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Abstract

A Direct Interference Lithography Pattergitechniquevasused to inscribe
nonuniform, or spatially curving, surface relief diffraction gratings on
photanechanicalthin flmsusi ng a modi fi ed LI oydds mirror
experimentallyfabricatedgratings are compared to a theoretical modeVveloped
by simulatingthe recombined laser interference phase informatidgheoretically
achievevariousnonuniform grating profile as it would beexpectedn the actual
fabricationprocess A Coherent Verdi V5 diodpumped continuous wave laser
having awavelength. v o ¢ [, was useto experimentallygenerate a collimated
andcircularly-polarized laser beam. A spherical Ié@sing 8.72 mmdiametemwas
placed along the laser beam path towdtdsL | oyddés mirror interfer ol
produce a sphially-cuning wave front ando generat@nonuniform interference
pattern which was imprinte@n a Disperse Red 1 molecular glass thin filimvas
found that two parameters could be used to control the overall distribution of the
nortuniform gratingd physical and opticaproperties: thdaser incidence angle,
dictating the central grating pitchnd thephysical position of the spherickdns.
These parameters were variedetgperimentally and theoreticallyroducetwelve
different noruniformgratings. Central pitch values of v i, p nrd,
¥ pourm,andy ¢ 1Tl were usedor inscriptionat lens positions 6f
od 1,Q 1 d I,andQ v U | fromthe azobenzerigm surface An Atomic
Force Microscope was useddbaracterizeéhe resulting grings in ordeito obtain
the locaized grating pitch, vectoworientationand modulation depghat 25 X-Y
coordinate on the grating surface The eperimental results and theoretical
simulationsvere compared usirtreedimensional vector pletThegrai n gitcts
and vector informatiomerefound to be in close agreement between the theoretical
and experimental results. Tlexperimentaimodulation depth was compared to a
theoreticalaserirradiance distribution, and some variation was foamd explaied
This method for noruniform gratingfabrication was found to producheap and
inexpensivegratings with easily controllablgptical parameterswhich allows them
to be usedh a variety of photonicapplication in research and industry.



Résumé

Une technique de fabrication par lithograpleeinterférence directe a été
utilisée pour inscrire des réseaux de diffraction non uniformespatialement
incurvés, sur des films minces photécaniquesn utilisant un interférometre a
miroir de Lloyd modifié Les réseaux fabriqués expérimentalement sont compareés a
un modéle théoriquajevelopéen simulant l'information de phase d'interférence
recombinée poumbtenir théoriquemented différents profils de réseaunon
uniformes comme on peut s'y attendre damsocessus de fabrication expérimental.
Unlaser a onde continue pompé par diodedi’éb deCoherent, ayant une longueur
d'"onde & = 532 nm, a ® ® utilis® pour g®n®r e
collimaté et a polarisation circulaire. Une lentille sphérique de 5,72 mm de diamétre
a étéplacéde long du trajet du faisceau laser versdiférométre a miroir de Lloyd
pour produire un front d'onde sphériquement incurv@celr générer urpatron
d'interférence non unifornmepui a étémprimé sur un verre moléculaire Disperse Red
1 encouche mince. Il a été constaté que deux paramétres paudtreeutilisés pour
contrbler ks propriétés physiques et optiqued dnéseau non uniforme: l'angle
d'incidence ddaser dictant le pasentral du réseawt la position physique de la
lentille sphérique. Ces parameétres ont été variés pour générenmexgélement et
théoriquement douze réseaux non uniformiéf@rents Les valeurs du pas central
de s = 500 nm, s = 1000 nm, s = 1500 nm et s
I'inscription aux positions de lentilles le 35 mm,f = 45 mm eff = 55 mm dda
surface du filmd 6 a z o b. &m micrasape a force atomique a été utilisé pour
caractériser les réseaux résultants afin d'obtenir les informatiomes pas local du
réseau l'orientation du vecteudu réseatet la profondeur de modulatioaur 25
coadonnées XY sur la surface duilm. Les résultats expérimentaux et les
simulations théoriques ont été comparés en utlisant des tracés vectoriels
tridimensionnelsLes informationgiu paset du vecteur du réseau ont été trouvées
en accord étroit entre leésultats théoriques et expérimentaux. La profondeur de
modulation expérimentale a été comparée a une distribution théorique d'irradiance
laser, et une variation a été trouvée et expliquée. Cette méthode pour la fabrication
de réseaxinon uniformes ététrouvéede produire des réseaux avec des paramétres
optiques facilement contrdlables, ce qui leur permet d'étre utilisés dans une variété
d'applications photoniques dans la recherche et l'industrie.
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Chapter 1Introduction

1.1 Diffraction Grating Background

The study of optical diffraction and its properties originates from
observations made by Isaac Newton in 1672 when the separation of the visible colour
spectrum occued upon irradiating a ¥2 mm wide slit with white lighf. It was not
until the early 1800s that further observations of this phenomena would be studied
and reorded. Since these preliminary stages, the study of optical diffraction has
progressed drastically as new and powerful lasers became accessible, optical lenses
were fabricated to minimize impurities and have carefully tuned properties, and the
ability to produce optical structures at progressively smaller scales became
achievablg?].

In modern optics and photonics research, the most common method used to
produce optical diffraction is through these of diffraction gratings. Diffraction
gratings are periodically repeating structures, with a structuegasem typically at
the scale of the incident lights  w a v. &ltheughgdiffiaction gratings can be a
series of slits cut into an opaque wafer, this thesis will focus strictly on a type of
diffraction grating known as a Surface Relief Grating (SRG).

SRGs are defined as periodic undulations on the surface of a material. The
surface undulations interact with incident light in the same manner as a slit
diffraction grating does, however the difference between the two is that a SRG is not
cutthroughamateral but rather residesThe®8RGi ctly on th
induces diffraction by introducing a periodic alternation between two different
optical materials thereby varying the refractive index of the medium the light is
interacting with.The benef of this featureis that diffraction can be achieved
through either reflection or transmission depending ontitiesparencyof the
materiab onto which the grating is inscribefinother method of producing optical

diffraction is by modulating theincidet | i ght 6 s ampl itude by intr oc¢
opaqgue and transparent regions with which the light intej3lctény transmissive
di ffraction grating that accomplishes diffrac

amplitude is known as a transmission amplitude grating. Slit diffraction gratings are
classified in this ategory. For many surface relief gratings, diffraction is produced
by modulating the phase of the incident light by introducing periodic trenches in the
surface. The properties of diffraction caused from the transmitted and the reflected
light are very sirilar in nature. Therefore, any grating producing diffraction in this



manner through transmission is known as a transmission phase grating and through
reflection is known as a reflection phase grating.

The fabrication methods of SRGs vary drastically aotsequentially
produce surface profiles of different shapes. The most common grating structures
are sinusoidal, square, samoth, and triangular. In each case, the structure will
repeat periodically with a distance between the periodic structures nubfrsume
one peak to the next. This petkpeak distance is known as the grating pitch with
most SRG applications having pitch lengths which correspond to wavelengths within
the visible range of electromagnetic radiation. Another property that is used to
characterize diffraction gratings is the grating vector which is defined as the vector
perpendicular to the peaks of the surface undulations and is parallel to the surface.
A side profile of a sinusoidal SRG with the properties described above is illustrated
in Figurel.1.

Figure 1.1 Sinusoidal surface relief diffraction grating profile. T represents the grating modulation
depth,Qis the grating pitchy—is the angle of the incident light, and K is the grating velipr

A SRG issaid to be uniform whethe grating vector remadgrconstant across the
entiregrating For nonuniform SRGs, the gratingactor gradually changedirection

across thegratinggs sur f ace. A g-urafdrmity ig itsepitch,i bi t i ng

meaning that the grating pitch value does not remain constant, is referred to as having

nor



a chirped pitch. Gratings with a chirped pitch cahegiexhibit a pitch value increase
from one edge to the opposite edge, or from the edges to the center.

The fundamental property of @niform diffraction grating is that it will
diffract light into what are known as diffraction orders. Thi&2nomenortanbe
explainedusing the grating equatidf].

¥y OB+ OBE:L a_ (1.0)

In Equation(1.1), the diffracted angle of light is represented-by the incident light

angle is represented by, the wavelength of the incident light_isand the gramng

pitch is¥. The final term@ , represents the order of diffraction. Since this expression
is periodic in nature, a single incidence angle could yield multiple diffraction orders
[1]. The angular positions of these diffraction orders can be calculated by controlling
the basic properties of the grating in fabrication and therefore have a number of
applications, which will be elaborated on later in the intotidm. Further analytic

[5] and numerical6], [7] approaches have been developed since the 1930s to
accurately model the properties of light while interacting with a SRG surface, but
will not be discussed in this thesis.

1.2 Diffraction Grating Fabrication Methods

Many techniques have been developed to produce stable and efficient
surface reliefjratings using a variety of different materials. Inscription methods can
be classified undetwo primary categories: tegpown inscription and bottomp
fabrication[8]. Top-down inscription refers to a technique where an external force
is applied to the materi@l surface to cut, imprint, or irradiate the SRG structure onto
the desired material. Some examples of this technique include chemical grating
fabrication, mechanical etching, and laser inscription, which will be discussed
throughout this section. Botteop gratingfabrication refers to techniques in which
the material is deposited in layers or the molecules are arranged at an atomic level
to form deged structure. Examples of this technique includ#omic layer
deposition[9], [10], molecular selassembly11], and DNAscaffolding[12], [13].
Only top-down inscription techniques will be further elaborated on as they are the
most commonly used and kedt the fabrication approach taken for the-ooiform
SRG fabrication in this thesis.

1.2.1 Chemical SRG Production Method

The least common of the three {dpwn grating production methods
outlined above is that of chemical grating fabrication. Theshmd induces surface
deformations resulting from surface buckling effects in a poly(dimethylsiloxane)



(PDMS) thin film[14], [15]. The buckling is caused by applying linear stress on a
selected axis in the material, then exposing the surface to an oxygen plasma, causing
the film to heat and oxidize. The oxidation process causes the formation of a thin
silicate layer ontte surface of the film. The duration of oxidation in this process and
consequentially the thickness of the silicate, will influence the pitch of the SRGs
formed on the PDMS film.

Once the predetermined exposure time is reached, the stress is removed, and
the silicate surface buckles, forming a sinusoidal SRG. The exposure times necessary
for this process range from 10 seconds to 30 minutes and SRGs with pitches between
0.5 and 10 m can be fabricated. The depth of the gratings formed using this method
are reported to be between 20 nm to 100qXh This process has been proven to
produce constant pitcji4] and chirped pitch gratingd5]. The control over the
surface gratings orientation on the PDMS surface appears however to be strictly
local, as the pattern across larger surface areasgtedia chaotic in natuf&6].

The greatest drawback from this fabrication technique is the control over the
grating parameters. Although Idize@d grating formation exhibits properties of
linear and chirped SRGs, the chaotic nature of the gratings across larger surface areas
doesnot allow for the production of SRGs comparable in size to those that can be
produced using other methods. The msiép process of this method also hinders
the simplicity and efficiency of this production technique.

1.2.2 Mechanical SRG Inscription Method
The second common taown SRG fabrication technique is mechanical
etching. Mechanical etching uses the prireigf applying a precise force to
physically cut a grating into a material 6s
developed to perform mechanical etching is known as scanning probe lithography
which uses a modified diamond tip in an Atomic Force Microscop®)AB apply
pressure to the surface of an aluminium subs{et¢é The applied pressure is
adjusted so as to deform the material 6s surf
inscribe the grating structure. This teajuné is able to inscribe uniform gratings at
a rate of 10 m/s. This process provides great thdémensional control over the
inscription process and can be used for inscribing any number of patterns or images
into a material ds surface. The primary dr awhb:
slow inscribing timeslue to the speed constraints of the AFM tip as well as the short
lifespan of the diamond tip resulting from clogging due to residue from the etching
process and tip degradation.

Applying the same principles as scanning probe lithography, a process
known & diamond turning has been developed and employed to expedite mechanical



SRGproduction[18]. This technique employsSingle CrystalDiamond (SCD) tool

to cut periodic SRGs intoraateriab s sur f ace. The tool s fabrice
ion beam sputtering techniguehe periodic grating section of the SCD tool is cut

from the edge of a diamond chisel piece, to construct the desired pitch and depth.

This process produces a grating inscription tool with up to 10 nm accuracy which

can then be used to mechanically cut SRGs imateriab s sur face. The | i mit.
to this technique is that the SCD tool can only be used to inscribe an SRG with the

pitch, deph, and width properties attributed to the tool itself. Therefore, for each

new grating with more complex geometries, or varying surface properties, a new tool

must be fabricated.

The final topdown mechanical SRG production technique that will be
discussd is contact imprinting[19]. This technique uses elastomeric stamps,
typically made of PDMS, tomprint a grating structure onto silicon wafers and metal
substrates. Approximately 0.3 MPa of pressure is applied to th®mleric stamp
once in contact with the substrate surfacedpiplied pressure can be varied in order
to cause a deformation of the PDMS to produce hollow structures, such as rings or
trenches instead of dots or square gratings, or a backbone can becapdnaeknt
any deformatiorjl9].

1.2.3 Laser SRG Inscription Method
The most common method used in SRG fabrication is laser inscription.
Laser inscription can be further classified into two main categories, the fivkiaf
is ion beam patterning. lons can be applied bat e rsurfack i swo primary
ways to further control the properties of the fabricated SRG. fdptical patterns
can be written by irradiating materiabs sur face throyg29lh a di el ect
This uses what is referred to as a mask, a dielectric wafer with apateon
previously cut out, to govern the section of the sample to be irradiatethrTheam
will irradiate the sample surface only through the section of the maskabdteen
cut out, boring a grating or hole pattern into the material where it is incident on the
sampl ebs surface. The d$amusedtodd Beame(EIB)ni que i s ki
patterning, which has been applied in the fabrication of shah® arrays as well as
grating patterns used for micro optical apparatuses. FIB patterning accelerates ions
from a source and focuses them at one point on the m§2drjal’ he recombination
of this ion source (typically a G@on) with a separate electron beam from a scanning
electron microscope generates a focused beam of acedlpaaticles, the diameter
of which governs the resolution of the inscribed SRG. Using this techntqae
possible to write a gratingoranaaar r ay i nto the sampleds surf ac
the position of the ion beam and etching each componenteotiesired SRG
individually [22]. This technique can control the size of the features produced across



small surface areas, which can, in future processing steps, be used to create more
intricate optical devices and namgstemg23].

The second laser technique useadjmtical patterning is laser lithography.
Laser lithography operates by generating an optical pattern using either an
interference patteror a dielectric masg4]. This pattern is then projected onto the
surface of aphotoresist or gphotanechanicalmaterial, such an azobenzene
derivative materia] and optically imprinted. In masked laser lithography, the
dielectric mask is positioned between the laser beams source and the sample surface
[25]. Using lenses, the size of the pattern produced from the mask may be controlled
to imprint smaller scale patteson the azdilm, however it is not required as many
masks used in the production of grating patterns are cut prior to grating inscription
with the desired width and grating pitch. Mdsks lithography produces an
interference pattern from the recombination of two coherset lacams instead of
using a dielectric masj6]. The interference pattern produced is incidention
azobenzene thin filnand is optically imprinted into the sample. This method has
proven to be féective not only in the production afiform gratings, but also in the
production of periodic nanarrays and thredimensional patterns using between
two and four interfering lassiirradiating in measured bur$gy].

Although masHKess laser lithography is limited in that it can only inscribe
patterns that can be produced either by the interference of the incident laser beams,
it was selected for the procition of nonlinear SRGs in this thesis because it is
efficient, cost effective, and provides a single step fabrication process.

1.3 Azobenzene Thin Films

A useful and effectivematerial when inscribing SRGs using laser
lithography is azobenzenkerivatives A basic azobenzene molecule is two nitrogen
atoms bound to two benzene rings. This molecule undergo¢sna-cis
photoisomerization cycle when irradiated by an incitlesgr beanf28]. This means
that when exposed to an irradiating beam, the azelnennolecules will move away
from the areas of high irradiance into the darker regions of the interference pattern
[29]. Applying this concept, it becomes clear that by using a lasiradiate an
azobenzene substrate with a controlled interference pattern, it is ptasgitiiduce
a grating in the azobenzene film in the configuratibthe interference pattern. An
illustration of the azobenzene molecule andtigas and cis configurations are
shownin Figure1.2.



Il
Z

hv N
-

Q?N -
hv' or heat

trans-azobenzene cis-azobenzene

Figurel.2: lllustration of therran-cis photoisomerization cycle process undergone by azobenzene when
exposed to a highly irradiating bed&0].

This technique has been heavily used in the production of linear diffrgcéitngs

for at least the last 23 yedi&l], [32] however there is the comsit motivation to
improve theazobenzenélm by binding the azobenzene chromophore with different
backbone$33]. The formation of a SRG in an azobenzene thin film is also notably
influenced by the polarization and wavelengththe incident light. The optimal
wavelength for inscription is the absorption wavelength of the [, whereas
circularly polarized light was determined to be the optipudrization[35].

Recently, a resear ch grtbelRpyal Mititaryn Queenbs
College have desloped an azobenzene chromophore with a mexylamiontriazine
backbong36]. The combination is referred to as Disperse Red 1 Molecular Glass
(gDR1), aad has been shown to produce high quality thin films with a larger
absorption bandwidtand a much easier synthesis and higher yield than their
previouslyused azepolymer counterpartsTherefore, the gDR1 molecule was
selected as the azobenzene chromaphised in the inscription of the raniform
SRGs produced in this thesis.

1.4 Diffraction Grating Applications and Recent Developments

Diffraction gratings have several applications in industry and research alike.
Possibly the most notable applicaticestbeen their incorporation into waveguides
and integrated optical systems. Their ability to diffract light at specific frequencies,
determined by their grating pitch, has allowed for control over the mode coupling
and decoupling of excited electromagneteanergy in waveguides[37].
Consequentially, diffractioffight filters can be specificallgesigned to match the
bandrejection requirements for a specific waveguide. Typically, the inscription
process for SR@iffraction filters in waveguides has been accomplished using ion
beam etchind38]. It has been shown however that the inscription of SR&
diffraction filter on an azobenzen®#m has been successfully implemented in
integrated optical systeni32]. The technology has recently been further developed
by superimposing multiple diffraction gratings onSRG diffractionfilter to more



preciselycontrol the photonic bandgap in a slab waveg{8&¢ In addition to their
incorporation into waveguides, the SR#raction filters have been integrated into
optical fiber cable$40]. By heating the SRG, without erasing the grating pattern, a
tunable control system has been developed to control the grating gsiitin &md, in

turn, control the allowed frequencies. The successfliagion of the azobenzene
layer and consequential grating inscription for mode coupling in slab waveguides
shows that the single step and eelfective method used for namiform grating
inscription in this thesis is a reliable and stable SRG produniithod for industry.

The application of optical diffraction filters is far more diverse than simply
controlling the modes of propagating electromagnetic waves in waveguides and
optical fibers, with new applications constantly being discovered. In ridsea
diffraction gratings are being used for second harmonic diffraction idinear
optics and restricting dispersion or laser light from-salvelength aperturdd1],

[42]. Reflective diffraction gramgs are also applied in laser systems for the purposes
of pulse compression, which can be achieved using the first diffracted order of a
SRG[43]. The divers applications of diffraction gratgs also extend to satellite
systems, where an echelle (stwth) style diffraction grating is used for
information processing of spectral dg#t], as well as medical research, where
diffraction filters are usd as sensors to monitor neural response in the visual cortex
[45]. Because of this diverse set of applicatiohsere is ongoing development and
research focused on producing more robust SRGs that maintain high diffraction
efficiencies after lengthy continuous laser exposyd&d, as well as reducing
polarization loss while improving diffraction efficiency at higher diffracted orders
[47].

An area of particular interest for SRG application is in the area of surface
plasmonics. As optical systems have become more refined and are able to produce
nanostructures, various afations in physics, as well as chemistry, computer
engineering, and even biology are becoming app#8htSurface plasmowaves
are defined as being electromagnetic excitations that propagate outward two
dimensionally from their induction poirjd9]. There are three methods used to
inducesurface plasmain a conductive surface: prism coupling using total internal
reflection[50], the introduction ofmetallic surface inhomogeneities to cause light
scattering[51], and the application of pedic grating structureg52]. The
nanostructures that are being created in modern optics allow not only for the
excitation of surface plasmon polaritorend wavesbut also permit measurable
control over the way they behaj48]. Recent research conductedy o f . Sabat ds
research groupt RMC has shown that it is possible to not only produce chirped
pitch SRG structuresn azobenzene molecular glassng a cylindrical lensout, by



sputter coating these SR@gth a layer of silver, the bandwidth of allowable
wavelengths contributing to surface plasmon indudgsancreased53].

1.5 Research Goal and Application

The goal of this thesis is to descrilveexperimentamethod ohorruniform
SRGfabricationon the surface of azobenzene molecular glass thindildsalidate
the experimental process by comparing the results to theoretical models produced
analytically The method described herein produces SRGs by introducing &apher
lens to diffract the light in one half of a Llo§dsnirror interferometer onto an
azobenzene molecular glasgsn film. The interference pattern produced by the
recombination of the two laser beams introduces a-umifiormity in two
dimensions. Thisan-uniformity produces a changing grating vector direction along
the grating vertical axis, and a chirped pitch along the grating horizontal axis.

This methodprovidesa fabrication technique that allows for control of the
grating properties across thetiem surface of the SRG by varying the lens position
during the inscription process and by
for nonruniform diffraction gratings has arisen recently with new developments in
plasmonics and its applications tdasotechnology{54]. Many of the techniques
discussed in Section 1.2 allow for the productiorumform chirped pitch SRGs.
There is alsoite documented production of circular gratings with both constant and
chirped pitch using a similar direct laser interference patterning techtuioueat
will be described hereifb5], [56].

In this thesis, the results from naniform SRG inscription using a spherical
lensareshown. The resulting grating pitch, vector direction, and modulation depth
profilesarecompared betweamonuniformgratings written at central pitches of 500
nm, 1000 nm, 1500 nm, and 2000 nm, as wela@suniform gratings written at
three lens positions of 35 mm, 45 mm, and 55 mm with respect to the azobenzene
surface during the writing procesbhe localized grating pitg vector orientation
and modulation depth for the fabricated norviform gratings are measured
experimentally using an AFM. A theoretical model is also developed and compared
to the experimental results. The results presented herein are the first instance
published literature where namiform SRGs have been fully characterized both
experimentally and analytically using a method that provides precise control over
every parameter contributing to diffraction across the SRG surface.

1.6  Structure of the fiesis

This thesis will be composed of five chapters. Chapter 1, the introduction,
begins by discussing the basics properties of diffraction gratings and surface relief
grating structures. It goes on to discuss three primarddam methods of surface

varyi n



relief grating inscriptioni chemical buckling, mechanical etching, and laser
inscriptioni and discusses the benefits and drawbacks of each, as well as some
applications of surface relief gratings in both industry and research. Then, the
introduction outlinethe properties of abenzene materiabnd their applications to

SRG inscription, focusing on the azobenzene molecular glass derivative used in the
inscription of the nofuniform SRGs discussed in this thesis. Finally, the research
goals, motivation, anthesis outline are provided.

Chapter 2 contains the derivations and theory required for the experimental
production and analytic model of the noniform surface relief gratings. It derives
the expression for the interference phase of the recombinedidgeaised to write
uniformSRGs, and, from that, produces the expression for grating central pitch from
Maxwel | 6s equations. Then, from the diverge
introduction of a spherical lens, it geometrically derives the expregsidine non
uniformlight interference phase used to write the SRGs discussed in this Tiésis.
chapter also outlines thprocedure used to produce the hypothetical SRGs
analytically and thesteps and consideratiotaen toprogram the analytimodel.

Chapter 3 provides an overview of the experimental procedure used to create
the nonuniform SRGs. It describes the steps taken to prepare the sample with the
azobenzene thin film. The Llogdsirror interferometer saip is described in detail,
and the ptical system used to control the laser beam properties is explginaitly,
the experimentafrating analysis process is explained.

Chapter 4 provides the results from experimental grating inscription and the
results from the analytic gratingodel It will also present the resultd the depth
distribution analysis from the inscribed SRGs and compare them to a hypothetical
irradiance distribution across the sampl ebds
analytic distributions and experimental SRGs willdoaducted, and will highlight
the distribution of the pitchyector orientation, andnodulation depth across the
grating surface in both cases.

Finally, Chapter 5 provides a summaoythe results shown in the previous
section and concludes the thesis.
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Chapter 2 Theoretical Background

21 Maxwell 6s Equations and the Propert
The study of optics and photonics a ihost fundamental level is the

application of electromagnetic theory to describe the properties of radiation in the

forms of infrared, isible, ultraviolet, or xray light. Consequentially, the background

theory necessary for modelling the inscription of the-npniiorm SRGs described

in the following chapters can,adfadlowd:eri ved fr on
" OF TB" (2.)
nY m (2.2
N : Tilo (23)
g L 5 1;—'?0 (24)

Where [r is the electric fieldvector,5 is the magnetic field vectof, is the
permeability of free spacg, is the permittivity of free speacé.is the volume

current density, andis the volume chargedensiba x we |l | 6 s f i rst equati on
as Gaussobs thatatal elattdcsfield grodueed by all bound and free
chargspr esent in a dielectric medi um. Maxwel | 0s

having a formal nameroves that the divergence of any magnetic field is always

equal to zero. This explicitly statedbat a monopole is impossible, as every
unhindered magnetic field must form a cl oseq
known as Faradayds | aw shows that a changing
field. Finall vy, Ma x we | | Oesr efboswaslirdiallye quat i on, k
derived by Ampere anshowed how the free current density in a closed loop was

related to the magnetic field it induceéd.order to preserve the continuity equation,

Maxwell made a correction o A mp e byeaddmg theseconight hand term

in Equation(2.4) which, in addition to free current, takes into account what is known

as displacement curref7].
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The four equations explained above explicitly outline the behaviour of all
electromagnetic radiaticthrough any medidor the work outlined in this chapter,
only the case of light propagating through air and interacting with mediums
approximated as perfect insulators will be considefé versions ofMa x we l | 6 s
equations to be used in the followingiglations are thereforpresented as

NOF T (25)
NG m (2.6)
., 10 (2.7
T F (2.8)
n A i _b
Maxwel |l 6s first eqguation is now simply equal
density present i n third equatioMsaranvaie uncarsgeds econd and
Finally, the total volume current density ter
zero as there is no conductive loop through which current is flowing to produce a
magnetic field, and therefore the only termr

From Equations(2.5)-(2.8), the properties of laser propagation can be
derived. In the foll owing sections, Maxwel | 6s
fundamental characteristics of the electric and magnetic field components of a
propagating electromagnetic wavlhese properties are essential to characterizing
the irradiance profile of a laser beam, which will be used to develop a theoretical
model of the SRG depth distribution. The expression for the interference pattern used
to fabricate the nenniform SRGswill also be derived using the phase difference
between two interfering laser beams. The method developed to apply the equations
produced herein in order to generate a theoretical model efimiform SRGs will
also be discussed.

2.2 Light as a Wave
The @eneral properties of a laser beam propagating in a vacuum can be
derived using Maxwell ds four equations. Firs
assumed to be propagating along tkex’s in a threalimensional reference frame.
The hypothetical laser beamill be collimated and linearly polarized along the
vertical. An illustration ofan electromagnetic wave exhibiting these characteristics
is shown n Figure2.1.

12
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Figure2.1 A linearly polarized electromagnetic wave propagating along thriZwith a wavelength
of _.

Beginning with Maxwell 6s equations, two p
the electric and the magnetic vector fields can be derived. These partial differential
equations were obtained by taking the curl of

expressed as followg58]:

‘ ) (29
‘ 1 (2.10)
IR

Thewaveequationss een above are known alescribbel mhol t zd&6s
thegeneal propagatiorof the electric and magnetic components of electromagnetic
radiation.

In wave mechanicghe equationof a generalizedraveling wave takes the
form of [59]:

ST

Where’ is the wavé selocity. Comparing Equatiof2.11) to Equationg2.9) and
(2.10), it is shown that the velocity of an electromagnetic wave in a vacuum is
simply:

’ p_g ogtm p AT @ (2.12)

O

Whereis the speed of light.
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Another popertyof sinusoidal waves is the wave numhehich isinversely
proportional to the wavelength of the propagating wave by a facigr.daiVhen a
direction is associated with the propagating wave, the wawder can be expressed
as avector, known as he wave vectgrand haglirection parallel to the direction of
propagation. The general expression for the wave vector is:

cu

. (2.13)

__isthe wave vector, is the wavelength of the propagating elestagnetic
wave, anc is the direction of propagation.

The expression of electromagnetic radiation as a wave casel® derive
the basic properties of a single wavelength |aHee. laser bearwan be modeled as
a sine wave with the direction of ragation for this example selected to be in the
Z direction. FromEquations(2.9) and (2.10), the solutiors for the electric and
magnetic fields are complendare expres=d in the following form:

Foo  FQ (2.14)
7 0o 7.0 (2.15)

Where [ ghd ands ofd are the complex forms of a monochromatic sine wave
propagang in the Zdirection and f and . are the respective complex
amplitudes. ThéQand] terms are the waveumber and laser angular frequency
respectivelyBy empl oyi ng Ma x wan bdshivwen thateithethe o n s |
electric or magetic field amplitude carbein the direction of propagation without
disobeying Equatiors (25) and (2.6). This asserts that electromagnetic
monochromatic wawsemust be trasverin nature

Another property of electromagnetic waydhat will be employed in
Sections 2.3 and 2.4s derived through the application of Equatiq@sl4) and
(215 to Equation(2.7). By s ol v ilaw,gtisBhawndhdtéhg rdagnetic and
electric components are, in addition to being transverse, orthogoeath other.
Thereforejf the electric field component ohalectromagnetic wave propagating in
the Zdirectionis oscillating along the >axis, the magnetic field component will
always be oscillating along the-akis. In addition, it shows that the magnitudes of
the electric field and magnetic field componentsap electromagnetic wave are

proportional by a constant ef. Therefore, the general forms of the complex
components of a monochromatic plane wareexpressed as:
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‘ 'O'

'O (2.17)
-

3 MO

s the direction of the wave vectdrhe complex wave forms provide an
encompassing view t¢fow theelectromagnetic wave propagathrough air.n the
following derivationshowever only the real parts of the electric and magnfiic
components are required. Taking the realgafrtEquationy2.16) and(2.17), the
resulting expressiorfsr the electric and magnetic field components become

10 m (2.18)

] (219

Wherel represents a possible applied phase shift that can impm#eel waveln
the following sections however, the phase shift applied to both the electric and
magnetic fields will be zero.

2.3 Laser Irradiance and Power

As outlined in Section 2.1 and Section 2.2, the laser used for the inscription
of SRGs can be naeledas an electromagnetic wave propagating akmigfined
optical axis The energy contained within an electromagnetic wave is directly related
to both the electric and magnefield componentghrough what is defined as the
Poynting vectof58]. The Poynting vecor is defined as #nenergy per unit area per
unit time stored in the laser beamd isshown to be:

1 r s (220

Where{ is the Poynting vectori is the electric fieldrector, andq is the magnetic
fieldvector A correl ation can be made bet ween
irradiance whichis defined ashe time averaged energy per unit area per unit time.
The irradiance cahe expresseith terms of he Poynting vectoas follows|[3]:

0 G| (2.22)

Applying Equationg2.18) and(2.19) to the above expressipmand expanding out
the terms, the irradiance can be writéen
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0 s F.9A1

The time average of the square of a cosine function is sivapliherefore,

in the case of a monochromatic plane wave, the irradiance is directly proportional to
the magnitude of the electric and magnetic field vectors. By applying Equation
(2.19), which defines the relationship between the magnetic field vector magnitude
and the electric field vector magnitude, the irradiagaression becomes:

P .

O -0 =+ 0O (2.23

C W

After simplification, the final form of the irradiance from a single beam can be
expressed as:

"0 % ) (2.24)

2.4 Laser Reombination and Interference Patterns
The masHess inscription of a SRG onto an azobenzene surface is done by
generating an interference pattern with a la$&e method chosen to achieve this
was the application of a wninfigueBZ mirror i nter

Y

Optical Mirror

Collimated Laser

Azobenzene film

Figure2.2: lllustration of a collimated laser beam irradiating the surface of an azobenzene film using a
Ll oydds mirror i nan eoofdieateosystein @sr establishedCvatn tespeci to the
interferometer.
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This setup generates an interference pattern by producing a path length difference

between two halves of the collimated laser beam. To do so, an azobenzene film is

positioned at 90with respect to an optical mirror, with half of a laser beam directly

irradiating the surface of the film and half being reflected off of the mirror. The angle

bet ween the optical axis afltbtwohatvesofi rr or 6s sur
the beam perfectly overlap on the surface of the film. The varying optical path length

difference between the two beams generates an interference pattern on the

azobenzene film. The interference pattern is characterized by the pfasaice of

the two beams.

Thereference framé or t he LI oydés mestablished i nt er f er on
usinga Cartesian coordinatsystemTheX-Z plane is defined as being the surface
of the azobenzene film and thea¥Xis is parallel to the optical mimoas shown in
Figure 22. The origin has been set to be the <cen
interferometer along the intersection axis of the optical mirror and the azobenzene
surface. For simplicity, this will be ferred to as theample reference frame.

2.4.1 Recombined Irradiance

Deriving thetotal irradiance of thénterferinglaser beamg accomplished
by starting with the expression ftreirradiance shown in Equatid@.21). As seen
in Section 2.2the relationship between the magnetic and electric components of a
propagating electromagnetic wave allow for the substitution of the madieddic
vector with that of the electrifield vector, and provide an equatiorr fihe total
irradiance as follows:

0 f 0 0O (2.25)

Where'Ois the total laser irradiance af is the total real part of the electric field
vector component of the electromagnetioseud he expression of the electric field
vector contributing to the irradiance in Section 2.3 feas single electric field as
emitted from the source. However, since the interfering beams are treated as
independensourcesthe total electric field isamprised of two parts. The irradiance
equation therefore becomes:

O T@dF FOF fO (2.26)

The two electric field vector term€, andO , are the electric fiekbf the laser beam
incident on the azobenzene film and the beam reflected offitiner respectively.
The product of the electric fieddeen in Equatio(2.26) can be expanded into three
terms. The result is shown as follows:
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The three terms seen in Equati@h27) can be identified as the three
components of the irradiance from two cohetaserbeams. The first terniQ) is
simply the irradiance from thdirect beam on the stace being irradiated. The
second term{, is the irradiance term being reflectiedm the mirrorto overlap the
incident beam. Finally, the third teri©, is a combination of the electric field
components from both beams and is known as ttexfémence irradiance. The
expressions for the first two irradiance terms have already been solved in the
previous section since they are simply the irradiance from éedegmand are
given as follows:

"0 % 4 (2.28)

‘0 ST ) (2.29)

WhereO andO are the amplitudes of the electric field vestfor the directy
irradiating laser and the reflected laser respectively. The ssipre for the
interference irradianceequires further derivatioas it is a function of the eleatr
field vectos of both beams as seen below:

0 ¢ @ Op O (2.30)

Solving the time average of thepgession in Equatiof®.30) produces the following
result for the interference irradiance:

0 OO AiG AiG OFEQ OEMD (2.31)
Wherei is the path length traveled by the directly irradiating laser beam, asd

the path length traveled by the reflected laser beam. Using the double angle formula,
Equation (2.31) can be further simplified. The result combines all the phase
information from both laser beams into a single cosine function, giving:

O 1T O 0 Ai0 (232

Where] is the phase of the internce pattern produced by the two laser beams.
The interference phase is defined explicitly as:
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Therefore, the interference irradiance term varies periodically as the two laser beams
constructvely and destructively interferg@his expression can be further simplified

by employing Equation&.28) and(2.29). This allows the interference irradiance to

be definedn terms of the irradiance of the two independent bearnich is shown

to be:

‘0 ¢ 'COAT10 (2:34)

As will be shown in Section 2.4.2 and Section 2.5, the interference phase in Equation
(2.34) will be used to generate the grating profifél® noruniform SRGs.

2.4.2 Recombined Interference Phase

In order to build the framewordf the phase profile of neaniform SRGs,
the phase information aiform constant pitctSRGs must first bderivedin order
to model the nature of the two inteiifeg lasers, as well as derive the expression for
the grating central pitchiThe derivation given in this subsection is based on the
derivation of the interference phase presented in a publication discussing the
fabrication of chirped uniform SRG80].

For the creation of constapitch uniform gratings, the grating profile can
be mapped by analyzing the laser beéararference across the grating surface. This
is done by calculating the phase of the interference pattern, which was defined as
in Equation(2.34). From the calculations conducted in Section 2.4.1, the inteider
phase is therefore expressed as:

1 (235

Where_ . is the wave vector of the incident lasgy, is the wave vector of the
reflected laser, andkis the position vector in the sampleference frame. The
position vector in a Cartesian coordinate system is:

> e G (2.36)

The expression fal however have yet to lexplicitly defined in the sample
reference frame. Thesan be derived by means of a geometric analysis of the two
laser beams as they interact with the azobenzene surface. An illustration of the ray
trace of both wave propagation vectors is presentédjure2.3.
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Figure 2.3: Raytrace illustration of the interfering laser beams used in the fabrication of a uniform
SRG.

Fromthe geometry presentedhigure2.3, theexplicit forms of the wave vectors in
the sample reference frame are:

¢ A o 2
—— OE+e Al O« (2.37)

& OEle Ai O (239)

Where—is the angle between the optical axis and the mirror surface, as seen in
Figure 2.3. The wave vectorgan beexpressedising only the XY coordinates
instead of a thredimensional coordinate systeas the phase information and the
vectors do nbchange along the-Zxisfor uniform SRG inscriptionThis

is a result of the optical path length of the laser beam being uniform along the Z
axis.

By applying Equationg2.36), (2.37), and (2.38) to Equation(2.35), the
expression for the interference phase is shown:to be
1 OEL WAl O @OEL @Al O

™ W

— OB+ (2.39)
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The expression in Equatid®.39) shows the phase value ofiausoidally periodic
interference pattern. The interference phase is periodic along-#xesXwith no
variation along the Axis.

Knowing that the interference pattern is sinusoidally periodic, the
interference phase between one peak and the subsega&nmhust therefore lag .
Equation(2.39) shows that the interference phase changes along -tedsxXand
therefore the distance between two subsequence peaks in the interference phase can
be determined by applying an interference phadue of ¢“ as seen below.

c" ﬂ&w (2.40)

The distance measured between the grating paakism one period has already been
defined as the grating pitch. Therefore, Equaf®a0) can be rearranged and the
expression for thgrating pitch of ainiform constant pitch SR@& shown to be:

v 30 (241)

cOE+

Equation(2.41) is also the expression used to determine the value of the central pitch

of a nonuniform SRG, as the beam passing through the very center of a spherical

|l ens experiences no path |l engtilindexlitange except
will be seen in Section 2.5 that the diverging laser beam induced by the spherical

lens will change the grating pitch at every value except along the path of the beam

travelling directly through the center of the lens.

25  Nonuniform InterferencePatterning
In the fabrication of chirped SRGs, external optical equipment is used to
manipulate the shape and path of the laser bEammtion(2.41) can thereforde
used to model how the interference phasatiered by the addition of, in the case of
the nonuniform SRGs described herein, a spherical lens. It will be showhisn
section how the application of this sphericallens t he LI oydds mirror i nte
described in section 2dan produce nobnly a chirped grating pitch, but also a
curved grating vector across the SRG surface.

A spherical lens, having a focal distancé@fis placed in the path of the
laser beandirectly incident on the azobenzene filRrior research has shown that
theimplementation of a cylindrical lens will generate a diverging laser beam along
a single axis and, consequentially, produce a chirped grating pf@®rnThe
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implementation of the spherical lens will generate a diverging laser beam along two
dimensions and will introduce namiform patterning in the grating inscription.

All laser light that is not passing throughe spherical lens that would
otherwise be directly incident on the azobenzene surface is completely obstructed by
an opaque material. The new-sgtis illustrated irFigure 2.4 from a top and side
profile.

a)

b)

h :

Figure 2.4: A non-uniform SRG fabrication method using a spherical lens as seen from adovtap
profile; and b) side profile with the axes in the sample reference frame labeled.
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It can be seen iRigure 2.4 that the addition of the spherical lens causes the light that
would otherwise be directly incident on the azobenzene surface to diverge, forming
a spherically curved wave front. The laser beam is assumed to uobinsly
interfere at the focal point of the lens, and the path length difference can therefore
be analyzed from the focal point to the azobenzene surface exclusively.

The area in which the SRG is inscribed on the azobenzene film is influenced
by this alteation as well. The overlapping area is defined by the position of the

spherical lens with respect to the azobenzene surface and the focal length of the lens.

An example ofthe overlapping areas of irradiance in the case of a spherical lens
beingaddedta LI|I oydds mirror iFRgure2bf er omet er

Figure2.5: An il lustration of the beam overlap using

photoresistivesurface through the introduction of a spherical lens

The white circlaepresentthe beam generated by the divergence of the laser passing
through the lens and the grey half circle is the profile of the laser reflected from the
mirror. The area irwhich they overlap defines the area in which the SRG is
inscribed.

Thesphericallivergencef laser light caused by the lens produces an optical
path length change for the directly incident laser beBmnaccount for the path
length change, an extra temmust be added to the interference phase equation,
Equation(2.39). The interference phase with the added term is expressed as:

> %o (2.42)

Where%.is the additional phase contribution from the change in optical path length.
As it can be seen, the phase component of the laser beam reflected from the mirror
onto the inscripon plane is unaffected by the spherical lens
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By rearrangingequation(2.42) andapplying the result given in Equation
(2.39) for the unimpeded laser beam, the followexpression of the interference
phase was derived.

T

wW. . .
OEL % (2.43)

The additional phase terrtgy can be solved geometrically using the additional
optical path length created by the spherical lens. The magnitdés afefined as:

%0 S

3 (2.44)

Wherez- is theadditional optical path length contributed thedivergencehe laser
beamdue to the spherical leriBhe value of-is therefore the unimpeded path length

of the laser beam incidenh @he azobenzene film subtracted from the magnitude of
the vector connecting the focal point to an arbitrary point on the sample surface and
is shown to be:

3 Qb onm QA Q6 (2.45)

Where"Qw is the distance from the lens focal point to the surface of the azobenzene
film along the optical axisp w is the distance along the-akis to the selected
coordinate, an®d s the distance along theakis to the selected coordinate. The
functions Qw, 0 @, andQa , seen irEquation(2.45) are definedas follows.

QO QQ wOE+ (2.46)
ow W c Al © (247
Qo s (2.48)

Where™Qis the distance of the lens to the intersection axis of the mirror and the
azobenzene filmQis the focal lengtlof the spherical lensHs the angle between

the optical axis andhirror, and0 is the width of the inscription area along the X
axis. Without the effects of the spherical lens, the optical path length to the same
point would simply béQa .

The expression for the additional phase term contributed by the divergence
of the laser beam from the spherical lenshisrefore obtained by substituting the
result for the optical path length difference into Equaf@44). This can then be
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appliedto Equation(2.43) in order to obtain the complete form of the interference
phase for nomuniform SRG patterning.

T WE ¢ ————————

1 Qw ow Qw Qw (249

The result obtained for the interference phasebearsed to model the profile of a
nortuniform SRG at any X coodinate on the grating surface. Equat{@m9)

can also be applied to the interference irradiance term in Eqatal, in order
to model the total irradiance at any p@cross the grating surface.

2.6 Effects of Lens Position Variation

Due to the nature of nanpatterning, the positioning of the optical
equipment can drastically influence the patterned struclarghe theoretical
inscription method described in $ien 2.5 the lens positiowithin the laser beam
was assumed to be perfectly centered and the distance from the azobenzene film was
specified to a set integer. A misalignment within the laser beam however is possible
in which a horizontal or vertical dilgrement of the lens position would affect the
grating inscribing area and, consequentially, the interference phase. Theitefore
effects thaw variation in the lens position could have on the interference phase are
briefly described in this section.

The purposeof centering the spherical lens in the half of the laser beam
directly irradiating the azobenzene fiisito be able to assume that the lens axis
the line from the center of the lens to the surface of the fibwlirectly at the center
of the inscription area along both the X and Z aglight deviationsof a distancé
in the spherical lens positiomlong the Xaxis will cause theoverlapping beam
profilesto shift horizontally, adlustratedin Figure2.6.
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Figure2.6: An exanple of the interfering laser beam profiles on the inscribing surface for a spherical
lens that has been shifted along thes by a distance bf.

This deviation in the horizontal position of the lens would also cause a slight
variation to Equatior§2.49). By moving the spherical lens, the lens axis is shifted
slightly to one direction by the same distance the lens has moved. Consequentially
the path length difference is changed as follows:

3 WOE4+ "Q Q (2550)

A 0 T .
Q WwOE+ Q v - =—= Al © ¢
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The above equation effectively corrects for the shift in the lens axisdgntering
the center point of the divergingdra along the axis.

Due to the twedimensional diverging nature of the spherical lens, a similar
effect can happen along theaXis if the lens is placed either too high or too low
with respect to the >axis in the sample reference frame prior to ing©n. The
change induced in the overlapping beam profiles for a lens position variafion of
along the Zaxis is illustrated irFigure2.7.
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Figure2.7: An exampleof the interfering laser beam profiles on the azobenzene surface for a spherical
lens thahas been shifted along theaZis by a distance bf.

When the lens is moved along theaXis, the expression for the path length
difference once again changes. The change is shown as follows:

> O0OE+ Q Q

- (251)
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Where the position change,of the spherical lens is shown to affect the coordinate
along the Zaxis. This is once again a product of the lens axis being shifted away
from the center of the inscription area. As such, the divergence of the laser beam
from the spherical lens must be corrected to model the vertical position change.

2.7  Programinga Theoretical Simulation

In order to validate the theory against experimentallydpeced SRGs, a
simulation of the grating inscription process was programed. The simulation applied
the theoretical model derived in Sections 2.4 and 2.5 to predict where and how the
constructive interference of tstkswfacckaser woul d
By matching the simulation to experimental parameters, the theory and the
experiment were directly compared, and the results will be shown in Chapter 4.

To generate a theoretical modelPgthon script waduilt to simulatethe
experimental ragts by applying the same parameters used in the fabrication-of non
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uniform SRGs to théheoreticalexpression derived for the interference plefsbe
overlapping lasers. As theutput of Equatior(2.49) is simply a phase valuéor a

given point,an iterativecalculationwas written to produce a AD0 point data
matrix representing the phase values over the grating surface. The output of this
program is therefore a profile mayf the interference pattern at sgaxiX-Z
coordinates on theurface of a hypotheticakzobenzene film.

The program simulating these grating surfaces needed to be automated to
systematically generate each of the phase and irradiance values for a specified
coordinate The coordinatehenneeded to béteratively increase by an increment
determined by the surface afeawhichthe model was being generat&€bnditions
were programmed into the code so as to control the modelling area, iteration
increments, mirror angle, and laser disperdmmany given coordinate value at a
specified central pitch and lens distance. The program was also required to export
the data as it was being generated into external files which could be saved
autonomously as the model was completed. In order to fth#@#l requirements
demanded to generate the theoretical output, two distinct file types were employed.

The first file typeis referred to as a python package. These are imbedded
files in the programing language that, although not intrinsically part of ttropy
program, have been written and published as downloadable content. They are then
installed and operated using a program known as Anaconda, which is a programing
shell that runs th€ython programing language and can be a@rhssing a variety
of software. The primary software used for the development of the code was a
programming window known as Spyddihis programing toolvas selectea@s it
runs using thePython language but operates using an output similar toathat
MATLAB and was therefordoth functional and accessible

The second file typés a user written subscript. These are individual files
that contain a program coded by the user to accomplish a certain task. Five of these
were developetbr the work presented héngn order to accomplistasks for which
there was no publicly available program. Primarilyis code carbe imbedded
within iterative loops in order to simplify the layout of the msénipt, or to generate
a specific output thavould later be used in the main program.

To produe the theoretical models, three main python scripts and five
subscriptsvere created. The first script was designed to produce adhmessional
phase map of the interference phase as sdequiation(2.49) at25 X-Z coordinates
across a theoretical namiform SRG. The produced phase maps were generated for
theoretical noruniform SRGs at central pitcheswf v mini,y pmnrd,¥
purnin,andy ¢ mrimiandatthreelensdistance@f od 1,’Q td I,
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and’Q v d | .The second script used the information generated by the theoretical
phase maps to calculate the grating pitch and grating vector at each of the 25
coordinates in each case listed above. The final script generated an irradiance
distribution map at eaabf the 25 coordinates in each case listed above by applying
Equation(2.34).

An in-depth discussion of each Python script, as well as a programing map
and the Python code, can be found in Appendix A. The reseisrgted by each of
the Python scripts will be presented in Chapter 4.
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Chapter 3Experimental Procedure

The following chapter discusses the procedure and apparatus that were used
for the experimental inscription of namiform SRGs on azobenzene thin films. The
experimental procedure was created with the aim of attaining standardization,
reproducibility, and precise characterization of the independent system parameters
and the resulting SRGs. This chapter was written to provide an explanation of the
approach ugskto fabricate nomniform SRGs such that the process and results will
be reproducible in future experiments. The requirements that motivated the system
design are outlined in Section 3.1 and the resultrocess of developing the
azobenzene samples, tbet up of thdanscribing laser, and the measuresed to
control the central grating pitch and lens distance are given in Sectio843.2
Finally, the SRG measuremeniechniquesare discussed and the process used to
analyse the resulting data is giverSections 3.5 and 3.6.

3.1 System Requirements

The aim for the desigof the experimentahonuniform SRG inscription
methodwas to build an optical system thaas efficient, cost effective, armbuld
be accurately modeled using the theoretical analygiéned in Chapter 2. This
design would permit the theory and experimental results to be directly compared in
Chapter 4. The theoretical model of the syséssumedhata collimated laser beam
is incident on a Lloy@ snirror interferometer, where the ligthat is directly incident
on the sample passes through a spherical lens.

The key parameters for determining the properties of the inscription in the
theory are the position of the spherical lernth respect to the azobenzene surface
"Qand the anglef the Lloyd snirror with respect to the optical axis-To guarantee
reproducibility in the system, precise set up and control of the key parameters was
necessary. To reduce additional variability and error in the system, the laser beam
properties neast to be precisely controlled, and the samples on to which the grating
would be written needed a standardized fabrication mefffaelselections made to
satisfy these parameters and requirements are outlined in SecttbroBgh3.4 of
this chapter.

3.2 Azobenzene SampPreparation

As discussed in Chapter 1, SRGs can be fabricated using a laser lithography
approach to photomechanically imprint an interference pattern on the surface of a
photaesistivefiim. For the production of the nemniform SRGs disussed herein,
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an azobenzene Disperse Red 1 molecular glass (JDR1) was used to produce the thin
films necessary for grating fabricatiomhe gDR1 compound contains an
azobenzene chromophore, which permits the repetitive photoisomerization process
necessaryo generate SRGs when irradiated by an incident laser at an absorbing
wavelength. The absorption curve of the gDR1 compound and the film produced is
shown inFigure3.1 and is compared to the absorption profilehaf Disperse Red 1
PMMA thin films.
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Figure3.1: a) The absorption curve of Disperse Red 1, Disperse Red 1 Molecular Glass, and Disperse

Red 1 PMMA compounds; and b) The absorption curve of Disperse Réoletular Glass, and
Disperse Red 1 PMMA thin filmg36].
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The gDR1 compound was synthesized at the Royal Military College of
Canada by Dr. Oliver Lt and produced in the form of powd&he molecular
structureof the synthesizedDR1 compundis shown inFigure3.2.
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Figure3.2: The moleculastructurefor thegDR1 compound36].

The powder was then dissolved in dichloromethane and diluted to a weight/weight
concentration 3%. The solution was shaken fortume in a Fisher Vortex Genie 2
mechanical shaker to properly combine the chemical mixture. Upon completion of
the shaking process, the mixed solution was filtered using anfigtbns filter to
remove any remaining solids that may compromise the quuilttye films.

To produce the substrates onto which the gDR1 solution was deposited, a 70
mm by 35 mm Corning sodane glass slide was cut into two equal halves using a
diamond tip cutting tool. The two 35 mm by 35 mm slides were thoroughly cleaned
to renove any dirt and dust and subsequently dried using a lint free Kimwipe. The
washed glass slides were then baked in a-2DRacuum oven set to 95 for 30
minutes in order to evaporate any remaining moisture on the substrate prior to
depositing the gDR1 &dtion.

The thin film deposition method selected to produce the azobenzene thin
films was a spin coating technigu@ther thin film production methods exist that
would produce thin films of high quality such as Chemical Vapor Deposition,
EvaporationDepostion, Sputter Deposition, and SGkl Deposition[61]. Spin
coating was choseas the technique was readily available, produces an evenly
distributed film on the glass substrate, and requires fabrication time of less than two
minutes per sample. €hclean sodéime glass slide was exposed to a blast of
pressurized air to remove any residual dust that had clung to the surface during the
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baking process and transportation to the spin coating chamber. Approximately 1 mL
of the gDR1 solution was then degited onto the surface of the substrate using a
glass pipet. The sample was spun at approximately 1070 RPM for 25 seconds to
evenly distribute the gDR1 solution across the surface and produce a film with
thickness of approximately 250 nm. The film thickeewas confirmed using a
Dektak Il profilometer.

The surface of the film was checked for any imperfections that may hinder
the grating writing process. Imperfections such as dust trapped under the film
surface, large particles in the solution, or an unedistribution of material can
produce surface defects such as deformations or streaking that will hinder the
resolution of the inscribed SRG. The sample was then once again baked in the ADP
21 vacuum oven for an additional 30 minutes to evaporate ampatsiolvent on
the surfacelUpon completion of the second baking process, the gDR1 film was ready
for grating inscription.

The gDR1 thin film generated forms an amorphous glass surface. The
amorphous nature indicates that SRGs formed using the gDR1 cothpan not
only be fabricat ed pocanalsabeeravedivieentheslirface sur f ac e,
reaches its glass transition temperattiv, For the gDR1 films, this transition
temperature is defined to ke pC [36]. A heat flow graph of the gDR1 films is
shown inFigure 3.3, with the glass transition temperature indicated.
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Figure 3.3: Heat flow diagram of gDR1 thin films, with the glass transition temperature of the film
indicated[36].
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3.3 Insaibing Laser Set Up

This section will describe the laser set up used for the inscription of the non
uniform SRGslt will explain the laser parameters that were established and held
constant throughout the entire SRG writing pro@ess elaborate on theqgperties

of the Lloydds mirror interferometer and sph

uniform grating pattern.

3.3.1 InscribingLaser and Optical Seip

The inscribing laser required a controllable beam size, while still maintaining a
high irradiance mfile. For noruniform grating inscription, a collimated, circularly
polarized medium power laser beam was necessary to ensure grating dinality
Gaussian profile of the beam was also required to be controlled to limit power loss
and laser noise on tleglges of the beam in order to write a clean grating across the
entire inscription area.

To meet the experiment requirements, the laser used for the grating
inscription was a Coherent Verdi V5 diegdamped continuous wave laser with an
irradiating wavelenth of_ v o I¢ I. Once emitted from the source, the laser beam
passed through a 29 spatial filter, which reduced the initial Gaussian profile of
the emitted laser beam and removed any aberrations in the laser signal. A collimating
lens and subsequent gtex wave plate system was used to produce a collimated
circularly polarized beam of laser light. A variable iris was then used to control the
diameter of laser beam. The variable iris was set to a diameter of 14 mm for all
inscriptions as this provideslarge grating surface area and also covers the entire
diameter of the selected spherical lefissingle optical rail was used to securely
fasten and align each component.

3.3.2 Thelloydd Miirror Interferometer

The ©precision and a croruntedecoyneteo feret h e
important as they controlled the recombination of the beams and, therefore, the
interference pattern produced on t he
interferometer required a rotating mount that could be remotely controlleptieal o
mirror large enough to reflect half of the laser beam at small anglesinfl a mount
that would securely fasten the azobenzene sample &aa§eé to the optical mirror
without scratching the film or obstructing the laser.

A rotating platform containing the
interferometer was fastened aetend of the optical rail on which the laser was
mounted. The rotating platform was established on an optical mount such that the
horizontal and vertical position of the interferometer could easily be adjusted in order
to calibrate the system. A mirror wdirmly attached to the rotating disk and the
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azobenzene sample was fastened at°aaf@le with respect to the mirror. The

intersection axis between the two surfaces was then positioned at the center of the

laser beam so that half of the laser beamwasi dent on the mirror s
half on the azobenzene surface. The centering of the interferometer was verified by

ensuring the reflected laser beam from the mirror perfectly overlapped the one

incident on the sample.

3.3.3 Spherical Lens and Lens Her

The spherical lens used to generate the divergent laser beam was a convex
lens of 5.72 mm diameter and 14.3 mm focal length. The lens was contained within
a lens holder that was fabricated using a 3D printer in the RMC physics department.
The designdr the lens holder is shown kigure3.4.

a)

b)

Figure3.4: A rendered image of the design used to fabricate the spherical lens holder. The image was
produced usinghie AutoCad design software, with the large circle seen around the lens position
illustrating the laser beam area.

The lens holder is composed of two interlocking rectangular pieces with a half circle
of diameter 5.72 mm cut through one end. The top pgeatgned with the bottom
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piece using a slot that is generated by fastening two rectangular walls protruding up
from the bottom piece, as can be seefigure3.4 b). In addition to aligning the

two pieces, the mangular walls also blocked excess light from passing through any
space between the two halves where they meet. The height of the entire lens holder
was set to be 18 mm in order to block any component of the laser beam not passing
through the sphericalts. The width of the holder was elongated to allow it to be
attached to either an optical post or be held by a clamp. The spherical lens is locked
in place using a grove that is cut into the top and bottom of the half circles on each
piece. The material &g to produce the lens holder was a matted black plastic to
reduce any reflection from the laser beam.

At lens distances greater than 30 mm, the laser beam dispersed by the lens
will cross the optical axis and be incident on the mirror. The result witlyo® an
anomalous interference pattern in which the diverging light from the spherical lens
is interfering with itself in addition to the half of the laser beam reflected by the
mirror. To avoid this, a piece of matted black construction paper was ubkxtko
the excess light spilling over from the divergent laser beam at all lens distances. The
paper was cut to a length that would not block any light reflected from the mirror.
The complete optical set up used for experimental grating inscription tsatkecsin
Figure3.5.

Verdi Laser ==

Land LH

Figure3.5: An illustration of the complete laser set up including the spherical lens andLiniydor
interferometer. Each component iséédd as follows: SF (Spatial Filter), CL (Collimating Lens), QWP
(Quarter Wave Plate), VI (Variable Iris), L and LH (Lens and Lens Holder), M (Mirror), and S
(Sample).

34  ControllingParameters

With theoptical set uputlined in Section 3.3 being heldrstant, the two
parameters that wekariedto control the resultingionuniform SRG profiles were
the lens distance from the azobenzene film and the mirror angle with respect to the
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optical axis.This section will discuss the methods used to standaatidecontrol
both of these parameters in the grating writing process.

3.4.1 Controlling the Mirror Angle

From Equatior(2.41) in Chapter 2the central pitch of a nesmiform SRG
¥, is directly correlated to the angle of the mirror with respect to the optical axis. The
mirror angle wagontrolledby rotating the platform on whidhe interferometewas
positionedThe rotating disk was remotely controlled using aJiedy progranthat
applied an input value of the desired central pitch, calculated the required mirror
angle, and oriented the mirror using a control system established between the
computer console and the platfarithe mirror angle was calculated by applying a
laser of vavelength. v o Ig I and the desired central pitch value to:

— OET = (352
Y

Where—is the mirror angle, is the wavelength of the laser, ands the grating
central pitch. Using the derived mirror andlee prgram could accurately position
theLl oydo6s mi r r assumingthaethefsystenowas fgroperly calibrated.

The calibration of the system occurred prior to setting the interferometer for

every grating sampl&.his was done by setting the Labviewpgy r amés centr al pitec
input to a value off T whol. This grating central pitch haal known mirror
orientation on the LlIoyd6és mirror interferome

set to the known position, and securely faste@ente the system was calibrated the
mirror position was adjuste@motely by changing the central grating pitch input in
the Labview program. The four central pitches selected for grating inscription and
their corresponding mirror angles are showiable3.1.

Table 3.1: The four central gating pitches used in the fabrication ofuroform SRGs and their
corresponding mirror orientations with respect to the optical axis.

Grating Central Pitch ( Mirror Angle wrt Optical Axis ( P
500 nm 32.
1000 nm 15.#
1500 nm 10.2
2000 nm 7.6
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3.4.2 Spherical Lens Position
Thelaser beam divergence at the surface of the azobenzene film is governed
by the distance of t hsesurface.lTereeileasadistances ns fr om t
were selected to model the theoretical simulation performed in Chapter 2. The lens
distancewas varied bylO mm increments to generate ammiform SRGs at lens
positionsQ od 1,’Q 1 d I,andQ v d [ fromthe azobenzendrh.

The lens system was controlled independently from the rest of the optical
system described in Section 3.3. Thrs and lens holder were held in place by a
clamp which was then secured to an independent optical mount and rail. This
configuration alleved for control of the lens position with respect to the azobenzene
film andthe center of the laser beam without affectimy other parameters of the
|l aser set up or the Lloydés mirror interferon
center of the lsex beam half directly irradiating the azobenzene film, and properly
oriented with respect to the rest of the set up, the distance could be controlled by
simply moving the mount along the optical rail. The lens distance from the sample
surface was measureading a calliper. The distance was taken from the center of the
lens to the intersection axis between the mirror and the azobenzene film. An
illustration of the laser beam overlap on the azobenzene film at the three lens
positions specified is shovim Figure3.6. The grating area of the namiform SRGs
inscribed at these lens positions would only be written within the areas the laser
beams overlap.

a)

Figure 3.6: An illustration of the beam overlap generatedtbe surface of the azobenzene film with

the introduction of a sphericallenso a L1 oy d & s miThethme imdges shew thegasidtme t e r
of placinga sphericalensof focal length'Q p & | at the following distances from the surface

being irradiated: dQ 35 mm, b)Q 45 mm, and cJQ 55 mm
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3.5 Scanning and Data Acquisition

3.5.1 Scanning Parameters

A Bruker Dimension Edge Atomic Force Microscope (AFM) was used to
analye the surface profile of each noniform SRG. An AFM was selected for
SRG analysis as it can thrdanensionally map surface nanostructures to a precision
of up to 50 pnj62]. The parameters of the AFM were also conducive to the periodic
structure analysis of SRGs, and the outfmrimat was easily accessible and
manipulatable in future data processing stagesinvertedimage of the AFM tip
used for the scanning process is showRigure3.7.

Figure3.7: Image of the AFM tip used to scan the surfaces of theundorm SRGY63].

The tip has an approximate radius ef5nm and a height of the cantilever of-2.5
8tl [63].

The AFM measures a surface profile using the feedback produced from the
scanning probeepeatedly tapping the surface of the graftj. The feedback is
generated from the force between the scanning surface and the tip of the probe. The
system measures the position of the AFM tip as it is moved across the surface during
a scan and the normal force on the probe every time the pubthe surface of the
grating. The vertical position of the tip is measured optically to retrieve data on the
height of the surface. As the surface structure changes under the AFM tip during a
scan, the tip position is adjusted to maintain a constantfpeakduring the tapping
procedure, and therefore follows the profile of the structure. This feedback system
generates thredimensional position data for the entire surface being scanned.

The resolution of the image produced by the AFM was continuously
monitored and optimized using an AFM application known as Scanf&4jstThis
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application varies the AFM scanning system parameters in real time during the scan
in order to adjust image scales, establish an image origin, and realign acquired data
for optimized image output. The scan speed can alsadjpested prior to
commencing a scan and can have a slight influence on the image resolution. Higher
scanning speeds will decrease data resolution for complex surface patterns as the
probe is hastily moved across the grating surface and the system htindess

adjust scanning parameters.

3.5.2 Scanning Procedure

For each scan the AFM tip was automatically lowered using a surface
detection program in the AFM control software. The AFM software halts the
movement of the tip once a tapping force that edsédige system noise is registered,
indicating contact with the surface.

Prior to commencing a scan, the surface was oriented with respect to the
scanning probe and direction so that the coordinate system mirrored the theoretical
SRG inscription model. Therigin for each SRG was centered along the vertical axis
and positioned on the left most edge of the grating area along the horizontal axis.
Similarly to the theoretical model described in Chapter 2, 25 evenly spaZed X
coordinates were selected for datequisition. The coordinates were taken as
measured distances from the established scanning origin. In order to standardize the
coordinate positions across the samples, the AFM Nanodrive software was used to
position the scanning probe and monitor the iggasurface during scans. The
software comes with a builh positioning tool with which the probe can be moved
to a specified position on the SRG surface with respect to a set origin and within a
precision of 0.5 nm. The SRG was then oriented so thagrtiténg vector at the
center most point was parallel with the scan direction. This calibration allowed for
the highest scanning resolution possible at a standardized scanning speed of 1 Hz.
For all samples, a data sampling rate of 256 points per lineetashe sampling
rate governed both the number of data points taken per line and the number of lines
per scan. A data matrix of dimensions equal to the data sampling rate was therefore
produced for each sample.

Scan dimensions of Bl squares were set fohey v Ttini and¥
p 1t Ti Tl central pitch gratings and 10 squares for the p v i i andy
¢ il central pitch gratings. These dimensions were selected as they capture
enough of the grating profile at each central pitch to accurately model the grating
properties.The scanning process moves the AFM tip both forward and backward
horizontally across the surface to complete one line. In this motion, the AFM collects
the number of data points specified by the sampling rate in both its forward and
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backward mabn. An illustration of a completed AFM scan for a SRG of central
pitchy p 1t Tl is shown inFigure3.8.
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Figure3.8: An illustrationof the output from a Bruker Dimension Edge AFM scan in the form of a) a
threedimensional renderingf the grating surface profile, and b) the grating cross section.

3.6  Origin Data Analysis

OriginLab® Data Analysis and Graphing Software is a computer program
that can be used to analyse, model, and integrate large data files for presentation in
a variay of formats.For the analysis of the namiform SRGs, this software was
used to produce ordtimensional grating cross sections, tdimensional irradiance
distribution colour maps, and thrdémensional grating profile representations of
the exported AM data.

The data file generated from the AFM scan contained a data matrix of
grating height values across the scan area. Each row in the data matrix was the result
of one pass of the AFM scanning probe. This facilitated the grating analysis as each
matrix row could be taken as an individual cross section of the grating.
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The application used to map the position of each peak was the Peak Analyzer
program provided in the OriginLab® software package. This program uses a one
dimensional data set to locate alpcal maxima in the set. For the case of
sinusoidally repeating data, such as the cross section of a SRG, the program is also
capable of establishing a baseline using the grating minima and integrating the area
under each grating peak. The program loc#tesgrating peaks bfinding local
maxima in the data points and comparing them to every point within one period of
the grating. The coordinate of the local maxima in the data set was then presented
next to the peak number it represented. Alternative rdstlame provided in the
program, such as the application of a first and second derivative method which can
be used to find local extrema as well as hidden peaks. These methods were also tried,
however there was no improvement noticed in the quality of the roomplex
methods, and therefore the simpler iterative process was used.

Two grating cross sections were selected for analysis from every scan. The
positions of both cross sections were verified to have no abnormalities due to either
surface or scanningefects.The peak coordinates wedetermined for each grating
cross section and wenesed to calculate the grating pittly determiningthe
separation distance between two subsequent d@kg a single cross sectiorhe
distance valuedetermined foboth grating cross sectiongre averaged to yield the
grating pitchvalue at the coordinatef the scarbeing analyzedTo calculatethe
grating vector, the angle of a straight line connecting corresponding foeakihie
two analyzed grating cross sectioras calculated for each pedke angle values
were then averaged, and the value of the grating vector was derived from the result.
The values of the maxima and minima for the two grating cross sections can also be
used to calculate the modulation deptlthe SRG at each scan position.
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Chapter 4 Results

The following chapter presents and discusses the theoretical model and
experimental results obtained for the aoiform SRG pattern inscription created
using a Direct Interference Lithography Patterning teplen The SRG patterns
produced are characterized by the grating pitch, grating vector, and grating
modulation depth distribution across the surface. The SRG properties were
determined by selecting 25 points across the grating profile at which the latadgr
pitch, vector orientation, and modulation depth could be calculated. As the point
selections were matched between experiment and the theory, a direct comparison
could be made between the two. A comparisetweerthe theory and experiment
is maddrom the resulting grating and modulation depth profiles of SRGs fabricated
at three different lens positiorfs,to validate the model and fabrication technique
used A comparison is also made between the experimental and theoretical grating
pitch rate of chnge and grating vector rate of change by manipulating the parameters
of the grating central pitch and lens position.

4.1 Theoretical Results

4.1.1 Creating the Theoretical Model

Theoretical representations of noniform SRGs were calculated using the
interference phase information generated by Equation (2.49) in Chapter 2. A point
by point analysis of this information, centered around specifietl cdordinates,
produced a twalimensional phase map of the interference pattern generated by the
recombinedaser beams. The gDR1 thin films, used in the experimental fabrication
of the nonuniform SRGs, are phatesistive and undergo acistrans
photoisomerization process, in which the grating pattern fabricated on the film is the
second derivative of the interence phase of the incident light. Therefore, the
calculation of the interference phase at the theoretical sample surface is a valid
representation of the namiform grating profile.

An example of the phase generated by the theoretical model desoribed
Chapter 2 is shown iRigure4.1.
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Figure4.1: TheoreticalSRG generated using the phase information of the recombined laser beams in
t he LI oyd & somstériThe interfelience phasé ie itlustrated both as a) adtmensional
colour map and b) a threBmensional representation of the phase.

The above figure illustrates both a ddimensional colour map representation and
threedimensional profile of thinterference phase of the recombined laser beams.
The depth magnitude of the thrdenensional theoretical gratings has no correlation

to the actual modulation depth of the SRGs as it is simply a unit representation of
the sinusoidal shape of the intedfece pattern. The grating modulation depth will

be modelled later on in this chapter using the expression for the recombined
irradiance of the two laser beams from Chapter 2, and will be discussed in the next
section. The height and width of the analyseazare set to mirror the dimensions of

a scan performed by the AFM in the experimental analysis of themitorm SRGs.

To characterize each theoretical sample, the phase profiles of the
interference pattern were produced at 2& Xoordinates across ehsurface at
measured increments. For the 45 mm and 55 mm lens positions, the coordinates of
analysis were selected to be at increments of 1.25 mm to cover a square area of
dimensions § | in height and width. The 35 mm analysis area required a smaller
andysis size due to the reduced inscription area of the laser beam. The positions
were therefore selected at increments of 1 mm to form an analysis area of 4 mm in
height and width.

By producing theoretical phase maps using dimensions simulating those
produed in an AFM scan, the namiformity of the SRG pattern can be directly
observed. The varying grating pitch and vector profiles can be qualitatively
compared in the light phase plots produced at the incremental positions of analysis
in order to generatel@oader illustration of the overall grating profile. An example
of a qualitative nofuniform grating profile is illustratesh Figure4.2.
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