadvantage to the inline holographic method is that the
positive and negative first order diffraction beams cause double images on two different focal
planes. This problem was also overcome by off-axis holography because it creates some
angular separation between the real and virtual holographic images and allows one image to be

viewed at a time.

object Shadow

region

%

Y o
/)
A

roase )

Spatial filter/
Collimator

N\

Holographic
film

Figure 1-11 — A schematic of Gabor’s inline holography method. The object being imaged is necessarily small so
that the diffracted light (black arcs) interfere with the directly incident reference beam (area between red lines).

Despite the few disadvantages of inline holography, it is still an active area of research
and is used in holographic electron microscopy *¢, X-ray holography *’, and inline digital
holographic microscopy **. There are several advantages to using inline holography. For
example, the experimental setup is usually simpler and it does not require a beam splitter. The
reason why inline holography is an area of interest for this thesis proposal is not for its imaging

applications, but rather because of its potential in the field of nanofabrication.
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One of the experimental goals is the holographic fabrication of DOEs. In this regard,
inline holography offers a major benefit over off-axis holographic techniques. Traditional
optical devices such as telescopes or microscopes are designed with co-axial optical elements.
If the holographic DOEs are to behave in a similar fashion as their refractive counterparts, the
holographs must be generated in a co-axial or inline method. Holographic images of small
lenses have already been inscribed in azoglass using an off-axis Lloyd’s Mirror setup * but the
resulting focal point is necessarily off-axis **. By inscribing the interference patterns of various
optical elements directly onto DR-1 azoglass using inline IL, it has been demonstrated that it

is possible to fabricate co-axial DOEs using their refractive counterpart as a template.

1.11 A simple manufacturing method for Fresnel zone plates using inline interference

lithography

It is already known that if a small opaque object is placed in the path of a laser beam
similar to what is shown in Figure 1-11, the resulting interference pattern will be in the shape
of a Fresnel zone plate. The text “Optical Holography” by Collier ** presents a simple

derivation using the geometry in Figure 1-12 .

Figure 1-12 — Geometry of a small object P interfering with coherent source of light S to create a Fresnel zone plate
using inline holography*.

At point Q, the path difference A/ between the direct light from source S and the

refracted light from object P is given by the equation:
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This is achieved with use of the paraxial approximation where # > x and v>> x.

Using the well know equation for a thin lens:

I 1 1
o= 1.4
7wy (1.4)
where f is the focal length. Substituting this into the result of Eq. (1.3) we get:
52
Al ~— (1.5)

Setting the condition for constructive interference for a given path length as A/ = nA
where n is some integer greater or equal to 0 and A is the wavelength of the coherent source,

we then compare this to Eq. (1.5) which yields:

2

X
Al=ni=—" 1.6
n 2f (1.6)

Here x, is the radius of the n™ bright fringe. This is the same description for the
constructive interference condition of a Fresnel zone plate demonstrating that the in-line
holograph of a small point generates the geometry of a zone plate with focal length f.

A literature search for holographic zone plates shows that a beam splitting method has
been used to manufacture them in azo-doped liquid crystals *'. Additionally, a zone plate has
been fabricated on azopolymer thin films using a zone plate mask **. Based on the literature
review, it is believed that the implementation of a direct inline IL method for surface relief

patterning in thin films of azobenzene functionalized material has not previously been reported.
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1.12

Summary

The following 3 chapters are the articles that were published in peer reviewed scientific
journals to meet the requirements of this thesis. The article in Chapter 2 is titled “Fabrication
of micrometer-scale surface relief gratings in azobenzene molecular glass films using a
modified Lloyd's mirror interferometer” and was published in Optical Materials, issue 96
(2019). This paper describes the results from the investigation into the maximum pitch that can
be fabricated using IL on DR-1 azoglass films. The article in Chapter 3 is titled “Dual-axis
optical spatial heterodyning angle measurements using CMOS sensor color crosstalk” and was
published in Sensors and Actuators A, issue 303 (2020). This chapter represents the results
from the investigation into whether the interference pattern of a modified Lloyd’s Mirror
interferometer could be measured directly using a digital camera sensor. The article in Chapter
4 is titled “Inline holographic inscription of diffractive lenses in azobenzene molecular glass
thin films” and was published in the journal Applied Optics Vol. 60 No. 11 (2021). This paper
investigates a new method of manufacturing diffractive lenses using IL. The results from the
moving mirror and rotating mirror experiments described in the introduction were not
submitted for publication. Although there are potentially useful applications for the
manufacturing of specialized SRG patterns using a moving interference pattern, the lack of
predictable results and very large parameter space meant that there was insufficient time to

fully investigate the problem.
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CHAPTER 2: Fabrication of micrometer-scale surface relief gratings in azobenzene
molecular glass films using a modified Lloyd’s mirror interferometer

Abstract

Large-scale surface relief diffraction gratings with pitches up to 20 pum were fabricated
in thin films of azobenzene molecular glass using a single-step and mask-less photolithography
process. A modified Lloyd’s mirror interferometer having two degrees of freedom generated
an interference pattern that was incident on the azobenzene films. Some of the fabricated
gratings had non-periodic profiles resulting from the superposition of multiple sine waves,
while others had periodic blazed sawtooth and Dirac comb profiles. Furthermore, careful
selection of the experimental parameters resulted in gratings with a beat interference profile
having a clearly-visible modulation envelope. A theoretical framework was developed to

successfully explain the obtained grating profiles.

2.1 Introduction

Interference Lithography (IL) uses two or more coherent beams of light to create an
interference pattern and allows for the fabrication of periodic structures, typically on a sub-
micrometer scale, without the need for costly ruling engines, scanning beam systems, or
photomasks. Since IL can be considered a form of photolithography, it shares another main
advantage in that relatively large areas can be fabricated all at once when the photoresist is
exposed to light. This allows for the rapid production of large-scale gratings at a fraction of the
cost of other nanofabrication technologies **. One common IL method uses a Lloyd’s mirror
interferometer where one-half of a laser beam is incident on a mirror and the other half is
directly incident on a photoresist sample held at 90° with respect to the mirror. When the
reflected half-beam from the mirror recombines with the directly incident beam, it generates a
sinusoidal interference pattern which is recorded on the photoresist. Several papers in the
literature have reported on a modified version of the Lloyd’s mirror interferometer where an
additional degree of freedom (DOF) is introduced so that the angle between the mirror and the
photoresist material is not limited to 90° ***. These studies demonstrated the ability of the
modified Lloyd’s mirror interferometer to create lower density (larger pitch) gratings with a
better beam coverage than a traditional Lloyd’s mirror interferometer. However, to our

knowledge, this method of inscribing large-pitch diffraction gratings has never been
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accomplished using azobenzene-functionalized materials since they exhibit a completely
different grating formation mechanism than more common photoresist materials.

The photomechanical surface patterning of azobenzene-functionalized materials has
been the subject of a great deal of research *. Of particular interest is their ability to form

nanoscale surface relief gratings (SRG) **’

upon exposure to a laser beam interference pattern
having a wavelength in the azobenzene film’s light absorption spectrum, which is
approximately between 430 and 550 nm'®. The fabrication of SRGs on azobenzene thin films
is particularly advantageous because it does not require additional etching, washing, or other
processing steps after exposure. There are various published theories that attempt to describe
the origin of the photomechanical behavior that allows the inscription of SRGs in azobenzene
materials, including: internal pressure causing laminar flow "', anisotropic diffusion '?, and
gradient optical fields ®. Statistical modelling has proven successful at predicting the motion of
azobenzene molecules in a variety of experimental configurations including exposure to laser
interference patterns **. The common consensus between most published theories is that the
photo-induced mass transport of the azobenzene molecule arises from the trans-cis-trans
photo-isomerization of the azobenzene chromophore in the molecules *°. There are some
reports in the literature on the inscription of large-pitch SRGs fabricated in azobenzene-
functionalized materials including an 8-um pitch grating on liquid crystalline azopolymer *°,
as well as a 15-um pitch blazed grating on an azopolymer film *'. However, in both cases, a
photomask was used to produce the required light pattern. Furthermore, gratings with a 10-um
pitch have previously been reported in azopolymer films using a mask-less dual beam IL
technique **. Another research paper reported on the nanofabrication of blazed gratings by the
Fourier reconstruction of a sawtooth and beat interference profiles using multiple laser
exposures at different pitches ’. Surface relief gratings with pitches up to 40 pm have been
reported in films of amorphous chalcogenide glasses using polarization modulation from a
beam splitting setup . However, the fabrication of chalcogenide films requires thermal
deposition and the cured films are then exposed to laser irradiation for over 6 hours to fabricate
the gratings. This is contrasted by the fact that azobenzene films are deposited by spin-coating
and gratings can be laser-inscribed in only a few minutes.

This paper reports for the first time on the large-scale and mask-less fabrication of
SRGs with a pitch greater than 15 pum in azobenzene-functionalized thin films using an IL
technique. A Disperse Red 1 (DR-1) azobenzene molecular glass compound "> was used in

combination with a modified two degrees of freedom Lloyd’s mirror interferometer to fabricate
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micrometer-scale surface relief gratings with a maximum pitch of 20 um. A simplified theory
is presented and successfully used for the prediction of the resulting complicated grating
profiles due to the unique laser interference patterns created by the modified Lloyd’s mirror
interferometer. The large-pitch gratings produced by this method are unique because, for the
first time, sawtooth and repeating Dirac function grating profiles are produced in a single-step
fabrication process. Also, from the perspective of the photochemistry of the azobenzene
material, the gratings reported in this paper are of particular interest since they constitute the
first experimental demonstration of azobenzene molecules being transported over relatively
long micrometer-scale distances. This is a potential advancement towards the use of
azobenzene materials for the creation of novel photo-actuators >* and for the fabrication of
photonic circuits >°, plasmon-enhanced spectroscopes *° and transmission filters for remote
sensing *’ to be used in the infrared regime. Finally, this paper reports for the first time on the

fabrication of gratings with a micrometer-scale modulation period or beat envelope.

2.2 Theory

The majority of the double-beam IL experiments found in the literature use a beam
splitter and mirrors to direct the two interfering laser beams towards the sample in a
symmetrical fashion about a normal to the sample’s surface, as illustrated in Figure 2-1 (a). In

this case, the pitch A of the resulting interference pattern is given by Eq. (2.1)

A=—"— 2.1

where A is the wavelength of the inscribing light in the medium above the sample, 7 is
the index of refraction of the medium above the sample (normally air), and o is the angle
between the two beams.

This equation is incompatible with the modified Lloyd’s mirror interferometer because
the two interfering beams approach the sample at oblique non-symmetrical angles o, and ao,
as illustrated in Figure 2-1 (b). An analysis of the optical path difference of this oblique
geometry enables the calculation of the pitch of the interference pattern, shown in Eq. (2.2),
wheren ~1:

B A
"~ |cos(a) —cos(er,)|

2.2)
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As an interesting comparison between Eq. (2.1) and Eq. (2.2), the definition of a as the
angle between the incoming beams may be used to show that @& =@+, and this can be
substituted into Eq. (2.2). The result is the simplified Eq. (2.3), which is similar to Eq. (2.1)
except where the additional factor in the denominator is due to the oblique approach angle of

the symmetry of the two beams:

Ao A . (2.3)

. (a) . a
2sin| — [sin| o, +—
(ZJ ( 2)

This last equation demonstrates that by rotating the sample by an angle of a; + o/2, so

that the approach angle of the two beams is no longer symmetric about the normal, the pitch of
the interference pattern can be increased through a projection of the pattern onto the angled
sample.

Figure 2-1 (c) illustrates the various angles at which light is incident on and reflected
off the sample and the mirror. This figure demonstrates that multiple interference patterns are
possible depending on the number of reflections (bounces) back and forth between the sample
and the mirror. A geometric analysis based on the angle 0 between the mirror and a line
perpendicular to the laser beam and the angle ¢ between the mirror and the sample yields the
set of equations used to calculate the approach angles a between the different beams and the

sample, as presented in Table 2-1.
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2) z b)

a/2 af

Figure 2-1 - a) Standard double-beam IL where the beams are incident on the sample symmetrically about the
normal. b) A more general case of double-beam IL where the beams are incident on the sample at oblique angles. c)
Various angles of light approaching the sample as a result of direct (a4), single bounce (as), double bounce (a4p), and
triple bounce (o4,) conditions between the sample and mirror. The green arrows represent the beam paths for the
outermost extremes of a solid beam of coherent light. m is the distance along the mirror where the solid beam of light
ends and s is the distance along the sample where the solid beam of light ends. The single bounce zone (sbz), double
bounce zone (dbz), and triple bounce zone (tbz) have been illustrated as areas on the sample where that number of
respective bounces are possible. The size and order of these zones may vary depending on specific experimental
geometry.

The angles from Table 2-1 are used in conjunction with Eq. (2.2) to calculate the
resulting pitches of various combinations of interfering beams. For example, the dominant
grating pitch generally results from the angle of the direct beam aq interfering with the single
bounce beam at an angle of os. However, any two angles from Table 2-1 can be combined

with Eq. (2.2) to calculate a corresponding pitch.
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Table 2-1. Equations used to calculate approach angles of beams on sample.

Approach condition of beam Equation based on parameters 0 and ¢ (degrees)
direct (d) oad=0+¢—-90°

single bounce (sb) asb =— 0+ ¢+ 90°

double bounce (db) odb =0 + 3¢ —90°

triple bounce (#b) aw =—0+ 3¢ +90°

quadruple bounce (gb) ogp =0+ 5¢ —90°

Figure 2-1 (c) also illustrates that there are certain limited areas or “zones” where the
different light beams will interfere with each other. The position of the outermost edges of the
laser beam along with the geometry in Figure 2-1 (c) can be used to calculate the outermost
edges of the various zones. The size of these zones depends on where the termination of the
beam strikes the mirror (m), where the termination of the beam on the opposite side strikes the
sample (s) and the angles of the mirror and the sample (8, ¢). The formulas in Eq. (2.4) are
used to calculate the distance of the edge of each single bounce zone (sbz), double bounce zone
(dbz) and triple bounce zone (tbz) in relation to the inside edge of the sample closest to the
mirror:

sbz = mcos(0)sec(0—4)
dbz = 5 cos (0 + ¢)sec(0+34) (2.4)
thz = mcos(@)sec(9—3¢).

These equations limit the effective IL exposure area where gratings are formed but
they can be modified using the parameters m and s by changing where the edge of the source

beam strikes the fixture using adjustable blinders.

2.3 Experiment

Disperse Red 1 azobenzene molecular glass '

in powder form was mixed with
dichloromethane to obtain a solution of 3% by weight. The solution was shaken and passed
through a 0.45-um filter. Approximately 200 pl of solution was spin-coated on a clean
microscope slide at 1000 rpm to form a thin film with a thickness of approximately 600 nm.
The azobenzene sample was then placed on the modified Lloyd’s mirror interferometer, which

was positioned on an optical bench, as depicted in Figure 2-2.
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Figure 2-2 - The beam of a Verdi V6 diode pumped laser with a wavelength of 532 nm is passed through a spatial
filter and a collimating lens. A quarter-wave plate circularly polarizes the light and a set of blinders controls the
position of the edges of the beam. The 2-DOF modified Lloyd’s mirror interferometer with independently controlled
mirror and sample angles is exposed to the beam with an irradiance of 361 mW/cm?.

A Coherent Verdi V6 laser with a wavelength of 532 nm was collimated to a beam
diameter of approximately 5 cm and used as the inscribing light source. The linearly polarized
light from the laser was circularly polarized using a quarter-wave plate. The Lloyd’s mirror
switches the handedness of the circularly polarized light resulting in interference between left-
handed and right-handed circularly polarized light, which is known to be the most efficient
polarization configuration for grating creation in azobenzene-functionalized thin films **. The
angle between the sample and the mirror was initially set to @ = 90° and a calibration laser
exposure was undertaken with a large value of 6 to achieve grating pitch of 2570 nm, as
measured using a Bruker Dimension Edge Atomic Force Microscope (AFM). The resulting
mirror angle for this grating was calculated to be 6 = 84.1 = 0.1° using Eq. (2.1). This angle 0
was held constant for the remainder of the experiment and the angle ¢ was adjusted using a
protractor with an accuracy of = 1°. Multiple thin film samples were exposed to the laser beam
at angles @ between 7° and 173°. For angles ¢ < 90°, the blinders were adjusted with the laser
on minimal power so that there was an overlap between the directly incident beam and the
single bounce beam. Therefore, there was good separation between the sbz, dbz and tbz zones
illustrated in Figure 2-1 (c). For angles ¢ > 90°, multiple bounces were not possible, so the
blinders were not used in order to maximize the grating surface area. The laser exposure time
was initially set to 350 s with a beam irradiance of 361 mW/cm?, however the exposure time
was later increased up to 3600 s for values of ¢ > 170°. The resulting gratings were imaged
and characterized using the AFM. The grating profiles were flattened using a 1% order flattening

algorithm and Fourier analysis was performed using the Nanoscope Analysis AFM software.
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2.4 Results

At a constant mirror angle of 6 = 84.1°, there were limits on the angle ¢ where the
primary grating pitch formed by the interference between beams at angles aq and og, could be
fabricated. For angles ¢ < 10°, the gratings had pitches much smaller than the theory predicted.
For instance, a grating inscribed at an angle ¢ = 7 + 1° had an average pitch of 7.8 pm instead
of the predicted theoretical pitch of 21 um. It was possible to inscribe gratings at a maximum
angle ¢ = 173°, but the resulting grating profiles were somewhat noisy over the entire area of
laser exposure, as presented in Figure 2-3. As a result, the experimental range of large-scale
grating fabrication using this experimental method was determined to be 10° < ¢ < 173° with

a maximum grating pitch of 20 pm.
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Figure 2-3 - The largest grating pitch produced was approximately 20 pm and resulted from a 3600 s exposure and
a sample angle ¢ = 173 + 1°. The gratings were imperfect due to the fact that they were produced at the limit of this
fabrication technique.

For values of ¢ > 170°, the laser exposure time had to be increased incrementally by a
factor of up to 10 times in order to produce gratings that were more than 10 to 20 nm deep. The
grating pitch is independent of the laser exposure time but the exposure time is directly related
to the grating modulation depth. A plot of the measured grating pitch as a function of angle ¢
is presented in Figure 2-4 and demonstrates an excellent agreement between the theory and the

experiments within the range of possible angles o.
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Figure 2-4 - Measured experimental pitches from samples exposed to various angles ¢ with a constant mirror angle
of 0 = 84.1 £ 0.1° are marked with black points with error bars. The dashed line represents the theory from Eq. (2)
using 04 and o, from Table 2-1. Note that for angles of ¢ <90°, the measured pitches were taken in the single bounce
zone so that the effects of multiple bounces could be ignored.

One of the benefits of using angles of ¢ > 90° is that the fabricated gratings had a
uniform pitch without the presence of multi-bounce zones to complicate the pattern.
Furthermore, these gratings resulted in interesting non-symmetrical profiles. Examples of such
profiles are presented in Figure 2-5 which were inscribed at an angle ¢ = 170 + 1°, and with an
inscription time of 1400 s. The profile in Figure 2-5 (a) was obtained from the middle of the
fabricated grating and it has an average measured pitch of 14.2 um between peaks with a blazed
sawtooth profile. Figure 2-5 (b) shows a sharp grating profile similar to a Dirac comb function.
This unique profile was observed at the edge of the same sample closest to the mirror. Figure
2-6 (a) is a 3D AFM image showing a sawtooth grating profile from the same sample presented

in Figure 2-5 (b).

35



40 4

100
a) \ ﬂ
. 304
50 o g
P £
€ P
= S 20+
5 0 =
] €
: \ :
‘ \ &
504 \ 10
-100 T T T T T 1 0 T U T T T T | |II ||Il|l“‘.‘|‘.;‘*_‘
0 20 40 60 80 100 20 18 16 14 12 10 8 6 4 2 0
Position (um) 100 ~ Wavelength (um)
b)
400 H
80
£
€ 200 PO
£ . 3
= E
= =
2 o
£ \ g 404
-
04 w
w
\/ M \/ &
200 i R IR S N N B 1 I
0 50 100 20 18 16 14 12 10 8 6 4 2 0
Position (um) Wavelength (um)

Figure 2-5 - a) A blazed sawtooth grating profile (left) and FFT decomposition of the profile (right) b) A grating
profile that resembles a “Dirac comb” (left) and corresponding FFT decomposition (right). The largest Fourier peaks
between 14 and 15 pm correspond to the predicted theoretical pitch of 14.9 + 1.6 pm. Subsequent peaks are thought
to be harmonics of the main peak due to the non-sinusoidal shape of the profile.

Gratings fabricated at angles ¢ < 90°, with the help of light-blocking blinders, resulted
in non-uniform pitches over different areas of the grating due to the different interference zones
created by multiple reflections as explained in the theory section. These zones are visible to the
naked eye, as pictured in Figure 2-6 (b), and the measured zone sizes correlate well to the

theory described by Eq. (4).
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Figure 2-6 - a) Three-dimensional representation of a Dirac comb shaped grating from an AFM scan. b) Photograph
of a diffraction grating generated with 0 =84.1£0.1°, 0 =15+ 1°,m =3.0 £ 0.1 cm and s = 9.3 £ 0.1 cm. The different
zones corresponding to the number of light bounces between the sample and the mirror are clearly visible and
correlate well to the predicted theoretical values of sbz = 9.3 cm, dbz = 2.2 cm, and tbz = 4.3 cm. Contrary to Figure
2-1 (b) the dbz zone is smaller than the #bz zone due to the specific geometry and blinder position.

In order to further test the theory that multiple reflections are occurring for angles ¢ <
90°, an AFM scan was taken at the sample edge closest to the mirror on a grating that was
fabricated with an angle ¢ = 10 + 1° and a single laser exposure of 350 s. The Fourier analysis

of the grating profile was then compared to the theoretical pitches calculated using Eq. (2.2)
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with the angles presented in Table 2-1. These results are presented in Figure 2-7. The measured
peaks in the Fourier analysis line up very well with the predicted pitches calculated from
theory, confirming that the total light pattern on the azobenzene film’s surface is caused by the

interference of multiple reflections between the sample and the mirror.
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Figure 2-7 - The grating profile (top) shows a complex non-repeating pattern which is the result of the superposition
of several sine waves with different periodicities and was fabricated with parameters 6 = 84.1 £ 0.1° and ¢ =10 £ 1°.
The Fourier decomposition of the signal (bottom) agrees with the colored theory bars calculated from angle
parameters of 0 = 84.2° and ¢ =9.2°.

Three AFM scans were taken in the three different interference zones of the same
sample shown in Figure 2-6 (b), fabricated with parameters 8 = 84.1 + 0.1° and ¢ = 15 £ 1°.
The Fourier analysis of the profiles were compared to the theory with the results shown in
Figure 2-8. The theory once again matches the experimental data very well. The AFM scans
from successive zones moving from the inside edge of the grating closest to the interface with
the mirror (dbz) towards the outside (sbz) show a substantial decrease in the Fourier amplitudes

of the multi-bounce components until a single-period profile is measured in the single bounce
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zone, as predicted by the theory. The experimentally observed Fourier peaks at approximately
3.6 um and 5.35 um do not match any theoretical peaks and are thought to be harmonics of the
10.7 um primary grating pitch. These harmonics are likely the result of the non-sinusoidal
grating profiles similar to those observed in Figure 2-5. It is possible that the other peaks caused
by the multi-bounce interference zones also have harmonics of their own and may be
responsible for some of the noise in the Fourier amplitudes. However, the amplitude of these

harmonics is generally low enough so that they can be distinguished from the primary Fourier

peaks.
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Figure 2-8 - Grating profiles (left) and corresponding Fourier decompositions (right) for a) all zones superimposed,
b) only triple bounce and single bounce zones superimposed, and c) only single bounce zone. These zones correspond
to the ones shown in Figure 2-6 for a sample fabricated with parameters 6 = 84.1 = 0.1° and ¢ = 15 £ 1°. The colored
bars correspond to the theoretical peaks calculated from 0 = 84.0° and ¢ = 13.8°. The trend of declining grating
depths from over 400 nm (for all zones) to approximately 100 nm (for sbz) likely corresponds to the Gaussian profile
of the inscribing laser beam. The highest irradiance is at the center of the beam, therefore shallower gratings will be
produced away from the center.

It was further hypothesized that if the pitches of two of the interference patterns are

closely matched, it is possible to create large-scale wave envelope profiles in a single laser
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exposure. The approximate angles 6 = 70.9° and ¢ = 30° were selected based on the theory in
order to attempt matching the pitch of the interference pattern from the direct and single
reflection beams with the pitch of the pattern from the single and double reflection beams.
Figure 2-9 proves that it is indeed possible to record wave envelope profiles with modulation
wavelengths greater than 40 pum in a single laser exposure in azobenzene films, with results

well in accordance with the developed theory.
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Figure 2-9 - a) Beat interference occurs when two of the interference patterns have close pitch values. b) The FFT
analysis of the shown profile indicates pitches at 1.822 pm from the single reflection, 0.856 pm from the double
reflection and 1.616 pm from the interference between the single and double reflections. The first and last pitches
are close enough together that the envelope is clearly seen. The theoretical model was used to match the experimental
results in order to calculate the angles of 0 = 72.38 + 0.01° and ¢ = 28.85 + 0.01° and predict an envelope period of
28.68 pm. c) A 3D representation of an AFM scan from another sample shows a regular pattern over a 100 pm range

with a wave envelope of 40.8 pm with a grating depth approaching 500 nm.
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2.5 Discussion

The upper and lower limits of the angle ¢ from 10° to 173° are of interest because they
result in the largest grating pitch that can be produced experimentally using this method. One
possible explanation for this limit is that large and small values of ¢ lead to small angles grazing
angles for the direct and reflected beams, which may result in a weakly contrasting interference
pattern. If the component of the electric field in the direction of the grating vector is not
sufficiently large, the azobenzene chromophores do not have enough internal energy gradient
for mass transport to occur efficiently. For angles ¢ < 10°, it is likely that double or triple
bounce interference light beams are overshadowing the very oblique single bounce and direct
bounce interference beams resulting in a grating pitch smaller than the theoretically predicted
value. For angles ¢ > 170°, the weak interference pattern not only requires a longer laser
exposure time to produce deep gratings, but it may also contribute to a reduction of the grating
quality due to the light beam being more susceptible to noise from imperfections in the mirror
and sample surfaces. Surface relief grating depth in azobenzene films is known to be dependent
on several parameters including the laser irradiance and polarization, the exposure time, the
initial film thickness and the interference pattern contrast . In this experiment, all these
parameters were held constant and they resulted in consistent grating depths in the single
bounce zone between 214 nm and 250 nm for a value of ¢ between 10° and 160°. The notable
exceptions are for very large and small angles of ¢ as previously discussed as well as the more
complicated patterns in the multiple bounce zones.

A traditional Lloyd’s mirror interferometer would be limited to a maximum grating
pitch of approximately 4 pum under normal experimental conditions. A modified Lloyd’s mirror
is a substantial improvement in that it allows the fabrication of gratings with pitches of up to
20 pum. This method of large-pitch grating fabrication represents a significant increase in
flexibility compared to traditional IL fabrication processes on azobenzene-functionalized thin
films.

The non-symmetrical grating profiles shown in Figure 2-5 are also noteworthy. It may
be possible to explain the asymmetry of the profiles as a direct result of the asymmetry of the
incoming beams which creates a difference in the magnitude of the p-polarization component
of the light with respect to the movement direction of the molecules for the light facing and
dark facing slopes of the gratings. The unusual Dirac comb grating profiles are more difficult

to explain. It is clear from the wide troughs and tall peaks that a large amount of azobenzene
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molecules has been photomechanically displaced. Both the blazed and comb grating profiles
came from different locations on the same sample. It is possible that the higher irradiance at
the center of the inscribing Gaussian beam is responsible for the comb profile, while the blazed
gratings are generated by a less powerful beam at the outer regions. More detailed
experimentation and modelling may be required in order to understand how these unique
profile shapes are being generated. It is not known if published azobenzene mass transport
theories are capable of explaining the profiles created by extremely large movements of the
azobenzene molecules, as seen in the large micrometer-sized gratings produced in this work.
However, the production of blazed gratings and Dirac combs in a single exposure IL fabrication
method will likely have benefits in other areas of research that require these types of shaped
nanostructures.

The theory explaining the multiple beam reflections in the modified Lloyd’s mirror
interferometer for angles @ < 90° is also exciting because it represents a new type of
interferometer where one of the reflecting mirrors also doubles as a light sensor. The
superposition of multiple sine waves from multiple reflections creates a unique “fingerprint”
of patterned light that is inscribed as the grating profile. The Fourier transformation of the
profile can be used to analyze this fingerprint and determine the absolute value of 6 and ¢ on a
stationary system without the need for counting moving light fringes. This type of
interferometer could be used to make sensitive angle measurements for small angles in hard to
reach locations. For our research, the parameters 0 and ¢ in the theoretical model were adjusted
by increments of up to 0.01° in order to find the theoretical profile that best fit the observed
data based on the approximately known start angles. For future work, a computer algorithm
that employs statistical methods to determine the parameters of best fit could be used to further
increase the accuracy of these measurements. The theory presented in this paper did not include
amplitude or phase calculations in its predictions. Although there is some evidence of
interference patterns from up to four bounces in Figure 2-7, each successive reflection from
the azobenzene film reduces the irradiance of the beam and therefore decreases the interference
contrast with the direct beam. For this reason, the theory for a larger number of bounces has
been considered negligible. A model that uses the irradiance profile of the beam and the Fresnel
reflectance of the azobenzene thin film and mirror might be able to predict the polarization and
interference contrast between beams and correlate this to the relative amplitudes of each peak
in the Fourier analysis of the resulting gratings. The phase information of the various sine

waves in the complex grating profile could also be useful. If the wavelengths of the wave
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components are not divisible by each other, a pattern is generated that will not repeat except
over relatively long distances. The phase information of the interfering sine waves from a
particular location of the long baseline signal inscribed on a sample could be used to calculate
accurate length measurements between two distant points on the grating profile. The beat
interference profiles recorded in the azobenzene molecular glass films are of particular interest
because they offer the possibility of fabricating patterns at even larger scales. There is no
theoretical limit to the wavelength of the envelope, although extremely sensitive adjustments
of the fixture geometry would be required to match the pitches of two patterns in order to
produce the largest possible beat periods. This increase in sensitivity from the beats of two
interfering patterns could be used in future work to enable for the measurement of angles

between the sample and the mirror with extreme accuracy.

2.6 Conclusion

A modified Lloyd’s mirror interferometer with an additional degree of freedom for the
angle between the sample and mirror was used to produce surface relief gratings with pitches
up to 20 pum on thin films of azobenzene molecular glass. A simple mathematical theory was
presented and used to successfully predict the grating pitches produced when the sample was
positioned at different angles. One unexpected but interesting result is that the large-scale
gratings had profile shapes that were not sinusoidal. Some of these profiles closely resembled
blazed gratings, while others resembled Dirac combs. Additionally, when the angle between
the mirror and the sample was small, multiple reflections occurred and complicated profile
patterns of superimposed waves were recorded on the sample. This new type of interferometer
generates a unique surface profile pattern that is dependent on the angles of the modified
Lloyd’s mirror interferometer. The recorded pattern was measured and analyzed using Fourier
analysis. The wavelengths of each Fourier component were used along with the presented
theory, in order to calculate the two angles of the fixture geometry with resolution of 0.01°.
Beat interference envelopes, produced as a special case of this geometry, could theoretically
be used to further increase the sensitivity of angle measurements of this type. The results of
this experiment were achieved by using a proven single-step fabrication technique that relies
on the photomechanical response of azobenzene-functionalized materials. This research has
shown that it is possible to fabricate diffraction gratings on azobenzene materials with a much

greater range of pitches than previously possible. Also, a more diverse range of grating profiles
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shapes were produced without the need for multiple exposures. The additional flexibility
afforded by this method allows for a greater range of possible applications including the rapid
fabrication of diffraction gratings designed for use with infrared light. The gratings produced
by this process are extremely cost-effective in terms of equipment and materials and, as a result,
will increase the accessibility of this type of microscale and nanoscale fabrication technology

to a wider community.
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CHAPTER 3: Dual-axis optical spatial heterodyning angle measurements using
CMOS sensor color crosstalk

Abstract

A simple, yet precise, optical angle measurement device was developed by analyzing
the light interference pattern from a modified Lloyd’s mirror interferometer combined with a
CMOS camera sensor. The resulting spatially heterodyned signal was very sensitive to small
angle changes from an incident low-power laser beam, with an accuracy better than 8.9 arcsec
over a range of 1.47 degrees. Measurement dead zones, estimated to have an angular span of +
0.96 arcmin, occurred in the middle of the device’s measurement range at a critical angle where
the pitches of the light interference pattern and the CMOS sensor array were equal. Also, a
proof-of-concept test successfully demonstrated the use of this device for dual-axis angle

measurements using a single CMOS sensor.

3.1 Introduction

Heterodyning was invented by Reginald Fessenden in 1902 ** and it consists of
combining two radio-frequency signals with slightly different frequencies in order to produce
a new set of signals in a new frequency range. A common application of this technique is the

% Optical heterodyning can also be achieved with the

super-heterodyne radio receiver
superposition of two coherent light sources with slightly different frequencies. The mixed
heterodyne output signal is highly sensitive to small changes in the frequency of the initial light
beams, which allows for an increased sensitivity and a higher signal-to-noise ratio than direct
optical measurement devices used in applications such as spectroscopy, lidar, radiometry,
interferometry, polarimetry, and imaging . A spatial heterodyning technique can be used to
measure the change in the interference pattern as a function of distance rather than time. This
technique usually involves using an array of photodetectors to measure spatial separation of
interference patterns such as in a spatial heterodyne spectrometer ®'.

Several types of optical angle measurement devices have previously been reported in
the literature, including optical encoders, auto-collimators, interferometers and systems using
total internal reflection or even Surface Plasmon Resonance (SPR). Optical encoders have
proven to be dependable with angle measurement accuracies better than 1 arcsec , but they

require relatively large and precise encoder disks to be manufactured and the sensor must be

built into a physical interface between two rotating components. Auto-collimator systems can
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measure two simultaneous axes and have very good reported accuracies of 0.01 arcsec ©, but
the same report states a limited instrument range of only +200 arcsec. Although some of the
most accurate interferometers have claimed sensitivity as low as 0.057 arcsec/fringe *, these
systems tend to be bulky and can only determine relative angle displacement by counting
fringes ®. Another system that uses the phase shift of different light polarizations in a total
internal reflection system cites an error of 1.3% over a range of 0.6 degrees ®. A SPR-based
angle measurement system has an accuracy of 0.2 arcsec, but only over small ranges of + 4
arcsec . Furthermore, many of these systems are large and require external detectors with
multiple optical beam paths in order to function properly.

This work reports on the development of a simple and low-cost angle measurement
device that uses a single Complementary Metal Oxide Semiconductor (CMOS) web camera
sensor and a small mirror. The device takes advantage of spatial optical heterodyning between
the interference pattern formed by a modified Lloyd’s mirror interferometer and the spacing of
the CMOS sensor elements array in order to create a combined light interference beat pattern
that is extremely sensitive to changes in the mirror’s angle. Previous papers have reported on
the successful capture and recording of interference patterns using camera sensors: Srikanth
measured split beam interference patterns on digital camera sensors using an optical

magnification technique, while Hochberg et al.

used a method for projecting the interference
pattern from a Lloyd’s mirror at highly oblique angles onto a camera array in order to test the
sensor’s performance. To the best of our knowledge, the work presented herein reports for the
first time on the optical measurements of angles using spatial optical heterodyning of a light
interference pattern with a CMOS camera sensor. The proposed measurement system can be
easily retrofitted on the exterior of an object. Furthermore, it is capable of making absolute
angle measurements with respect to a reference laser beam of an object in free space, without
the requirement for any external sensors. The prototype device is shown here to have an
accuracy better than 8.9 arcsec over a range of 1.47° with an estimated dead zone of
approximately 1 arcmin on either side of the central critical angle. A proof-of-concept
demonstration has also proven the possibility of obtaining dual-axis angle measurements with
a single CMOS sensor. Although the proposed device herein is not as accurate as some of the
other published angle measurement devices, its small size, light weight and simplicity will
certainly make it useful in many applications, including free-space optical communications,

particularly for the acquisition, tracking and pointing of satellites in space .

48



3.2 Theory

In order to estimate the red (R), green (G), and blue (B) color values, most single-
sensor cameras have a pattern of alternating color filters placed over each sensor pixel. One of
the most common pixel color patterns is called the Bayer-pattern, which has twice as many
green filters as red or blue ones. Although some color information is necessarily lost using this
method, there are a wide variety of image processing techniques called de-Bayering that can
be employed in order to estimate the missing information through interpolation ”'.

Color crosstalk can occur on a CMOS camera sensor when the incorrect color is
detected at a pixel location. A diagram of a CMOS sensor is shown in Figure 3-1 and it depicts
a single row of pixels with Bayer-pattern filters. Typically, photodiodes in a CMOS sensor are
evenly spaced with silicon substrate in between them. To improve the light collection
efficiency on each photodiode, micro-lenses are often placed over the filters to focus more light
onto their corresponding detector. This sensor architecture is designed to operate for almost
normally incident light. If light rays are incident at large oblique angles, it is possible for the
incorrect color to be detected and displayed as a result of optical spatial crosstalk 7, as
illustrated in the right side pixels of Figure 3-1. Very oblique angles and reflections at boundary
interfaces inside the sensor may cause the light signal to skip multiple detector locations.
Because the pattern is periodic, as long as the number of pixels skipped is consistent over the
device, the results will not differ from single pixel crosstalk besides a possible phase shift.
Therefore, for the sake of simplicity these effects have been ignored and the theory assumes a

crosstalk shift of one pixel.

Color Filters

m &m Micro Lenses

G | R | G | R | Photo Diodes
Silicon Substrate

Figure 3-1 - A representative cutaway of a single row of four pixels in a conventional Bayer-pattern CMOS sensor.
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A traditional Lloyd’s mirror interferometer consists of a screen and a mirror placed at
right angle. When a coherent beam of light is shone onto the mirror and screen simultaneously,
a holographic interference pattern is created on the screen. By changing the angle between the
screen and the mirror, it is possible to obtain an interference pattern with a pitch larger than

44,45

those obtained with a traditional right-angle Lloyd’s mirror "™, as depicted in Figure 3-2. The

resulting pitch Ar of the interference pattern from a modified Lloyd mirror is given by "

A
A, =
L™ cos(o + ¢ —90°) — cos(—6 + ¢ + 90°)|

(3.1)

where A is the wavelength of the light beam and the angles 8 and ¢ are in degrees, as illustrated
in Figure 3-2. The angle ¢ between the screen and the mirror in the modified Lloyd’s mirror
interferometer can be optimized to create an interference pattern with a pitch that is roughly
equal to the pitch of the pixel spacing on the CMOS sensor, which replaces the screen in Figure

3-2, in order to create a beat pattern.

mirror

Laser beam

screen

Figure 3-2 - The geometry for a modified Lloyd’s mirror interferometer.

Considering an interference pattern of amplitude modulated light with a uniform pitch
Av projected onto a CMOS sensor with a pixel array pitch As and knowing that the spatial
frequency (f) is inversely proportional to the pitch (A), the beat interference equation between
two sources freqr = |f2 — fi1| can be used to calculate the pitch of the beat periods between the

light pattern and the pixel array as follows:

1

Apear = (3'2)

5 7]
S L

As the angle 0 is changed by rotating the Lloyd’s mirror interferometer, the pitch of
the changing light interference pattern (Ar) is spatially mixed with the reference pattern from
the pixel array spacing (As) of the CMOS to produce a new heterodyne signal (Apcar).
Combining Eq. (3.1) with Eq. (3.2) and holding the angle ¢ constant permits the calculation of
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the angle 0 based on the measured Awca. This is the theoretical basis for the proposed angle

measurement device in this paper.

3.3 Experiment

A CMOS sensor, having a resolution of 640 by 480 pixels, was removed from a
Microsoft lifecam VX-1000 web camera. The width of the active area of the sensor was
measured using a travelling microscope with an accuracy of + 10 um and divided by 480 to
calculate an average pixel spacing of 4.23 + 0.01 um. In order to confirm this measurement, a
helium-neon laser was shone onto the CMOS sensor and the angles of the first-order diffraction
maxima were measured to calculate a pixel array pitch (As) of 4.20 £ 0.02 um using the
diffraction grating equation. The CMOS sensor was then placed at an angle of ¢ =40 + 1° with
respect to the Lloyd’s mirror and the entire configuration was mounted on a computer-
controlled rotary stage with a step size of 0.01°. As seen in Figure 3-3, a laser beam from a
Coherent Verdi V6 solid-state laser, emitting at 532 nm wavelength, was expanded and
collimated before being incident on the mirror/sensor assembly. Even at the lowest laser power
setting of 10 mW, the CMOS sensor was overexposed, so the beam power was further reduced
by a 0.43% neutral density filter, resulting in a measured average beam irradiance of 19.8 + 3.5
mW/m?. The laser light was S-polarized with respect to the plane of incidence of the mirror but
any polarization that produces a well contrasted interference pattern should theoretically work.
The resulting light interference pattern from the CMOS sensor was observed on a computer
with the “Sharpcap” image capturing software. Although the majority of the laser beam was
incident on the mirror and sensor assembly, a small portion of the laser beam was allowed to
pass over the CMOS sensor, and it was projected on a screen located 156.5 + 0.2 cm away.
Measurements of the distance, d, between the coaxial beam and the reflected beam, were used

to calculate a value for the angle 6 with an uncertainty of + 0.02°.
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Figure 3-3 - Top-view illustration of the experimental setup.

The laboratory room was darkened and the stage, where the mirror/sensor assembly
were located, was rotated until the heterodyne beat envelopes were clearly visible and as large
as possible in the horizontal direction, when observed through the image capture software. The
point of maximum horizontal beat pitch occurred several times throughout the rotation of the
stage. A screen capture of the CMOS sensor was taken at each point and the distance d on the
bypass screen was recorded so that the angle 6 could be calculated. It will be explained later in
the discussion that each of these positions correspond to the center of a dead zone, where the
sensor cannot accurately measure the angle 6.

The rotary stage was set to the center of the first dead zone where the beat signal was
strongest. It was then rotated clockwise in increments of approximately 0.1°. At each angle, a
screen shot of the sensor output was taken and the value d was recorded in order to test the
sensor’s response curve and accuracy. This was done over a range of approximately 1.5°
around the central dead zone until the heterodyne beats started to become too small for the
sensor to resolve or until the signal started to deteriorate.

The color screen captures from the CMOS sensor were then separated into their RGB
components and the G and B data was discarded. Only the red color information was retained,
but the blue color information could have been equally used. The images were subsequently
analyzed using the OriginPro software. Three randomly selected horizontal cross-sectional

profiles were extracted from each image and the resulting profiles were curve-fitted with the
equation y =y, |sin (TL’ %N in the OriginPro software to determine the value and

uncertainty of ®, which corresponds to the pitch of a beat (in pixels). This value was then

multiplied by the pixel array pitch of 4.2 um to find Awear. The beat pitch was then graphed
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against the angle 6, which was calculated from the measured value of d from the bypassed light

on the screen, and it was compared to the theory of the combined Eq. (3.1) and Eq. (3.2).

3.4 Results

Figure 3-4 contains images taken at the center of each dead zone at critical angles of 6
where the horizontal pitch of the beat pattern approaches infinity. From Eq. (3.2), it can be
concluded that this occurs when Ar = As. The sampling theory infers that the same condition
can be met when nAr = Aswhere n is an integer. Therefore, the images in Figure 3-4 correspond
to the critical angles where Ay is a harmonic of As The vertical components of the beat pattern,
seen as alternating color bands in Figure 3-4, are due to the vertical off-normal misalignment
between the mirror and sensor. As the angle 6 was changed, the vertical component of the beat
pattern stayed relatively constant throughout the stage rotation, as it is independent from the
horizontal component of the beat pattern, which is only related to the angle 8. Therefore, the
vertical alignment of the sensor is not critical in order to accurately measure rotations of the
angle 0. Interestingly, the alternating vertical colors patterns of red and blue, and black and
purple, are thought to be due to spatial crosstalk due to the large oblique angle when the light
is striking the sensor. A theory on why each dead zone alternates between the various colors

beat patterns is outlined in the discussion section.
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Figure 3-4 - Images captured from the CMOS sensor at the center of various harmonic dead zones. Inset a)
corresponds to the first harmonic of a pair of pixels, b) the second harmonic, ¢) the third harmonic, and so on.

As the stage was rotated, the changing distance ¢ on the bypass screen, seen in Figure
3-3, was measured and used to calculate the angle 0 for each of the critical angles corresponding
to the images in Figure 3-4. Eq. (3.1) was then used to calculate the theoretical pitch of the
light interference pattern (Ar) for each critical angle, using a constant mirror/screen angle ¢ =
39.8 £ 0.2°. The results are shown in table 3-1. These calculations demonstrate that the critical
angles 0 at the center of each dead zone create a light interference pattern that is harmonic to
the double of pixel array pitch of 4.2 um. Therefore, the value As = 8.4 um corresponds to the

spacing of a pair of pixels because the Bayer color pattern repeats every 2 pixels.
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Table 3-1. The pitch of the light interference pattern at critical angles or dead zones.

Measured critical Calculated pitch n™ harmonic
angle 0 (deg) Ar using Eq. 3.1

Calculated pitch
multiplied by

(um) harmonic (um)
87.172 +0.010 8.42 +0.04 1 8.42 +£0.04
84310+ 0.011 4,19 £0.02 2 8.38 £ 0.04
81.474+0.013 2.80 £ 0.01 3 8.41 £ 0.04
78.582 +0.015 2.099 + 0.009 4 8.397+0.036
75.704 £0.017 1.683 +0.007 5 8.414+0.036
72.782 +0.018 1.404 £ 0.006 6 8.423+0.036

Figure 3-5 (a) is the greyscale representation of the red color portion of a screen capture
from the CMOS sensor at the critical angle in the center of the dead zone from the 1% harmonic
and Figure 3-5 (b) is the corresponding horizontal cross-section from a random row from
Figure 3-5 (a) with a fitted pitch ® of 492 + 3 pixels. When the stage is rotated in small
increments away from the center of the dead zone, the pitch of the horizontal component of the
beat pattern becomes smaller while the pitch of the vertical component, related to the vertical
mirror misalignment, stays the same. This results in a perceived tilt of the beat pattern, as seen
in Figure 3-5 (c), which is the greyscale representation of the red portion of the screen capture
at an angle of 0.17° away from the center of the dead zone illustrated in Figure 3-5 (a). Finally,
Figure 3-5 (d) is the corresponding cross-section from a random row from Figure 3-5 (c) and
it has a pitch @ of 34.36 + 0.04 pixels. The uncertainty in the period of this curve fit is much
lower than that in Figure 3-5 (b) because multiple beats can be measured and averaged by the
curve fitting algorithm. The vertical misalignment of the mirror and sensor determines the
direction of the angular displacement A away from the center of the dead zone by the direction
of tilt. In this case, the counter-clockwise tilt of the interference pattern corresponds to a

decrease in the angle 0 of the device.
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Figure 3-5 - Left: The red co

center of a dead zone at an angle 0 = 87.11 £ 0.01° while the bottom row, an angle of 6 = 86.94 + 0.01°.
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The total uncertainty in the period of each beat envelope was calculated, using the

Pythagorean Theorem, by adding the random uncertainty from the results of 3 randomly

selected rows to the average measurement uncertainty Ao from the curve fits. Each measured

pitch (in pixels) was multiplied by the pixels array pitch of 4.2 um and it was graphed in Figure
3-6 against the measured angle 6 from the bypassed light screen. The red line in Figure 3-6 is
the theoretical curve from combining Eq. (3.1) and Eq. (3.2) using an angle ¢ of 38.9° and its

peak corresponds to the center of the sensor dead zone. As it can be seen, the experimental data

agrees very well with the theory.
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Figure 3-6 - The pitch of the imaged beat envelope versus the angle 0 of the device centered on the critical angle of
the 1*" harmonic sensor dead zone. The experimental data points are compared to the theory line from combining
Eq. (3.1) and Eq. (3.2).

In order to estimate the accuracy of this angle measurement device, the theoretical
sensitivity was multiplied by the total measurement uncertainty and it was graphed in Figure
3-7. The black line is the theoretical sensitivity, which is the inverse of the derivative of the
theoretical curve in Figure 3-6. The red line represents the total uncertainty of the curve fitting
algorithm, which was obtained from the experimental data error bars in Figure 3-6. The
accuracy of the angle measurement device is found by multiplying these two curves. The result
is a fairly flat curve, shown in blue in Figure 3-7, with an average accuracy of
(9.2 4 0.9) x 10™* degrees or about 3.6 arcsec. Omitting the last two data points, the largest

uncertainty of this curve is 8.9 arcsec.
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Figure 3-7 - A graph of the theoretical sensitivity, total measurement uncertainty of the beat pitch, and the
accuracy of the device as a function of the angle 0 centered on the critical angle of the 1** harmonic sensor dead
zone.

Further testing was done to demonstrate that dual-axis angle measurements can also
be performed using this device. Two mirrors projected two orthogonal interference patterns on
the same CMOS sensor, as depicted in Figure 3-8. A custom fixture was used to hold the
mirrors at an angle ¢ of approximately 93.5° to the CMOS sensor, while the incoming laser
beam was set to be normally incident to the sensor. The mirror angles were measured as 6 =
86.56° for the right-hand mirror and 6 = 86.20° for the bottom mirror. Since this new fixture
was only fixed temporarily, it was not possible to rotate the device to different angles 6. The
resulting interference pattern can be seen in Figure 3-8. The angular position of the device
resulted in a horizontal beat pitch of Apear = 75.9 um and a vertical beat pitch of Apear = 93.5
pm. These values agree with the theory for an angle ¢ of 93.5° for both mirrors and a sensor
pitch (As) of 4.2 pm. This demonstrates that it is possible to independently measure the two
orthogonal light interference patterns for dual-axis angular measurements with a single sensor.
The accuracy and sensitivity for this dual-axis device should theoretically be similar to the
single-axis device presented earlier in this paper. However, additional uncertainty in the curve

fitting may arise if the two signals are not perfectly orthogonal due to imperfect alignment.
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There is no color crosstalk in Figure 3-8 because the light is close to being normally incident

onto the sensor, so the CMOS is detecting the correct color of light.

\O
w
9,1

o

: (. .
Figure 3-8 - Concept for a dual-axis heterodyning optical angle measurement device. (Top left) is a diagram of the
experimental setup where the beam of light is normally incident to the crosshatched CMOS sensor and is also
incident on the two mirrors depicted in blue. (Top right) is the horizontal signal only with the light blocked to

bottom mirror. (Bottom left) is the vertical signal only with light blocked to mirror on the right. (Bottom right)
both vertical and horizontal signals are visible simultaneously when both mirrors and the sensor are illuminated.

3.5 Discussion

Figure 3-9 illustrates a proposed theory to explain the alternating color patterns, seen
in Figure 3-4, by using the concept of spatial color crosstalk on a Bayer-patterned sensor.
Figure 3-9 (a) depicts the 1% harmonic when Ay is close to 8.4 um or the size of one Bayer-
pattern element resulting in a pattern of red and blue beats. Figure 3-9 (b) depicts the 2™
harmonic when Ay is close to 4.2 um or the size of one pixel which results in a pattern of purple
and black. The left side of Figure 3-9 represents an arbitrary point on the sensor, while the
center is some distance away where the phase shift of the light pattern is 180°, and finally, the
right of this figure is the resulting image captured by the CMOS sensor. There are no triggered
pixels in the center diagram of Figure 3-9 (b) because the particular phase and pitch of the

interference pattern is causing the light to periodically miss the photodiodes and strike the
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silicon substrate illustrated in Figure 3-1. It is worth noting that the experiment uses an older
generation VGA CMOS sensor from the mid-2000s. It is possible that newer CMOS sensors
will not produce the same color crosstalk results because of advances in CMOS sensor
architecture. The color crosstalk, although initially unexpected, does have an advantage. Since
the source laser beam is green (wavelength of 532 nm), and since the sensor signal being
analysed is blue or red, the signal can be easily filtered by color separation. By removing the
unwanted green color portion from the screen capture, a large portion of the ambient light noise
is removed. Although the device was tested in a darkened room, further experimentation with
a higher laser irradiance and a band pass filter at 532 nm may allow it to function in

environments with higher levels of ambient light.

180° phase
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Figure 3-9 - An interference pattern of green light with a periodic amplitude (represented by the black sinusoidal
wave) is projected on the Bayer-pattern CMOS sensor (represented by the colored squares) at an oblique angle
such that color crosstalk occurs (illustrated as black arrows). Activated pixels are represented as one with bold

black outlines.

A minor image distortion was observed on the left side of Figure 3-5 (a) where the beat
patterns seem to curl downward. Additionally, the right side of both screen captures in Figure
3-5 tends to get darker as the amplitude of the pattern decreases. These distorted profiles

contribute to the uncertainty of the curve fitting results, especially near the dead zone angles
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where the beat envelope is very large. In theory, the profile of the horizontal cross-section at
the center of a dead zone should be perfectly flat. However, the deformation on the left and the
lower amplitude on the right of the image create a false envelope. The result is that the curve
fitting algorithm greatly underestimates the value and uncertainty of ® in the sensor dead zone.
The error bars near the peak of the curve in Figure 3-6 are therefore artificially small. These
erroneous uncertainties are multiplied by the theoretical sensor response in Figure 3-7, which
is why the loss of accuracy in the dead zone is not represented in this figure. The uncertainty
of the angle measurements should be much higher around the central critical angle. The curve
fit in Figure 3-5 (d) shows none of these systemic errors demonstrating that the sensor is
operating with optimal accuracy outside of the sensor dead zone.

Cropping of the left and right sides of the image before curve fitting may help eliminate
some of the systemic error caused by the edge distortions. If it is estimated that pixels between
the 50™ column and the 400™ column are not distorted and the image is cropped between those
points, that leaves 350 pixels or 1470 um of usable sensor width. If a measured beat envelope
pitch Avear smaller or equal to 1470 pum is required to stay outside of the sensor dead zone, then
the theory gives a dead zone angular span of = 0.0165° or roughly 1 arc minute on either side
of the critical angle 6 = 87.1095°.

The best way to improve the sensor performance would be to increase the physical size
of the CMOS sensor, which has two main advantages: Firstly, the dead zones would be smaller
since the larger sensor will allow a more accurate estimate of the pitch of larger beat envelopes.
Secondly, the overall sensor accuracy will increase for the whole range of the sensor because
the curve fitting algorithm will have a longer baseline and a greater sample size. Decreasing
the pixel size and spacing on the CMOS would not increase the accuracy of the instrument, but
it would increase its theoretical range since the higher spatial sampling rate would allow
detection of smaller pitches of beat envelopes further away from a dead zone. Even if the sensor
is larger, there still must be a good quality light interference pattern projected onto it. This may
be the practical limiting factor on the accuracy of this device, as seen by the image distortions
in Figure 3-5, although the absolute cause of the image distortions in this experiment is not
known. They could be from edge effects of the light hitting the side of the sensor at an oblique
angle or from imperfections in the flatness of the sensor or mirror. Further work could involve
testing different CMOS sensors and geometries to reduce the image distortions and it may

improve the range and accuracy of this angle measurement device.
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3.6 Conclusion

An optical angle measurement device has been tested and shown to have an accuracy
better than 8.9 arcsec over a range of 1.47° with a dead zone of 1.9 arcminutes in the center of
its measurement range. Although not as accurate as some currently available optical angle
measurement devices, the proposed device does have major advantages. It is extremely simple
and inexpensive, as it was made up of components from a $10 web camera and a small mirror.
Furthermore, this device requires a low-power laser light with an irradiance of only 20 mW/m?.
The color crosstalk phenomenon makes it easy to verify the signal integrity and filter ambient
noise. The measurement device is relatively small and it can be easily mounted externally to
an object to measure its orientation in free space. All angle measurements can be made in situ
without the need for external sensors. With a small integrated computer, it would be possible
to perform the image processing, curve fitting, and real time angle calculations onboard the
device itself. The optical spatial heterodyning of the interference pattern with the CMOS pixel
spacing increases the sensitivity of the sensor over a relatively large range of angles. The angle
measurements are absolute rather than relative, which means there is no loss of accuracy over
time due to drift. The proposed sensor can have multiple orientations that produce heterodyne
signals due to the different possible harmonics of the sensor pitch. Lastly, a proof-of-concept
test has demonstrated that it is possible to perform dual-axis angle measurements with a single

CMOS sensor.
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CHAPTER 4: Inline holographic inscription of diffractive lenses in azobenzene
molecular glass thin films

Abstract

4.1

A simple inline holographic setup is used to fabricate holographic diffractive lenses using off-
the-shelf components. The resulting surface relief gratings are inscribed directly in
azobenzene-functionalized thin films with pitches that agree well with a theoretical Fresnel
zone plate. The annular gratings have an outer radius of approximately 9 mm and an inner
radius of less than 4 mm. Interfering laser beams, circularly polarized in the same direction,
generally produce poor-quality gratings in azo-films, but the addition of a reference beam lens
greatly improved their consistency and produced quality gratings with depths up to 400 nm.
Multiple exposures produce multi-focal diffractive lenses, while angling the sample resulted in

focal lines, instead of focal points.

Introduction

A diffractive lens is a diffractive optical element (DOE) that focuses light using
diffraction instead of the more traditional refraction. Diffractive lenses normally suffer from
dispersion and are generally not as efficient as their refractive counterpart, however they are

much thinner in design and use less material ™

. The result is an optical element that is smaller
and lighter and may be used in the miniaturization of optical technologies such as photonic lab-

on-a-chip devices "°, chip-based lasers '°, communication devices such as optical interconnects

s 76 77

, ultra-thin cameras ’°, solar cell concentrators ’ and beam shaping devices . One
disadvantage for DOEs is that the diffraction patterning, at scales as small as hundreds of
nanometers, can be time consuming and expensive to manufacture. Gates et al. * provide a
good overview of the main categories of common nanofabrication techniques that could be
used to manufacture DOEs including photolithography, scanning beam lithography, hard or
soft molding or embossing, micro contact printing, scanning probe lithography, edge
lithography, and self-assembly methods. In particular, interference lithography (IL) offers
several advantages over other nanofabrication techniques because it has the inherent high
production rate of photolithography, and can produce continuous phase gratings in a single step
process without the need for a photomask. Holographic lenses are a subset of diffractive lenses
that are made by using IL fabrication techniques. The most common types of holographic

lenses are asymmetrical and are created using off-axis Leith and Upatnieks holographic setup
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where the image beam and reference beam are not co-linear . Like all off-axis holograms,
these asymmetrical holographic lenses benefit from an angular separation between images
created by the various diffractive orders, resulting in holographic images with less background
noise. Symmetrical holographic lenses are fabricated as inline Gabor-type holograms where

% The resulting symmetric

the reference and object beams have the same optical axis
holographic lens can be compared to a Fresnel zone plate (FZP) which is the original diffractive
lens based on the analysis of Augustin-Jean Fresnel in 1866 **. These symmetrical holographic
lenses do suffer from multiple focal points on the same optical axis as well as chromatic
aberration, however these disadvantages may be compensated for or even exploited using
specialized inline optical systems such as confocal microscopes *!, UV telescopes *2, and other
specialized holographic imaging techniques .

In 1995, it was discovered that thin films of an azobenzene-functionalized polymer
display a photomechanical effect allowing for the production of surface relief gratings (SRG)
by exposing them to a laser interference pattern ¢. Many mechanisms for this photomechanical
effect have been proposed, most theories are based on the well-known trans-cis photo-
isomerization of the azobenzene molecules *°. A known experimental result is the dependency
of the grating formation on the polarization of the interfering beams *'. However, the use of
azobenzene-functionalized materials as a photoresist is advantageous in that it allows for a
single-step fabrication process of the interference pattern in surface relief without the need for
any additional etching. Our research group had previously published a method of fabricating
symmetrical chirped-pitch circular gratings using a custom fabricated mirror fixture *. The
fabrication method for annular gratings presented here offers several advantages in that it uses
only off-the-shelf optical elements and the resulting annular gratings are designed to focus
light. Other examples of holographic lenses on azobenzene-functionalized materials in
literature include off-axis lenses made using a Lloyd’s mirror interferometer * and bifocal off-
axis lenses made using different pitches for volumetric and surface gratings . This paper
describes a novel inline holography approach to manufacturing annular FZPs in surface relief
on azobenzene-functionalized thin films. The experimental setup is extremely simple using
commercially available components without the requirement for multiple laser beam paths or
beam splitters. This method can be used to quickly and inexpensively manufacture functioning

inline holographic lenses for research in the fields of optics and plasmonics.
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4.2

Theory

In a previous paper ", from geometric optics, we detailed the equation,

A

) |cos(al) - cos(a2)|

(4.1)

to find the pitch A of an interference pattern projected onto a sample. The periodicity of the
sinusoidal light pattern is determined by the wavelength of light A and the angles of the two
interfering beams o, and a», as seen in Figure 4-1 (a). The geometric basis of a holographic
lens is depicted in Figure 4-1 (b) as 2-point sources of light O and R depicting the object and

the reference points at distances u and v respectively from the sample. The geometry for a

certain height x from the optical axis on the sample uses the equations ¢, = tan™ (u/ x)and

o, =tan" (x/v)+xz /2 which can be substituted into Eq. (4.1) and simplified to give

A=A/ x(\/l /(' +x7) + \/1 IV xz)). Assuming the paraxial approximation where x <« u, x

« v and rearranging gives,

Ao Auv 42
_x(u+v) “42)

This equation describes the pitch of a FZP as a function of distance x from the center.

It may be proven that the resulting hologram is a FZP by taking the known equation for the

radius x, of the nth fringe of a FZP with focal length f, x > /2 f = nA ¥ isolating for x,, taking

the derivative with respect to », substituting the definition of # from the original FZP equation

and substituting the focal length from the thin lens equation, which gives:

dx/dn=Auv/x (u + v) where dx/dn is the change in the radius per fringe which is equivalent

to the pitch A of the grating at point x in Eq. (4.2). For the special case of a FZP where the

reference beam is a plane wave, v approaches infinity and we get the equation:

A= (4.3)
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Figure 4-1 - (a) A thin film of azobenzene-functionalized material is exposed to two beams of interfering light at
angles a; and 0. (b) The geometric basis for a holographic Fresnel Zone Plate depends on the wavelength of

4.3

inscribing light and the distance of the object (O) and reference (R) point sources of light.

Experiment

Soda lime microscope slides were cleaned and spin coated with a 3% solution by
weight of azobenzene Dispersed Red 1 (DR-1) functionalized molecular glass " in
dichloromethane to create solid thin films with roughly 600 nm thickness. A sample slide was
then placed in the experimental setup as shown in Figure 4-2 (a). The beam from a Coherent
Verdi V6 laser with a wavelength of 532 nm was made circularly polarized with a quarter wave
plate so that there would not be any directional dependence for the formation of circular grating
lines. The beam was then focused and passed through a spatial filter to remove unwanted lobes
and expanded with a collimator. A small object lens with a diameter of 9.7 mm and a focal
length of 5 cm was suspended in the center of the beam using a single thin wire at a distance
of u = 13.4 cm between the focal point and the sample. The sample was exposed to the laser
beam with measured irradiance of 0.82 W.cm™ for 1000 seconds. The experiment was repeated
with the addition of a large plano-convex reference beam lens with focal length of 35 cm and
thickness of 1.5 cm as shown in Figure 4-2 (b) with # = 11.5 cm and v = 25.5 cm. The same
experimental setup as Figure 4-2 (b) was repeated, but with the sample rotated 45 degrees from
normal incidence of the light beam. Finally, multiple exposures with the reference lens at
different distances from the same sample were made, the first exposure was 1000 seconds long
with # =20 cm and v = 16.5 cm, the second one was 300 seconds long with u =20 cm and v =
11.5 cm, in order to test the fabrication of a diffractive lens with multiple focal points. Previous
work on superimposed gratings in our lab has shown that a reduced exposure time to inscribe
a second grating is beneficial so as not to overly degrade the first grating *. The pitch and depth

of the resulting annular gratings were measured using a Bruker Dimension Edge Atomic Force
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Microscope (AFM). The annular gratings were then placed on an optical table in the path of a
collimated and expanded beam of light from a Helium-Neon laser. A high-dynamic range
monochromatic CCD camera on a staged motor was moved along the optical axis in order to
find the focal points of the fabricated DOEs. A Gaussian curve was fit to a cross section of the
image through the focal point and the full width half maximum (FWHM) of the peak was
determined. The relative diffraction efficiency was measured using a collimated and expanded
probe laser at 632.8 nm passing through a mechanical chopper, then through the sample and
onto a photodiode hooked up to a lock-in amplifier. The 1% order relative diffractive efficiency
was calculated by dividing the photodiode signal of the light passing through a circular hole
sized to the focal point of the holographic lens by the total beam photodiode signal passing

through a flat section of the azobenzene thin film sample.

a) Small FoF:al b) Small FOf:al
object lens pomt object lens pont
Sample
i wave \ Sample i wave rotated 45°
plate plate
A A :
=i R )
Spatial filter/ Spatial filter/ Reference
Collimator Collimator beam lens

13.4cm

Figure 4-2 (a) Experimental setup for production of inline holographic lens with planar reference beam. (b)
Experimental setup with reference beam lens added for production of inline holographic lens with a converging

4.4

reference beam. The sample was also canted approximately 45 degrees in a separate trial.

Results

The annular diffraction gratings fabricated using the single object lens shown in Figure
4-2 (a) had a maximum measured grating modulation depth of 126 nm, but the depth of the
gratings was very inconsistent depending on the azimuthal position on the sample. Because of
the poor circular symmetry of the grating formation, no focal points were visible from this
sample. Despite the inconsistent depth, pitch measurements as a function of radial distance

from the center agreed well with the theory in Eq. (4.3), as seen in Figure 4-3.
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Figure 4-3 - Grating pitch and depth as a function of radial distance from center of holographic lens fabricated
using a single object lens with focal point 13.4 cm from sample (z = 13.4 cm) and planar reference beam. Data
points were taking at opposite sides of the sample at the 12 o’clock and 6 o’clock positions to test for symmetry.
Although measurements at the 12 o’clock orientation resulted grating depths of up to 126 nm, other orientations
had grating depths of less than 10 nm resulting in an inefficient diffractive lens.

When the second large reference beam lens was added to the experimental setup shown
in Figure 4-2 (b), the resulting gratings were much deeper, with maximum measured
modulation depths of more than 400 nm. The gratings were very regular as seen in Figure 4-4
and consistent for all azimuthal positions except at the 12 o’clock position where the wire

suspending the small object lens casts a shadow on the interference pattern.
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Figure 4-4 - Surface profile AFM measurements of holographic lens using converging object lens and reference
lens.

The measured grating pitch in relation to the radial distance matched the theory of a
FZP in Eq. (4.2) very well as seen in Figure 4-5. In order to verify the validity of the paraxial
and thin lens approximations used in the theory, a ray trace simulation was performed with a
reference lens thickness of 1.5 cm. The results match well to the FZP theory and are included
in Figure 4-5. The sample was tested for its ability to focus monochromatic collimated light at
632.8 nm wavelength. A first order focal point was detected 6.5 cm from the sample and a
second order focal point at 3.2 cm from the sample, as seen in Figure 4-6. These focal distances
agree with the predicted focal points based on the pitch and position of the annular gratings. A
relative diffraction efficiency of 8.5% was measured at the 1% order focal point with a FWHM

of 148 pm.
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Figure 4-5 - Grating pitch and depth as a function of radial position from center of holographic lens fabricated
using an object lens with focal point 11.5 cm from the sample (# = 11.5 cm) and a reference lens with focal point
25.5 cm behind the sample (v = 25.5 cm). Data points were taken at opposite sides of the sample at the 3 o’clock and
9 o’clock positions to test for symmetry.

Figure 4-6 - Photographs of light focalization at different distances from the camera to the sample using a
collimated light source with a wavelength of 632.8 nm. Inset images e) and b) represent the first order and second
order diffraction focal points, respectively, as predicted from the diffraction grating equation. All focal points are

on the optical axis because of the in-line holographic setup used.

When the sample was rotated 45 degrees from normal incidence as shown in Figure

4-2 (b), circular symmetry of the grating is lost and an elliptical grating is produced with larger

measured pitches in the horizontal direction than the vertical direction. When tested for
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focalization, this vertical and horizontal symmetry created alternating vertical and horizontal

focal lines as seen in Figure 4-7.

Figure 4-7 - Vertical (left) and horizontal (right) focalization lines created by canting the incident angle of the
sample in the holographic setup. Distances from sample to camera are shown for a sample illuminated with a
collimated laser with a wavelength of 632.8 nm.

6 cm

-

When multiple holographic exposures were made on the same sample, the
superimposed pitches were close enough to create a beat interference pattern shown in Figure
4-8 (top). This made it difficult to measure the pitches of the two superimposed gratings
directly, but a Fourier analysis of the modulation profile made it possible to estimate the two
pitch values on the sample, as seen in Figure 4-8 (bottom). The annular gratings were very deep
and regular with maximum depths approaching 600 nm. The measured pitch as a function of
distance from the center of the grating matches well with the theory for the two different
exposures as shown in Figure 4-9. The sample showed multiple focal points as a result of the
different diffraction orders of the two superimposed pitches as seen in Figure 4-10. A relative
diffraction efficiency of 7.1% was measured at the 1% order focal point of the primary grating
with a FWHM of 277 um and a relative diffraction efficiency of 1.9% with FWHM of 158 um
was measured for the 1% order focal point from the secondary grating fabricated by the second

cxposure.
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Figure 4-8 - Grating profile measurement from AFM (top) with Fast Fourier Transform (bottom) of sample that
was exposed to two different holographic lens geometries. The superimposed grating pitches of 7.6 pm and 6.3 pm
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Figure 4-9 - Grating pitch and depth as a function of distance from center on a sample with two superimposed

exposures. The top line corresponds to the theory of a FZP with # =20 cm and v =16.5 cm. The bottom line

corresponds to the second exposure where the large reference mirror was moved 5 cm to create a theoretical FZP

with # =20 cm and v = 11.5 cm. Data points were taken at opposite sides of the sample at the 3 o’clock and 9

o’clock positions to test for symmetry.
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Figure 4-10 - Multiple focal points are present on a single sample of superimposed holographic lenses. The focal
point in the center corresponds to a focal length of 6.1 cm from the second exposure, while the ring of light
corresponds to a focal length of 7.6 cm from the first exposure. The image was created using a collimated light

4.5

source with a wavelength of 632.8 nm.

Discussion

One limitation of this manufacturing method for holographic lenses is the fact that the
small object lens casts a shadow in the reference beam at center of the sample which results in
the formation of annular gratings instead of a complete circular FZP. Using the matrix method
for paraxial optics, it was calculated that the outer radius of the object beam, 7., at the sample
is,

Foer =7 (—(L, (1-0.0286L,) +0.9714L, +1)/ f,, —0.0286L, +1) (4.4)
where r,; is the radius of the small object lens, L, is the distance from the object lens to the
reference lens, L, is the distance from the reference lens to the sample and f,, is the focal length
of the object lens. This was calculated using an index of refraction of 1.5 for the lenses and the
radius of curvature of -17.5 cm and thickness of 1.5 cm for the plano-convex reference lens. In
order to optimize the area of the holographic grating, the radius of the collimated beam from
the laser, 7pcam, must be large enough so that the reference beam is the same size as the object

beam, Fouzr, at the sample. The minimum 74c.m can be calculated as,
/(1-0.0286L,) (4.5)

rbeam = ’:mter
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to ensure that the object and reference beams overlap. The inner radius of the

holographic sample from the object beam, 7;u.cr, can likewise be calculated as,

Ve =1 (1—0.0286L,) (4.6)

For the experiment whose results are shown in Figure 4-5 and given the parameters
L;=7 cm, L/=9.5 cm and f,=5 cm, Eq. (4.4) can be used to calculate a rou.r of 1.16 cm, and Eq.
(4.6) an riue- 0f 0.36 cm. Likewise Eq. (4.5) can be used to find a minimum required collimated
output beam radius 7pean 0f 1.59 cm. Comparing these parameters to Figure 4-5 shows that the
theoretical 7imer is quite close to the actual experiment. However, at a distance of 7ou.r from the
center of the sample, the depth of the annular SRGs is too small to make good measurements.
This is because the grating depth decreases farther from the center of the sample. For example
in Figure 4-5, the furthest data point was approximately 8.9 mm from center and it had a depth
of only 29 nm. This is likely because the weaker irradiance around the outside edges of the
Gaussian profile of the reference beam reduces the interference contrast with the object beam.

The relatively low diffraction efficiency of these holographic lenses is in part due to
the multiple diffractive orders observed and because of the virtual (diverging) and real
(converging) focal points of the lenses. The annular nature of the FZPs produced will also
reduce their ability to collect and focus light when compared to a full circle zone plate. The
diffractive lenses fabricated in this paper will not be able to compete with high efficiency FZP
such as blazed diffractive optics that are capable of diffraction efficiencies approaching 100%
% However, for applications that require light in certain regions to pass through unimpeded,
such as solar concentrators, the annular shape FZP may be advantageous .

Another interesting result is the fact that the addition of a second lens in the reference
beam path greatly improved the depth and quality of the manufactured gratings. Literature
reports that two interfering beams having the same direction of circular polarization are very
inefficient at creating SRGs in azo-polymer thin films while two circularly polarized beams
having opposite handedness are optimum ’. Circularly polarized light was chosen for this
experiment because the circular symmetry of the setup required a non-directional polarization
as opposed to the linear polarized light from the laser source. It is not surprising that the single
lens experiment produced lesser quality gratings since the reference and object beams were
both left-hand circularly (LHC) polarized. It is hypothesized that the addition of the large

reference beam lens tilts the electric field of the reference beam slightly in the p-polarization
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direction causing a reduction of the vector magnitude in this direction. This results in an
elliptical polarization for both the object and reference beams that still maintains the circular
symmetry required to form a uniform annular grating. It is possible that the addition of a
custom-made half-wave plate having the same size as the small object lens and placed directly
in front of it would increase the grating formation efficiency by switching the handedness of
the object beam for the optimum polarization configuration. However, in the interest of using
off-the-shelf optical components, the use of the reference beam lens provides excellent results
and is a key component of the experimental setup.

The flexibility of this fabrication method is demonstrated in Figure 4-7 and Figure
4-10, where modifying the geometry of the experiment and using multiple exposures allow for
the creation of unique DOE:s that are analogous to cylindrical or circular lenses with multiple
focal points. Although each focal point has a lower diffraction efficiency, multifocal lenses
have previously been designed and tested for applications such as beam splitting °' and
ophthalmology *2. Other refractive optical elements such as axicons or other beam shaping

elements could be used instead of the object lens to produce other customized DOEs.

Conclusion

Symmetrical diffractive lenses were fabricated in surface relief on thin films of
azobenzene-functionalized glass-forming material for the first time using a Gabor inline
holographic setup. The pitch of the resulting annular gratings matched the theory for a Fresnel
zone plate with a high degree of accuracy and the resulting samples focalized monochromatic
light at predictable focal points with relative diffraction efficiencies of up to 8.5 %. The
diffractive lenses had an outer radius approaching 9 mm with an inner radius of around 4 mm.
The use of circularly polarized light through a second reference beam lens proved to be
instrumental in the formation of deep and regular gratings, probably due to the polarization
dependency of the formation of gratings in the azobenzene material. Changes to the laser angle
of incidence on the sample allowed the formation of multi-focal linear diffractive lenses, while
multiple exposures of different geometries on the same sample resulted in custom multi-focal
diffractive lenses, although with lower measured diffraction efficiencies. Despite not being as
efficient as other fully circular FZPs, this holographic IL method allows for the rapid and cost-
effective production of custom DOEs using off-the-shelf optical components in a single step

process without the need for an optical mask. The speed and ease of this manufacturing method
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allows for the rapid prototyping and experimental optimization of new technology in research

fields such as miniaturization of optics, plasmonics, sensing, communication, and solar energy.
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CHAPTER 5: THESIS CONCLUSION

This thesis presents three published research papers in support of the research goal of
advancing interference lithography in DR-1 azoglass and applications in optical sensing. The
first experiment was performed to test the upper limits of the pitch in SRGs being inscribed on
thin films of DR-1 azoglass using interference lithography. This experiment may be considered
a success in that measured pitches of 20 um were published with measured pitches of 24 um
discovered in follow-on experiments. An unexpected result was the superposition of multiple
reflection modes that were inscribed in the DR-1 azoglass film. This allowed for the production
of more complicated patterns including beat interference patterns, in a single-step process. The
successful results from this first research paper were used as starting point for the second
experiment. This experiment was designed to measure interference patterns from IL directly
on a CMOS imaging sensor. The results demonstrated interference beat patterns that were
caused by the spatial heterodyning of the projected interference pattern with the periodic
spacing of the sensor’s pixels. This beat interference pattern allows for precise angle
measurements better than 8.9 arc seconds in relation to the reference beam using only a small
mirror and a very inexpensive sensor component. The third experiment tested the direct
nanofabrication of diffractive optical devices in DR-1 azoglass using inline holography
techniques. This experiment may also be considered a success in that annular FZPs were
produced and shown to be able to focus light. This manufacturing technique also proved to be
quite flexible as shown by the production of asymmetric linear focal devices and superimposed
diffractive lenses. This method could also be used to produce DOEs using other small refractive
optics such as axicons. A fourth experiment was attempted using a moving mirror controlled
by a piezo electric actuator or a rotating stepper stage. The goal of this experiment was to
produce new grating profiles that were not possible with stationary IL techniques. It was also
thought that macro scale movement of the DR-1 azoglass material might be possible under the
right conditions in order to further the development of DR-1 azoglass actuators. A large amount
of effort was put into experimental trials involving the two different setups. Unfortunately, the
size of the parameter space and the sensitivity of the experiment made it difficult to achieve
predictable results. At the same time, another research group published results from a similar
moving mirror experiment which reduced the novelty of the idea. As a result of time constraints

and the decrease in novelty, this experiment was put on hold. It may be possible to achieve the
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desired results in the future with improvements to the precision of the experimental mirror
control system.

These research areas are all related to each other by the fact that they rely on
interference patterns created from beams of coherent light. Possible applications include the
production of miniaturized biosensors, imaging systems, plasmonic devices, and optimized
solar cells. These novel IL techniques allow for the rapid manufacturing of a variety of useful
surface patterns without the requirement of a photomask. The ease and speed of this fabrication
process provides a large advantage for research in the field of optics where diffraction gratings
are optimized and tested with different surface patterns. The parameters of the grating can be
easily changed based on the geometry of the interfering light and exposure time, and each
grating can be manufactured in times scales on the order of minutes. The experimental setups
use off-the-shelf components that are readily available in most optics labs. This decreases the
cost and allows for greater access to diffractions gratings that are customized to specific
research application. The development of new IL techniques and sensing methods will only

continue to increase the ease and versatility of this nanoscale manufacturing process.
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